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ABSTRACT 

 

Self-assembled monolayers (SAMs) generated from adsorption of the tridentate 

adsorbate having a cyclohexane ring as a platform were studied. The first generation of 

these SAMs was derived form cyclohexane-cis,cis-1,3,5-triyltrimethanethiol (CyTSH) 

and (cis,cis-1,3,5-trimethylcyclohexane-1,3,5-triyl)trimethanethiol (3C1CyTSH). Thin 

films prepared by the adsorption of these molecules onto the surface of gold were 

characterized by ellipsometry, contact angle goniometry, polarization modulation infrared 

reflection absorption spectroscopy (PM-IRRAS), and X-ray photoelectron spectroscopy 

(XPS).  CyTSH was found to generate multilayer thin films with many unbound thiol 

species and oxidized sulfur moieties (e.g., disulfides and sulfone).  In contrast, 

3C1CyTSH was found to generate monolayer films in which ~90% of the thiols were 

bound to the surface of gold (~10% unbound), and there were no oxidized sulfur species.  

In comparing CyTSH and 3C1CyTSH, the methyl groups of 3C1CyTSH impart rigidity 

to the structure, which significantly enhances the chemisorption of sulfur to the surface of 

gold.  Ellipsometric measurements and analysis by XPS indicate that the thickness of 

the SAM formed from 3C1CyTSH is ~5 Å.  The second generation of these SAMs 

generated from the analogs of the R3C6H6(CH2SH)3 (abbreviated as 3CnCyTSH) where 

R = -(CH2)nH and n = 1, 3, 8 and 13 were also examined.  Characterization of the SAMs 

revealed that all sulfur atoms of these tridentane adsorbates are bound to the surface of 

gold and generated loosely packed monolayer thin films with lower packing densities of 

the alkyl chains than a normal alkanethiolate SAM (C18SH).  The trends in packing 

density and conformational order for these SAMs decreased as follows: C18SH >> 
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3C13CyTSH > 3C8CyTSH > 3C3CyTSH.  A preliminary study of the thermal 

stability of this series of SAMs by XPS measurements has shown that the tridentate 

adsorbates (3CnCyTSH) are more stable than the normal alkanethiolate SAM (C18SH), 

a characteristic that is attributable to the chelating effect.  Finally, a new pyridyl-based 

adsorbate (C18OPDSH) was synthesized and used to form SAMs.  This SAM was 

characterized and the data was compared to those generated from the normal alkanethiol 

C18SH and C18OBDSH.  XPS spectra display that a lone electron pair of pyridyl 

nitrogen atom of C18OPDSH interacts weakly with gold surface with some unbound 

thiols on the film.  Both C18OPDSH and C18OBDSH adsorbates generate loosely and 

disordered packed thin films when compared to a normal alkanethiol (C18SH).  The 

evaluation of the thermal stability using XPS measurement indicates that the 

C18OPDSH SAM is more stable when compared to both C18OBDSH and C18SH 

SAMs.   
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Chapter 1.  Strategies to Improve the Stability of Self-assembled 

Monolayers (SAMs) of Organosulfur Adsorbates on Gold Surfaces 

 

1.1. Introduction to Self-assembled Monolayers (SAMs) of Alkanethiols on Gold 

 

The formation of self-assembled monolayers (SAMs) is a phenomenon in which 

amphiphilic adsorbates adsorb spontaneously onto the surface of an appropriate 

substrate.1–4  This assembly process is depicted in Figure 1.1.  SAMs generated from the 

adsorption of organosulfur compounds on silver (Ag), copper (Cu), and gold (Au) have 

been the most extensively studied sulfur-metal combinations.5–7  The high affinity of 

organosulfur compounds for the surfaces of noble and coinage metals makes it plausible 

to form well defined organic monolayer films with useful and highly adjustable chemical 

functionalities exposed at the interface.  This is particularly true of the SAMs generated 

from the adsorption of alkanethiols on gold.  The sulfur-gold (S–Au) self-assembled 

monolayer systems are the most thoroughly studied because (1) these SAMs are easy to 

make and the resulting films can be readily characterized,  (2) Au is stable under normal 

lab conditions and does not form the oxide layers that occur with Cu or Ag,5–7 (3) the 

sulfur-gold covalent bond is strong (~40–45 kcal/mol),8 (4) this system generates well-

defined and reproducible monolayer films, and (5) the interfacial properties of the 

resulting organosulfur-based SAMs are easily manipulated by using simple organic 

synthesis methods on appropriately designed terminal moieties.1–4  Additionally, thanks 

to the hydrocarbon backbone of normal alkanethiol adsorbates forming 
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thermodynamically stabilized trans-extended conformations, the most studied set of 

sulfur-based SAMs (n-alkanethiolates) form densely packed films that provide useful 

barrier properties for the fully formed film that protects the underlying substrate from 

oxidation and chemical attack.9 

 

 

Figure 1.1.  Schematic illustration of the assembly of n-alkanethiols on an Au substrate.  

Adapted from ref. 10. 

 

1.2. The Structure of the Alkanethiolate Adsorbates 

 

A self-assembling thiol-based adsorbate molecule used to form SAMs on gold is 

composed of three key segments; the headgroup, the spacer (an alkyl chain), and the 

tailgroup (terminal moiety), as displayed in Figure 1.2.1–4   
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Figure 1.2.  Schematic representation of the three components of a typical organosulfur 

adsorbate on an Au substrate.  Adapted from ref. 1.  

 

The initial driving force for the formation of a SAM is the interaction of the thiol 

headgroup with gold.  These amphiphiles physically adsorbs on a gold surface from 

solution.  The chemisorption of the headgroup on a thermodynamically favorable 

bonding site on the gold lattice creates a strong, energetically favorable interaction.   But 

it is the second part of the adsorbate, the spacer (alkyl chain), consisting of the alkane 

backbone, that completes the self-assembly process.  This part provides the driving force 

for chain organization through van der Waals interactions and controls the packing 

quality of the monolayers.  The third adsorbate part is the tailgroup (terminal 

functionality) that is exposed at the monolayer interface.  The tailgroup generally has the 

greatest influence on the interfacial properties of SAMs.  Therefore, the interfacial 

properties of SAMs can be tailored through changing the functionalities of the 

tailgroups.1–4 
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The n-alkanethiol adsorbates bind on the Au(111) surface at the three-fold hollow 

sites as shown in Figure 1.3.  These adsorbates align in a (√3 × √3)R30° overlayer as 

indicated by atomic force microscopy (AFM),11 electron diffraction,12 scanning tunneling 

microscopy (STM),13 and helium diffraction.14  The n-alkanethiolate SAMs on gold have 

also been explored using electron diffraction spectroscopy.12,15,16  The SAMs in these 

studies revealed that the configuration of the sulfur atoms on the Au(111) interface is a 

hexagonal arrangement with a distance between the sulfur-sulfur neighbors of ~5.0 Å and 

a chain density of ~21.4 Å2.  

 

 

Figure 1.3.  The top view of a two-dimensional array of adsorbates projected onto a 

Au(111) surface.  The yellow circles represent gold atoms in a hexagonal arrangement 

and the blue circles represent the alkanethiol sulfur headgroups.  Adapted from ref. 1. 

 

In addition, the orientation of the alignment of the alky chains has also been 

studied.  It has been reported that the alkyl chains of well-organized n-alkanethiolate 
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SAMs adopt a trans-extended conformation with a chain tilt of ~30° from the surface 

normal in order to maximize the lateral interchain van der Waals interactions.  

Additionally, the trans-extended chains twist ~50° around the axis of the alkyl chain.   

The distance between these neighboring alkyl chains has been estimated to be 4.2 Å, 

which is smaller than that of the next nearest-neighbor sulfur-sulfur spacing (5.0 Å) as 

illustrated in Figure 1.4.1–8   This reduction in chain separation results from the van der 

Waals induced tilt in the alkyl chains. 

 

 

Figure 1.4.  The profile view of the lateral structure of alkanethiolate SAMs on Au (111).  

Adapted from ref. 4. 

 

1.3. Applications for n-Alkanethiolate SAMs 

 

Briefly, the monolayers of n-alkanethiols on metal surfaces have found use in a 

variety of applications, such as providing corrosion resistance,9 creating biomaterial 
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coatings,17 producing a platform for biosensors,18 forming coatings in nanomedicine,19–21 

creating unique nanoscale adhesives,22 intervening to modify friction and provide 

lubrication,23,24 developing resists for lithographic patterning,25,26 modifying electrodes 

for experimental research,27 and creating thin-film transistor components.28–30  

 

1.4. Stability of Alkanethiolate SAMs 

 

Despite the attractive properties of SAMs, they are somewhat fragile in nature, a 

characteristic which remains a critical drawback for many potential applications.31–34  

While some studies have reported that alkanethiolate SAMs exhibit moderate stability at 

room temperature, others have noted that some SAM adsorbates desorb upon exposure to 

air, even in the absence of light, over a span of a few days.35  Moreover, normal 

alkanethiolate-based SAMs decompose rapidly upon heating to elevated temperatures 

(e.g., 80 °C in hexadecane).31,34,36,37  They also readily undergo displacement when 

exposed to other organosulfur adsorbates in solution.31,34  These problems have generated 

interest in the development of alternative adsorbate architectures. 

 

1.5. Multidentate Alkanethiols 

 

 To enhance the stability of SAMs, researchers have explored several strategies for 

generating thermally and chemically stable SAM adsorbates.  One such strategy 

employed by our research team31,34,36–43 and others44–47 utilizes adsorbates with the 
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capacity for multiple sulfur-gold interactions, which can afford SAMs with enhanced 

stability through the entropically-driven "chelate effect".31,34,36,40,42  Furthermore, 

chelating adsorbates can be designed to resist the formation of intramolecular disulfides 

upon desorption from the surface, which should lend additional stability to the resulting 

SAM.36   Previous studies by the Lee group described the thermal stability of chelating 

SAMs on gold generated from multidentate alkanethiols such as those shown in Figure 

1.5.36,39,41,48 

 

H3C
(CH2)n

HS

(CH2)n
CH3CH3

m(H2C)

SH SH SH SH

(CH2)n
CH3

m(H2C)
CH3

H

SH SH

(CH2)n
CH3

n(H2C)

SH SHHS

CH3

Cn CnCmAr(SH)2 CnCn CnC2 t-Cn  

Figure 1.5.  Examples of chelating alkanethiols subjected to thermal stability tests by the 

Lee group in comparison to a normal alkanethiol. 

 

Preliminary studies of thermal desorption in solution suggest that the aromatic 

dithiols (CnCmAr(SH)2 in Figure 1.5) form SAMs on gold that are thermally more 

robust than their analogous normal alkanethiolate and aromatic monothiolate SAMs.36  In 

2010, the Lee group examined the stability of a variety of multidentate adsorbates both 

on evaporated flat gold and on gold nanoparticles (see Figure 1.5).48  The conclusion 

from this research was that SAMs generated from tridentate adsorbates (t-Cn) exhibited 

improved thermal stability as compared to those generated from the bidentate adsorbates 
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(CnC2), which themselves were more stable than SAMs formed from n-alkanethiols 

(Cn).  However, one drawback to the tridentate adsorbate structure illustrated in Figure 

1.5 (t-Cn) is that these adsorbates often fail to fully adsorb to the gold surface.  Typically, 

well-formed films made of these molecules produce data that show the surface bonding 

of the thiol headgroups is approximately 85%.41,48  

Alternative tridentate adsorbates have also been reported by other research 

groups.  Examples of these structures are shown in Figure 1.6.  Kittredge et al. suggested 

that 1 was not displaced by long chain alkanethiols under conditions where monothiolate 

adsorbates were readily displaced.49,50  This observation indicates an enhanced stability 

for SAMs derived from this trithiol ligand.  Other tridentate adsorbates (structures 2–

5)51,52 have also been investigated, leading to the conclusion that the three legs of an 

adamantane derivative can bind to gold in a surface arrangement similar to that adopted 

by alkanethiols without generating any change in the geometry of the adsorbate.  

Unfortunately, the stability of the corresponding SAMs was not reported.  A logical 

conclusion from an analysis of the surface spacing of these adsorbates is that any attached 

alkyl chain tailgroups would likely exhibit organizational characteristics similar to the 

tailgroups of the t-Cn adsorbates (e.g., producing liquid-like films).  
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HN

SH SH
HS

NH2

O
SH

SHHS
SH

Br

SHHS
SH

SHHS
SH

Br

SHHS
SH

I

1 2 3 4 5  

Figure 1.6.  Examples of related tridentate adsorbates used to form SAMs on Au(111). 

 

Other mutidentate adsorbates reported in the literature that include aromatic 

structures that exert an influence upon headgroup bonding are typically separated from 

the thiol headgroup by a single methylene unit.  Such an arrangement has been credited 

with enabling more efficient adsorbate surface bonding, producing SAMs with improved 

packing characteristics.37,53,54  It has also been reported that alkanethiols with an aromatic 

moiety in close proximity to the headgroup, as opposed to a position near the tailgroup, 

can influence the packing of the SAM.55–58  For instance, n-alkanethiol adsorbates having 

the aromatic ring below a lengthy alkyl chain formed SAMs faster with a more ordered 

conformational arrangement and a higher packing density than those having the aromatic 

ring above a lengthy alkyl chain.57   

A thermal stability of SAMs derived form alkanethiols having aromatic moieties 

near the thiolate headgroups was previously reported by our research group.  In this 

report, Rittikulsittichai found that the thermal stability of the monolayer thin films can be 

significantly improved with SAMs generated from an aromatic dithiolate-based adsorbate 

(RODBSH), as shown in Figure 1.7.59  This author also claimed that the monolayers 
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generated from RODBSH are more thermally stable than those derived from ROArDT, 

thanks in part to the enhanced intramolecular S···S spacing, leading to improved 

alignments with bonding sites on the Au(111) substrate, and to the chelating effect.  The 

thermodynamically disfavored formation of intramolecular cyclic disulfides upon the 

desorption of the adsorbates is a characteristic held in common for both of these 

adsorbates.59    

 

N

O

SHSH

C18H37O

SHSH

R

R
O

SH SH

ROArDT ROBDSH C18OPDSH  

Figure 1.7.  Adsorbates having aromatic rings in close proximity to the headgroups. 

 

Adsorbates having a pyridine ring incorporated in or in close proximity to the 

headgroup have also been reported by numerous research groups.60–66  For example, It 

was found that methylaminopyridine (DMAP) can stabilize gold nanoparticles with a 

strong affinity of the nitrogen atom on the pyridine ring for the gold surface.60  In 

addition, an oligomer of pyridine has been used to prevent the aggregation of gold 

nanoparticles by using the interaction between the lone pair electrons of nitrogen and the 

gold surface.61  Others have also confirmed that a pyridyl nitrogen atom interacts with the 

gold surface based upon data collected by XPS.63–66      

Therefore, with the research presented in this thesis we anticipated that the 
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incorporation of a pyridine ring as a component of the headgroup bonding, along with the 

two thiol moieties, would provide an increase in SAM stability. This new adsorbate 

C18OPDSH, as shown in Figure 1.7, would enhance the stability of the monolayers 

thank to the extra interaction of the lone pair electrons of nitrogen.  Additionally, the use 

of a cyclohexyl framework was pursued with the belief that this structure would produce 

SAMs that exhibit the efficient bonding characteristics of SAMs formed from 

adamantanethiols, but with an improved chain packing density.   

 

1.6. Research Objectives: Tailoring Multidentate Alkanethiol-based SAMs to 

Enhance Their Stabilities 

 

1.6.1. Tridentate Adsorbates with Cyclohexyl Frameworks 

The goals of the research presented in this thesis were to generate a more 

synthetically accessible and versatile class of multidentate adsorbates for preparing 

stable, well-defined SAMs on gold;  a new chemical architecture in which a cyclohexane 

ring serves as the framework between the alkyl tailgroups and thiol-containing 

headgroups, as illustrated in Figure 1.8.  The new SAMs formed from these new 

adsorbates have been thoroughly characterized by ellipsometry, contact angle 

goniometry, polarization modulation infrared reflection-absorption spectroscopy (PM-

IRRAS) and X-ray photoelectron spectroscopy (XPS).  Also, the thermal stability of 

these SAMs have been investigated. 
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Figure 1.8.  Schematic representation of the adsorption of the tridentate adsorbates, with 

a cyclohexyl framework, on a gold substrate. 

 

1.6.2.  Didentate Adsorbates with Pyridyl Frameworks 

The second project presented in this thesis is the synthesis and analysis of a new 

pyridyl-based adsorbate (C18OPDSH), which was used to form self-assembled 

monolayers.  This SAM was also characterized by ellipsometry, contact angle 

goniometry, polarization modulation infrared reflection-absorption spectroscopy (PM-

IRRAS) and X-ray photoelectron spectroscopy (XPS).  The thermal stability of this new 

SAM was also investigated in a comparison with that of C18OBDSH. 

Studies of these SAMs based on new classes of chelating adsorbates should 

advance our understanding of the structural and chemical factors that control stability for 

SAMs generated from multidentate adsorbates.  Moreover, these new multidentate 

alkanethiols can provide monolayer films in which the interfacial properties can be fine-

tuned to create surfaces with unique composition and characteristics by adjusting the 

nature of the tailgroups exposed at the surface. 
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Chapter 2.  Tridentate Adsorbates with Cyclohexyl Frameworks 

Assembled on Gold 

 

2.1. Introduction 

 

Self-assembled monolayers (SAMs) are formed when amphiphilic adsorbates 

adsorb spontaneously onto the surface of an appropriate substrate.  In particular, SAMs 

generated by the adsorption of alkanethiols on gold have been widely studied because of 

their facile generation, manipulation, and characterization.1–5  Furthermore, these SAMs 

have found use in a variety of applications, such as corrosion resistance,6 biomaterial 

coatings,7 biosensors,8 and nanomedicine,9–11 as well as adhesion,12, friction and 

lubrication,13,14 lithographic patterning,15,16 electrode modification,17 and thin-film 

transistor applications.18–20   

Despite the attractive properties of SAMs, their somewhat fragile nature remains a 

critical drawback for many applications.21–24  While some studies have reported that 

alkanethiolate SAMs exhibit moderate stability at room temperature, others have noted 

that SAMs desorb upon exposure to air in the absence of light over a span of a few 

days.25  Moreover, normal alkanethiol-based SAMs decompose rapidly upon heating at 

elevated temperatures (e.g., 80 °C in hexadecane).5,21,24,26  They also readily undergo 

displacement when exposed to organosulfur adsorbates in solution.21,24 

To circumvent this problem, researchers have explored several strategies for 

generating thermally and chemically stable SAMs.  One such strategy employed by our 
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research team5,21,24,26–32 and others33–36 utilizes adsorbates with the capacity for multiple 

sulfur-gold interactions, which can afford SAMs with enhanced stability through the 

entropically-driven "chelate effect".21,24,26,28,30  Further, chelating adsorbates can be 

designed to resist the formation of intramolecular disulfides upon desorption from the 

surface, which provides additional stability to such multidentate SAMs.21,24,26,28,30 

During the course of our earlier studies, we examined the stability of multidentate 

organosulfur adsorbates both on evaporated "flat" gold and on gold nanoparticles.  As a 

whole, we found that SAMs generated from tridentate adsorbates are more thermally 

stable than those generated from bidentate adsorbates, which in turn are more stable than 

those generated from monodentate adsorbates.30,37  Furthermore, independent studies 

have found that long-chain alkanethiols fail to displace tridentate adsorbates under 

conditions where monodentate adsorbates were readily displaced.24,38  Of particular 

relevance, two adamantane-based tridentate adsorbates were used to generate SAMs on 

gold (see Figures 2.1a and 2.1b).;38–40 for these adsorbates, all three thiomethyl legs bind 

to gold in a fashion similar to normal alkanethiols.39,40  However, save for their noted 

resistance to displacement,38 there have been no reports of the stability of the films 

generated from these adsorbates. 

In an effort to generate a synthetically accessible and chemically versatile class of 

multidentate thiol for preparing stable, well-defined SAMs on gold, we chose in the 

present study to explore a new adsorbate architecture in which a cyclohexane ring serves 

as a framework for linking thiol headgroups with synthetically variable tailgroups.  

Figures 2.1c and 2.1d show the chemical structure of the first two examples of this class 
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of adsorbate, where the top of the cyclohexane ring is unmodified (1c; CyTSH) or 

modified with three symmetrically equivalent methyl groups (1d; 3C1CyTSH).   

 

CH3CH3
CH3

SHHS
SH

1d ; 3C1CyTSH

SHHS
SH

1c ; CyTSH

H
H

H

SHHS
SH

1b

SHHS
SH

1a

X

X = -Br, -PhBr, -PhI

SH

 

Figure 2.1.  Structure of the new tridentate alkanethiols. 

 

There are at least five reasons that motivated us to choose a cyclohexane ring as 

the linking moiety.  First, we anticipated that the geometry afforded by the 1,3,5-

substituted cyclohexane ring would allow for adsorption of the headgroups to the surface 

of gold and simultaneous direction of the tailgroups away from the surface.  Second, the 

three thiomethyl legs of the chelating adsorbate can plausibly bind simultaneously to the 

gold surface, thereby affording films with enhanced stability.  Third, two or three distinct 

functional groups could be incorporated into the tailgroups of this adsorbate to afford 

chemically unique hybrid surfaces with functional groups that are homogeneously mixed 

at the molecular level (rather than phase-separated).  Fourth, we anticipated that the steric 

bulk of the cyclohexyl moiety would be sufficiently small to allow dense packing of the 

tailgroups and concomitant van der Waals stabilization.  Finally, in contrast to the 

tridentate adamantanethiols, which fail to form well-packed films due to insufficient 
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interchain van der Waals interactions,39 our tridentate cyclohexyl-based alkanethiols can 

be synthesized to possess long alkyl tailgroups.  

As part of our initial efforts to evaluate the capacity of these tridentate 

cyclohexyl-based alkanethiols to form SAMs, we describe in this report the self-assembly 

of CyTSH and 3C1CyTSH on the surface of gold.  We characterize the resultant films 

by ellipsometry, contact angle goniometry, polarization modulation infrared reflection 

absorption spectroscopy (PM-IRRAS), and X-ray photoelectron spectroscopy (XPS). 

 

2.2. Experimental 

 

2.2.1. Materials   

Gold (99.9%) shot was purchased from America Precious Metals.  Chromium 

rods (99.9%) were obtained from R. D. Mathis Company.  Polished single-crystal Si(100) 

wafers were purchased from NESTEC and rinsed with absolute ethanol (Aaper Alcohol 

and Chemical Co.) before use.  1,3,5-Benzenetricarboxylic acid (95%), 5% rhodium on 

activated alumina, boron trifluoride diethyl etherate, methanesulfonyl chloride (puriss, 

≥ 99.0%), potassium thioacetate (98%), potassium thiocyanate (ACS reagent, ≥ 99.0%), 

dimethyl sulfate (≥ 99.8%), and 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone 

(absolute, over molecular sieve, ≥ 99.0%) were purchased from Sigma-Aldrich.    Lithium 

aluminum hydride (LiAlH4) was obtained from Alfa Aesar.  All reagents were used as 

received without further purification unless otherwise specified.  
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2.2.2.  Synthesis of Tridentate Alkanethiol Adsorbates 

 The adsorbates cyclohexane-cis,cis-1,3,5-triyltrimethanethiol (CyTSH) and 

(cis,cis-1,3,5-trimethylcyclohexane-1,3,5-triyl)trimethanethiol (3C1CyTSH) were 

prepared using the strategy outlined in Scheme 2.1.  Detailed experimental procedures 

and spectroscopic data are provided in the following paragraphs.  While we provide only 

1H NMR spectral data are for each of the intermediates, we provide a more complete 

characterization (1H NMR spectroscopy, 13C NMR spectroscopy, FT-IR spectroscopy, 

and mass spectrometry) for the final adsorbate products, CyTSH and 3C1CyTSH. 

  

cis,cis-Cyclohexane-1,3,5-tricarboxylic Acid (1).41  A mixture of 7.50 g (3.57 

mmol) of trimesic acid, 1.0 g of 5% rhodium on alumina, and 150 mL of water was 

hydrogenated at 70 °C and 50 psi of H2.  Uptake was complete in 48 h, and the filtrate 

was concentrated to give a white solid.  Recrystallization from a 1:4 mixture of ethanol-

toluene gave 4.50 g (20.8 mmol) of the cis,cis isomer (58% yield).  1H NMR (500 MHz, 

CD3OD): δ 12.22 (br, 3H; 3COOH), 2.32 (tt, J = 3, 13 Hz; 3H, 3Hax!), 2.04 (d, J = 13 Hz, 

3H; 3Heq), 1.19 (q, J = 13 Hz, 3H; 3Hax). 
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Scheme 2.1.  Synthesis of Tridentate Adsorbates 3C1CyTSH and CyTSH. 

 

 

 

cis,cis-Trimethylcyclohexane-1,3,5-tricarboxylate (2).  Anhydrous methanol 

was distilled over CaH2 before use.  cis,cis-Cyclohexane-1,3,5-tricarboxylic acid 1 (1.0 g, 
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4.6 mmol) was heated under reflux for 6 h with boron trifluoride diethyl etherate (4.2 g, 

30 mmol) in an excess of dry methanol (50 mL).  The reaction mixture was cooled and 

poured into a saturated sodium bicarbonate solution.  The organic phase was then 

extracted with diethyl ether and dried over Na2SO4.  Removal of the ether afforded the 

crude trimethyl ester (1.05 g, 4.07 mmol, 88% yield). 1H NMR (400 MHz, CD3OD): δ 

3.68 (s, 9H; 3COOCH3), 2.36 (tt, J = 3, 13 Hz; 3H, 3Hax!), 2.25-2.29 (m, 3H; 3Heq), 1.53 

(q, J = 13 Hz, 3H; 3Hax). 

 

Cyclohexane-cis,cis-1,3,5-trimethanol (3).42  A slurry of LiAlH4 (2.0 g, 53 

mmol) in 50 mL of dry THF was placed in a 250 mL three-necked round-bottomed flask 

equipped with an addition funnel and purged with nitrogen at rt.  A slight evolution of 

gas was observed.  The addition funnel was charged with cis,cis-trimethylcyclohexane-

1,3,5-tricarboxylate 2 (2.23 g, 8.63 mmol) in 70 mL of THF.  The solution of 2 was 

added to the solution of LAH over 15 min at rt, which led to a vigorous evolution of gas.  

The solution was refluxed for 8 h and was then cooled to rt and quenched sequentially 

with water (2 mL), 15% aq. NaOH (2 mL), and water (8 mL).  A white precipitate 

formed, and the mixture was stirred for an additional 2 h at rt.  The solution was filtered 

through Celite, and the pad was washed with THF (5 × 100 mL).  The filtrate was dried 

over Na2SO4, filtered, and reduced in vacuo to give 3 as a white solid (1.20 g, 6.89 mmol, 

80% yield).  1H NMR (500 MHz, CD3OD): δ 3.38 (d, J = 8 Hz, 6H; 3CH2OH), 1.85 (d, J 

= 14 Hz, 3H; 3Heq), 1.51 (m, 3H; 3Hax!), 0.54 (q, J = 14 Hz, 3H; 3Hax). 
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Cyclohexane-cis,cis-1,3,5-triyltris(methylene)trimethanesulfonate (4).  The 

trialcohol 3 (0.60 g, 3.4 mmol) in dry THF (100 mL) was treated with triethylamine (20 

mL, 143 mmol) and stirred for 10 min at rt.  Methanesulfonyl chloride (1.10 mL, 11.6 

mmol) was then added dropwise over a period of 15 min.  The reaction mixture was 

stirred for 6 h under nitrogen and then transferred to a separatory funnel.  After adding 

water into the mixture to decompose any remaining methanesulfonyl chloride, the 

mixture was extracted with dichloromethane  (DCM, 3 × 100 mL).  The combined 

organic phases were successively washed with 2 N HCl and H2O and then dried over 

MgSO4.  The DCM solution was concentrated to give the crude product, which was 

recrystallized from 3:1 hexane:DCM  to obtain 4 as a yellowish solid (1.25 g, 3.06 mmol, 

89% yield).  1H NMR (400 MHz, CDCl3): δ 4.08 (d, J = 6 Hz, 6H; 3CH2OSO2CH3), 3.02 

(s, 9H; 3OSO2CH3), 1.48 (m, 6H; 3Hax! + 3Heq), 0.88 (d, J = 12 Hz, 3H; 3Hax). 

 

cis,cis-1,3,5-Tris(thiocyanatomethyl)cyclohexane (5).  A mixture of 4 (0.520 g, 

1.30 mmol) and potassium thiocyanate (KSCN, 4.9 g, 50 mmol) was dissolved in ethanol 

and DMF (1:1) and then refluxed overnight at 100 °C.  The solution was then cooled to 

rt, water was added, and the mixture was extracted with DCM (3 × 30 mL).  The 

combined organic phases were washed several times with water to remove DMF.  After 

washing with brine, the organic layer was dried over MgSO4.  The solvent was 

evaporated, and a pale yellow solid was obtained, which was recrystallized twice from a 

1:3 mixture of DCM and MeOH to give pure 5 (0.26 g, 0.87 mmol, 68% yield).  1H NMR 
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(500 MHz, CDCl3): δ 2.94 (d, J = 6 Hz, 6H; 3CH2SCN), 2.17 (d, J = 12 Hz, 3H; 3Heq), 

1.95 (m, 3H; 3Hax'), 0.86 (q, J = 12 Hz, 3H; 3Hax). 

 

Cyclohexane-cis,cis-1,3,5-triyltrimethanethiol (CyTSH).  To a suspension of 

LiAlH4 (0.33 g, 8.70 mmol) in dry THF (10 mL) was added dropwise a solution of 5 

(0.26 g, 0.87 mmol) in dry THF.  The reaction was stirred at rt for 6 h and then quenched 

with H2O and acidified with 2 M HCl under nitrogen (H2O and 2 N HCl were degassed 

by bubbling with nitrogen before use).  After stirring for 10 min, the reaction mixture was 

extracted with DCM (3 × 20 mL).  The combined organic layers were washed with H2O 

and brine.  After drying the solution with Na2SO4, the solvent was removed by rotary 

evaporation to afford CyTSH as a clear oil (0.16 g, 0.72 mmol, 82% yield).  1H NMR 

(500 MHz, CDCl3): δ 2.47 (m, 6H; 3CH2SH), 2.01 (d, J = 12 Hz, 3H; 3Heq), 1.52 (m, 3H; 

3Hax'), 1.32 (t, J = 8 Hz, 3H; 3SH), 0.65 (q, J = 12 Hz, 3H; 3Hax), 13C NMR (125 MHz, 

CDCl3): δ 40.27, 37.00, 31.33.  IR (neat oil): 2915, 2892, 2841, 2560 cm-1. 

 

Trimethyl-cis,cis-1,3,5-trimethylcyclohexane-1,3,5-tricarboxylate (6).41,43  

Diiso-propylamine was dried over molecular sieves before use.  Lithium 

diisopropylamide (LDA) was generated at 0 °C by the addition of 2.5 M n-BuLi in 

hexanes (5.11 mL, 12.8 mmol) to diisopropylamine (1.80 mL, 12.8 mmol) in 10 mL of 

dry diethyl ether.  To the remaining mixture was added dropwise 1.0 g (3.9 mmol) of the 

cis,cis-trimethylcyclohexane-1,3,5-tricarboxylate 2 in 10 mL of diethyl ether.  The 
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mixture was stirred at 0 °C for 2 h.  Then, 2 mL (21 mmol) of dimethylsulfate was added, 

and stirring was continued overnight at rt.  The solution was washed with water, 1 N HCl, 

and brine, and dried over Na2SO4.  After removal of the volatiles, 0.85 g of oil was 

obtained.  Fractional recrystallization from 1:1 pentane:diethyl ether afforded the pure 

cis,cis isomer as a white solid (0.54 g, 1.8 mmol, 47% yield).  1H NMR (300 MHz, 

CDCl3): δ 3.66 (m, 9H; 3CO2CH3), 2.73 (d, J = 15 Hz, 3H; 3Heq), 1.21 (m, 9H; 3CH3), 

0.96 (d, J = 15 Hz, 3H; 3Hax).  

 

(cis,cis-1,3,5-Trimethylcyclohexane-1,3,5-triyl)trimethanol (7).  This interme-

diate was prepared in 88% yield as a white solid (0.63 g, 2.9 mmol) from 6 (1.0 g, 3.3 

mmol) and LiAlH4 (1.8 g, 48 mmol) in dry THF (20 mL) using the procedure described 

above for the synthesis of 3.  1H NMR (300 MHz, CD3OD): δ 3.12 (s, 6H; 3CH2OH), 

1.22 (d, J = 14 Hz, 3H; 3Heq), 1.08 (m, 12H; 3CH3 + 3Hax). 

 

(cis,cis-1,3,5-Trimethylcyclohexane-1,3,5-triyl)tris(methylene)trimethanesul-

fonate (8).  This intermediate was prepared in 90% yield as a white solid (2.27 g, 5.04 

mmol) from trialcohol 7 (1.21 g, 5.59 mmol) in dry THF (100 mL), triethylamine, and 

methanesulfonyl chloride (3.9 g, 31 mmol) using the procedure described above for the 

synthesis of 4.  1H NMR (300 MHz, CDCl3): δ 3.91 (s, 6H; 3CH2OSO2CH3), 3.12 (s, 9H; 

3OSO2CH3), 1.48 (d, J = 14 Hz, 3H; 3Heq), 1.34 (d, J = 14 Hz, 3H; 3Hax), 1.32 (s, 9H; 

3CH3). 
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(cis,cis-1,3,5-Trimethylcyclohexane-1,3,5-triyl)tris(methylene)triethanethio-

late (9).  A mixture of 8 (0.859 g, 1.90 mmol) and potassium thioacetate (KSAc, 6.53 g, 

57.2 mmol) in anhydrous DMPU (30 mL) was stirred at 110 °C for 3 days.  After cooling 

to rt, the solution was poured into water and extracted with DCM (3 × 100 mL).  The 

combined organic phases were washed with water several times to remove DMPU, and 

then washed with saturated brine, dried over MgSO4 and concentrated to dryness.  The 

crude product was purified by column chromatography on silica gel, eluting with a 

mixture of 8.3% ethyl acetate in hexane to afford 9 as a colorless liquid (0.21 g, 0.54 

mmol, 28% yield).  1H NMR (300 MHz, CDCl3): δ 2.79 (s, 6H; 3CH2SCOCH3), 2.36 (s, 

9H; 3SCOCH3), 1.33 (d, J = 14 Hz, 3H; 3Heq), 1.11 (m, 12H; 3CH3 +3Hax). 

 

(cis,cis-1,3,5-trimethylcyclohexane-1,3,5-triyl)trimethanethiol (3C1CyTSH).  

The final product was obtained as an oil in 74% yield (0.105 g, 3.97 mmol) by treating 

compound 9 (0.21, 0.54 mmol) with LiAlH4  (0.061 g, 1.6 mmol) in dry THF (10 mL) as 

described above in the synthesis of CyTSH.  1H NMR (500 MHz, CDCl3): δ 2.39 (d, J = 

9 Hz, 6H; 3CH2SH), 1.35 (d, J = 14 Hz, 3H; 3Heq), 1.25 (t, J = 9 Hz, 3H; 3SH), 1.18 (m, 

12H; 3CH3 + 3Hax).  13C NMR (125 MHz, CDCl3): δ 44.95, 42.11, 35.03, 26.70.  IR 

(KBr, neat): 3100, 2952, 2911, 2558 cm-1.   
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2.2.3.  Substrate Preparation 

Gold surfaces were prepared by the thermal evaporation of chromium (ca. 100 Å) 

under high vacuum at a pressure of ∼6 × 10-5 Torr onto silicon wafers.  Chromium was 

used as a primer to promote the adhesion of gold to the surface of silicon.  A gold film 

having a thickness of ca. 2000 Å was deposited on the chromium at a rate of 1 Å/s.  The 

substrates were rinsed with absolute ethanol and dried under a stream of ultra-pure 

nitrogen before use.30,44,45 

 

2.2.4.  Preparation of SAMs 

Solutions of the thiols were prepared in weighing bottles that were cleaned by 

soaking overnight in "piranha solution" (3:1 mixture of concentrated H2SO4: 30% H2O2); 

caution: "piranha solution" reacts violently with organic materials and should be 

handled carefully).  The bottles were then thoroughly rinsed with deionized water and 

absolute ethanol, and then dried overnight at 100 °C.  The gold-coated wafers were cut 

into slides (ca. 1 cm × 3 cm) and then rinsed with absolute ethanol and blown dry with 

ultra-pure nitrogen before immersing in the thiol solutions.  All substrate were allowed to 

equilibrate for a period of 48 h.  The resultant SAMs were thoroughly rinsed with THF 

and absolute ethanol, and then blown dry with ultra-pure nitrogen before characterization. 
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2.2.5.  Measurements of Ellipsometric Thickness 

The thicknesses of the monolayers were measured using a Rudolf Research Auto 

ELIII ellipsometer equipped with a He-Ne laser operating at 632.8 nm and an incident 

angle of 70°.  The optical constants of the bare gold were measured immediately after 

evaporation.  For each sample, data collected from measurements on two separate slides 

with at least three spots per slide were averaged.  The thicknesses of the monolayers were 

calculated assuming a refractive index of 1.45 for all monolayers.  The thickness values 

obtained by ellipsometry were compared to those calculated from XPS measurements 

(vide infra).  

 

2.2.6.  Contact Angle Measurements 

Contact angles were measured using a Rame$-Hart model 100 contact angle 

goniometer at room temperature (ca. 293 K).  The contacting liquids (water, hexadecane, 

decalin, and diisopropyl ether) were dispensed and withdrawn using a Matrix 

Technologies micro-Electrapette 25 operated at the slowest possible speed (ca. 1 µL/s), 

and the advancing angle (θa) was measured while the pipet tip was kept in contact with 

the drop.  For each type of monolayer film, contact angles were averaged from the 

collected measurements on two separate slides using at least three drops per slide.  
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2.2.7.  Fourier Transform Infrared (FT-IR) Spectroscopy 

The bulk IR spectrum of 3C1CyTSH was collected using a Nicolet Nexus-IR 670 

Fourier transform spectrometer.  A 500 mg portion of dry spectra-grade KBr was ground 

in a clean mortar and pressed to 10,000–15,000 pounds under vacuum.  The sample was 

held at this pressure for 5 min.  A few drops of 3C1CyTSH were added onto the KBr 

pellet, and ultra-pure nitrogen was blown across the surface.  The KBr pellet containing 

the sample was mounted on a sample holder, and the spectrum was recorded using 32 

scans. 

 

2.2.8. Polarization Modulation Infrared Reflection Absorption Spectroscopy (PM-

IRRAS) 

The surface IR spectra were collected employing a Nicolet MAGNA-IR 860 

Fourier transform spectrometer equipped with a liquid-nitrogen cooled mercury-

cadmium-telluride (MCT) detector and a Hinds Instruments PEM-90 photoelastic 

modulator operating at 37 kHz.  The polarized light was reflected from the sample at an 

angle of incidence of 80°.  The spectra were collected over 256 scans at a spectral 

resolution of 4 cm-1. 

 

2.2.9.  X-ray Photoelectron Spectroscopy (XPS) Measurements 

XPS spectra of the monolayer films were obtained using a PHI5700 X-ray 

photoelectron spectrometer equipped with a monochromatic Al Kα X-ray source (hν  = 
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1486.7 eV) incident at 90° relative to the axis of a hemispherical energy analyzer.  The 

instrument was operated at high resolution with a pass energy of 23.5 eV and a 

photoelectron takeoff angle of 45° from the surface.  All spectra were collected at room 

temperature.  After collecting the spectra, the binding energy of Au4f7/2 was set at 84.0 

eV as a reference binding energy for standard calibration of all of the samples.  The peak 

intensities were quantified by standard curve-fitting software using Shirley background 

subtraction and Gaussian-Lorentzian profiles.  All of the peaks were fit with respect to 

spin-orbit splitting; specifically, two 80% Gaussian curves in a 1:2 ratio of areas split at 

1.18 eV were used for analysis of the S2p peaks. 

 

2.3.  Results and Discussion 

 

2.3.1.  Synthesis of New Tridentate Adsorbates 

The adsorbates 3C1CyTSH and CyTSH were prepared using the strategy 

outlined in Scheme 2.1.  The compounds were identified by 1H and 13C NMR 

spectroscopy, FT-IR spectroscopy, and mass spectrometry, all of which confirmed their 

proposed structures.   

 

2.3.2.  Sulfur-Gold Chemisorption and Binding Energy Analysis by XPS 

Based on previous electron diffraction and low energy helium diffraction studies 

of the structure of normal alkanethiolate SAMs on gold,1–4 the sulfur-sulfur spacing is ~5 
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Å with the sulfur atoms bound to the three-fold hollow sites on Au(111).1–4  To the best 

of our knowledge, there have been no reports of adsorbates having a cyclohexane 

framework such as those shown in Figures 2.1c and 2.1d.  We note, however, that the 

structurally related adamantanetrithiol derivatives reported by Whitesell and Kitagawa 

(Figures 2.1a and 2.1b)38–40 form SAMs on gold with an sulfur-sulfur spacing of ~5.0 Å, 

which is identical to the interatomic distance between sulfur atoms in normal 

alkanethiolate SAMs on Au(111).1–4  Based on STM data, the authors proposed that all 

three sulfur atoms of the adamantanetrithiols were bound to the surface of gold.39,40   

These previous studies led us to hypothesize that CyTSH and 3C1CyTSH would 

also generate SAMs on gold with all three sulfur atoms bound to gold – a condition 

essential for generating stable monolayer coatings.  We therefore sought to characterize 

the nature of the sulfur atoms in films derived from CyTSH and 3C1CyTSH.  To this 

end, we explored the use of various solvents from which to generate optimal SAMs from 

these adsorbates, relying on studies by XPS to characterize the nature of sulfur-gold 

binding (i.e., bound vs. unbound thiol).  Further, because our ultimate studies will utilize 

SAMs formed from adsorbates with long and chemically varied tailgroups, we focused 

our initial survey studies on thin films formed from CyTSH and particularly 

3C1CyTSH. 

The chemisorption between sulfur and gold surfaces in SAMs can be monitored 

using the XPS binding energies, which can be used to determine more broadly the 

chemical composition on the surface.30,45  Thus, by monitoring the S2p region of the XPS 

spectra, the binding of the sulfur headgroup to the gold substrate can be evaluated.45–47  In 
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the XPS spectra of SAMs generated from alkanethiols on gold, the binding energy of the 

S2p3/2 and S2p1/2 peaks for thiols bound to gold is known to be 162 and 163.2 eV, 

respectively.47  In contrast, the S2p3/2 and S2p1/2 peaks for unbound thiols or disulfide 

species within or on-top of the thiolate layer appear roughly at 164 eV and 165 eV, 

respectively.45  Incomplete adsorbate binding on gold, therefore, can be identified and 

quantified by the presence of the S2p peak at 164 eV.47  Moreover, oxidized sulfur species 

(S2p BE> 166 eV) can also be detected by XPS.30,47  Thus, we used XPS to characterize 

the SAMs generated from 3C1CyTSH upon adsorption from various organic solvents 

(Figure 2.2).  

We first explored the use of ethanol as a solvent from which to adsorb 

3C1CyTSH because ethanol is the most widely used solvent for preparing SAMs on 

gold.  The popularity of ethanol can be attributed to its relatively low price, its 

availability in high purity, and its low toxicity.  In addition, ethanol has a low tendency to 

be incorporated into SAMs30,48 and is known to form robust and fully-bound normal 

alkane mono-, di-, and tri-thiols SAMs on gold.29  Other solvents that we used to adsorb 

3C1CyTSH onto gold included the polar aprotic solvents THF and DMF, which have 

been used previously to form fully bound bidentate and tridentate SAMs on gold.30  We 

also examined the adsorption of  3C1CyTSH from isopropyl ether and toluene.  

For all of these studies, the gold substrates were immersed in 1 mM solutions of 

3C1CyTSH and allowed to equilibrate for 48 h.  The slides were exhaustively rinsed 

with THF, toluene, and ethanol and then dried under a vigorous stream of ultrapure 

nitrogen before analysis by XPS. 
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The XPS spectra of SAMs generated from 3C1CyTSH in various solvents are 

shown in Figure 2.2, with a focus on the S2p region.   For all of the samples, the S2p peaks 

exhibit some degree of intensity at 164 eV, indicating incomplete binding of the 

adsorbate to gold.  The relative amounts of bound and unbound sulfur were deconvoluted 

using standard XPS software processing and are summarized in Table 2.1.  Although 

none of the samples show completely bound thiolates for 3C1CyTSH, the adsorption 

from THF appears to be optimal, with ~90% of the sulfur atoms bound to gold.  An 

absolute mechanism behind the formation of SAMs in various solvents has not been fully 

understood.1  However, the complete solubility of multidentate ligands in polar aprotic 

solvents such as THF, along with the presence of some partial charge separation 

occurring in the mechanism of adsorption,49 may explain the suitability of this solvent for 

SAM formation. 
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Figure 2.2.  The XPS spectra of the S2p region for SAMs derived from 3C1CyTSH in the 

indicated solvents. 

 

Table 2.1.  Relative Amounts of Bound vs. Unbound Sulfur Species Obtained from 

Deconvolution of the XPS Spectra in Figure 2.2. 

Adsorbate Solvent %Bound Thiolate %Unbound Thiol 

3C1CyTSH 
" 
" 
" 
" 

THF 
EtOH 

i-Pr ether 
DMF 

Toluene 

89 
79 
73 
70 
68 

11 
21 
27 
30 
32 
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To examine whether the methyl groups play any role in the chemisorption of 

sulfur to gold, we prepared the CyTSH film in the same manner as that used to prepare 

the optimal 3C1CyTSH SAM (i.e., using THF as a solvent).  XPS spectra of the S2p 

region for the CyTSH films are displayed in Figure 2.3c, together with the corresponding 

data for SAMs derived analogously from octadecanethiol (Figure 2.3a) and 3C1CyTSH 

(Figure 2.3b). 
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Figure 2.3.  The XPS spectra of films generated from (a) octadecanethiol (C18SH),        

(b) 3C1CyTSH, and (c,d) CyTSH in THF.  Ambient laboratory conditions were: 25 °C, 

light, and air. Green and pink lines represent S2p3/2 and S2p1/2 for bound thiolate. Purple 

and navy lines represent S2p3/2 and S2p1/2 for unbound thiolate. 
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The XPS spectra of the films derived from CyTSH (Figure 2.3c) show a high 

intensity S2p peak at ~164 eV, indicating substantial unbound thiol and/or disulfide 

species (~80%) and some bound thiolate (~20%) in the film.  Further, the peaks at 166–

170 eV suggest the presence of oxidized sulfur species (e.g., sulfones).45,47  In an effort to 

decrease the amount of oxidized sulfur species, we generated films from CyTSH in 

degassed THF, under nitrogen, and in the absence of light for 48 h at room temperature. 

We found that under these conditions, both the amount of oxidized sulfur species and 

unbound thiol (~60%) decreased while the bound thiolate (~40%) increased as shown in 

Figure 2.3d.  Based on our observations, CyTSH is stable under inert conditions and at 

room temperature. However, when SAMs of CyTSH are formed and thus, come into 

contact with the gold surface, oxidation takes place due to the presence of oxygen and 

light.50  

These results suggest that the methyl groups on the cyclohexane ring of 

3C1CyTSH significantly enhance the chemisorption of sulfur to gold.  It is possible, for 

example, that the presence of the methyl groups gives rise to minor conformers in which 

the methylene thiol moieties occupy axial positions (Scheme 2.2).51,52  This arrangement 

facilitates the binding of the thiols to gold. It is important to note that although the axial 

hydrogens of bound 3C1CyTSH become very close to the gold surface, this does not 

cause a significant repulsion as supported by the high % bound thiolate from XPS data.  

In contrast, the absence of the methyl groups in CyTSH gives rise to exclusively 

equatorial conformations for the methylene thiols, which allows for one or more of the 

methylene thiols to orient away from the surface upon initial chemisorption.  This 
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hypothesis is consistent with the XPS data shown in Figure 2.3.  Finally, the presence of 

oxidized sulfur species (e.g., disulfides and sulfone) in the films formed from CyTSH is 

likely due to oxidation of the unbound thiols of CyTSH (vide supra). 

 

Scheme 2.2.  Axial and Equatorial Conformations of 3C1CyTSH and CyTSH. 

 

SHHS

SH SHHS
SH

SHHS

SH SHHS
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2.3.3. Chemical and Orientational Analysis by Infrared Spectroscopy 

Figure 2.4 shows the spectra collected by transmission IR spectroscopy and 

polarization modulation-infrared reflection absorption spectroscopy (PM-IRRAS) for 

neat 3C1CyTSH and for the SAM derived from this adsorbate.  The S–H vibrations, 

observed at ~2558 cm-1 in the neat transmission IR spectrum,39 were absent in the PM-

IRRAS spectrum of the SAMs (Figure 2.4).  The loss of the S–H peaks upon adsorption 
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is consistent with the molecules attaching to gold via the three sulfur atoms in a tripod-

like, perpendicular orientation.39 
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Figure 2.4.  Comparison of the C–H stretching region between the transmission FT-IR 

spectrum of 3C1CyTSH as neat oil and the PM-IRRAS spectrum of the 3C1CyTSH 

SAM derived from 3C1CyTSH in THF. 

 

For many SAMs, the molecular orientation can be elucidated by monitoring the 

C–H stretching region of the surface infrared spectra.27,29,30,53,54  In most cases, the 

frequency, bandwidth, and intensity of the methylene antisymmetric and symmetric 

bands (νa
CH

2 at ∼2918 cm-1 and νs
CH

2 at ∼2850 cm-1) and the methyl antisymmetric and 

symmetric bands  (νa
CH

3 at ∼2956 cm-1 and νs
CH

3 at ∼2866 cm-1) are strongly influenced 

by the orientation(s) of the adsorbed molecules.30,54  For SAMs derived from normal 

alkanethiols, the νa
CH

2 and νs
CH

3 transition dipoles are oriented nearly parallel to the 

surface normal (true for νs
CH

3 especially for even-numbered SAMs)55 leading to strong 
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absorptions for these modes.30  For 3C3CyTSH, however, the intensity of the νa
CH

2 band 

weakens upon adsorption while the intensity of the νa
CH

3 remains strong (see Figure 2.4).  

These results provide strong support that 3C3CyTSH binds to the gold surface with the 

methylene thiol moieties pointed downward and the methyl groups pointed upward. 

Additionally, Figure 2.5 compares the PM-IRRAS spectrum of thin films derived 

from 3C1CyTSH to those of films derived from n-octadecanethiol (C18SH) and 

CyTSH.  Notably, the band at ~2957 cm-1 is absent in the spectrum for CyTSH, which 

supports our assignment of this band as νa
CH

3 for 3C1CyTSH.   
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Figure 2.5.  C–H stretching region of the PM-IRRAS spectra of SAMs derived from 

C18SH, 3C1CyTSH, and CyTSH. 
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2.3.4.  Measurements of Film Thickness 

 Ellipsometry is one of the principle tools used to determine the average 

monolayer thickness and follow the progress of the film growth.34 In the present study, 

we assumed a refractive index of 1.45 for all films examined.  Since, however, the 

surface coverage and chemical composition can substantially influence the refractive 

index values,34 we also used XPS to determine the thickness of films.  In these 

measurements, the amount of adsorbate on the surface of the gold substrate can attenuate 

the XPS signal for Au.  Thus, the thickness of monolayer films can be calculated using 

the relative intensities of Au4f and C1s peaks from the XPS spectra.  In this procedure, we 

measured the intensities of the Au4f peak of the underlying gold substrate for each sample 

and set the binding energy of the Au4f peak to 84.0 eV as a reference.  Also, we used the 

monolayer derived from C18SH (with a known thickness of 22 Å)48 as a standard for 

comparison.  The film thicknesses were calculated using Equation 2.1. 
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In Equation 2.1, dR is the thickness of the C18SH SAM, and dS is the thickness of the 

SAM under investigation.  The I term represents the intensities for C1s "C" and Au4f "Au" 
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for sample "S" and reference "R".  The λ terms are the escape depths of the electrons for 

the different kinetic energies, calculated using the NIST database.56   

Table 2.2 provides a comparison of the film thickness determined by ellipsometry 

and by XPS.  The results show that the methods are largely consistent.  Notably, 

3C1CyTSH generates a monolayer film that is thinner than the SAM generated by 

C18SH.  This result was expected given that 3C1CyTSH possesses roughly a three-

carbon chain length while C18SH possesses an eighteen-carbon chain length.  

Importantly, the thickness of the 3C1CyTSH SAM (5 ± 1 Å) is consistent with its 

molecular dimensions calculated by molecular modeling assuming a planar 

conformation.57 In contrast, the CyTSH adsorbate, with thicknesses ranging from 11–15 

Å, appears to form multilayer films via the formation of the intermolecular disulfides as 

detected by XPS in Figures 2.3c and 2.3d. 

 

Table 2.2.  Thickness of SAMs Determined by Ellipsometry and by XPS. 

Adsorbate Solvent 
Thickness (Å) 

Ellipsometrica XPS 

        C18SH 
        CyTSH 
        3C1CyTSH 
                " 
                " 
                " 
                " 

           EtOH  
           THF  
           THF  
           EtOH 
           i-Pr ether 
           DMF 
           Toluene 

21 
13 
4 
4 
6 
3 
4 

2248 

15 
5 
4 
6 
5 
4 

a Measured values were reproducible within ±2 Å of the reported values. 
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2.3.5.  Interfacial Wettability 

The wettability of the films was explored using water, hexadecane, decalin, and 

diisopropyl ether as contacting liquids. The results of contact angle measurement are 

displayed in Table 2.3.  The contact angles of the films generated from CyTSH are low 

(comparable to "bare" gold) due to the presence of oxidized sulfur species as indicated by 

the XPS analyses described above.  In contrast, the low contact angle values for the films 

generated from 3C1CyTSH can be attributed to the fact that these films are extremely 

thin.  Consequently, the probe liquids interact strongly with the underlying gold surface, 

which enhances the wettability of the films.59  This interpretation is consistent with XPS 

and ellipsometric thickness values.  

 

Table 2.3.  Advancing Contact Angles (θa) of Water (H2O), Hexadecane (HD), Decalin 

(DL), and Di-isopropyl Ether (DIPE) on SAMs Derived from the Adsorption of C18SH 

and 3C1CyTSH in THF. 

Adsorbates 
Contact Angle (θa) 

H2O HD DL DIPE 

C18SH 
CyTSH 
3C1CyTSH 
Bare Gold 

114 
74 
78 
74 

50 
--- 
--- 
--- 

54 
--- 
--- 
--- 

---* 
--- 
--- 
--- 

* The symbol --- indicates that the film was wet by the contacting liquid (θa < 10o). 
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2.4. Conclusions  

 

Two tridentate alkanethiols with cyclohexyl headgroups were synthesized and 

used to prepare thin films on gold, which were characterized by ellipsometry, contact 

angle goniometry, PM-IRRAS, and XPS.  While the adsorption of CyTSH led to 

multilayer films containing oxidized sulfur species, the adsorption of 3C1CyTSH led to 

monolayer films with ~90% of the sulfur atoms bound to gold.  The striking difference 

can be attributed to the presence of the methyl groups in 3C1CyTSH, which restrict the 

conformational flexibility of the cyclohexane ring and thereby significantly enhance its 

chemisorption to gold.  When taken as a whole, the results suggest that the tridentate 

3C1CyTSH architecture can be used to generate strongly bound SAMs on gold. 
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Chapter 3.  Tridentate Cyclohexyl-based Self-assembled Monolayer 

Films 

 

3.1. Introduction 

 

Self-assembled monolayers (SAMs) of organic alkanethiols on gold have been 

used in the design and controlled fabrication of nanostructured materials, such as soft 

lithography resists,1–3 biosensers,4–5 nanoparticles for drug delivery,6–8 thin-film organic 

electronic devices,9–11 nanoscale coatings,12 and a variety of other purposes.13–15  The 

reason why gold substrates have become popular for use in the study of organic thin films 

as compared to copper, silver or other metals is that a gold surface is stable and not easily 

oxidized under ambient conditions.14  Gold surfaces are also easy to handle in a 

laboratory environment.14  In addition, SAMs readily form on gold from dilute solutions 

of thiols, producing relatively strong S–Au bonds.13,14  Further enhancing the preference 

for thiolate SAMs is the wide range of alkanethiol adsorbates that can be designed and 

synthesized using standard organic synthetic procedures.13,14  Although the monolayers 

generated from alkanethiols have received considerable interest in the scientific 

community, the stability of these thin films is still a significant obstacle for their use in 

real world applications.16–21  This concern has led to numerous reports about this issue for 

alkanethiolate SAMs.16,17,20–23 

For instance, organic thin films derived from normal alkanethiols exhibit only 

moderate stability under ambient conditions17,23 and decompose rapidly upon being 
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exposed to elevated temperatures (e.g., 80 °C in hexadecane).16,20–22  While some 

research groups report that SAMs desorb upon exposure to air in the absence of light over 

a span of a few days,17,23 others found that they also readily undergo displacement when 

exposed to a second organosulfur adsorbate in solution.20,21  

Numerous research groups have reported a number of strategies to enhance the 

stability of organic thin films derived from alkanethiols on gold.   For instance, inter-

chain cross-linking and adsorbate polymerization,13,24–27 multiple sulfur-gold interactions 

(chelation),16,20–22,28–37 and intermolecular hydrogen bonding,38–41 have been examined in 

the stability studies for thiolate SAMs.  In particular, the use of chelating adsorbates to 

increase the number of thiolate attachments to the surface of gold can also increase SAM 

stability by designing the chelates to resist the formation of intramolecular disulfides 

upon desorption from the surface.16,20–22,29–33,42,43 

Our group has been exploring the formation and characterization of SAMs on 

polycrystalline "flat" gold and on gold nanoparticles derived from the adsorption of 

various multidentate alkanethiols.16,20–22,29–33,44 As a whole, we found that SAMs 

generated from tridentate adsorbates are more thermally stable than those generated from 

bidentate adsorbates, which in turn are more stable than those generated from 

monodentate adsorbates.44  Furthermore, independent studies have found that long-chain 

alkanethiols fail to displace tridentate adsorbates under conditions where monodentate 

adsorbates were readily displaced.45  Of particular relevance, two types of adamantane-

based tridentate adsorbates have been used to generate SAMs on gold (see Figures 2.1a 

and 2.1b, Chapter 2).46–48  For these adsorbates, all three thiomethyl legs bind to gold in a 



53 53 

fashion similar to normal alkanethiols.47,48  However, there have been no reports of more 

extensive studies of the stability of the films generated from these adsorbates.  

In a prior chapter, we provided our initial report of SAMs based on cyclohexane 

alkanethiols on gold.  Two tridentate alkanethiols with cyclohexyl platforms were 

synthesized and used to prepare thin films on flat gold. Studies found that while the 

adsorption of CyTSH led to multilayer films containing oxidized sulfur species, the 

adsorption of 3C1CyTSH led to monolayer films with ~90% of the sulfur atoms bound 

to gold.  The striking difference can be attributed to the presence of the methyl groups in 

3C1CyTSH, which restrict the conformational flexibility of the cyclohexane ring and 

thereby significantly enhances its chemisorption to gold.  When taken as a whole, the 

results suggest that the tridentate 3C1CyTSH architecture can be used to generate 

strongly bound SAMs on gold.   

In this chapter, in an effort to generate a more synthetically accessible and 

versatile class of multidentate adsorbates for preparing stable, well-defined SAMs on 

gold, we chose to explore a new chemical architecture.  In this series of analogs of 

3C1CyTSH, a cyclohexane ring serves as the framework between the alkyl tailgroups 

and the thiol-containing headgroups by varying the chain length of the alky pendant 

chains as illustrated in Figure 3.1. 
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Figure 3.1.  Illustration of the structure of the tridentate alkanethiols. 

 

The adsorbates for this series were designed with an increasing chain length for 

the alkyl chain, R, in order to follow up on our study in Chapter 2.  Even though 

3C1CyTSH forms SAMs with ~90% bound thiolate on gold, the alkyl chain is too short 

to form well packed SAMs due to insufficient van der Waals interchain interactions.  

Therefore, we expected that increasing the chain length of the alky chains on the 

cyclohexane ring of the analogs of 3C1CyTSH would significantly increase the packing 

of the adsorbates and enhance the stability of the resulting monolayer films.  Studies of 

SAMs created from this new class of adsorbate should further advance our understanding 

of the structural and chemical factors that produce thermal stability in SAMs generated 

from multidentate adsorbates. Moreover, this new multidentate alkanethiol should 

provide a means of tuning interfacial properties and creating interfaces with unique 

composition through the adjustment of the nature of the tailgroups exposed at the surface.  

To this end, the analogs of the 3C1CyTSH adsorbate were synthesized to 

evaluate this class of molecule utilizing the general formula R3C6H6(CH2SH)3 
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(abbreviated as 3CnCyTSH) where R = -(CH2)nH and n = 1, 3, 8 and 13.  The monolayer 

films generated from 3CnCyTSH were characterized by ellipsometry, contact angle 

goniometry, polarization modulation infrared reflection absorption spectroscopy (PM-

IRRAS) and X-ray photoelectron spectroscopy (XPS).  The new multidentate adsorbates 

were also examined in a thermal stablility study. 

 

3.2. Experimental Section 

 

3.2.1. Materials   

Gold shot (99.99%) was purchased from Americana Precious Metals.  Chromium 

rods (99.9%) were obtained from R.D. Mathis Company.  Polished single-crystal Si(100) 

wafers were purchased from NESTEC and rinsed with absolute ethanol (Aaper Alcohol 

and Chemical Co) before use.  Trifluoromethanesulfonic anhydride solution (1 M in 

methylene chloride), 18-crown-6 (≥99.0%), pyridine (anhydrous, 99.8%), N-

bromosuccinimide (Reagent Plus®, 99%), phosphorus tribromide (99%), allyl bromide 

(≥99.0%), triphenylphosphine (Reagent Plus®, 99%), butyllithium solution (2.5 M in 

hexane), diisopropylamine (99.95%), lithium aluminum hydride (LiAlH4), toluene 

(anhydrous, 99.8%), and anhydrous acetonitrile, were purchased from Sigma-Aldrich.  

trans-2-octen-1-ol (>92.0%) and trans-2-tridecen-1-ol (>90.0%) were purchased from 

TCI America Fine Chemicals.  All reagents were used as received without further 

purification. 
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3.2.2. Synthesis of Multidenate Alkanethiol Adsorbates   

The cis,cis-1,3,5-trialkylcyclohexane-1,3,5-triyltrimethanethiols (3CnCyTSH)  

were prepared using the strategy outlined in Scheme 3.1.  Detailed procedures and 

spectroscopic data are also provided as follows. 
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Scheme 3.1.  Synthesis Pathway of the New Tridentate Adsorbates (3CnCyTSH). 
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trans-1-Bromooct-2-ene (2b).49  Phosphorus tribromide (5.43 g, 20.1 mmol) was 

added dropwise to a solution of trans-2-octen-1-ol (8.56 g, 66.8 mmol) in ether (150 

mmol) at 0 °C and the solution was stirred overnight.  The contents of the reaction flask 

were then poured onto an ice-water mixture and extracted with ether (3 × 100 ml). The 

combined organic extracts were washed with brine, filtered and the solvent was removed 

under reduced pressure.  Distillation of the yellow residue at 60 °C, 0.5 mmHg, gave 

trans-1-bromooct-2-ene 2b (10.54 g, 55.15 mmol, 83% yield) as a colorless liquid.  1H 

NMR (500 MHz, CDCl3) δ 5.64–5.81 (m, 2H), 3.94 (d, J = 7.5 Hz, 2H), 2.05 (q, J = 6.9 

Hz, 2H), 1.22–1.41 (m, 6H), 0.88 (t, J = 7.5 Hz, 3H). 

 

trans-1-Bromotrideca-2-ene (2c).50  To a solution of trans-2-tridecen-1-ol (2.05 

g, 10.3 mmol) and PPh3 (2.76 g, 10.5 mmol) in CH2Cl2 (40 mL) at 0 °C was carefully 

added NBS (2.10 g, 11.8 mmol) in one portion.  The reaction mixture was stirred at 0 °C 

for 1 h.  The reaction mixture was then left to warm to rt and stirred overnight.  Hexanes 

were added to the mixture, producing a white precipitate.  The mixture was then passed 

through a silicon gel plug and the filtrate was concentrated to give the bromide 2c as a 

colorless oil (2.27 g, 8.69 mmol, 84% yield). 1H NMR (500 MHz, CDCl3) δ 5.64–5.80 

(m, 2H), 3.95 (d, J = 7.5 Hz, 2H), 2.05 (q, J = 6.9 Hz, 2H), 1.21–1.40 (m, 18H), 0.87 (t, J 

= 7.5 Hz, 3H). 

 

cis,cis-Trimethyl-1,3,5-triallylcyclohexane-1,3,5-tricarboxylate (3a).51 Tri-

methyl cyclohexane-1,3,5-tricarboxylate 1  was prepared as previously described in 

Chapter 2.  Anhydrous diisopropylamine (8.7 mL, 62 mmol) was dissolved in toluene (60 
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mL) at 0 °C and 7.2 M n-butyllithium (8.6 mL, 62 mmol) was then added to the reaction 

mixture by syringe.  The LDA solution was kept stirring at 0 °C for 30 minutes.  

Trimethyl cyclohexane-1,3,5-tricarboxylate 1 (4.06 g, 15.7 mmol) was dissolved in 150 

mL of toluene and added dropwise over 1.5 h to the stirred LDA solution.  After the 

addition was complete, the suspension was stirred at 0 °C for 30 min after which allyl 

bromide (8.0 mL, 93 mmol) was added in a single portion.  The ice bath was removed, 

and the temperature was slowly raised to 75 °C over 1 h and maintained at that 

temperature for 12 h.  After cooling to rt, the mixture was concentrated in vacuo.  The 

residue was dissolved in ether (100 mL) and washed with 1 M HCI (2 × 75 mL) and 

brine.  The organic phase was dried over anhydrous Na2SO4 and concentrated in vacuo.  

The residue was distilled at 0.5 mmHg with a Kugelrohr apparatus to yield 3a (3.85 g, 

10.2 mmol, 65% yield) as a pale yellow oil: 1H NMR (500 MHz, CDCl3) δ 5.51 (m, 3H), 

5.00 (m, 6H), 3.57 (s, 9H), 2.59 (d, J = 14.0 Hz, 3H), 2.24 (d, J = 8 Hz, 6H), 0.94 (d, J = 

14.0 Hz, 3H) 

 

cis,cis-Trimethyl-1,3,5-tri-((E)-oct-2-enyl)cyclohexane-1,3,5-tricarboxylate 

(3b).   This intermediate was prepared in a similar manner as described in the synthesis of 

3a.  The solution of trimethyl cyclohexane-1,3,5-tricarboxylate 1 (1.05 g, 4.07 mmol) in 

toluene (35 mL) was added dropwise into a solution of  LDA [formed from 

diisopropylamine (2.2 mL, 16 mmol) in toluene (7 mL), 7.2 M n-butyllithium ( 2.2 mL,  

16 mmol), as described above] at 0 °C over 1.5 h under Ar.  After the addition was 

complete, the suspension was stirred at 0 °C for 30 min after which 2b (5.40 g, 28.3 

mmol) was added in a single portion.  The ice bath was removed, and the temperature 
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was slowly raised to 80 °C over 1 h and maintained at that temperature for 18 h.  After 

cooling to rt, the mixture was concentrated in vacuo.  The residue was dissolved in ether 

(20 mL) and washed with 1 M HCI (2 × 25 mL) and brine.  The organic phase was dried 

over anhydrous Na2SO4 and concentrated in vacuo.  The residue was purified by column 

chromatography on silica gel eluting with DCM to afford 3b (1.02 g, 1.73 mmol, 43% 

yield) as a colorless oil: 1H NMR (400 MHz, CDCl3) δ 5.37−5.44 (m, 3H), 5.17−5.24 (m, 

3H), 3.64 (s, 9H), 2.63 (d, J = 14.7 Hz, 3H), 2.18 (d, J = 7.4 Hz, 6H), 1.95 (q, J = 6.9 Hz, 

6H), 1.20−1.35 (m, 18H), 0.84−0.95 (m, 12H). 

 

cis,cis-Trimethyl-1,3,5-tri((E)-tridec-2-enyl)cyclohexane-1,3,5-tricarboxylate 

(3c).  This intermediate was prepared using the method described for the synthesis of 3b.  

The LDA solution was prepared by mixing diisopropylamine (4.0 mL, 54 mmol) in 

toluene (28 mL) with 7.3 M n-butyllithium (3.9 mL, 0.28 mol) at 0 °C over 1.5 h under 

Ar.  The solution of trimethyl cyclohexane-1,3,5-tricarboxylate 1 (1.82 g, 7.05 mmol) in 

toluene (70 mL) was then added dropwise into the LDA solution; diisopropylamine at       

0 °C over 1.5 h under Ar.  After the addition was complete, the suspension was stirred at 

0 °C for 30 min after which 2c (11.04 g, 42.26 mmol) was added in a single portion.  The 

ice bath was removed, and the temperature was slowly raised to 80 °C over 1 h and 

maintained for 24 h.  After cooling to rt, the mixture was concentrated in vacuo.  The 

residue was dissolved in ether (60 mL) and washed with 1 M HCI (2 × 100 mL) and 

brine.  The organic phase was dried over anhydrous Na2SO4 and concentrated in vacuo.  

The residue was purified by column chromatography on silica gel eluting with DCM to 

afford 3c (1.42 g, 7.78 mmol, 25% yield) as a colorless oil: 1H NMR (500 MHz, CDCl3)             
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δ 5.35−5.45 (m, 3H), 5.15−5.25 (m, 3H), 3.64 (s, 9H), 2.63 (d, J = 14.7 Hz, 3H), 2.18 (d, 

J = 7.4 Hz, 6H), 1.95 (q, J = 6.9 Hz, 6H), 1.16−1.36 (m, 48H), 0.82−0.96 (m, 12H). 

 

cis,cis-Trimethyl-1,3,5-Tripropylcyclohexane-1,3,5-tricarboxylate (4a).  The 

flask with the suspension of 10% Pd/C (0.060 g) in EtOAc was evacuated and then filled 

with N2 gas at least three cycles to get rid of oxygen.  A balloon filled with H2 gas was 

then connected to the flask for 30 min in order to let the system saturate with H2.  A 

solution of distilled triallyl compound 3a (0.714 g, 1.89 mmol) in ethyl acetate (50 mL) 

was gently purged with N2 for 30 min and was then adding in one portion into the 

hydrogen reactor and stirred at rt for 8 h.  After the hydrogenation reaction was 

completed, the catalyst was filtered off through a celite pad.  The pad was then washed 

with EtOAc (3 × 70 mL) and the solvent was evaporated to yield a white solid 4a (0.71 g, 

1.8 mmol, 97% yield). 1H NMR (500 MHz, CDCl3) δ 3.66 (s, 9H), 2.75 (d, J = 14.3 Hz, 

3H), 1.41−1.48 (m, 6H), 1.11−1.21 (m, 6H), 1.90 (d, J = 14.3 Hz, 3H), 0.85 (t, J = 7.5 

Hz, 12H). 

 

cis,cis-Trimethyl-1,3,5-trioctylcyclohexane-1,3,5-tricarboxylate (4b).  This 

intermediate was made following the same method described for 4a.  The solution of 3b 

(3.77 g, 6.40 mmol) in EtOAc (150 mL) was gently purged with N2 gas for 30 min before 

being transferred in one portion into the suspension of 10% Pd/C (0.16 g) in EtOAc.  The 

hydrogenation reaction was stirred at rt overnight and the solution was then filtered 

through a celite pad and washed with EtOAc (3 × 70 mL).  After removing the solvent, 
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triester 4b was obtained as a white solid (3.62 g, 6.08 mmol, 95% yield).    1H NMR (500 

MHz, CDCl3) δ 3.66 (s, 9H), 2.73 (d, J = 14.3 Hz, 3H), 1.42−1.48 (m, 6H), 1.07−1.31 

(m, 36H), 0.83−0.91 (m, 12H). 

 

cis,cis-Trimethyl-1,3,5-tritridecylcyclohexane-1,3,5-tricarboxylate (4c).  This 

intermediate was made following the same method described for 4a.  The solution of 3c 

(1.52 g, 1.90 mmol) in EtOAc (40 mL) was gently purged with N2 gas for 30 min before 

being transferred in one portion into the suspension of 10% Pd/C (0.080 g) in EtOAc.  

After the hydrogenation reactor was stirred at rt overnight, the solution was filtered 

through a celite pad.  The organic phase was evaporated under vacuum to give triester 4c 

as white solid (1.50 g, 1.86 mmol, 98% yield).  1H NMR (500 MHz, CDCl3) δ 3.67 (s, 

9H), 2.73 (d, J = 14.9 Hz, 3H), 1.43−1.48 (m, 6H), 1.08−1.31 (m, 66H), 0.85−0.92 (m, 

12H). 

 

cis,cis-(1,3,5-Tripropylcyclohexane-1,3,5-triyl)trimethanol (5a).  LiAlH4 (0.35 

g, 9.22 mmol) was slurried into 75 mL of dry THF in a 250 ml two necked round bottom 

flask equipped with an addition funnel.  The flask was purged with nitrogen at rt.  A 

slight gas evolution occurred. The addition funnel was charged with 4a (0.71 g, 1.85 

mmol) in 50 mL of dry THF.  The solution of 4a was added to the LiAlH4 solution over 

15 min at rt, producing vigorous gas evolution, and then the reaction was refluxed for 6 h.  

After the reaction completed, the flask was cool to rt and then residual LiAlH4 was 

quenched sequentially with water (2 ml), 15% NaOH aq., (2 ml), and water (8 ml).  The 
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solution formed a white precipitate and was stirred for an additional 2 h at rt.  The 

reaction contents were filtered through a celite pad and the pad was washed with THF (5 

× 100 ml).  The filtrate was dried over Na2SO4, filtered, and reduced in vacuo to give the 

crude product. A white solid was obtained in 75% yield (0.41 g, 1.36 mmol) after 

recrystallizing from the crude product in DCM.  1H NMR (500 MHz, MeOD): δ 3.24 (s, 

6H), 1.37−1.43 (m, 7H), 1.23−1.32 (m, 8H), 0.85−0.94 (m, 12H). 

 

cis,cis-(1,3,5-Trioctylcyclohexane-1,3,5-triyl)trimethanol (5b). This interme-

diate was prepared following the same method described in 5a.  The solution of 4b (2.13 

g, 3.58 mmol) in THF (60 mL) was added dropwise into the suspension of LiAlH4 (0.82, 

22 mmol) in dry THF (40 mL).  The reduction reaction was refluxed for 8 h and the 

reaction solution was then cooled to rt before quenching sequentially with water (3 ml), 

15% NaOH aq., (3 ml), and water (12 ml).  After the reaction mixture was stirred for 2 h 

at rt to let the aluminum salt complex form completely, the reaction contents were filtered 

through a celite pad and the pad was washed with THF (5 × 100 ml).  The filtrate was 

dried over Na2SO4, filtered, and reduced in vacuo to give the crude product.  A white 

solid was obtained in 80% yield (1.46 g, 2.86 mmol), after recrystallizing from the crude 

product in DCM.  1H NMR (500 MHz, CDCl3) δ 3.40 (s, 6H), 1.86 (br, 3H), 1.42−1.48 

(m, 6H), 1.18−1.41 (m, 45H), 1.75 (d, J = 14.9 Hz, 3H), 0.85−0.91 (m, 9H). 

 

cis,cis-(1,3,5-Tritridecylcyclohexane-1,3,5-triyl)trimethanol (5c).  As described 

in 5a, the solution of 4c (1.52 g, 1.89 mmol) in THF (50 mL) was added dropwise to the 
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suspension of LiAlH4 (0.29 g, 7.64 mmol) in THF (30 mL) over 15 mins.  The reaction 

solution was refluxed for 6 h and was then cooled to rt before quenching sequentially 

with water (2 ml), 15% NaOH aq., (2 ml), and water (8 ml).  The reaction was then 

stirred at rt for ~2 h to let the aluminum forms its salt complex completely.  The reaction 

contents were then filtered through Celite and the pad was washed with THF.  The filtrate 

was dried over Na2SO4, filtered and reduced in vacuo to give the crude product.  A white 

solid was obtained in 76% yield (1.03 g, 1.43 mmol) after recrystallizing from the crude 

product with DCM.  1H NMR (500 MHz, CDCl3) δ 3.66 (s, 6H), 2.75 (d, J = 14.9 Hz, 

3H), 1.86 (s, 3H), 1.41−1.48 (m, 6H), 1.07−1.32 (m, 66H), 1.75 (d, J = 14.9 Hz, 3H), 

0.85−0.91 (m, 9H). 

 

S-(1,6,8-Tripropyl-3,4-dithiabicyclo[4.3.1]decan-8-yl)methylethanethioate 

(6a).  Pyridine (10 mL, 0.12 mol) was added into a solution of triol 5a (0.77 g, 2.6 mmol) 

in dry CH2Cl2 (20 mL) at 0 °C and stirred for 10 min.  Afterwards, 

trifluoromethanesulfonic anhydride (4.3 mL, 26 mmol) in dry and cold CH2Cl2 (25 mL) 

was added dropwise to the reaction solution over a period of 10 min.  The reaction 

mixture was then further stirred at 0 °C for 4 h.  The mixture was diluted with CH2Cl2 

(100 mL), washed with 2 M HCl and 5% NaHCO3, and dried with MgSO4.  The solvent 

was removed under reduced pressure to give the crude tritriflate (1.08 g).  This 

intermediate was used without purification in the next step.  A solution of crude tritriflate 

(1.08 g), 18-crown-6 (5.80 g, 21.9 mmol), and potassium thioacetate (2.30 g, 20.1 mmol) 

in anhydrous acetonitrile (60 mL) was stirred at rt for 8 h.  The resulting precipitate was 
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removed by filtration, and the filtrate washed with 5% NaCl (200 mL) and dried with 

MgSO4.  The organic phase was concentrated in vacuo.  The residue was purified by 

column chromatography on silica gel eluting with Hexane:EtOAc (7:2) to afford 6a (0.74 

g, 2.0 mmol, 74% yield) as a colorless liquid.  1H NMR (500 MHz, CDCl3) δ 3.62−3.64 

(m, 2H), 3.57 (s, 2H), 3.08−3.11 (m, 2H), 2.32 (s, 3H), 1.52−1.56 (m, 3H), 1.16−1.30 (m, 

9H), 0.97−1.12 (m, 6H), 0.85 (t, J = 6.9 Hz, 9H). 

 

S-(1,6,8-trioctyl-3,4-dithiabicyclo[4.3.1]decan-8-yl)methylethanethioate (6b).  

This intermediate was prepared using the same synthetic route as described for 6a. The 

solution of triol 5b (2.58 g, 3.64 mmol) in dry CH2Cl2 (30 mL) at 0 °C was reacted with 

pyridine (13 mL, 0.16 mol) and stirred for 15 min.  Afterwards, trifluoromethanesulfonic 

anhydride (6.2 mL, 38 mmol) in dry and cold CH2Cl2 (20 mL) was added dropwise to the 

reaction solution over a period of 10 min.  The reaction mixture was then further stirred 

at 0 °C for 4 h.  The mixture was diluted with CH2Cl2 (150 mL), washed with 2 M HCl     

(100 mL) and 5% NaHCO3 (100 mL), and dried with MgSO4.  The solvent was removed 

under reduced pressure to give the crude tritriflate (2.15 g).  This intermediate was used 

without purification in the next step.  A solution of crude tritriflate (2.15 g), 18-crown-6 

(4.60 g, 17.4 mmol), and potassium thioacetate (3.25 g, 28.5 mmol) in anhydrous 

acetonitrile (150 mL) was stirred at rt for 8 h.  The resulting precipitate was removed by 

filtration, and the filtrate washed with 5% NaCl (200 mL) and dried with MgSO4.  The 

organic phase was concentrated in vacuo.  The residue was purified by column 

chromatography on silica gel eluting with DCM to give 6b (1.08 g, 1.80 mmol, 50% 
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yield) as a colorless liquid. 1H NMR (500 MHz, CDCl3) δ 3.62 (d, J = 11.5 Hz, 2H), 3.57 

(s, 2H), 3.09�(d, J = 10.9 Hz, 2H), 2.32 (s, 3H), 1.52 (d, J = 14.9 Hz, 3H), 0.95−1.29 (m, 

45H), 0.85 (t, J = 6.9 Hz, 9H). 

 

S-(1,6,8-tritridecyl-3,4-dithiabicyclo[4.3.1]decan-8-yl)methyl ethanethioate 

(6c).  This intermediate was prepared using the same method as described for 6a.  The 

solution of triol 5c (1.52 g, 2.11 mmol) in dry CH2Cl2 (30 mL) cooled to 0 °C was 

reacted with pyridine (8.0 mL, 99 mmol) and stirred for 15 min.  Afterwards, 

trifluoromethanesulfonic anhydride (4.0 mL, 24 mmol) in dry and cold CH2Cl2 (20 mL) 

was added dropwise to the reaction solution over a period of 10 min.  The reaction 

mixture was then further stirred at 0 °C for 4 h.  The mixture was diluted with CH2Cl2 

(100 mL), washed with 2 M HCl (100 mL) and 5% NaHCO3 (100 mL) and dried with 

MgSO4.  The solvent was removed under reduced pressure to give the crude tritriflate 

(1.72 g).  This intermediate was used without purification in the next step.  A solution of 

crude tritriflate (1.72 g), 18-crown-6 (5.70 g, 21.6 mmol), and potassium thioacetate 

(2.11 g, 18.5 mmol) in anhydrous acetonitrile (50 mL) was stirred at rt for 8 h. The 

resulting precipitate was removed by filtration, and the filtrate washed with 5% NaCl 

(200 mL) and dried with MgSO4.  The organic phase was concentrated in vacuo.  The 

residue was purified by column chromatography on silica gel eluting with 4% EtOAc in 

hexane to afford 6c (0.66 g, 8.2 mmol, 39% yield) as a colorless liquid.  1H NMR (500 

MHz, CDCl3) δ 3.62 (d, J = 11.5 Hz, 2H), 3.54 (s, 2H), 3.09�(d, J = 10.9 Hz, 2H), 2.32 

(s, 3H), 1.53 (d, J = 14.9 Hz, 3H), 0.95−1.29 (m, 75H), 0.87 (t, J = 6.9 Hz, 9H). 
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cis,cis-(1,3,5-tripropylcyclohexane-1,3,5-triyl)trimethanethiol (3C3CyTSH). 

To a suspension of LiAlH4 (0.125 g, 3.29 mmol) in dry THF (10 mL) was added 

dropwise a solution of 6a (0.044 g, 0.12 mmol) in dry THF (30 mL).  The reaction was 

stirred at rt for 6 h and then quenched with H2O and acidified with 2 M HCl under argon 

(H2O and 2 M HCl were degassed by bubbling with N2 before use).  After stirring for 10 

min, the reaction mixture was extracted with DCM (3 × 20 mL).  The combined organic 

layers were washed with H2O and brine.  After drying the solution with Na2SO4, the 

solvent was removed by rotary evaporator and then the residue was chromatographed on 

silica gel with Hexane:EtOAc (2:1) to afford 3C3CyTSH (0.030 g, 0.086 mmol, 75% 

yield). 1H NMR (500 MHz, CDCl3): δ 3.53 (dd, J = 10.9, 2.9 Hz, 2H), 3.07−3.11 (m, 

4H), 1.70 (dd, J = 14.9, 2.3 Hz, 2H), 1.12−1.30 (m, 11H), 0.98−1.08 (m, 6H), 0.85−0.90 

(m, 9H).  13C NMR (125 MHz, CDCl3): δ 48.25, 44.26, 43.96, 43.67, 35.43, 34.28, 33.67, 

16.94, 15.93, 15.16, 14.97. IR (KBr, neat): 3100, 2952, 2911, 2558 cm-1. HRMS (ESI): 

m/z Calcd for C18H34S3 [M+Na]+: 369.1723; Found: 369.1724. 

 

cis,cis-(1,3,5-Trioctylcyclohexane-1,3,5-triyl)trimethanethiol (3C8CyTSH).   

This product was prepared using the same chemistry as described for 3C3CyTSH.          

A solution of 6b (1.08 g, 1.80 mmol) in dry THF (30 mL) was added dropwise to              

a suspension of LiAlH4 (0.27 g, 7.1 mmol) in dry THF (20 mL).  The reaction was stirred 

at rt for 6 h and then quenched with H2O and acidified with 2 M HCl under argon (H2O 

and 2 M HCl were degassed by bubbling with N2 before use).  After stirring for 10 min, 
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the reaction mixture was extracted with DCM (3 × 40 mL).  The combined organic layers 

were washed with H2O and brine.  After drying the solution with Na2SO4, the solvent 

was removed by rotary evaporator and then the residue was chromatographed on slica gel 

with Hexane:EtOAc (4:1) to afford 3C8CyTSH (0.76 g, 1.36 mmol, 75% yield). 1H 

NMR (500 MHz, CDCl3): δ 3.53 (dd, J = 10.9, 1.8 Hz, 2H), 3.07−3.10 (m, 4H), 1.69 (d, J 

= 13.8 Hz, 2H), 0.99−1.31 (m, 44H), 0.85−0.90 (m, 12H).  13C NMR (125 MHz, CDCl3): 

δ 51.71, 47.75, 43.34, 41.81, 34.31, 32.00, 30.80, 29.82, 29.68, 29.51, 29.44, 29.24, 

24.08, 22.80, 22.77, 22.69. IR (KBr, neat): 3100, 2951, 2914, 2557 cm-1. HRMS (ESI): 

m/z Calcd for C33H64S3 [M+Na]+: 579.4070; Found: 579.4071. 

 

cis,cis-(1,3,5-tritridecylcyclohexane-1,3,5-triyl)trimethanethiol 

(3C13CyTSH).  The method for preparing 3C13CyTSH is the same as the procedure for 

3C3CyTSH.  To a suspension of LiAlH4 (0.12 g, 3.16 mmol) in dry THF (10 mL) was 

added dropwise a solution of 6a (0.66 g, 0.82 mmol) in dry THF (30 mL).  The reaction 

was stirred at rt for 6 h and then quenched with H2O and acidified with 2 M HCl under 

argon (H2O and 2 M HCl were degassed by bubbling with N2 before use). After stirring 

for 10 min, the reaction mixture was extracted with DCM (3 × 40 mL).  The combined 

organic layers were washed with H2O and brine.  After drying the solution with Na2SO4, 

the solvent was removed by rotary evaporator and then the residue was chromatographed 

on slica gel with Hexane:EtOAc (4:1) to afford 3C13CyTSH (0.42 g, 0.55 mmol, 67% 

yield). 1H NMR (500 MHz, CDCl3): δ 3.52 (dd, J = 10.9, 2.3 Hz, 2H), 3.07−3.10 (m, 

4H), 1.69 (d, J = 13.8 Hz, 2H), 0.99−1.31 (m, 77H), 0.87 (t, J = 6.9 Hz, 9H).  13C NMR 
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(125 MHz, CDCl3): δ 45.76, 44.32, 43.62, 41.54, 35.35, 34.20, 33.84, 32.03, 30.75, 

30.55, 29.80, 29.78, 29.70, 29.47, 23.71, 22.80, 22.66. IR (KBr, neat): 3050, 2955, 2916, 

2556 cm-1. HRMS (ESI): m/z Calcd for C48H94S3 [M+Na]+: 789.6421; Found: 789.6422. 

 

3.2.3. Substrate Preparation 

 Gold surfaces were prepared by the thermal evaporation of chromium (ca. 100 Å) 

under high vacuum at a pressure of ∼6 × 10-5 Torr onto silicon wafers.  Chromium was 

used as a primer to promote the adhesion of gold to the surface of silicon.  The 

evaporation of gold (ca. 2000 Å) was conducted at a rate of 1 Å/s.  After removal from 

the evaporation chamber, the substrates were rinsed with absolute ethanol and dried 

under a stream of ultra-pure nitrogen. 

 

3.2.4. Preparation of SAMs 

 Solutions of the thiols were prepared in vials that were cleaned by soaking 

overnight in "piranha solution" (3:1 mixture of concentrated H2SO4: 30% H2O2); 

caution:"piranha solution" reacts violently with organic materials and should be handled 

carefully. The freshly cleaned vials were thoroughly rinsed with deionized water and 

absolute ethanol, and dried overnight at 100 °C.  The gold-coated wafers were cut into 

slides (ca. ∼1 cm × 3 cm), rinsed with absolute ethanol and blown dry with ultra-pure 

nitrogen before being immersed in the thiol solutions.  All substrate were allowed to 

equilibrate for a period of 48 hr.  The resultant SAMs were thoroughly rinsed with THF 

and absolute ethanol and blown dry with ultra-pure nitrogen before characterization. 
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3.2.5. Measurements of Ellipsometric Thickness 

 The thicknesses of the monolayers were measured using a Rudolf Research Auto 

EL III ellipsometer equipped with a He-Ne laser operating at 632.8 nm at an incident 

angle of 70°.  The optical constants of the bare gold were measured immediately after 

evaporation and used in the calculation of the thickness measurements.  For each sample, 

data were averaged from collecting measurements on two separate slides with three spots 

per slide.  The thicknesses of the monolayers were calculated assuming a refractive index 

of 1.45 for all monolayers.  Comparison of the thickness values obtained from the 

ellipsometer and the XPS data is explored in the Results and Discussion.  

 

3.2.6. Contact Angle Measurements 

 Contact angle measurement was performed with a rame#-hart model 100 contact 

angle goniometer at room temperature (ca. 293 K).  The contacting liquids water, 

formamide, α-bromonapthalene, hexadecane, and decalin were dispensed and withdrawn 

using a Matrix Technologies micro-Electrapette 25 operated at the slowest possible speed 

(ca. 1 µL/s).  The advancing contact angle (θa) was measured while the pipet tip was kept 

in contact with the liquid drop.  For each type of monolayer film, contact angles were 

averaged from measurements collected on two separate slides using at least 3 drops per 

slide.  
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3.2.7. Polarization Modulation Infrared Reflection Absorption Spectroscopy (PM-

IRRAS) 

 The surface IR spectra were collected employing a Nicolet Nexus IR 860 Fourier 

transform spectrometer equipped with a liquid-nitrogen cooled mercury-cadmium-

telluride (MCT) detector and a Hinds Instruments PEM-90 photoelastic modulator 

operating at 37 kHz.  The polarized light was reflected from the sample at an angle of 

incidence of 80°.  The spectra were collected over 256 scans at a spectral resolution of 4 

cm-1. 

 

3.2.8. X-ray Photoelectron Spectroscopy (XPS) Measurements 

 XPS spectra of each monolayer film were obtained using a PHI 5700 X-ray 

photoelectron spectrometer equipped with a monochromatic Al Kα X-ray source (hν = 

1486.7 eV) incident at 90° relative to the axis of a hemispherical energy analyzer.  The 

instrument was operated at high resolution with a pass energy of 23.5 eV and a 

photoelectron takeoff angle of 45° from the surface.  The spectra were collected at room 

temperature.  For the collected spectra, the binding energy (BE) of the Au4f7/2 peak was 

set at 84.0 eV as a referenced binding energy.  The peak intensities were quantified by 

standard curve-fitting software using Shirley background subtraction and Gaussian-

Lorentzian profiles. 
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3.2.9. Preliminary Evaluation of Thermal Stability Using XPS 

  SAMs based on 3CnCyTSH on flat gold were cut into squares (1 ×�1 cm2) and 

characterized using ellipsometry and PM-IRRAS before examining their thermal 

stability.  The characterized samples were mounted on a sample holder having a small 

resistive button heater to allow heating under vacuum between measurements.  The 

heater was equipped with a thermocouple to allow precise control of the temperature.  

The samples were brought to a desired temperature and were maintained at that 

temperature for 5 min.  After cooling to room temperature, XPS data were collected.  We 

referenced the binding energies to that of the Au4f7/2 binding energy at 84.0 eV. 

 

3.3. Results and Discussion 

 

3.3.1.  Ellipsometric Thickness  

Ellipsometry can be used to evaluate the average thickness of a SAM and to 

follow the progress of film growth over time.35  For the SAMs prepared in this study, a 

refractive index of 1.45, a value typically used for alkanethiolate SAMs,16 was used to 

calculate the thicknesses.  However, the surface coverage and/or chain length of a thin 

film might influence substantially the refractive index values for the resulting film.32,35 

Thus, for a series of thin films where the difference in thicknesses can possibly impact 

the measured thicknesses obtained by ellipsometry, the data should be supported by or 

compared to calculated thicknesses as determined from other analytical data.  
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Nevertheless, ellipsometry is a convenient and powerful tool for preliminary evaluation 

of the relative degree of coverage of SAMs. 

The thin films generated from analogues of 3C1CyTSH; 3C3CyTSH, 

3C8CyTSH, and 3C13CyTSH were formed with THF as the deposition solvent.  SAMs 

derived from C18SH prepared in ethanol were used a reference standard for this study.  

The average thicknesses of the SAMs generated from 3CnCyTSH are ~4, 7, 10 and 12 Å 

for 3C1CyTSH, 3C3CyTSH, 3C8CyTSH, and 3C13CyTSH, respectively, while that of 

the SAMs generated from C18SH is ~21 Å.  The ellipsometric thicknesses, as shown in 

Figure 3.2, reveal that these new tridentate adsorbates generated monolayer films rather 

than multilayer films, so they likely offer the same characteristic features as the SAM 

generated from 3C1CyTSH.  Also, we found that the ellipsometric thickness of these 

films increased with increasing alkyl chain length.52  
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Figure 3.2.  The ellipsometric thickness measurements of the SAMs generated from a 

series of unique trithiols, 3CnCyTSH, and C18SH. 

 

3.3.2. Analysis of the Films by XPS 

 XPS can be used to determine the chemical composition of this series of 

3CnCyTSH-based SAMs.  Additionally, the effectiveness of the chemisorption of the 

sulfur headgroups on gold for multidentate SAMs can be evaluated by monitoring the 

XPS binding energies.  The minor differences in bonding (local environment) influences 

the distribution of electrons in the atoms of interest, thus producing slight changes in the 

energy required to eject those electrons.53–55  Thus, by monitoring the S2p region of the 

XPS spectra, the nature of the bonds formed (and the degree to which bonds fail to form) 

between the sulfur headgroups and the gold substrate can be obtained.53–55  In the XPS 
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spectra of SAMs generated from alkanethiols on gold, the binding energy of the S2p3/2 and 

S2p1/2 peaks for thiols bound to gold is known to be 162 and 163.2 eV, respectively.54,55  

In contrast, the S2p3/2 and S2p1/2 peaks for unbound thiols appear at 164 and 165.2 eV, 

respectively.  Incomplete adsorbate binding on gold, therefore, can be identified by the 

presence of the S2p peak at 164 eV and quantified by the deconvolution of the peaks in 

this region.54,44  Moreover, oxidized sulfur species can also be detected by XPS (an S2p 

with BE > 166 eV).54,55  

  In the previous chapter, we found that the SAMs derived for 3C1CyTSH in THF 

showed a high level of thiolate formation for these trithiols with ~90% of the sulfur 

atoms bound to gold as compared to the CyTSH-based SAMs which displayed a lower 

percentage of bound thiolate.  Given the structural similarities of the 3CnCyTSH 

adsorbates, we anticipated that this series of SAMs would also bind to gold with a high 

percentage of bound thiolate via all three sulfur atoms as the chain length of these 

multidentate adsorbates was increased, leaving little, if any, unbound thiol. 
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Figure 3.3.  The XPS spectra of the S2p region of the SAMs derived from the series of 

unique trithiols, 3CnCyTSH, as compared to that of a SAM formed from C18SH. 

 

The XPS spectra in Figure 3.3 shows that the SAMs formed from CyTSH are 

unstable thin films when deposited on a gold surface as indicated by the presence of 

peaks in the spectra associated with oxidized sulfur.  This adsorbate also generated 

unbound sulfur as indicated by the peak at ~164 eV, revealing that this adsorbate forms a 

disulfide or that unbound thiols are suspended above the gold surface.  When alkyl chains 

was chemically bonded to the a cyclohexane ring, the peak associated with the oxidized 

sulfur species disappeared and the percentage of unbound thiols and disulfide peaks 

decreased.  The relative amounts of bound and unbound sulfur were deconvoluted using 

standard XPS software processing and are summarized in Table 3.1.  The XPS data also 
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indicates an increasing percentage of bound thiolate as displayed in the spectra of 

3C1CyTSH, 3C3CyTSH, 3C8CyTSH, and 3C1CyTSH in Figure 3.2 and Table 3.1.    

 

Table 3.1.  Relative Amounts of Bound vs. Unbound Sulfur Species Obtained from 

Deconvolution of the XPS Spectra in Figure 3.3. 

Adsorbate %Bound Thiolate %Unbound Thiol 

              CyTSH 
              3C1CyTSH 
              3C3CyTSH 
              3C8CyTSH 
              3C13CyTSH 
              C18SH 

25 
85 
93 
95 
99 
100 

75 
15 
7 
5 
1 
0 

 

In addition, the 3C13CyTSH adsorbate shows the highest percentage of bound 

thiolate and produces almost the same percentage of bound thiolate as C18TH.  Analysis 

of the XPS data yields the following trend regarding the percentage of bound thiolate: 

C18SH ≈ 3C13CyTSH > 3C8CyTSH ≈ 3C3CyTSH > 3C1CyTSH >>> CyTSH. 

Therefore, we can conclude that these new tridentate adsorbates can bind to the gold 

surface with all three sulfur atoms when the chain length of these adsorbates (n of 

3CnCyTSH) is increased.  One possible reason for this phenomena is that the adsorbates 

adopt conformational structures that decrease 1,3-diaxial interactions associated with the 

alkyl chains on the cyclohexane ring, which then creates alignments of the cis,cis-tri-

thiols so that they easily absorb on the gold surface.  The bulkier or longer the alkyl 

chains are, the greater the 1,3-diaxial interactions and the higher the chemisorption of 

sulfur on gold.  Due to these alignments, 3C13CyTSH shows the highest percentage of 
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bound thiolate on gold when compared to the other SAMs of the 3CnCyTSH series. 

XPS spectra can be used to quantitatively determine the relative packing density 

of these loosely packed SAMs by analyzing the Au4f peak intensities.29,31,32  When a 

monolayer film is formed on gold,  the Au4f signal is attenuated by the overlying 

monolayers.  Thus, the intensity of A4f signal is inversely proportional to the evaluating 

thickness of the adsorbed monolayer.  Consequently, the packing density of the alkyl 

chains of loosely packed SAM can be calculated by comparing their Au4f peak intensities 

to those of CnSH SAMs.  The CnSH SAMs are used as standard thin films since their 

packing density and film thickness are precisely known and well reported.56  

The attenuated value of the Au4f7/2 peak was determined from a series of normal 

alkanethiol SAMs (C10SH, C12SH, C14SH, C16SH, and C18SH).  The attenuated Au4f 

signal is described by Equation 3.1:52,57 

ln Aun  =  - nd / (λ sin θ) + constant         (3.1) 

where Aun is the intensity of the Au4f signal attenuated by an n carbon monolayer, d is the 

thickness of the SAM per methylene unit (from the ellipsometric measurements), λ is the 

attenuation length, and θ is the takeoff angle.  The attenuation of the gold signal by the 

sulfur atom at the sulfur-gold interface are assumed to be the attenuation of 1.5 carbon 

atoms.57  The attenuation length of a series of CnSH SAMs was determined using a least-

squares fit analysis of the attenuated intensities for Au4f signal obtained from XPS 

measurements of these SAMs.  Based on this analysis, the attenuation length of a series 

of CnSH SAMs was 41 Å, which is in agreement with reported literature value.29,52    

Afterthat, using the calibration curve plotted from the CnSH SAMs, the attenuated 
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intensity for Au4f signal obtained from the loosely packed SAMs was used to obtained an 

"effective" number of carbon atoms per adsorbate.  Finally, a direct comparison of the 

effective number of carbon atoms per adsorbate with the actual stoichiometric number of 

carbon atoms per adsorbate in the loosely packed SAMs gave the alkyl chain density of 

the 3CnCyTSH SAMs relative to that of the densely packed CnSH SAMs.58  

As shown in the Table 3.2, the relative chain densities of 3C3CyTSH, 

3C8CyTSH, and 3C13CyTSH were found to be ~12, 21, and 34 %, respectively, relative 

to the corresponding C18SH (normalized to 100% packing density for the C18SH SAM).  

As a whole, quantitative analyses by XPS demonstrated that the packing density 

decreases in the order: C18SH >> 3C13CyTSH > 3C8CyTSH > 3C3CyTSH. 

Therefore, we can conclude that these new tridentate adsorbates form loosely packed 

monolayer thin films compared with C18SH, which form densely packed thin films.  

 

Table 3.2.  XPS Binding Energies (eV), Integrated Photoelectron Intensities (counts), Relative 

and Chain Densities of SAMs Derived from the Indicated Adsorbates.a 

Adsorbate 
Binding Energy (eV) Intensity (counts) % Relative 

chain density 
from Au4f C1s S2p Au4f C1s 

3C3CyTSH 
3C8CyTSH 
3C13CyTSH 
C18SH 

284.4 
284.3 
284.6 
285.0 

161.9 
161.9 
161.9 
162.0 

383034 
357871 
298133 
158359 

13294 
14422 
20971 
17505 

12 
21 
34 
100 

a We report the average values of three independent measurements.  The binding energies were 
referenced to Au4f7/2 at 84.0 eV.  Although the absolute peak areas varied from sample to sample, 
the calculated chain densities from Au4f were always within ±2% .  
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In addition, the binding energy (BE) of C1s peaks in XPS spectra can be used to 

qualitatively evaluate the packing density of SAMs.  In general, the BE of an electron in 

an atom can indicate its chemical state and its environment.59  Thus, the bond formation 

between atoms can change the electron distribution of the atom of interest, which can be 

evaluated by monitoring the binding energy shift.  The electrical conductivity of the 

samples is also another factor that influences binding energy.59  Thus, changes in binding 

energy or peak position can be used to qualitatively evaluate the quality of packing 

density of SAMs.   Previous studies on normal alkanethiol SAMs (CnSH) have shown 

that the binding energy of the C1s photoelectron shifts to a lower value when the alkyl 

chain length decreases.56,57,59,60 This shift in binding energy has been rationalzed on the 

basis of changes in the polarizability of the SAMs by assuming that the nature of sulfur-

gold interaction is not influenced by chain length of the alkyl spacer.  For instance, the 

C1s binding energy for C18SH SAM is shifted to a lower energy when the this SAM is 

partially decomposed or disordered due to the loosely packed SAMs act as poor 

insulators.32 Thus, the positive charges derived from the photoelectron emission can be 

more easily discharged by the partially decomposed loosely packed SAMs than by the 

densely packed analogues.  As a whole, the C1s binding energy can be used as a rough 

evaluation of the thickness and/or coverage of SAMs. 

Figure 3.4 and Table 3.2 show a small but reproducible shift of the C1s peak to a 

lower binding energy for the 3CnCyTSH SAMs when compared to the densely packed 

C18SH SAM.  The shift to lower binding energy for the 3C3CyTSH and 3C8CyTSH 

SAMs is notably larger (∆BE = ~0.7 eV).  From the observed shifts, the relative packing 
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density and film thickness of the SAMs can be estimated to be C18SH >> 3C13CyTSH 

> 3C8CyTSH ≈�3C3CyTSH, which is roughly consistent with the analyses described 

above.  We note, however, that the C1s binding energy can be influenced by other factors, 

including the orientation of the alkyl chains.61 

 

 

Figure 3.4.  The XPS spectra of the C1s region of the SAMs derived from the series of 

new trithiol adsorbates, 3CnCyTSH, as compared to that of a SAM formed from C18SH. 
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3.3.3. Analysis of the Films by PM-IRRAS 

Generally, the orientation and conformational order of organic thin films can be 

evaluated by monitoring the C–H stretching region of the surface infrared spectra.52,62  In 

particular, the frequency and bandwidth of the methylene antisymmetric and symmetric 

C–H stretching vibration bands (νa
CH

2 and νs
CH

2) are known to be strongly influenced by 

the conformational order of straight chain hydrocarbons, such as normal alkanes and the 

alkyl chains found in alkanethiolate monolayers.62  As seen in Figure 3.5 and Figure 3.6, 

the νa
CH

2 peaks of the 3C3CyTSH, 3C8CyTSH, and 3C13CyTSH appear at 2928, 2927, 

and 2926 cm-1, respectively, indicating a liquid-like conformational order for all three 

types of SAMs.  For comparison, the νa
CH

2 peak of the SAM formed from C18SH 

appears at 2918 cm-1, which indicates a crystalline-like conformational order for these 

SAMs.63  The observed positions of the νa
CH

2 bands therefore suggest the following trend 

with regards to the conformational order of the SAMs:  C18SH >> 3C13CyTSH > 

3C8CyTSH > 3C3CyTSH.  This trend is consistent with the XPS data. 



83 83 

3100 3050 3000 2950 2900 2850 2800 2750

Δ
R

/R

Wavenumber (cm-1)

 

 C18SH

CyTSH

3C1CyTSH

3C3CyTSH

3C8CyTSH

3C13CyTSH

νCH2

a

2918 cm-1

2850 cm-1

νCH2

s

 

Figure 3.5.  PM-IRRAS spectra generated from the series of SAMs formed from the 

3CnCyTSH adsorbates, as compared to the spectra for the SAMs formed from CyTSH 

and C18SH.  Dotted lines indicate the peak positions for νa
CH

2 and νs
CH

2 for the SAM 

formed from C18SH. 
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Figure 3.6.  Band positions for the methylene antisymmetric C–H stretching vibrations 

(νa
CH

2) versus the adsorbates used to prepare the SAMs on gold.  The line through the 

data is provided solely as a guide to the eye. 

 

3.3.4.  Wettability 

The advancing contact angles (θa) measured for several liquids in contact with the 

surfaces of the SAMs derived from 3C3CyTSH, 3C8CyTSH, 3C13CyTSH, and C18SH 

are presented graphically in Figure 3.7.  We chose liquids ranging from polar protic 

(water and formamide) to polar aprotic (α-bromonaphthalene) to apolar aprotic 

(hexadecane) to provide a comprehensive evaluation of the interfacial energies of the 

SAMs.52,64  Due to the magnitude of their surface tensions, the latter two liquids are 

highly sensitive to small changes in the interfacial free energies of hydrocarbon surfaces. 
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Moreover, due to the propensity for liquid molecules that do not have bulky structures to 

intercalate within the exposed chains of the adsorbates, hexadecane is particularly prone 

to penetrate the interfacial structure of loosely organized films composed of long alkyl 

chains.52,64  

The trends in Figure 3.7 are consistent with the trends in the ellipsometric, XPS, 

and PM-IRRAS data; the advancing contact angles increase progressively through the 

series from 3C3CyTSH to 3C13CyTSH as the films become less liquid-like, and exhibit 

a maximum contact angle on the densely packed SAM formed from C18SH.  Since 

interfacial methylene groups are more wettable than interfacial methyl groups (vide 

infra),52,64,65 the wettability data suggest that the fraction of accessible methylene moieties 

increases through the series from 3C13CyTSH to 3C3CyTSH.  The degree of exposure 

of methylene groups indicated by the wettability measurements is consistent with the 

degree of reduction in crystalline order indicated by the XPS and PM-IRRAS 

measurements.  That is, when taken together, the wettability, XPS and PM-IRRAS data 

show that liquid-like films possess a high fraction of accessible interfacial methylene 

moieties, a correlation entirely consistent with expectations.52,64,65  

In addition, this chain length dependence is likely due to the degree of 

conformational order increasing with increasing chain length in the case of loosely 

packed SAMs.59,63 



86 86 

3C3CyTSH 3C8CyTSH 3C13CyTSH C18SH
0

20

40

60

80

100

120

H2O

 A
dv

an
ci

ng
 C

on
ta

ct
 A

ng
le

 (
ο )

Adsorbate

HD

α-BN

FA

 

 

 

Figure 3.7.  Advancing contact angles versus the adsorbate used to prepare the SAMs on 

gold.  H2O = water; FA = formamide; α-BN = α-bromonaphthalene; HD = Hexadecane. 

 

 

3.4. Preliminary Evaluation of the Thermal Stability of the 3CnCyTSH SAMs 

 

Our group has previously reported an enhanced thermal stability for SAMs 

generated from the bidentate chelating adsorbates (CnC2) when compared to SAMs 

generated from normal alkanethiols (Cn).22  The enhanced stability of the CnC2 SAMs 

was rationalized on the basis of the chelate effect and the ring strain generated in the 

formation of intramolecular cyclic disulfide desorption products.  Given this background, 

we anticipated that tridentate chelating adsorbates (3CnCyTSH) would form monolayers 

on gold that were even more stable than our normal akanethiolate SAM (C18SH). 
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Figure 3.8.  The XPS spectra of the S2p region of the SAMs derived from the new series 

of trithiol adsorbates (3CnCyTSH) and C18SH, collected after exposure to various 

temperatures under vacuum. 
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The use of XPS to evaluate the stability of organosulfur-based SAMs on gold is 

an established practice.22,30,66,67  To compare the stability of SAMs generated from the 

adsorbates in the present study, we monitored the S2p peak areas for the XPS spectra 

collected during our heating procedure.  Figure 3.8 shows the sulfur S2p peaks of the 

SAMs generated on flat gold as a function of annealing temperature under vacuum.  The 

results show that in the region of the S2p peak for the SAM formed from C18SH there 

were indications of the presence of oxidized sulfur (peaks at 167–170 eV) at the 

completion of the heating protocol, and these peaks were larger than those found in the 

spectrum for 3C3CyTSH.  As for 3C8CyTSH and 3C13CyTSH, there was no indication 

of the formation of the oxidized sulfur species on flat gold.  Significantly, 3C13CyTSH 

also showed a larger bound thiolate peak than the SAM derived from 3C8CyTSH.  These 

observations indicate that the SAM produced from 3C13CyTSH is the most thermally 

stable of this series of thin films and that the SAM derived from C18SH was the least 

thermally stable thin film.  Based on these data as a whole, we conclude that the relative 

trend in thermal stabilities of the SAMs analyzed under vacuum conditions is 

3C13CyTSH > 3C8CyTSH > 3C3CyTSH > C18SH.  Among the 3CnCyTSH analogs, 

3C13CyTSH is the most stable because the stability of SAMs increases when the 

overlying chain length is increased.17,20  Also, these SAMs are more stable than SAMs 

derived from C18SH thanks to the chelating effect, which was reported in detail in our 

previous study. 
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3.5. Conclusions 

 

 A series of new tridentate adsorbates based on a trialkylcyclohexane structure 

supported by three methylthiol headgroups were synthesized and used to generate SAMs 

on flat gold surfaces that were characterized by optical ellipsometry, X-ray photoelectron 

spectroscopy, contact angle goniometry, and polarization modulation infrared reflection 

absorption spectroscopy.  Characterization of the SAMs revealed that all sulfur atoms of 

these tridentane adsorbates are bonded to the surface of gold and yield loosely packed 

thin films with lower packing densities of the alkyl chains than a normal alkanethiolate 

SAM (C18SH).  The trends in packing density and conformational order for the SAMs 

were observed to decrease as follows: C18SH >> 3C13CyTSH > 3C8CyTSH > 

3C3CyTSH.  A preliminary study of the thermal stability of this series of SAMs shows 

that the tridentate adsorbates (3CnCyTSH) are more stable than the normal 

alkanethiolate SAM (C18SH), a characteristic that is attributable to the chelating effect. 
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CHAPTER 4.  Comparison of the Structure and Thermal Stability of 

Self-assembled Monolayers Derived from Phenyl and Pyridyl Dithiols 

 

4.1. Introduction 

 

Self-assembled monolayers (SAMs) exhibit a formation process of spontaneous 

self-molecular organization and assembly of organic amphiphiles to form monolayer 

films.  SAMs have been intensively studied and widely developed as one of the 

techniques to modify several forms of substrates (e.g., metals, glass, and inorganic 

semiconductors).1–4  Recently, research reports have shown how SAMs can be used in a 

number of emerging applications involving biomaterials,5–6 lithographic patterning,7–9 

microelectronic device fabrications,10–12 anticorrosion coatings,12,13 tribological 

applications,14–16 and organic electronic thin films.17,18  Even though SAMs have been 

thoroughly researched and applied in a wide range of applications, their stabilities both 

for their physical film integrity and chemical bonding stability still remain a huge 

obstacle in practical applications.19,20  Therefore, the importance of fundamental research 

with regards to SAM stability for both thermal21–22 and chemical resistance,23–24 as well 

as tolerance to exposure to lithographic conditions (i.e., UV light and electron beam),25–26 

can not be understated.  

Generally, SAMs derived from n-alkanethiols on gold provide highly ordered and 

densely packed films, but these thin films deteriorate rapidly when exposed to the 

atmosphere for a few days.27,28  In addition, n-alkanethiol-based SAMs also decompose 
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rapidly upon heating to elevated temperatures (e.g., 80 ºC in hexandecane).29–31  The 

decomposition process of n-alkanethiolate SAMs involves the desorption of adsorbates 

from the surface via the formation of intermolecular disulfides and/or oxidation of the 

thiolate species (i.e., forming alkanesulfinate and alkanesulfonate).21  

In order to resolve the problem of unstable SAMs, several strategies have been 

proposed to enhance the durability and stability of these films, such as, intermolecular 

hydrogen bonding,32,33 under potential metal deposition,34,35 cross-linkage between 

neighboring adsorbtes,36,37  and multiple sulfur-gold interactions (chelation).21,38–43  

Multiple sulfur-gold interactions is the approach that has received the most attention for 

resolving this issue.  The bonding of sulfur to gold is an energetically exothermic process 

and its bond enthalpy is ~40–45 kcal/mol,3 which is significantly greater than van der 

Waal or hydrogen bonding interactions.44  Moreover, the chelating/multidenate thiolate 

headgroups can be rationally designed to resist intramolecular cyclic disulfide formation 

upon desorption in order to enhance the stability of a monolayer film. 

In a previous study, Lee and co-workers reported that the thermal stability of 

monolayer thin films can be significantly improved by using SAMs generated from 

aromatic dithiolate-based adsorbates.45  In their report, they also claimed that the 

monolayers generated from C18ODBSH (see Figure 4.1) are more thermally stable than 

those derived from C18OArDT, a characteristic arising from the enhanced 

intramolecular S···S spacing which allows for greater flexibility in surface bonding, as 

well as the chelating effect.  The thermodynamically disfavored intramolecular cyclic 

disulfide formation upon desorption also contributes to this stability.45 
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Therefore, in this work, we want to explore the effect of heteroatoms inserted into 

aromatic ring-based dithiol adsorbates on the stability of these monolayer films by 

comparing the structure and thermal stability of SAMs derived from benzene and 

pyridine.  This study features a pyridine-based adsorbate (C18OPDSH) in which a long 

alkoxy chain is incorporated at the 4 position of the pyridine ring whose other 

substituents are two methylthiol legs, as shown in Figure 4.1.  This molecular structure is 

analogous to C18OBDSH, as shown in Figure 4.1, a chelating dithiol which was reported 

previously.45 The attractive feature of the C18OPDSH platform is that there is a nitrogen 

atom on the aromatic ring, which prior reports indicate binds to the gold surface.46  In 

addition, the presence of an intervening methylene unit inserted between the pyridyl ring 

and the sulfur atoms might afford more flexibility to these molecular structures, allowing 

greater latitude in surface bonding.  This particular structural characteristic appears to 

significantly enhance the thermal stability of C18OBDSH SAMs when compared to 

C18OArDT SAMs.45 
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Figure 4.1.  Structures of several aromatic dithiol adsorbates. 
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To this end, we anticipate that this new adsorbate, C18OPDSH, will enhance the 

stability of its SAMs thanks to the added surface interactions of the lone pair electrons of 

nitrogen binding or coordinating with the gold surface.  Therefore, SAMs derived from 

the two different designs of the aromatic dithiol adsorbates, C18OPDSH and 

C18OBDSH, will provide a direct comparison of the films formed with and without the 

nitrogen on the aromatic ring.  The monolayer films generated from these adsorbates 

were characterized by ellipsometry, contact angle goniometry, polarization modulation 

infrared reflection absorption spectroscopy (PM-IRRAS), and X-ray photoelectron 

spectroscopy (XPS).  The SAMs analyzed in this report were also examined in a thermal 

stablility study. 

 

4.2. Experimental Section 

 

4.2.1.  Materials and Methods 

Gold shot (99.99%, Americana Precious Metals), Chromium rods (99.9%, R. D. 

Mathis Company) were purchased from the indicated suppliers.  Polished single-crystal 

Si(100) wafers were purchased from Silicon Inc. and rinsed with absolute ethanol (Aaper 

Alcohol and Chemical Co.) and blown dry with high purity N2 gas before use.  The 

contacting liquids used for wettability measurements were the highest purity available 

from Aldrich Chemical Co. and were used without further purification.  The starting 

material, chelidamic acid hydrate (≥95%), was purchased from TCI America Fine 

Chemicals.   The Aldrich Chemical Co was the main supplier for all other chemicals used 
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in the syntheses of the adsorbates.  Solvents used in the syntheses were distilled over 

calcium hydride and used as fresh solvents for the reactions.  Silica gel (40–64 µm) was 

used for packing the column chromatography.  All products and intermediates were 

characterized by NMR using JOEL ECX-400 and ECA-500 spectrometers operating at 

400 MHz and 500 MHz, respectively. 

   

4.2.2.  Synthesis of Adsorbate  

The synthetic pathway and procedure used for the synthesis of C18OPDSH is 

presented in Scheme 4.1. The synthesis of (4,6-bis(octadecyloxy)-1,3-

phenylene)dimethanethiol (C18OBDSH) was reported previously.45 
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Scheme 4.1.  Synthetic Pathway of C18OPDSH. 
 

 

 

 

Dimethyl 4-hydroxypyridine-2,6-dicarboxylate (1). The carboxylic acid 

hydrate (2.19 g, 12.0 mmol) was suspended in absolute ethanol (100 mL) and conc. 

sulfuric acid (0.8 mL) was carefully added at rt with vigorous stirring. The reaction 

mixture was refluxed for 4 h and the solvents evaporated.  Water (10 mL) was then added 

and the solution was neutralized with a saturated solution of sodium bicarbonate 

(NaHCO3) to pH = 8 and the aqueous solution was extracted with dichloromethane 
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(DCM) (4 × 20 mL). The organic phase was dried with sodium sulfate (Na2SO4) and 

evaporated to give 1 (2.37 g, 11.2 mmol) in 94% yield as a white solid.  1H NMR (400 

MHz, CDCl3) δ 7.45 (s, 2H), 4.41 (q, J = 7.3 Hz, 4H), 1.38 (t, J = 7.3 Hz, 6H). 

 

Dimethyl 4-(octadecyloxy)pyridine-2,6-dicarboxylate (2). The reaction mixture 

of 1 (1.42 g, 5.94 mmol), 1-bromooctadecane (2.48g, 7.44 mmol) and potassium 

carbonate (K2CO3) (1.23 g, 8.90 mmol) was mixed together with anhydrous dimethyl 

formamide (DMF) (50 mL) and stirred at 90 °C for 24 h.  When the reaction mixture was 

cooled down to rt, water was then added.  The aqueous solution was extracted with DCM 

(3 × 50 mL).  The organic phase was washed with water several times to remove DMF, 

washed with brine, and then dried with magnesium sulfate (MgSO4).  After evaporating 

the solvent, an organic residue was obtained and was recrystallized with a mixture of 

DCM and methanol (MeOH) (1:1).  A white solid precipitated, was collected and washed 

with cold MeOH to give 2 (2.53 g, 5.46 mmol) in a 79% yield as a white solid.  1H NMR 

(400 MHz, CDCl3) δ 7.76 (s, 2H), 4.45 (q, J = 6.0 Hz, 4H), 4.10 (t, J = 5.5 Hz, 2H), 

1.78–1.88 (m, 2H), 1.44 (t, J = 6.0 Hz, 6H), 1.20–1.50 (m, 30H), 0.87 (t, J = 6.9 Hz, 3H). 

 

(4-(Octadecyloxy)pyridine-2,6-diyl)dimethanol (3).  Compound 2 (2.53 g, 5.46 

mmol) was dissolved in the mixed solvents of MeOH (40 mL) and THF (80 mL), the 

powder of sodium borohydride (NaBH4) (0.77 g, 20.3 mmol) was then added in portions.  

The mixture was kept stirring at rt for 18 h and excess solvent was removed under 

vacuum.  The residue was dissolved with DCM before washing the organic phase several 
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times with water.  Excess solvent was removed and the crude compound was 

recrystallized from DCM and MeOH to give 3 (2.05 g, 5.03 mmol) in 92% yield as a 

white solid.  1H NMR (400 MHz, CDCl3) δ 6.68 (s, 2H), 4.69 (s, 4H), 4.00 (t, J = 6.4 Hz, 

2H), 1.74–1.80 (m, 2H), 1.25-1.45 (m, 30H), 0.87 (t, J = 6.9 Hz, 3H). 

 

(4-(Octadecyloxy)pyridine-2,6-diyl)bis(methylene) dimethanesulfonate (4).   

The dialcohol 3 (0.84 g, 2.1 mmol) in dry THF (100 mL) was treated with triethylamine 

(1.2 mL, 8.6 mmol) and stirred for 10 min at rt.   Methanesulfonyl chloride (0.40 mL, 5.2 

mmol) was then added dropwise over 15 min.  The reaction mixture was stirred for 6 h 

under argon and then transferred to a separatory funnel.  After adding water to the 

mixture to get rid of any remaining methanesulfonyl chloride, the reaction mixture was 

extracted with DCM (3 × 100 mL).  The combined organic phases were successively 

washed with 2 M HCl and H2O, and then dried over MgSO4.  The DCM solution was 

concentrated to give the crude product, which was recrystallized with a mixture of 

hexane:DCM (1:1) to obtain 4 (0.93 g, 1.65 mmol, 80 % yield) as a white solid.  1H NMR 

(500 MHz, CDCl3) δ 6.94 (s, 2H), 5.24 (s, 4H), 4.04 (t, J = 6.3 Hz, 2H), 3.09 (s, 6H), 

1.80 (m, 2H), 1.20–1.50 (m, 30H), 0.87 (t, J = 6.9 Hz, 3H). 

 

4-(Octadecyloxy)-2,6-bis(thiocyanatomethyl)pyridine (5).  A mixture of 4 

(1.39 g, 2.47 mmol) and potassium thiocyanate (KSCN, 5.10 g, 52.5 mmol) was 

dissolved in ethanol and DMF (1:1) and then refluxed overnight at 100 °C.  The solution 
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was cooled to rt, water was added, and the mixture was extracted with DCM (3 × 40 mL).  

The combined organic phases were washed several times with water to remove DMF.  

After washing with brine, the organic layer was dried over MgSO4.  The solvent was 

evaporated, and a pale yellow solid was obtained, which was recrystallized twice from a 

1:2 mixture of DCM and MeOH to give pure 5 (0.85 g, 1.74 mmol, 70% yield).  1H NMR 

(500 MHz, CDCl3) δ 6.83 (s, 2H), 4.20 (s, 4H), 4.04 (t, J = 6.3 Hz, 2H), 1.78–1.82 (m, 

2H), 1.20–1.50 (m, 30H), 0.87 (t, J = 6.9 Hz, 3H). 

 

(4-(Octadecyloxy)pyridine-2,6-diyl)dimethanethiol (C18OPDSH). To a 

suspension of lithium aluminum hydride (LiAlH4) (0.24 g, 6.3 mmol) in dry 

tetrahydrofuran (THF) (15 mL) was added dropwise a solution of 5 (1.04 g, 2.1 mmol) in 

dry THF.  The reaction was stirred at rt for 6 h and then quenched with H2O and adjusted 

the pH to 5 with 2 M HCl under nitrogen (H2O and 2 M HCl were degassed by bubbling 

with nitrogen gas before use).  After stirring for 10 min, the reaction mixture was 

extracted with DCM (3 × 30 mL).  The combined organic layers were washed with H2O 

and brine.  After drying the solution with Na2SO4, the solvent was removed by rotary 

evaporation to afford C18OPDSH (0.80 g, 1.8 mmol, 86% yield) as a pale yellow solid.  

1H NMR (500 MHz, CDCl3): δ 6.73 (s, 2H), 4.00 (t, J = 6.3 Hz, 2H), 3.75 (s, 4H), 

1.74−1.80 (m, 2H), 1.40−1.45 (m, 2H), 1.20−1.38 (m, 30H), 0.87 (t, J = 6.9 Hz, 3H).  13C 

NMR (125 MHz, CDCl3): δ 166.88, 161.48, 107.18, 68.29, 32.03, 30.89, 29.80, 29.76, 

29.68, 29.64, 29.46, 29.41, 26.01, 22.80, 14.24.  HRMS (ESI): m/z Calcd for 

C25H45NOS2 [M+Na]+: 462.2841; Found: 462.2842. 
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4.2.3.  Preparation of SAMs 

Solution of 1 mM concentration C18OBDSH in THF and C18SH in ethanol were 

prepared in 25 mL glass vials, which were previously cleaned with piranha solution (3:1 

mixture of H2SO4/H2O2) and rinsed thoroughly with deionized water and then absolute 

ethanol before use.  [Caution: Piranha solution is highly corrosive, should never be 

stored, and should be handled with extreme care].  1 mM solutions of C18OPDSH was 

prepared in various solvents; THF, ethanol, toluene, isooctane, 0.5 mL pyridine in THF, 

and potassium hydroxide in ethanol, to optimize the formation conditions of the 

C18OPDSH SAMs.  The gold substrates were prepared by evaporation of ca. 100 Å of 

chromium on polished Si(100) wafers to promote the adhesion of gold, followed by 

evaporation of ca. 1000 Å of gold.  The freshly prepared gold-coated Si wafers were cut 

into slides of ca. 1 × 4 cm.  The slides were subsequently rinsed with absolute ethanol 

and then dried with ultra-pure nitrogen gas blown from a needle.  The slides were 

incubated in the solutions of the respective adsorbates for at least 72 hours to allow full 

monolayer development and equilibration at rt.  Before characterization, the resultant 

slides were rinsed with toluene, THF, and ethanol, and then dried with ultra-pure nitrogen 

gas. 
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4.3. Characterization of SAMs 

 

4.3.1.  Ellipsometric Measurements 

The thicknesses of the monolayer films were measured using a Rudolph Research 

Auto EL III ellipsometer equipped with a He-Ne laser with a single wavelength of 632.8 

nm at an angle of incidence of 70°.  Immediately after the evaporation of gold, the optical 

constants of the bare substrates were collected.  The film thicknesses were evaluated by 

using an approximate value of the film refractive index of 1.45 and the predetermined 

optical constants of the uncoated substrate.  The data were averaged over the collections 

from two separate slides with three spots for each slide.  The reported values of film 

thicknesses were the averages of measurements over the experimental collection.  

 

4.3.2.  X-ray Photoelectron Spectroscopy (XPS) 

XPS spectra were collected using a PHI 5700 X-ray photoelectron spectrometer 

equipped with a monochromatic Al Kα X-ray source (hν = 1486.7 eV) incident at 90° 

relative to the axis of the hemispherical energy analyzer.  The spectrometer was operated 

at high resolution with a pass energy of 23.5 eV, a photoelectron take off angle of 45° 

from the surface, and an analyzer spot diameter of 1.1 mm.  The base pressure in the 

chamber during the measurements was ~4 × 10-8 Torr.  After collection of the data, the 

binding energy scales were adjusted by setting the Au4f7/2 peak to 84 eV as a reference 

peak. 
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4.3.3.  Contact Angle Measurements 

 A ramé-hart model 100 contact angle goniometer was employed to measure the 

contact angle of the monolayer films.  The contacting liquids, water, formamide, α-

bromonaphthalene, hexadecane, and decalin were dispensed and withdrawn on the film 

surfaces with a Matrix Technologies Micro-Electrapipet 25 at the slowest speed (1 µL/s) 

to measure advancing (θa) contact angles.  For a given sample, the data were averaged 

over three separate slides using three drops per slide and measuring angles from both 

edges of each drop.  The measurements were performed at 293 K with the pipet tip in 

contact with the drop. 

 

4.3.4.  Polarization Modulation Infrared Reflection-Absorption Spectroscopy (PM-

IRRAS) 

Infrared reflection-adsorption spectra of monolayer films were collected using a 

Nicolet NEXUS 670 Fourier transform spectrometer equipped with a liquid nitrogen-

cooled mercury-cadmium-telluride (MCT) detector and a Hinds Instruments PEM-90 

photo elastic modulator operating at 37 Hz.  A continuous flow of nitrogen gas was 

maintained in the chamber during the measurements.  The spectra were collected for 512 

scans at 4 cm-1 spectral resolution with a grazing angle for the reflected infrared beam 

aligned at 80° to the surface normal. 
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4.3.5. Preliminary Evaluation of Thermal Stability Using XPS 

SAMs derived from C18OPDSH and C18OBDSH adsorbates on flat gold were 

cut into squares (1 × 1 cm2) and characterized using ellipsometry and PM-IRRAS before 

examining their thermal stability.  For the thermal stability study using XPS, the 

procedure that was followed was reported in a prior study.41  Briefly, samples were 

mounted on a sample holder which was connected to a small resistive button heater to 

generate heating under vacuum between measurements.  The heater was equipped with a 

thermocouple to precisely control the temperature.  The samples were heated until 

reaching a desired temperature and then were maintained at that temperature for 5 min.  

After cooling to room temperature, the XPS data were collected.  We referenced the 

binding energies by setting the Au4f7/2 binding energy to 84.0 eV. 

 

4.4. Results and Discussion 

 

4.4.1.  Sulfur-Gold Chemisorption and Binding Energy Analysis by XPS   

The best solvent for preparing the C18OPDSH SAMs was determined by 

comaring the degree to which the thiol moieties were bound to the gold surface for a 

series of test deposition solvents.  This was done in order to obtain complete and/or 

highly optimized binding of the dithiolates onto the gold surface by monitoring the 

binding energy of the sulfur peaks from the XPS spectra.   

 In general, the chemisorption between sulfur and gold surfaces in SAMs can be 

monitored using the XPS binding energies, which can be used to determine more broadly 
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the chemical composition of the monolayer.47  Thus, by monitoring the S2p region of the 

XPS spectra, the binding of the sulfur headgroup to the gold substrate can be 

evaluated.48,49  In the XPS spectra of SAMs generated from alkanethiols on gold, the 

binding energy of the S2p3/2 and S2p1/2 peaks for thiols bound to gold is known to be 162 

and 163.2 eV, respectively.47–49  In contrast, the S2p3/2 and S2p1/2 peaks for unbound thiols 

or disulfide species within or on-top of the thiolate layer appear roughly at 164 eV and 

165 eV, respectively.47–49  Thus, XPS can be used to characterize the efficiency of the 

SAM formation process for the SAMs formed from C18OPDSH upon adsorption from 

various organic solvents.   

We explored the use of ethanol as a solvent from which to adsorb C18OPDSH 

because ethanol is the most widely used solvent for preparing SAMs on gold.  In 

addition, ethanol has a low tendency to be incorporated into SAMs29,47 and is known to 

form robust and fully-bound normal alkane mono-, di-, and tri-thiols SAMs on gold.40  

Other solvents that we tested included the polar aprotic solvent THF, which has been 

used previously to form fully bound bidentate and tridentate SAMs on gold.40  We also 

examined the adsorption of C18OPDSH from nonpolar solvents such as isooctane and 

toluene.  Additionally, C18OPDSH SAM preparation under basic conditions was 

investigated in order to maintain the lone pair electrons of the pyridyl nitrogen atom.  

This was done in a mixture of 0.5 mL pyridine in THF, and in a solution with one pellet 

of KOH in EtOH, respectively.  For all of these studies, the gold substrates were 

immersed in 1 mM solutions of C18OPDSH and allowed to equilibrate for at least 3 days 

before characterization.  The slides were exhaustively rinsed with THF, toluene, and 

ethanol, and then dried under a stream of ultrapure nitrogen gas before analysis by XPS. 
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Figure 4.2.  The XPS spectra of the S2p region for SAMs derived from C18OPDSH in 

the indicated solvents systems. 

 

  The XPS spectra for the S2p region of the C18OPDSH SAMs prepared in the 

various solvents are shown in Figure 4.2.  Qualitatively, we observed the relative peak 

intensity between the bound sulfur peak (162 eV) and the unbound thiol peak (164 eV) to 

determine the optimal solvent that provides the highest ratio of bound to unbound 

thiolates on the gold surface.  The presence of S2p peak at 164 eV for the C18OPDSH 

SAM prepared in THF solution indicates incomplete binding of the adsorbate on the gold 

surface.  Similarly, the monolayer films prepared in toluene, isooctane, and ethanol, 

display an unbound thiolate peak; however, the relative peak intensity ratio is lower than 
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that observed for the monolayer film prepared in pure THF or in the mixture of 0.5 mL 

pyridine in THF.  Moreover, the C18OPDSH SAMs derived from the solution of KOH 

in ethanol and toluene show a peak at a binding energy of ~166–168 eV, indicating the 

presence of an oxidized sulfur species in the monolayer film.47–49  Based on the above 

results, we concluded that the best solvent to fully form SAMs of C18OPDSH is THF.   
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Figure 4.3.   The XPS spectra of the N1s regions for SAMs derived from C18OPDSH in 

THF and a mixture of 0.5 mL of pyridine in THF. 

 

The effect of a base on the chemical interaction between a pyridyl nitrogen atom 

and the gold surface was also evaluated using XPS spectroscopy.  Figure 4.3 displays the 

N1s regions for SAMs derived from C18OPDSH in THF and in the mixture of 0.5 mL of 
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pyridine in THF.  In general, the unbound pyridyl nitrogen on gold shows a N1s peak at a 

binding energy of ~398.7 eV, while the pyridyl nitrogen atom which interacted weakly 

with gold shows a peak at a binding energy of ~399.5 eV.  A more strongly adsorbed 

pyridyl nitrogen on gold displays at 400.8 eV.46,50,51   Based on the XPS spectra in Figure 

4.3, the C18OPDSH SAMs derived from pure THF shows a weakly absorbed pyridyl 

nitrogen on gold.  On the other hand, the C18OPDSH SAMs generated from the mixture 

of 0.5 mL pyridine in THF show an unbound pyridyl nitrogen atom in the monolayer 

film.  This result is consistent with our previous work indicating the successful use of 

THF for preparing the monolayers derived from C18OBDSH and other multidentate 

aromatic thiols.45  Consequently, pure THF was used as the solvent to prepare the 

C18OPDSH monolayers used for further characterization and evaluation.  

In addition, the XPS spectra for the S2p region of the C18OPDSH SAMs and the 

C18OBDSH SAMs prepared in THF are shown in Figure 4.4.  Qualitatively, we 

observed the relative peak intensity between the bound thiol peak (162 eV) and the 

unbound thiol peak (164 eV).  The presence of a S2p peak at 164 eV for the C18OPDSH 

SAM prepared in THF solution indicates the incomplete binding of the adsorbate on the 

gold surface.  Similarly, the C18OBDSH monolayer film prepared in THF displays an 

unbound thiolate peak; however, the relative peak intensity ratio is slightly higher than 

that observed for the C18OPDSH monolayer film prepared in pure THF.  Based on the 

XPS in Figure 4.3, the interaction of the pyridyl nitrogen atoms on gold might cause the 

C18OPDSH to lose its most efficient bonding conformation, which would cause the 

dithiolates to bind on the gold surface with a lower percentage of bound thiolates. 
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Figure 4.4.  The XPS spectra of the S2p region for SAMs derived from C18OPDSH and 

C18OBDSH in THF and C18SH in EtOH. 

 
For additional insight regarding the orientation of the pyridine ring in the 

C18OPDSH monolayer compared to the benzene ring in the C18OBDSH monolayer, 

further characterizations and analyses were performed and the results are discussed in 

subsequent sections. 
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4.4.2.  Ellipsometric Thickness Measurements 

 Ellipsometry is a simple method to obtain a preliminary evaluation of the quality 

of the monolayer films on metal substrates.  In general, loosely packed thin film can 

contain large void spaces between chains, which decrease interchain van der Waal 

interactions.52–55  This void space allows the alkyl chains to tilt more, producing a larger 

angle from the surface normal.  Consequently, it can be expected that the ellipsometric 

thickness of loosely packed SAMs will be smaller than that of their densely packed 

analogues.52–55  The ellipsometric thickness measurements of the C18OPDSH and 

C18OBDSH SAMs, compared to that of C18SH SAMs, is shown in Figure 4.5. 
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Figure 4.5. The ellipsometric thicknesses for SAMs derived from C18OPDSH, 

C18OBDSH, and C18SH.  The line through the data is provided solely as a guide to the 

eye. 
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The ellipsometric thickness of the C18OPDSH SAMs is 22.7 ± 0.6 Å, which is 

notably lower than that of the C18OBDSH and C18SH SAMs, which are 24.9 ± 0.7 Å 

and 24.6 ± 0.7 Å, respectively.  The reason why C18OPDSH SAMs gave a lower film 

thickness than that of C18OBDSH adsorbate might be because the pyridyl nitrogen of 

C18OPDSH interacts weakly with gold surface, which is supported by XPS spectra of 

the N1s region.  This interaction between the electron lone pair of a pyridyl nitrogen atom 

with gold surface makes the chains of the C18OPDSH adsorbates more disordered and 

tilted than the C18OBDSH adsorbates, which do not have the interaction between the 

benzene ring and gold surface as shown in Figure 4.6.  However, the difference in the 

ellipsometric thicknesses among these multidentate ligands is not significant. 

 

 

Figure 4.6.  Structural representations of the C18OBDSH and C18OPDSH SAMs on a 

gold surface.  
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4.4.3.  Packing Density of the Films 

XPS analysis can also provide a means of calculating a relative molecular packing 

density for the monolayer films.40,56  So we further analyzed the quality of the 

C18OPDSH monolayer film with regards to its molecular packing density and compared 

it to that of the C18OBDSH monolayer film.  For this comparison, the densely packed 

C18SH film was used as a reference.  The XPS spectra of the Au4f, C1s and S2p regions 

for the C18SH, C18OPDSH, and C18OPDSH monolayers are shown in Figure 4.4 and 

Figure 4.7.   
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Figure 4.7.  XPS spectra of the (a) C1s and (b) Au4f regions for SAMs derived from 

C18SH, C18OPDSH, and C18OBDSH. 
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As for the C1s photoelectron, its binding energy can be used as a means of 

qualitatively evaluating the molecular ordering of the monolayers.40,56–58  Several studies 

have demonstrated that the C1s spectra for well and densely packed monolayers shift to a 

higher binding energy than those for loosely packed monolayers.58–60  The peak positions 

of the C1s spectra are shown in Figure 4.7(a).  The peak position for the C18SH, 

C18OPDSH, and C18OBDSH display at 285.0, 285.1, and 284.8 eV, respectively.  With 

respect to the C1s binding energy of the C18SH monolayer, the shifts to a lower binding 

energy for the C18OBDSH monolayer films indicate a decrease in the hydrocarbon chain 

density relative to the C18SH monolayer film.  Surprisingly, the C1s binding energy of 

the C18OPDSH monolayer is insignificantly different from that of the C18SH SAMs.  

This result indicates that C18OBDSH affords SAMs with a relatively high chain tilt as 

compared to SAMs derived from C18OPDSH and n-alkanethiols.  Based on the analysis 

of the C1s binding energy peak, we might conclude that the C18OPDSH adsorbate forms 

better and more densely packed monolayers than C18OBDSH adsorbate does.  
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Table 4.1.   XPS Data for SAMs Derived from C18SH, C18OPDSH, and C18OPDSH 

Used to Calculate the Relative Molecular Packing Densities.  

 

Adsorbate 
Integrated XPS Peak Area 

S/Au Relative molecular               
packing density (%)b Au4f S2p

a 

C18SH 33.3 2.7 0.08 100 

C18OPDSH 39.2 5.8 0.15 92 
C18OBDSH 36.2 4.4 0.12 70 
a To compare the packing density of the C18SH SAM, the atomic concentrations of S2p spectra of the 
SAMs derived from the chelating dithiolates were divided by a factor of two. 
b We estimate the experimental error in the packing density to be ±4%. 
 

Additional information regarding the molecular surface density of the monolayer  

films can be obtained quantitatively by XPS analysis of the atomic concentration ratio of 

sulfur-to-gold (S/Au).56,61,62  To compare the relative molecular packing density of the 

dithiolate monolayers with the C18SH film, the atomic concentration of the S2p spectra 

obtained by XPS for the C18OPDSH and C18OBDSH films were divided by a factor of 

two.  The relative molecular packing densities for both monolayers are shown in Table 

4.1.  The slightly lower value of the surface packing density of the C18OBDSH 

monolayer when compared to that of the C18OPDSH monolayer can be partially 

attributed to the interaction of the pyridyl nitrogen with the gold surface, which causes 

the C18OPDSH conformation to be more rigid, leading to well densely packed 

monolayer thin films.  On the other hand, the C18OBDSH adsorbate is more flexible 

near the head group because of the methylene units between the thiols and the benzene 

ring. The flexibility of C18OBDSH adsorbate on gold compared to C18OPDSH 
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adsrobate on gold might cause this adsorbate to form SAMs which might be slightly more 

tilted and occupy more space per chain as compared to the latter SAM. 

 

4.4.4.  Conformational Analysis with PM-IRRAS  

The conformational orientation of the adsorbates of monolayer thin films on a 

substrate can be characterized from the C–H stretching peaks of the surface infrared.63,64  

Particularly, the peak positon and the shape/width of the methylene C–H antisymmetric 

stretching vibration (νa
CH

2) of the normal alkanethiol-based SAMs provides valuable 

information regarding the conformational order of the adsorbates in the SAM.63,65  

Normally, the SAMs derived from n-alkanethiols show the νa
CH

2 stretching at 2918 cm-1, 

indicating a highly ordered thin film (relatively crystalline monolayer).  The intensity of 

the peak bands also reveals the orientation of the adsorbate on the substrate.  If the 

transition dipole of the adsorbate is close to being parallel to the surface of the substrate, 

the intensity of the vibrational band appears very weak due to a weak adsorption.  On the 

other hand, if the transition dipole of the adsorbate aligns perpendicular to the surface of 

a substrate, the intensity and bandwidth of the νa
CH

2 vibrational band is increased due to 

its strong adsorption.31,33  In addition, changing the position of the absorption band, in 

particular the νa
CH

2 mode, also reflects the quality of the thin film.  If the νa
CH

2 band of     

a SAM shifts to a higher frequency (> 2918 cm-1), this SAM is a more loosely packed 

and disordered monolayer thin film.64      
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Figure 4.8.  PM-IRRAS spectra of the monolayer films derived from C18SH, 

C18OPDSH, and C18OBDSH. 

 

Figure 4.8 shows the PM-IRRAS spectra of the monolayers generated from 

C18SH, C18OPDSH, and C18OBDSH.  The νa
CH

2 stretching band for the C18SH, 

C18OPDSH, and C18OBDSH monolayers appear at 2918, 2927, and 2926 cm-1, 

respectively. The C18SH monolayer, which is known to form well organized arrays of 

alkyl chains with trans-extended conformations, appears at a νa
CH

2 stretching band of 

2918 cm-1.63  On the other hand, the νa
CH

2 stretching bands of C18OPDSH and 

C18OBDSH monolayers shift to higher frequency, which is indicative of adsorbates that 

are disordered and loosely packed due to the deformation and disordering of the 

hydrocarbon chains (gauche conformations).66  Based on the PM-IRRAS data and all the 
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aforementioned results from chain and/or molecular packing density calculation, XPS 

measurements,  and ellipsometric thickness measurements, it is reasonable to suggest that 

C18OPDSH and C18OBDSH form loosely and disordered thin films compared to SAMs 

formed from C18SH, which are highly ordered and well packed thin films. 

 

4.4.5.  Wettability of the Films 

The advancing contact angles (θa) measured for several liquids in contact with the 

surfaces of the SAMs derived from C18SH, C18OPDSH, and C18OBDSH are 

displayed in Table 4.2. We chose contacting liquids ranging from polar protic (water and 

formamide) to polar aprotic (α-bromonaphthalene) to apolar aprotic (hexadecane and 

decalin) to provide a comprehensive evaluation of the interfacial energies of the 

SAMs.67,68  

 

Table 4.2.  Advancing (θa) Contact Angles for Water (H2O), Formamide (FA), α-

Bromonapthalene (α-BN), Hexadecane (HD), and Decalin (DC) on Monolayer Films 

Generated from C18SH, C18OPDSH, and C18OBDSH. 

 

Adsorbate 
θa Contact Angle (degrees)a 

H2O FA α-BN HD DC 

C18SH 115 98 71 50 54 
C18OPDSH 112 95 67 45 36 
C18OBDSH 109 94 63 41 31 
aThe average contact angles of water, formamide, α-bromonapthalene, hexadecane, and decalin were 
reproducible within ± 2 Å. 
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Table 4.2 shows that C18OPDSH and C18OBDSH SAMs form less hydrophobic 

interfacial films based on their water, formamide, and α-bromonapthalene advancing 

contact angles, which are roughly identical and only slightly different from those for the 

C18SH SAM.  However, the interface of the SAMs generated from hydrocarbon-

terminated adsorbates are less sensitive to being probed by polar protic solvents.29,69 

In order to characterize the interfacial properties of these SAMs, and the relative 

ordering of the adsorbates on the metal surface using wettability measurements, apolar 

aprotic contacting liquids such as hexadecane (HD) and decalin (DC) were used as 

surface probes.  These two liquids are highly sensitive to small changes in the interfacial 

free energy of hydrocarbon surfaces. Moreover, due to intercalation processes, 

hexadecane is particularly sensitive to small changes in the interfacial structural ordering 

of organic films composed of long alkyl chains.70,71  

It has been reported that hexadecane, a long linear hydrocarbon chain, can 

partially intercalate into the void spaces of a disordered and loosely packed SAM, 

causing stronger interaction between hexadecane and the underlying gold surface.40  In 

order to prevent a false evaluation of the quality of the monolayer films due to the 

intercalation of hexadecane into the SAM, decalin, a bulky cyclic structure, was also used 

to probe these SAMs. The measured hexadecane and decalin advancing contact angles 

for the C18OPDSH and C18OBDSH monolayers are very close in value, but lower than 

those obtained from the C18SH monolayer. These observations support that the 

conclusion that the C18OPDSH and C18OBDSH form disordered and loosely packed 

monolayers.   
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As a whole, the slightly lower contact angle values for hexadecane and decalin for 

the C18OBDSH monolayers, when compared to those for the C18OPDSH monolayers, 

indicate that the former monolayer is more loosely packed.  This would also lead to a 

conclusion that this monolayer exposes a greater number of methylene units on its 

interface.  The degree of exposure of methylene groups indicated by the wettability 

measurements is consistent with the degree of crystalline order indicated by the XPS and 

PM-IRRAS measurements.  That is, when taken together, the wettability, XPS and PM-

IRRAS data show that liquid-like films possess a high fraction of accessible interfacial 

methylene moieties, a correlation entirely consistent with expectations.70–72 

 

4.4.6.  Preliminary Thermal Stability of the C18OPDSH and C18OBDSH SAM 

Lee and coworkers recently reported that the C18OBDSH-based SAM exhibits a 

higher thermal stability than SAMs derived from C18SH and C18OArDT.45  In this 

study, we wanted to examine the influence of the interaction between the electron lone 

pair of a pyridyl nitrogen atom on a gold surface to the thermal stability of SAMs derived 

from C18OPDSH, and further compare these results to the SAMs generated from 

C18OBDSH, using the XPS instrument. 
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Figure 4.9.  The XPS spectra of the S2p region collected during a thermal stability study 

for SAMs derived from (a) C18OBDSH and (b) C18OPDSH at indicated temperatures. 

 

The stability of SAMs generated from alkanethiols is well known and provides a 

means of evaluating our XPS data.41,73,74  Therefore, the thermal stability of SAMs derived 

from C18OPDSH was compared to that of SAMs generated from C18OBDSH can be 

conducted by monitoring the sulfur 2p peak areas.  Figure 4.9 shows the sulfur S2p peak 

of the SAMs generated on flat gold as a function of annealing temperature under vacuum. 

The results point out that the relative intensity of the sulfur S2p peak for C18OBDSH 
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decreased rapidly when the temperature was increased and this SAM decomposed at 260 

oC, with only a small portion of C18OBDSH left on the gold surface.  On the other hand, 

the relative intensity of SAMs generated from C18OPDSH decreased slowly and this 

monolayer still has some C18OPDSH adsorbate bound on the gold surface when the 

temperature reached at 260 oC.  Based upon these results, we conclude that C18OPDSH 

SAMs are more thermally stable than C18OBDSH SAMs.  This improved stability might 

be attributable to the extra interaction between the electron lone pair on nitrogen and the 

gold surface.  Even though this interaction is very weak, as indicated by the XPS 

measurements, it apparently is strong enough to reduce the desorption of the adsorbates 

to fall apart from the gold surface.  Besides the interaction of the pyridyl nitrogen atom 

on the gold surface, the thermal stability of these multidentate SAMs are also attributable 

to the chelating effect between multidentate thiols and the gold surface, as reported in our 

previous study.21,41,45    

 

4.5. Conclusions 

 

The pyridyl aromatic dithiolate adsorbate, C18OPDSH, was prepared and used to 

generate SAMs on a gold surface.  This C18OPDSH SAM was fully characterized by 

ellipsometry, XPS, PM-IRRAS, and contact angle measurements.  The XPS data 

indicated that this aromatic dithiol adsorbate is not fully bound on the gold surface, with 

some unbound thiol or disulfide left in the monolayer.  Also, XPS showed that the lone 

electron pair of the pyridyl nitrogen atom of C18OPDSH interacted weakly with the gold 
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surface.  C18OPDSH and C18OBDSH adsorbates generated loosely packed and 

disordered thin films when compared to n-alkanethiols (C18SH).  The thermal stability 

of the monolayers using XPS measurements collected under vaccum was also examined.  

We found that the C18OPDSH SAM is more thermally stable than C18OBDSH SAM.  

This thermal stability study led to a conclusion that the difference in the resistance of the 

C18OPDSH monolayer to thermal desorption probably arises from the extra interaction 

between the lone electron pairs of the pyridyl nitrogens and the gold surface.  

 

4.6. References and Notes 

 

1. Swalen, J. D.; Allara, D. L.; Andrade, J. D.; Chandross, E. A.; Garoff, S.; 

Israelachvili, J.; McCarthy, T. J.; Murray, R.; Pease, R. F.; Rabolt, J. F.; Wynne, K. 

J.; Yu, H. Langmuir 1987, 3, 932. 

2. Ulman, A. An Introduction to Ultrathin Organic Films; Academic: Boston, 1991. 

3. Ulman, A. Chem. Rev. 1996, 96, 1533. 

4. Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.; Whitesides, G. M. Chem. 

Rev. 2005, 105, 1103. 

5. Katz, E.; Heleg-Shabtai, V.; Willne, I.; Rau, H. K.; Haehnel, W. Angew. Chem., Int. 

Ed. 1998, 37, 3253. 

6. Ariga, K.; Nakanishi, T.; Michinobu, T. J. Nanosci. Nanotechnol. 2006, 6, 2278. 

7. Xia, Y.; Whitesides, G. M. Soft Lithography. Angew. Chem. Int. Ed. 1998, 37, 550. 

8. Smith, R. K.; Lewis, P. A.; Weiss, P. S. Prog. Surf. Sci. 2004, 75, 1. 



!
!

126 

9. Ruiz, S. A.; Chen, C. S. Soft Matter 2007, 3, 168. 

10. Tao, N. J. Nat. Nanotechnol. 2006, 1, 173. 

11. Katsonis, N.; Lubomska, M.; Pollard, M. M.; Feringa, B. L.; Rudolf, P. Prog. Surf. 

Sci. 2007, 82, 407. 

12. Sinapi, F.; Lejeune, I.; Delhalle, J.; Mekhalif, Z. Electrochim. Acta. 2007, 52, 5182. 

13. Zamborini, F. P.; Campbell, J. K.; Crooks, R. M. Langmuir 1998, 14, 640. 

14. Nakano, M.; Ishida, T.; Sano, H.; Sugimura, H.; Miyake, K.; Ando, Y.; Sasaki, S. 

Appl. Surf. Sci. 2008, 255, 3040. 

15. Carpick, R. W.; Salmeron, M. Chem. Rev. 1997, 97, 1163. 

16. Cichomski, M.; Grobelny, J.; Celichowski, G. Appl. Surf. Sci. 2008, 254, 4273. 

17. DiBenedetto, S. A.; Facchetti, A.; Ratner, M. A.; Marks, T. J. Adv. Mater. 2009, 21, 

1407. 

18. Miozzo, L.; Yassar, A.; Horowitz, G. J. Mater. Chem. 2010, 20, 2513. 

19. Srisombat, L.; Jamison, A. C.; Lee, T. R. Coll. Surf. A 2011, 390, 1. 

20. Chinwangso, P.; Jamison, A. C.; Lee, T. R. Acc. Chem. Res. 2011, 44, 511. 

21. Fukushima, H.; Seki, S.; Nishikawa, T.; Takiguchi, H.; Tamada, K.; Abe, K.; 

Colorado, R., Jr.; Graupe, M.; Shmakova, O. E.; Lee, T. R. J. Phys. Chem. B 2000, 

104, 7417. 

21. Shon, Y. -S.; Lee, T. R. J. Phys. Chem. B 2000, 104, 8192. 

22. Garg, N.; Carrasquillo-Molina, E.; Lee, T. R. Langmuir 2002, 18, 2717. 

23. Vaidya, R.; Simonson, R. J.; Cesarano, J., III; Dimos, D.; Lopez, G. P. Langmuir 

1996, 12, 2830. 



!
!

127 

24. Wang, M.; Comrie, J. E.; Bai, Y.; He, X.; Guo, S.; Huck, W. T. S. Adv. Funct. 

Mater. 2009, 19, 2236. 

25. Zhou, C.; Trionfi, A.; Jones, J. C.; Hsu, J. W. P.; Walker, A. V. Langmuir 2010, 26, 

4523. 

26. Ballav, N.; Schilp, S.; Zharnikov, M. Angew. Chem. Int. Ed. Engl. 2008, 47, 1421. 

27. Rieley, H.; Kendall, G. K.; Zemicael, F. W.; Smith, T. L.; Yang, S. Langmuir 1998, 

14, 5147. 

28. Willey, T. M.; Vance, A. L.; van, B. T.; Bostedt, C.; Terminello, L. J.; Fadley, C. S. 

Surf. Sci. 2005, 576, 188. 

29. Bain, C. D.; Troughton, E. B.; Tao, Y. T.; Evall, J.; Whitesides, G. M.; Nuzzo, R. 

G. J. Am. Chem. Soc. 1989, 111, 321. 

30. Bensebaa, F.; Ellis, T. H.; Badia, A.; Lennox, R. B. J. Vac. Sci. Technol. A 1995, 

13, 1331. 

31. Bensebaa, F.; Ellis, T. H.; Badia, A.; Lennox, R. B. Langmuir 1998, 14, 2361. 

32. Clegg, R. S.; Reed, S. M.; Hutchison, J. E. J. Am. Chem. Soc. 1998, 120, 2486. 

33. Valiokas, R.; Oestblom, M.; Svedhem, S.; Svensson, S. C. T.; Liedberg, B. J. Phys. 

Chem. B 2002, 106, 10401. 

34. Jennings, G. K.; Laibinis, P. E. Langmuir 1996, 12, 6173. 

35. Jennings, G. K.; Laibinis, P. E. J. Am. Chem. Soc. 1997, 119, 5208. 

36. Kim, T.; Chan, K. C.; Crooks, R. M. J. Am. Chem. Soc. 1997, 119, 189. 

37. Turchanin, A.; El-Desawy, M.; Golzhauser, A. Appl. Phys. Lett. 2007, 90, 053102. 

38. Garg, N.; Lee, T. R. Langmuir 1998, 14, 3815. 



!
!

128 

39. Shon, Y. -S.; Colorado, R., Jr.; Williams, C. T.; Bain, C. D.; Lee, T. R. 

Langmuir 2000, 16, 541. 

40. Park, J. -S.; Vo, A. N.; Barriet, D.; Shon, Y. -S.; Lee, T. R. Langmuir 2005, 21, 

2902. 

41. Srisombat, L.; Zhang, S.; Lee, T. R. Langmuir 2010, 26, 41. 

42. Weidner, T.; Kraemer, A.; Bruhn, C.; Zharnikov, M.; Shaporenko, A.; Siemeling, 

U.; Traeger, F. Dalton Trans. 2006, 23, 2767. 

43. Weidner, T.; Ballav, N.; Siemeling, U.; Troegel, D.; Walter, T.; Tacke, R.; Castner, 

D. G.; Zharnikov, M. J. Phys. Chem. C 2009, 113, 19609. 

44. Kuehnle, A. Curr. Opin. Colloid Interface Sci. 2009, 14, 157. 

45. Rittikulsittichai, S. Ph.D. Thesis, University of Houston, Houston, TX, 2009. 

46. Kim, A.; Ou, F. S.; Ohlberg, D. A. A.; Hu, M.; Williams, R. S.; Li, Z.  J. Am. 

Chem. Soc. 2011, 133, 8234 

47. Duwez, A. -S. J. Electr. Spectrosc. Relat. Phenom. 2004, 134, 97. 

48. Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y. T.; Parikh, A. N.; Nuzzo, 

R. G. J. Am. Chem. Soc. 1991, 113, 7152. 

49. Castner, D. G.; Hinds, K.; Grainger, D. W. Langmuir 1996, 12, 5083. 

50. Liu, W.; Yang, X.; Xie, L. J. Colloid Interface Sci. 2007, 313, 494. 

51. Zubavichus, Y.; Zharnikov, M.; Yang, Y.; Fuchs, O.; Umbach, E.; Heske, C.;  

 Ulman, A.; Grunze, M. Langmuir 2004, 20, 11022. 

52. Evans, S. D.; Urankar, E.; Ulman, A.; Ferris, N. J. Am. Chem. Soc. 1991, 113, 

4121. 



!
!

129 

53. Chang, S. -C.; Chao, I.; Tao, Y. -T. J. Am. Chem. Soc. 1994, 116, 6792. 

54. Tao, Y. T.; Lee, M. T.; Chang, S. C. J. Am. Chem. Soc. 1993, 115, 9547. 

55. Shnidman, Y.; Ulman, A.; Eilers, J. E. Langmuir 1993, 9, 1071. 

56. Shon, Y. -S.; Colorado, R., Jr.; Williams, C. T.; Bain, C. D.; Lee, T. R. Langmuir 

2000, 16, 541. 

57. Yang, Y. W.; Fan, L. J. Langmuir 2002, 18, 1157. 

58. Park, J. -S.; Smith, A. C.; Lee, T. R. Langmuir 2004, 20, 5829. 

59. Ishida, T.; Hara, M.; Kojima, I.; Tsuneda, S.; Nishida, N.; Sasabe, H.; Knoll, W. 

Langmuir 1998, 14, 2092. 

60. Biebuyck, H. A.; Bain, C. D.; Whitesides, G. M. Langmuir 1994, 10, 1825. 

61. Bethencourt, M. I.; Srisombat, L; Chinwangso, P.; Lee, T. R. Langmuir 2009, 25, 

1265. 

62. Barriet, D.; Yam, C. M.; Shmakova, O. E.; Jamison, A. C.; Lee, T. R. Langmuir 

2007, 23, 8866. 

63. Snyder, R. G.; Strauss, H. L.; Elliger, C. A. J. Phys. Chem. 1982, 86, 5145. 

64. Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D. J. Am. Chem. Soc. 

1987, 109, 3559. 

65. MacPhail, R. A.; Strauss, H. L.; Snyder, R. G.; Elliger, C. A. J. Phys. Chem. 1984, 

88, 334. 

66. Shon, Y. -S.; Lee, S.; Colorado, R. Jr.; Perry, S. S.; Lee, T. R. J. Am. Chem. Soc. 

2000, 122, 7556. 



!
!

130 

67. Ishida, T.; Hara, M.; Kojima, I.; Tsuneda, S.; Nishida, N.; Sasabe, H.; Knoll, W. 

Langmuir 1998, 14, 2092. 

68. Tamada, K.; Ishida, T.; Knoll, W.; Fukushima, H.; Colorado, R., Jr.; Graupe, M.; 

Shmakova, O. E.; Lee, T. R. Langmuir 2001, 17, 1913. 

69. Bain, C. D.; Whitesides, G. M. Angew. Chem. 1989, 101, 522. 

70. Bain, C. D.; Whitesides, G. M. J. Am. Chem. Soc. 1989, 111, 7164. 

71. Fowkes, F. M.; Riddle, F. L., Jr.; Pastore, W. E.; Weber, A. A. Colloids Surf. 1990, 

43, 367. 

72. Chaudhury, M. K. Mater. Sci. Eng. 1996, R16, 97. 

73. Ahn, H.; Kim, M.; Sandman, D. J.; Whitten, J. E. Langmuir 2003, 19, 5303. 

74. Buttner, M.; Belser, T.; Oelhafen, P. J. Phys. Chem. B 2005, 109, 5464. 

 

 

 

!



 131 

Chapter 5.  Conclusions 

 

5.1. Conclusions 

 

New multidentate alkanethiols having cyclohexyl and pyridyl moieties as 

platforms have been rationally designed to generate a new type of SAMs. The unique 

multidentae adsorbate consisting of a cyclohexane ring as a framework is very attractive.  

Imbedded in this structure are (i) the chelating nature of having three headgroups which 

can bind to gold substrates, thus improving monolayer’s stability, and (ii) the rigid 

geometry afforded by the 1,3,5-trisubstituted cyclohexane ring increases the probability 

of adsorption of these headgroups to the gold surface.  In addition, new tridentate 

cyclohexyl-based alkanethiols are designed to possess long alkyl tailgroups in order to 

improve their monolayer’s order as compared to tridentate adamantanethiols, which fail 

to form well-packed films due to insufficient interchain van der Waals interactions.1 

The second type of adsorbate having a pyridine ring placed in close proximity to 

the headgroup was also designed to form SAMs.  The interaction between the lone pair 

electrons of nitrogen and the gold surface2,3 could improve thermal stability of this 

SAMs. With these reasons in mind, custom-tailored multidentate thiols with designated 

headgroups were designed and synthesized.  The structural properties and thermal 

stability of this monolayers was characterized using ellipsometry, contact angle 

goniometry, PM-IRRAS, and XPS.  
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In Chapter 2, we outlined the synthesis of tridentate adsorbates cyclohexane-

cis,cis-1,3,5-triyltrimethanethiol (CyTSH) and (cis,cis-1,3,5-trimethylcyclohexane-1,3,5-

triyl)trimethanethiol (3C1CyTSH).  These tridentate thiols were used to SAM on gold 

surface.  Different solvents (EtOH, isopropyl ether, DMF, toluene and THF) were used to 

optimize the binding of sulfur headgroups on gold surface.  XPS measurements for the 

S2p, C1s, and Au4f regions were used to verify the adsorption of these adsorbates on gold.  

Ellipsometric data were used to confirm the formation of a monolayer film on gold. 

Consequently, THF was found to be the solvent of choice to generate this 3C1CyTSH 

SAM with all sulfur atoms bound to the surface; 90% bound thiolates without oxdizied 

sulfur species.  On the other hand, CyTSH formed multilayer films with many unbound 

thiol species and oxidized sulfur moieties.  This is because the methyl groups of 

3C1CyTSH impart rigidity to the structure, which significantly enhances the 

chemisorption of sulfur to the gold surface. 

 In Chapter 3, the synthesis and characterization of SAMs generated from the 

analogs of the R3C6H6(CH2SH)3 (abbreviated as 3CnCyTSH) where R = -(CH2)nH and n 

= 1, 3, 8 and 13 were examined.  These adsorbates are the extended series of the 

3CnCyTSH structure studied in the previous chapter.  We studied the effect of 

lengthening the hydrocarbon chain on structural properties and thermal stability of the 

resultant films.  Based on XPS analysis, the % bound thiolate on gold increases with 

increasing the length of alkyl chains on a cyclohexane ring.  PM-IRRAS data indicated 

that these adsorbates generated loosely packed monolayer films with lower packing 

densities of the alkyl chains than a normal alkanethiolate SAM (C18SH).  The trends in 

packing density and conformational order for the SAMs were seen to decrease as follows: 
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C18SH >> 3C13CyTSH > 3C8CyTSH > 3C3CyTSH.  A preliminary study of the 

thermal stability of this series of SAMs shows that the tridentate adsorbates 

(3CnCyTSH) are more stable than the normal alkanethiolate SAM (C18SH),                    

a characteristic that is attributable to the chelating effect. 

 In Chapter 4, we synthesized and analyzed a new type of pyridyl-based adsorbate 

(C18OPDSH) used to form SAMs on gold.  This type of SAM was characterized and the 

data was compared to those generated from the normal alkanethiol C18SH and 

C18OBDSH using ellipsometry, contact angle goniometry, PM-IRRAS, and XPS.  The 

thermal stability of this new type of SAM was also investigated in comparison to that of 

C18OBDSH.  XPS data for the S2p region displayed that this aromatic dithiolate 

adsorbate does not fully bind on gold surface.  Furthermore, XPS analysis shows that a 

lone electron pair of pyridyl nitrogen atom of C18OPDSH interacted weakly with the 

gold surface.  Both C18OPDSH and C18OBDSH adsorbates generate loosely packed 

thin films when compared to n-alkanethiols (C18SH).  The evaluation of the thermal 

stability of the monolayers using XPS was also examined.  We found that the 

C18OPDSH SAM is more stable when compared to C18OBDSH and C18SH SAMs.  

We believe that the significant difference in the resistance of the C18OPDSH monolayer 

to thermal desorption is probably attributed to the extra interaction between the lone 

electron pair of pyridyl nitrogen and the gold surface. 
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ABSTRACT: Custom-designed surfactants, known as “linac-
tants”, have the ability to reduce the line tension between
coexisting phases within mixed monolayers of chemically
dissimilar compounds at the air!water interface. Thus far,
linactants have been successfully identified for only one type of
chemical dissimilarity, involving mixed monolayers of hydro-
carbon and fluorocarbon surfactants. In the present work, we have
pursued a more general interpretation of linactant compounds by
extending the concept to a new system that is comprised of a
mixture of aliphatic (pentadecanoic acid) and aromatic (p-
terphenyl carboxylic acid) compounds. We found that the “bare”
line tension between phases of this mixed monolayer was "4 pN,
and within the same order of magnitude as our previous measurement in mixed monolayers containing hydrocarbons and
fluorocarbons. Furthermore, we examined a homologous series of potential linactant compounds possessing an aliphatic tail of
variable length and a p-terphenyl block. We determined that linactants with longer tails were able to reduce the line tension more
efficiently and effectively. In particular, the addition of only 0.14% of a linactant with an 11-carbon chain reduced the line tension
by more than a factor of 2. We hypothesize that the efficiency of this particular linactant is associated with its long tail; this
creates strong van der Waals interactions with the aliphatic chains and enables the tail to adopt conformations that facilitate !-
stacking interactions with the aromatic compounds within the monolayer.

! INTRODUCTION
Line tension between coexisting phases in surfactant/lipid
monolayers and bilayers plays a pivotal role in various
applications, including biosensor technology and artificial
pulmonary surfactants.1!6 Furthermore, line tension has been
implicated as a potential factor for the stabilization of lipid rafts
within cellular domains.7,8 Understanding the physical
phenomena that influence line tension and creating rational
methods to control them remain as open and important
scientific problems.
Historically, it was discovered serendipitously that impurities

have the ability to lower the line tension between coexisting
monolayer phases.9,10 More recently, we have pursued
deliberate efforts to engineer molecules with the ability to
reduce line tension between coexisting phases that occur due to
specific types of chemical dissimilarity.11 We refer to these
molecules as “linactants”, as they are the two-dimensional
analogues of surfactant compounds. Research to date has
focused on developing linactants for binary mixtures of
hydrocarbon and fluorocarbon surfactants, such as pentadeca-
noic acid (PDA) and perfluoroundecanoic acid (PFUDA). In
these studies, the basic linactant structure consisted of a
phosphonic acid headgroup attached to one or two hydro-
phobic tails, where the tails contained both fluorocarbon and

hydrocarbon blocks. Initial experiments established that one-
tailed linactants were more efficient than two-tailed linactants,
which had one purely hydrocarbon tail, and a second, longer
tail with a hydrocarbon and fluorocarbon block.11 Additional
studies examined a homologous series of single-tailed
linactants12 and demonstrated that longer tail lengths and
larger fluorocarbon blocks led to greater linactant efficiency.
Further work by Malone et al. determined that these linactant
compounds formed two-dimensional micellar structures in two-
component mixtures with PFUDA.13

Recent theoretical studies have also focused on the ability of
naturally occurring linactants to control the size of lipid rafts
within the cell membrane. Akimov and co-workers considered
the line tension at the interface between liquid ordered/liquid
disordered phases, and estimated the line tension as a function
of membrane thickness; they also explored the conditions that
are required for raft formation and coalescence.14,15 Safran et al.
studied the effect of “hybrid lipids”, such as 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC), on the cell membrane
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and determined that these lipids could theoretically reduce the
line tension within cell membranes.7,8 Marrink and co-workers
extended this work using molecular dynamics simulations.16

Recent work by Yamamoto and Safran utilized a liquid crystal
model to predict that hybrid lipids have the ability to reduce the
line tension in “SHC” membranes composed of saturated lipids,
hybrid lipids, and cholesterol.17 Additional studies have
systematically examined how the degree of unsaturation within
the unsaturated tail of the hybrid lipid tail affects the line
tension in the system.18

Line tension has typically been studied in a canonical system
consisting of a phospholipid/cholesterol mixture,19,20 with
relatively few reports in other systems.9,21!23 Consequently,
there is a poor understanding of the fundamental relationships
between molecular structure/composition and line tension/
activity. Notably, the Langmuir monolayer literature demon-
strates that phase coexistence occurs readily as a consequence
of various types of chemical dissimilarity, such as those between
fluorocarbons and hydrocarbons,11,12 aromatic and aliphatic
hydrocarbons,24 saturated and unsaturated hydrocarbons,25,26

and saturated hydrocarbons of different lengths.25 A more
complete knowledge of line tension in such systems would
greatly enhance our understanding of the connections between
monolayer composition and quantitative values of line tension.
Therefore, in an effort to study the effects of aromatic!aliphatic
chemical dissimilarity, we considered the line tension of a

binary system composed of pentadecanoic acid and selected p-
terphenyl carboxylic acid. Using our previous studies of
hydrocarbon/fluorocarbon mixtures as a conceptual guide,
compounds with connected aliphatic and aromatic blocks were
designed as potential linactants. As described below, we found
that linactants with short hydrocarbon blocks were ineffective;
however, a compound whose tail contained a long hydrocarbon
block was found to be the most effective and efficient within
this series. We hypothesize that the longer tail increases the
effectiveness of the linactant because it enables it to adopt
multiple conformations, facilitating both van der Waals and !-
stacking interactions.

! MATERIALS AND METHODS
Materials. The structures of the carboxylic acids used to form

monolayers are shown in Scheme 1. These compounds were either
commercially available (PDA and Ter) or custom-synthesized in our
laboratories (TerC4, TerC7, and TerC11). The details of the
synthesis of the latter compounds are provided as Supporting
Information. Stock solutions of the compounds were prepared by
dissolving the individual surfactants in HPLC-grade tetrahydrofuran
(THF, Sigma Aldrich) at concentrations ranging from 0.1 to 1 mg/
mL. These solutions were then combined and gently mixed with a
syringe to obtain the desired experimental compositions. The “base”
two-component mixture used in the experiments described below
consisted of 96% PDA and 4% Ter. We note that the monolayer must
contain a large proportion of PDA for the PDA domains to be of a
sufficient size for bola relaxation measurements. However, because the

Scheme 1. Molecular Structure of the Carboxylic Acid Surfactants
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experiments were performed far from the critical point, it is expected
that the line tension has only a weak dependence on composition and
temperature. As described below, small quantities of TerC4, TerC7, or
TerC11 were added to this base mixture to evaluate their effectiveness
as linactant compounds.
Brewster Angle Microscopy of Langmuir Monolayers. A

custom built Langmuir trough was cleaned using HPLC grade ethanol
and HPLC grade chloroform, and the trough was then filled with
ultrapure water (Millipore Direct-Q UV3) and maintained at a
temperature of 23 ± 2 °C. To determine the degree of surface
contamination, we compressed the surface area of the trough using a
mechanical barrier and ensured that the surface pressure remained at
approximately 0 mN/m. The experimental solutions were then
deposited drop-by-drop onto the clean water surface. The resulting
monolayer was permitted to relax for 5 min to facilitate solvent
evaporation, and was then compressed at a constant barrier speed of
20 mm/min until a surface pressure of 5 mN/m was reached. This
surface pressure was maintained using feedback controlled by a
LabView virtual instrument.
We manually sheared the monolayer using a stainless steel

hypodermic needle, and obtained time sequences of images using a
custom-built Brewster angle microscope (BAM) as the deformed
monolayer structure relaxed to its equilibrium state. The BAM was
mounted directly onto a motorized x!y translation stage controlled by
a joystick, enabling us to follow specific areas of the monolayer despite
the drift (i.e., convection) induced by the shearing process. Movies
were recorded directly to a DVD at 30 frames per second; we ripped
individual frames for analysis using DvDxPro and Final Cut Pro. The
line tension was determined from measurements of domain relaxation
as described below.

! RESULTS AND DISCUSSION
Line Tension in Aromatic!Aliphatic Binary Mono-

layers. BAM images of all mixtures initially exhibited light-
colored circular domains surrounded by a darker matrix; some
are shown in Figure 1a. The contrast was consistent with

domains of a denser fluid (i.e., liquid or mesophase)
surrounded by a matrix of a less dense fluid (liquid or two-
dimensional vapor phase). The observations suggest that the
denser fluid phase was very rich in PDA. As discussed below,
upon addition of a relatively high concentration of linactant, the
domain boundaries sometimes became irregular (Figure 1b), a
qualitative indication of reduced line tension. To determine the
line tension, we observed the relaxation dynamics of deformed
circular domains, which formed structures known as “bolas”
upon shearing. A typical bola is shown in Figure 1a. The bolas
observed here typically consisted of two teardrop-shaped end
points with characteristic radius, R, connected by a single
thread. During relaxation, the thread shortened with time, and
the domain eventually returned to a circular shape. The line
tension of the system was the driving force for the relaxation

process, which was opposed in turn by dissipative forces. In this
case, the dominant source of dissipation was the viscous drag
associated with the subphase.20 To determine the relaxation
velocity, V, we measured the reduction in the end-to-end
distance (L) of the bola as a function of time (i.e., V = !dL/dt).
Under the conditions of our experiments, the relaxation

velocity of the bola could be quantitatively related to the line
tension (!) of the system by V = 3!/8"R, where " is the
viscosity of the subphase, and R is the radius of the disk-shaped
ends.20 Thus, by plotting a graph of V versus 1/R, the line
tension could be extracted from the slope of the curve. Figure 2

shows representative V versus 1/R data for the base two-
component system containing 96% PDA and 4% Ter, and data
obtained upon the addition of 0.20% of TerC11 to the base
system. Although both data sets displayed an approximately
linear trend, the slope of the curve was notably reduced after
the addition of the linactant compound, indicating a reduction
in the line tension of the system.
The bola relaxation data for the two-component PDA!Ter

system implied a line tension value of 3.7 ± 0.5 pN. By
comparison, our previous measurement of line tension between
coexisting phases in a fluorocarbon/hydrocarbon mixed
monolayer (performed at similar compositions of the respective
compounds) was on the order of 2 pN. The relative values of
line tension in this case are somewhat surprising because
conventional thermodynamic considerations would not suggest
that aromatic/aliphatic chemical dissimilarity is significant,
particularly in comparison with fluorocarbon/hydrocarbon
dissimilarity.27 To explore this phenomenon further, we used
the UNIFAC model to compute activity coefficients for both
the fluorocarbon/hydrocarbon and the aliphatic/aromatic
mixtures.28 We found that the fluorocarbon/hydrocarbon
mixture yielded an activity coefficient that was nearly 2 orders
of magnitude higher than that of the aliphatic/aromatic
mixture, suggesting that, as intuitively expected, the funda-
mental interactions within the fluorocarbon/hydrocarbon
system are dramatically more repulsive than those in the
aromatic/aliphatic system. As a caution against a quantitative
comparison, we note that the polar headgroups were not
included in these calculations. Nevertheless, the fact that we

Figure 1. Images of the mixed monolayers after the application of
shear: (a) within the base PDA-Ter system containing no linactant,
and (b) the same system, but with the addition of 0.14% of terphenyl
compound TerC11.

Figure 2. Bola relaxation velocity, V, versus the inverse radius of the
bola end, 1/R. The symbols are described within the legend. Straight
lines indicate fits to these data.
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measure an aliphatic/aromatic line tension that is actually twice
as large as the fluorocarbon/hydrocarbon line tension, when
the activity coefficient data indicate that the former is actually
expected to be dramatically smaller than the latter,28 suggests
that the two-dimensional environment is anomalous, and that
the boundary between monolayer phases cannot simply be
considered as a small section of the three-dimensional interface.
Linactants and Line-Tension Reduction. Notably, the

addition of an effective linactant compound dramatically altered
the structure of the bola, leading to irregular geometries as
exhibited in Figure 1b; this increase in the perimeter of the
relaxing domain was a qualitative indication that the line
tension of the system had been reduced substantially.
Furthermore, the average domain size was markedly smaller
upon the addition of an effective linactant, an observation
consistent with previous observations and theoretical pre-
dictions.10,11,20,22,29 As described above, the change of the slope
of the V versus 1/R curves in Figure 2 was a quantitative
indication of the reduction of line tension upon the addition of
linactant compounds.
Within a base system consisting of 96% PDA and 4% Ter,

linactants were added at concentrations ranging from 0.05% to
2.5%. The line tension was measured using the bola relaxation
method described earlier, and these data are summarized in
Figure 3. Broadly, the data follow the expected trend; the line

tension decreased with increasing concentrations of linactant.
Theoretically, the line tension would continue to decrease upon
the addition of more linactant until essentially saturating at a
limiting value at the critical aggregation concentration (CAC)
of the linactant.12 From Figure 3, it is apparent that the two
linactants with shorter carbon chains, TerC4 and TerC7,
induced a change in the line tension that was modest at best,
even at relatively high concentrations. TerC11, on the other
hand, which contained the longest aliphatic chain (10
methylene units), was the most efficient (largest slope) and
most effective (greatest total line tension reduction) linactant.
The previous most effective linactant, for example, reduced the

bare line tension of the relevant system to !70% of its original
value,12 whereas TerC11 reduced the line tension to less than
50% of its original value.
The error in the measurements (see Figure 3) can be

attributed to at least two factors. First, there is a variable density
of domains across the monolayer. In turn, the bolas can be
expected to relax relatively slowly in areas of high density, as
their path might plausibly be obstructed by the presence of
other domains. Second, bolas at higher linactant concentrations
might be irregularly shaped, as mentioned earlier. Conse-
quently, these bolas can be expected to exhibit slightly
nonlinear relaxation dynamics.
TerC11 also exhibited a relatively high efficiency, which, by

analogy with the traditional surfactant terminology, refers to the
quantity of a linactant that is required to change the line
tension by a certain amount.12 In Figure 4, we show the

efficiency, ("d!/dC), of the three linactant compounds as a
function of carbon chain length. To determine the efficiency,
we held the intercept constant, and then fit lines through each
data set, with appropriate weighting based on experimental
uncertainties. From Figure 4, it is apparent that the largest
linactant compound, TerC11, has the largest efficiency by far,
while the remaining two compounds have essentially no
statistically significant effect on the measured line tension.
Previous work in our group examined the effect of a
homologous series of linactants in fluorocarbon/hydrocarbon
mixtures; the largest linactant efficiency in this series was
approximately 13 ! 10"10 N;12 TerC11 has a similar efficiency
of approximately 14 ! 10"10 N, and is therefore as efficient as
the most efficient fluorocarbon/hydrocarbon linactant.
Our earlier work established that a linactant’s efficiency may

be correlated to its characteristic cluster size in Langmuir"
Blodgett films, and that a longer hydrophobic chain length
leads to greater efficiency.12A similar argument is applicable in
the present system. The hydrophobic component of
pentadecanoic acid is long and aliphatic; conversely, the
hydrophobic component of the pure terphenyl compound is
short and aromatic. An ideal linactant would need respective
components that are able to interact strongly with both of the
dissimilar chemistries. The short hydrocarbon chains offer little

Figure 3. Line tension as a function of linactant concentration. “!”,
“"”, and “#” correspond to carbon chains containing 4 carbons, 7
carbons, and 11 carbons, respectively. Lines are drawn as described in
the text. The error bars on each point represent the standard deviation
obtained for the straight line fit to the V versus 1/R plot for each
experimental condition.

Figure 4. Linactant efficiency as a function of carbon chain length. The
error bars represent the standard deviation for straight line fits to the
equation "d!/dC, using the data shown in Figure 3.
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van der Waals contact with neighboring species within a film,
and the short length of the hydrocarbon moiety in TerC4 and
TerC7 can plausibly lead to a diminished capacity for these
linactants to interact with the purely aliphatic compound in the
film (i.e., PDA). In addition, C14 has a longer carbon chain
than both of these linactants, which could lead to unfavorable
interactions with the aromatic moieties on the shorter
linactants, as shown in Figure 5a. The longer hydrocarbon

moiety in TerC11 affords a greater capacity for van der Waals
interaction, thereby facilitating interactions of this molecule
with both purely aliphatic and purely aromatic compounds at
phase boundaries within the two-component system. Fur-
thermore, the longer tail of TerC11 could potentially enable it
to adopt conformations that would facilitate interactions with
both the aromatic and the aliphatic components of the
monolayer. These interactions could include !-stacking
between the aromatic components. We illustrate this concept
in Figure 5b, where the long hydrocarbon chain in TerC11
enables strong interactions with the aliphatic chains in PDA,
and the aromatic moiety in TerC11 enables strong interactions
with the aromatic moiety of Ter.

! CONCLUSIONS
We determined the line tension within a binary system
composed of pentadecanoic acid (PDA) and p-terphenyl
carboxylic acid (Ter) and obtained a value of approximately
4 pN. In addition, we tested the line activity of a homologous
series of linactants composed of a hydrocarbon chain with
variable length and a p-terphenyl tailgroup. We determined that
the linactant compound with the longest hydrocarbon chain
was the most efficient and effective linactant of the series.
Consequently, we propose that the degree of linactant
efficiency is directly linked to the length of the aliphatic
chain. The long aliphatic chain in TerC11 facilitates strong van
der Waals interactions with the aliphatic chains of PDA;
consequently, this linactant can interact strongly with both
components of the binary system, as it is able to adopt multiple
conformations.
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