
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SELF-ASSEMBLED MONOLAYERS ON SI(111): FORMATION, 

CHARACTERIZATION, MODIFICATION, AND PROTEIN 

ADSORPTION 

 

 

------------------------------------ 

 

A Thesis 

Presented to 

The Faculty of the Department of Chemistry 

University of Houston 

 

------------------------------------ 

  

In Partial Fulfillment 

Of the Requirement for the Degree of 

Master of Science 

 

------------------------------------ 

By  

Bin Yang 

December, 2014 

 



ii 

SELF-ASSEMBLED MONOLAYERS ON SI(111): FORMATION, 

CHARACTERIZATION, MODIFICATION, AND PROTEIN 

ADSORPTION 

 
 

____________________________________ 
Bin Yang 

 
 

APPROVED: 
 

 
 

____________________________________ 
Dr. Chengzhi Cai, Chairman 

 
 
 

____________________________________ 
Dr. Loi Do 

 
 
 

____________________________________ 
Dr. Steven Baldelli 

 
 
 

____________________________________ 
Dr. Yandi Hu 

 
 
 
 
 

____________________________________ 
Dean, College of Natural Sciences and 
Mathematics 

 



iii 

ACKNOWLEDGMENTS 

 

First of all, I would like to thank all the people whom I have met and who 

have offered my help and support in this new and challenging environment.  

I would like to thank my supervisor, Dr. Chengzhi Cai, for his general ideas 

on how to carry out the whole project, and his knowledge and skills in all 

respects of this research (i.e., synthesis, vacuum technology, apparatus 

design), his efforts in discussion of my results and progress during the 

project, and help in pushing me to complete my thesis. 

I would like to thank Dr. Steven Baldelli, Ming Fang from his group, and 

Dr. Boris Makarenko for their generous help in solving the problems I had 

encountered in maintaining the vacuum systems. Dr. Boris was extremely 

kind and patient while helping me in aspects of theory and operation in 

vacuum technology and XPS. 

I would like to thank Dr. T. Randall Lee and all his considerate group 

members for granting me the use of some specific pieces of their equipment, 

such as the ellipsometer and the contact angle goniometer. They were very 

generous in sharing their techniques in surface chemistry, and also by 

showing solicitude with regard to my project and career. 



iv 

I would like to thank all of my group members in spending these several 

years with me. Kai Liu showed me the basic operations in wafer processing 

and surface preparation; Fei Yu and Siheng Li had helped me a lot in my 

everyday life and the experiments; Zhiling Zhu had helped me in the 

synthesis and provided various fine and interesting details.  

I would like to thank my committee members, Dr. Loi Do and Dr. Yandi 

Hu, for reviewing my thesis. 

Finally, I would like thanks my family for their support, care and 

encouragement throughout the entire research process. 

 

Bin Yang 

 

 

 

 

 

 

 

 

 

 



v 

SELF-ASSEMBLED MONOLAYERS ON SI(111): FORMATION, 

CHARACTERIZATION, MODIFICATION, AND PROTEIN 

ADSORPTION 

---------------------------------------------- 

An Abstract of Thesis 

Presented to 

The Faculty of the Department of Chemistry 

University of Houston 

-------------------------------------------- 

In Partial Fulfillment  

Of the Requirements for the Degree of 

Master of Science 

 

------------------------------------------------- 

By 

Bin Yang 

December, 2014 

 

 



vi 

ABSTRACT 

 

The aim of this thesis was to design and develop a stepwise strategy for fabricating 

protein resistant silicon surfaces. The adsorbate molecule comprises two alkyne groups 

separated by an 8 carbon alkyl chain and a triethyleneglycol chain. This diyne molecule 

was able to form 24 Å thick monolayers on hydrogen terminated Si(111) under high 

vacuum conditions via UV assisted hydrosilylation reaction. The estimated packing 

density of the monolayers was 60%, indicating a very dense packing of the adsorbates. 

Thus closely packed monolayers yielded a good stability both in ambient air and the 

PBS solution. 

By screening CuAAC (Copper-Catalyzed Azide-Alkyne Cycloaddition) reaction 

conditions, it was found that with a reagent concentration of 1.25 mM copper, 10 mM 

OEG7-azide, 25 mM ascorbate, and 1.25 mM histidine as accelerating ligand, and a 

reaction time of 2 h in an anaerobic chamber, a modified film with minimum protein 

adsorbance could be formed. The non-basicity and non-toxicity of this commercially 

available ligand histidine is believed to have important applications in the field of bio-

conjugation, and bio-adhesions. 

An apparatus with the use of a multichannel pipette and multiwell plate, the 

methodology of optimization and the screening of more CuAAC reaction conditions on 

the surfaces was designed and built. Preliminary results showed that the fluorescence 

intensity data resulted from adsorbed fibrinogen-Alexa Flore 488 was reliably 

comparable with that of the traditional ellipsometry and XPS data, and under higher 
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ligand concentrations, four similar compounds could be used as effective accelerating 

ligands for CuAAC reactions on the surfaces. 
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CHAPTER 1   INTRODUCTION 

 

1.1 Self-Assembled Monolayers 

Self-assembled monolayers (SAMs) are organic assemblies formed by the 

adsorption of molecules onto surfaces from solution or gas phases and consequent 

spontaneous organization into crystalline-like structures.1,2 The adsorbed molecules are 

called “adsorbates”, which usually contain alkyl chains of specific length that allow 

them to pack together through Van der Waals interactions; each alkyl chain is 

functionalized with a “headgroup”, to allow it to interact with surfaces through non-

covalent bonding. Formation of SAMs on surfaces is driven by the lowering of the free 

energy and reactivity of the surfaces (usually metal or metal oxide).1  

The discovery of SAMs can be dated back to 1946, when Zisman3 found that a 

variety of amphipathic alcohols, amines and carboxylic acid compounds in non-polar 

solvents can adsorb onto polished platinum or glass surfaces, and consequently make 

the surfaces hydrophobic. The most important properties of SAMs, such as that (i) the 

films are monomolecular; (ii) the formation of such films are reversible; (iii) the 

adsorbates are closely packed, forming a solid, plastic, or liquid-like state depending on 

the packing density; and (iv) the adsorbate molecules on solid surfaces are oriented, 

with the polar functional groups attached to the surfaces, and the alkyl chains almost 
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vertical to the surfaces, have all been indicated by this early study.  

Over the past six decades SAMs have been thoroughly studied and used in many 

applications, such as corrosion prevention,4,5 wear protection,6,7 chemical and 

biochemical sensing,8-10 and electro-optic devices.11,12 SAMs still serve as an important 

model to study self-organization and interfacial phenomena.13 

 

1.1.1 Formation of SAMs on metal surfaces 

SAMs have been widely applied on a variety of metal surfaces, including gold,14-

16 silver,15-17 palladium,18,19 copper4, etc. Among all substrates and adsorbates, 

alkanethiolates on gold surfaces represents the “standard” of SAMs, because gold is 

easy to obtain, easy to pattern, reasonably inert to oxygen and most chemicals, 

biocompatible, commonly used as a substrate for spectroscopic and analytical 

techniques, while thiols have a high affinity for gold (bond energy = 44 kcal/mol,16 

comparable to some weak covalent bonds), which can displace adventitious adsorbates 

from gold surfaces spontaneously.1 

The mechanism of the formation of self-assembled monolayers on metal surfaces, 

both in the gas phase and in solution, has been well studied.20-22 It was usually 

considered to be a two-step process: in the first step, the adsorbate molecules 
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approached the surfaces via diffusion, anchored on the surface via the chemical reaction 

between the head group of the adsorbate with the surface atoms, and adopted a “laying 

down” orientation; in the second step, when the “laid down” adsorbates reached a 

saturation on the surfaces, usually a submonolayer, the molecules realigned, adopting a 

“standing up” orientation, and closely packed until they formed a complete monolayer.  

 

1.1.2 Formation of SAMs on silicon surfaces 

Silicon surfaces are also extensively studied as a substrate for self-assembled 

monolayers,23,24 due to the semiconductor nature of silicon and its similarity in reactivity 

to carbon. There are several advantages of SAMs on silicon surfaces over SAMs on 

metals. First, the adsorbates are covalently bonded to the atop silicon atoms, generating 

a more stable monolayer. Secondly, many types of reactions can be conducted on silicon 

surfaces, as well as resulting in the monolayers termination without interruption of the 

monolayers-substrate interface. Thirdly, silicon is semiconductive and biocompatible, 

providing a vast possibility of applications in the fields of electro sensors,25 optical 

sensors,11,26 mechanical sensors,27,28 and biomedical sensors.29,30  

Although monolayers on silicon are generally stable to chemicals, environmental 

pH values, and heat,31 the major drawback of such system is that the bare silicon 

substrate is prone to atmospheric oxygen, which will oxidize the atop and the inner 
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silicon atoms, leading to the cleavage of the monolayers. The formation of closely-

packed monolayers and the minimization of oxidation of silicon substrate during and 

after the formation of monolayers is still a topic of ongoing research. 

Unlike the alkanethiolates on metal, or the chlorosilanes on silicon oxide, the 

formation of SAMs on silicon surfaces requires the generation of the silicon hydride by 

removing the naturally formed silicon oxide. The hydrogen-terminated silicon surfaces 

thus generated, can be chlorinated and then functionalized via Grignard reaction, which 

was extensively studied by Lewis’s group,32-35 or can react with alcohols via oxidative 

addition,36 or react with 1-alkenes and 1-alkynes via hydrosilylation. The latter among 

the above systems, which usually requires mild reaction conditions and generates the 

more stable interfaces, i.e., the Si-C bonds, has become the most common way to 

prepare monolayers on silicon surfaces. Although there have been varieties of methods 

carrying out hydrosilylation, the mechanisms of each seems to be complex and remains 

undetermined.37,38 

 

1.1.2.1 Thermal hydrosilylation 

In 1993, Linford and Chidsey39 published the first example of hydrosilylation on 

silicon surfaces. They prepared monolayers of densely packed, long alky chains with 

covalent linkage to a hydrogen-terminated silicon (H-Si(111) and H-Si(100)), by 
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heating diacyl peroxide solids with H-Si at 100oC, which caused the peroxide to be 

pyrolyzed by heat to generate alkyl radicals, that could abstract hydrogen atoms from 

the silicon surface and generate a dangling silicon bond, and quench such silicon 

radicals generated to form a Si-C bond.  

Linford and Chidsey further discovered that a small amount of peroxide can initiate 

the hydrosilylation of H-Si and 1-alkenes and 1-alkynes,40 and proposed a radical 

mechanism similar to analogous homogeneous reactions, where the silicon radical 

reacts with 1-alkene or 1-alkyne to form the Si-C as well as a β-silyl radical, which can 

abstract a nearby hydrogen and generate a new silicon dangling bond.41  

To avoid using additives in hydrosilylation, heat only can also be used to promote 

the hemolytic cleavage of the H-Si bond. In a series of studies by Zuilhof’s and 

Sudhölter’s groups,42-44 where 1-alkene or 1-alkyne solutions and hydrogen terminated 

silicon surfaces were heated to above 200oC to initiate the free radical reactions, they 

resulted in densely packed monolayers that were stable to heat, strong acids and bases, 

and the HF solution. 

 

1.1.2.2 Photohydrosilylation 

Other than thermal hydrosilylation, photohydrosilylation appears to be the most 
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common relevant method of performing hydrosilylation. The first examples of 

hydrosilylation by UV irradiation were also realized by Chidsey’s group,45,46 and since 

then photohydrosilylation has been widely applied on silicon-hydride surfaces.23  

Such a method provides the convenience of the absence of additives, short reaction 

times and mild reaction temperatures (usually at room temperature, and the heat 

generated by the light used is negligible), and generally affords good surface coverage, 

chemically stable surfaces, and allows for easy patterning.23 

However, the mechanism of photohydrosilylation seems to be complicated by 

possible combinations between Si-H dissociation, adsorbate radical formation, exciton-

driven hydrosilylation, and photoemission-driven hydrosilylation, depending on the 

wavenumber of the light, and the surface characteristics.38  

Visible light of specific wavelengths, or even ambient light can also initiate 

hydrosilylation as has been revealed in a series of studies by Zuilhof’s group.47,48 A 

recent study49 has shown that even when stored in the dark and at room temperature, the 

hydrosilylation can still occur spontaneously, although the time needed for a densely 

covered monolayer will be much longer. Since the light with wavenumber of more than 

354 nm cannot initiate hemolytic Si-H bond cleavage,38 hydrosilylation should proceed 

via a different pathway than via UV light promoted hydrosilylation, aka the exiton 

pathway. Although it is even more convenient and possibly safer than UV light 
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promoted hydrosilylation, this method is less-widely used because of long reaction 

times (10 or even 24 h) and the possible difficulties in the optimization of the reaction 

times. 

 

1.2 Protein Resistant SAMs 

Silicon is a promising candidate of substrates for bionsensors,50,51 drug carriers,52,53 

and implantable neural devices54,55 due to its biocompatibility and semiconductivity. 

These silicon-based transducers interconvert specific biomolecular interactions/events 

with electrical/optical/mechanical signals of the silicon devices. One of the critical 

issues limiting the sensitivity and specificity of these transducers is the non-specific 

adsorption of proteins onto the silicon surfaces.56 Protein adsorption is also the first step 

of inflammatory and fibrotic responses leading to a failure of many types of implanted 

devices.57 As a result, utilizing surface modification to minimize nonspecific protein 

adsorption has become a prior problem that needs solving and of ongoing interest in the 

field of biomaterials. 

 

1.2.1 Poly- or oligo-(ethylene glycol)-based protein resistant SAMs 

Thin films comprising poly- or oligo-(ethylene glycol) chains are among the most 

widely used and most protein-resistant coatings studied to date.58-64 Although PEG-
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mofidied surface samples are used for anti-fouling purposes in research history,65-70 it is 

thought nowadays that the mechanisms for the antifouling on either PEG or OEG 

modified surfaces are basically the same, by forming a thin water layer on the outmost 

surface on such samples and its repulsion of proteins.60,71-73 It is widely accepted that 

the packing density and the length of the EG chains are the most important parameters 

for the protein-resistance of the films. 

 

1.2.2 Other types of protein resistant SAMs 

Recently, other types of protein resistant monolayers such as zwitterions74-76 and 

polypeptides77 have also been developed. However, the mechanism of antifouling, 

biocompatibility, ability of further functionalization, and fields of applications of these 

modified surfaces have remained unclear and need to be further studied and explored. 

 

1.3 Copper(I)-Catalyzed Alkyne-Azide Cycloaddition 

Copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) was first discovered by 

Sharpless,78 which produced an improved version of the Huisegen alkyne-azide 

cycloaddition.79,80 Comparing to the original version which usually needs a high 

temperature, a long reaction time and yields both 1,4-triazoles and 1,5-triazoles, the 
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copper(I) catalyzed version can proceed at room temperature, at a short time, with a 

very high to quantitative yield, and results in 1,4-triazoles only,81 thus falling into the 

category of “click” reactions that Sharpless has proposed.82  

Due to the nature of being extremely mild, highly efficient, bioorthogonal, and 

biocompatible, the CuAAC reactions have been widely applied in the field of organic 

and polymer synthesis,83 modification of functionalized surfaces,84,85 

bioconjugation,86,87 biolabeling,88 and even reactions on live cells.89,90 

 

1.4 Goal of Study 

The goal of this study was to develop a step-wise strategy for preparation of a 

protein-resistant organic film on silicon surfaces utilizing CuAAC reaction. The protein 

resistance of the surfaces thus prepared should be as good as or better than the previous 

results in our group (< 1% monolayer of fibrinogen) by carefully selecting and 

examining the CuAAC reaction conditions. Apparatus and methods were to be built and 

studied for optimizing the CuAAC reaction conditions on functionalized silicon 

surfaces and for future chemical- and bio-array studies. 
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CHAPTER 2   PROTEIN-RESISTANT, “CLICKABLE” 

MONOLAYERS ON SI(111) PREPARED FROM AN 

ASYMMETRIC DIYNE 

 

2.1 Introduction 

Organic monolayers on non-oxidized silicon substrates have attracted considerable 

interest for their potential applications in silicon-based bioelectrical sensors and 

devices,1,2 nanoparticle probes,3-5 and nanoporous materials for drug delivery.6,7 For 

many such applications, the ideal monolayer platforms on non-oxidized silicon 

substrates should resist the non-specific interactions with proteins and allow bio-

functionalization under mild conditions. We and others have developed monolayers that 

present oligo(ethylene glycol)s (OEG), which are directly bound on non-oxidized 

silicon substrates via Si–C bonds.8-22 Formation of the Si–C bonds was achieved through 

surface hydrosilylation of an OEG-terminated alkene, e.g. DE-EG7 (Figure 2.1), on 

hydrogen-terminated silicon surfaces.23-26 For bio-functionalization on the thin film 

platform, copper-catalyzed alkyne-azide cycloaddition (CuAAC) reaction has the 

advantages of being rapid, mild and high-yielding, while generating a small and 

relatively hydrophilic triazoyl linkage.27-30 The CuAAC reaction has been used on 

various substrates31 for the attachment of ferrocenes for electro-sensing and electrode 

modification,32,33 peptides and sugars as ligands,34-37 and dyes for fluorescence 

sensors.38 Gooding and co-workers reported a practical method based on thermo-
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grafting of a commercially available distal diyne (1,8-nonadiyne or 1,4-

dienynylbenzene)39 to generate an alkyne-presenting monolayer platform on non-

oxidized silicon substrates.40-42 Such a “clickable” monolayer platform allows 

patterning of various bioactive molecules and OEG chains.40,43 We reported a 

monolayer platform presenting a long OEG chain terminated with a 

trimethylgermanium (TMG)-protected pentynyl group prepared by selective grafting of 

the enyne-TMG adsorbate DE-EG10-Petyn-TMG (Figure 2.1) onto H-Si(111) surfaces. 

This “clickable” monolayer platform exhibited excellent protein-resistance upon 

attachment of azido-terminated OEG via CuAAC reaction.44 The great protein-

resistance of the OEG-modified platform is due in part to the presence of the EG10 layer 

that screens the hydrophobic alkyl layer bound on the silicon substrate. However, the 

monolayer was quite thick (~6 nm) and the enyne-TMG adsorbate DE-EG10-Petyn-

TMG required 5 steps to be synthesized.  

 

Figure 2.1 Adsorbates for grafting onto H-Si(111) surfaces. 

In this chapter, we describe a simplified version of a monolayer platform 

presenting OEG-alkyne on non-oxidized silicon (111) derived from the asymmetric 

terminal diyne Dy-EG3-Pryn (Figure 2.1). Compared with the previous platform 

derived from DE-EG10-Petyn-TMG,44,45 there are several advantages in the current 

platform: 1) the molecular length is significantly shorter (59 Å vs 26 Å), resulting in a 
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significant reduction in film thickness, thus facilitating the transmission of electronic 

signals through the interface; 2) the hydrosilylation is considered more efficient since 

alkynes react faster than alkenes in the grafting to hydrogen terminated silicon 

surfaces;46,47 3) no TMG protecting group is needed, preventing the problem of 

incomplete deprotection during the one-pot deprotection-CuAAC reaction; and 4) the 

alkynyl group (propargyl vs TMG-pentynyl) is significantly smaller and less 

hydrophobic, thus should improve protein-resistance. Herein, we present the synthesis 

and purification of DE-EG3-Pryn and its site-selective photografting onto hydrogen-

terminated silicon (111) surfaces. The films were characterized by ellipsometry, (angle-

resolved) X-ray photoelectron spectroscopy and contact-angle measurement, and 

functionalized with OEG-azide through CuAAC followed by evaluation of its protein-

resistance.  

 

2.2 Results and Discussion 

2.2.1 Design of the adsorbate 

The design of the adsorbate Dy-EG3-Pryn was based on the following 

considerations. First, to render it “clickable”, surfaces presenting alkynyl groups are 

preferred over azido groups since azido groups are not compatible with either the UV- 

or the thermal-activated grafting of the adsorbate onto H-Si(111) surfaces.48,49 At least 

one additional step is needed to attach the azido group onto a monolayer platform on 

non-oxidized silicon.50-52 Second, it has been reported that alkynes are more reactive 
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than alkenes for hydrosilylation with hydrogen-terminated silicon surfaces,53 and form 

more stable monolayers.46 Third, to achieve an excellent protein-resistance, the OEG 

chain should contain more than six EG units11 with a density ranging from 2.80–3.74 

molecules/nm2 or 27–36 Å2/molecule, calculated from a normalized density of OEG at 

0.6-0.8 on Au(111).54 Such a density range maximizes the hydration on the OEG layer, 

thus the resistance of protein adsorption. The cross section of the triazole ring is about 

22–25 Å2,55,56 which is considerably smaller than the ideal density range (27–36 

Å2/molecule) for OEG layer to be protein-resistant, although larger than an alkyl chain 

in all-trans conformation (18–19 Å2),57-59 and an OEG chain in all-trans (17.1 Å2) or 

helical conformation (21.4 Å2).58,60 As described later, our monolayer platform presents 

alkynyl-EG3 chains at a density similar to the 21.4 Å2/molecule which is the density of 

MeO-EG3-C11-thiolate self-assembled monolayers on Au(111). Hence, we expect a 

good protein-resistance if the yield of the CuAAC reaction for grafting OEG chains onto 

the platform is higher than 60%. The CuAAC yield will be likely limited by the steric 

hindrance due to the large size of the transition state involving the alkyne, azide and a 

binuclear Cu(I) species.29,61  

To compensate for the loss of protein-resistance due to the hydrophobic TMG-

pentynyl group in DE-EG10-Petyn-TMG, we previously used a long OEG linker (EG10) 

to increase the hydrophilicity of the interface. If the small, less hydrophobic propargyl 

groups could be presented on a thinner OEG layer on the surface, upon functionalization 

with an OEG-azide via CuAAC reaction, the resultant protein-resistance could be as 

good as that which had been achieved on the films derived from DE-EG10-Petyn-TMG, 
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and the film thickness could be significantly decreased. Because the alkynyl group is 

more reactive than the terminal alkene for surface hydrosilylation, to present alkynyl 

groups on the surface by selective hydrosilylation of enyne adsorbates, we need to 

protect the alkynyl group with the TMG group, such as DE-EG10-Petyn-TMG. 

However, TMG-protection of the propargyl group gave a low yield and the product was 

difficult to purify. To overcome this problem, we reasoned that the asymmetric terminal 

diyne Dy-EG3-Pryn (Figure 2.1) could be site-selectively attached onto hydrogen-

terminated silicon surfaces.  

Although the ethynyl groups at both ends of Dy-EG3-Pryn may react with H-

Si(111) surfaces, we expected that the one at the hydrophobic alkyl chain would be 

preferred over the one at the EG3 chain for the following reasons. First, during 

physisorption the alkyl chain is expected to have a stronger association with the 

hydrophobic H-Si(111) surface than the hydrophilic OEG chain. Second, UV irradiation 

results in photoemission of electrons that are likely captured by the electrophilic 

propargyl-OEG, generating “holes” (radical cations) at the silicon surface (Scheme 

2.1).62-66 The electrophilic addition of the silicon cation is expected to preferably occur 

at the more nucleophilic alkynyl group rather than the OEG-propargyl group. Third, the 

incoming Dy-EG3-Pryn molecules may preferably adopt the same orientation as those 

bonded to the surface in order to maximize the hydrophobic interactions before reacting 

with the holes on the surface.  
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Scheme 2.1 Proposed mechanism for preferential anchoring of the more nucleophilic 
alkynyl group onto the “hole” generated by photo-ejection of electron from the silicon 
(111) surface.  

 

2.2.2 Photografting  

Photografting of the diyne Dy-EG3-Pryn onto the H-Si(111) substrates was 

performed by exposure to 254 nm UV at 6 mW/cm2 under an ultra-high vacuum (10-7 

Torr) for 2 h. It was reported that grafting alkynes onto H-Si(111) takes place at room 

temperature, even in the dark, to form a monolayer in 24 h, and this was proposed to be 

initiated by “exitons” generated photochemically or thermally near the H-Si surface.46,67 

We reasoned that although this was less convenient and required a specialized UHV 

chamber, grafting performed at a ultra-high vacuum would considerably improve the 

film quality since the O2 level even at 10–6 mbar of the vacuum is more than three orders 

of magnitudes lower than that in an anaerobic chamber (O2 level ~1 ppm). The low level 

of O2 is expected to greatly reduce the defect density due to oxidation of the silicon 

interface and oligomerization of the alkyne and alkene adsorbates.68 To accelerate 

grafting and decrease evaporation of Dy-EG3-Pryn, photo- rather than thermo-grafting 



25 

would be preferred. Also, photografting would favor the photoelectron emission 

mechanism which is expected to enhance selectivity for grafting at 1-decynyl group 

over the propargyl group.62-66  

 

2.2.3 Film thickness and packing density 

The thickness of the resultant films was measured to be 24 ± 1 Å and 21.4 ± 1.0 Å 

by ellipsometry and Si2p angle resolved XPS (ARXPS) (see experimental section), 

respectively. Notably, the ellipsometric thickness measurement has errors caused by 

predetermined mathematical models used for calculation,69 and absorption of 

hydrocarbon and water in the ambient environment may lead to an overestimate of the 

thickness.70 On the other hand, thickness measurement using ARXPS does involve an 

error from assumptions of attenuation length that slightly varies with take-off angle.71 

The measured film thickness (21.4 Å) precludes the possibility of bonding both sites of 

the molecule to the surface to a substantial extent. This film thickness is similar to the 

thickness (20 Å) reported by Harder et al. for the self-assembled monolayer (SAM) of 

MeO-EG3-(CH2)11SH on Au(111).71 The EG3 chains in the SAM adopted a helical 

conformation and oriented perpendicularly to the surface while the alkyl chains adopted 

an all-trans conformation and tilted 30º from the surface normal to maximize the van 

der Waals interactions (Figure 2.2).71 Considering the similar thickness for the Dy-EG3-

Pryn film and the SAM with the same OEG length (EG3) and the similar molecular 

length (Dy-EG3-Pryn: 26.3 Å; MeO-EG3-(CH2)11SH: 27.1 Å), we assumed that the 

monolayer from Dy-EG3-Pryn with the anticipated orientation on Si(111) would adopt 
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a similar conformation of the SAM. With this conformation, the molecular density of 

Dy-EG3-Pryn on Si(111) would be similar to that of the EG3-alkanethiolate SAM on 

Au(111), which was ~21.4 Å2 per molecule. With this conformation, the molecular 

density of Dy-EG3-Pryn would be 4.67 molecules/nm2 (21.4 Å2/molecule), and the 

coverage would be ~60% of the atop silicon atoms of Si(111) substrate (density 7.8 × 

1014 /cm2).72
  

The above estimated packing density was slightly higher than those of the alkyl 

(RC-C-Si) monolayers on Si(111) and fell in the range of those densely packed alkenyl 

(R-C=C-Si) monolayers on Si(111) arrived at in a number of other previous studies. The 

reported closely packed alkyl monolayers on Si(111) usually had a packing density of 

50-55%, and a theoretical maximum of 65%;73 similarly, the closely packed alkenyl 

monolayers on Si(111) had a packing density of 55-65% for 12-18 carbon alkenyl chains, 

and a theoretical maximum of 69% for long alkenyl monolayers.74 This packing density 

was lower than those chlorine functionalized Si(111) (80%),72 and methyl or acetylene 

terminated Si(111) (~100%).75 
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Figure 2.2 Thickness, density, conformation and tilt angle of the MeO-EG3 layer and 
the alkyl layer of the thiolate SAM on Au(111) reported,71 and those proposed here for 
the three layers (alkenyl/alkynyl/EG3) in orientations I and II with a ratio of m/n of the 
diyne monolayers on Si(111). 

 

2.2.4 Site-selectivity during photografting 

To determine the preferred orientation of the adsorbate, we measured the angle-

resolved XPS C1s signal intensities from the OEG chain in the film. Specifically, as 

shown in Figure 2.3 the three deconvoluted XPS C1s peaks were assigned to C–Si 

(283.8 eV), C–O (286.9 eV) and the rest of carbon atoms (C-C, 284.9 eV).72  
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Figure 2.3 XPS C1s narrow scan with deconvolution of a Dy-EG3-Pryn film on Si(111), 
performed at take-off angle of 75o. 

 

To estimate the ratio of the two orientations (I and II, Figure 2.2) in the film, the 

following conformation and the resultant thickness of the alkyl and EG3 layers are 

assumed. For the anticipated orientation I, as described above, the alkyl chain in the all-

trans conformation was tilted 30o to the surface normal, and the EG3 chain adopted a 

helical conformation with its long axis oriented perpendicular to the surface (Figure 2.2). 

In this conformation, the projected length of a methylene unit on the surface normal was 

1.10 Å.71 The alkenyl and alkynyl carbons are assumed to have the same length 

projected on the surface normal, while the projected length of an EG unit is 2.78 Å. 

Hence, the thickness (d1, d2 and d3) for the three layers was: 
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                           eq. 2.1 

                    eq. 2.2 

                    eq. 2.3 

The total length was 22.6 Å, which was close to the thickness measured by ARXPS 

(21.4 Å) and ellipsometry (24 Å).  

For the opposite orientation (II), the conformation is expected to be more random 

than the above orientation (I). For the sake of simplicity, we used the same thickness 

for the three segments for both orientations (Figure 2.2). 

Considering the photoelectrons generated from a thin layer of thickness z at a 

depth of z, the intensity of the photoelectrons measured by the detector is determined 

by the five terms as the follows:  

           eq. 2.4 

                              (1)    (2)         (3)                (4)                  (5) 

where the first term  is the incident x-ray flux; the second term is the number of atoms 

generating the photoelectrons, determined by the layer thickness z and area A0 of the 

emission or excitation, the photoelectron take-off angle α, and the atom density , which 

was estimated by the ratio of carbon numbers and thickness of each layer, and was thus 
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o

CHd d A    
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o
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o
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A z d E z
I D F

d E
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calculated to be  for the alkenyl or alkynyl layer, and  

for the EG3 layer; the third term is the probability of the emitted photoelectrons to reach 

the analyzer which is the product of the acceptance angle (0) of the analyzer and the 

differential cross-section (d/d) for photoemission; the forth term is the product of the 

detector efficiency (D0) and the analyzer transmission function F(E/E0) defining the 

fraction of photoelectrons of energy E delivered to the detector by the analyzer at an 

energy E0; and the fifth term is the Beer-Lambert law describing the probability of a 

photoelectron generated in the layer at depth z to escape from the film without losing 

energy, defined by the depth (z), the take-off angle α, and the attenuation length (E) for 

the carbon photoelectrons in the film, which was assumed to be 35.4 Å for the whole 

monolayer.45,47 

The photoelectron density from a segment within the depth from a to b (measured 

from the top of the monolayer), considering the attenuation effect, can then be calculated 

as: 

       eq. 2.5 

where the second, third, and fourth terms are the same for the different segments, since 

they were from same element (carbon) and measured at the same time and same 

configuration. 
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Assuming that the numbers of the diyne molecules within orientation I was 

represented by m, and within the opposite orientation II was represented by n, then the 

C1s intensity ratio for C-O/C-C (C-C includes alkynyl/alkenyl and C-Si carbons) can 

be written as: 

       q. 2.6 

The percentage of orientation I on the surface is m/(m+n). This percentage that has 

been derived from different take-off angles was calculated using the measured IC-O and 

IC-C values listed in Table 1 to be 69.6 ± 4.6%. This result confirms the site-selectivity 

for the hydrosilylation of the asymmetric diyne onto H-Si(111) as proposed above. The 

selectivity may be improved by decreasing the temperature requiring substantial add-on 

and adjustment of the UHV chamber, which is thought to be out of the scope of this 

study. Notably, irradiation at 254 nm UV may also lead to homolytic cleavage of Si-H 

bonds,76,77 generating highly reactive and less hindered silicon radicals (“dangling 

bonds”), thus decreasing the selectivity toward the asymmetric diyne. 
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Table 2.1 C1s Intensity for Alkyl- (IC-C) and Ethereal-Carbons (IC-O) Measured at 
Various Take-off Angles and the Ratio of the Two Orientations of the Asymmetric 
Diyne Grafted on Si(111) Surface. 

Take-off 

angle (º) 
IC-O IC-C IC-O/IC-C m/n m/(m+n) 

15 1796.5 2347.7 0.765 2.03 0.670 

30 2598.8 3296.0 0.788 2.02 0.669 

45 3186.8 3892.4 0.819 3.11 0.757 

60 4020.7 5039.5 0.798 2.74 0.733 

75 3936.7 5143.3 0.765 1.86 0.650 

 

2.2.5 Contact angles 

The advancing and receding water contact angles for the diyne monolayers are 70 

± 1o and 67 ± 1o, respectively. The small hysteresis between the advancing and receding 

contact angles indicated that the films were flat and homogenous. The advancing water 

contact angle was significantly lower than that of monolayer derived from 1,15-

hexadecadiyne on Si(111) (static contact angle ~87o),78 and higher than that (63 ± 2º)71 

reported for the SAM presenting EG3-OMe on Au(111) (Figure 2.2). The latter is 

consistent with the finding that the expected hydrophobicity of the propargyl group was 

higher than that of the OCH3 group. 

The above data can be used to roughly estimate the ratio of the two orientations by 

the Israelashvili equation:79 
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                           eq. 2.7 

                                                     eq. 2.8 

where θ is the advancing water contact angle of the heterogenous surface composed of 

a fraction of molecules in orientation I (f1) and a fraction of molecules in orientation II 

(f2); θ1 (63º) and θ2 (87º) were the advancing water contact angles of homogenous 

surfaces prepared from pure I and II, respectively. There was no contact angle data 

reported from a monolayer assembling the terminal group in orientation I, so the contact 

angle (63º) of the MeO-EG3 thiolate SAM in Figure 2 was used, which represents an 

underestimate of the value for the OEG-propargyl surface as mentioned above. Solving 

the combination of eq. 2.7 and eq. 2.8 gave f1 = 68.9% for orientation I, which was close 

to the value (69%) calculated from the XPS data. 

 

2.2.6 Stability 

The long-term stability of the films was tested in the air and in PBS (pH 7.4) 

solutions. For the films kept in the air for one week, the ellipsometric thicknesses and 

water contact angles were gradually decreased over time (Figure 2.4A), but there was 

no significant appearance of silicon oxide peak in the XPS Si2p region (Figure 2.4B), 

indicating that the film greatly reduced the oxidation of the silicon interface. Even 

substantial (~30%) amounts of the adsorbate bonded to the silicon surface via the 

hydrophilic OEG-propargyl chain (Orientation II, Figure 2.2), the results suggested that 

2 2 2
1 1 2 21+ cosθ) (1 cosθ ) (1 cosθ )f f   （

1 2 1f f 
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the penetration of oxygen and water to the silicon interface was significantly retarded 

by the monolayer with a high density.  

The XPS C1s signal (Figure 2.4B–F) showed the gradual appearance of a new peak 

at 288.4 eV, which could be attributed to carbonyl carbon (C=O). In our previous model 

study,80 we suggested that autoxidation of the OEG chain could result in chain cleavage 

forming carbonyl groups. Indeed, during the storage, we found that the C-O/C-C ratio, 

representing the number of OEG carbon vs the alkyl carbon, gradually decreased by 

7.2%, 29%, and 36% over a period of 7 days, indicating the degradation of the OEG 

chain. The OEG degradation might also account for the observed decrease of film 

thickness and the increase of the hydrophilicity of the films. 
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Figure 2.4 Stability of the diyne monolayers in the air. (A) Ellipsometric thicknesses 
and water contact angles of diyne monolayers during storage in the air. (B) XPS Si2p 
signal of diyne monolayers during storage in the air. (C) XPS C1s signal of freshly 
prepared diyne monolayers. (D), (E), (F) XPS C1s signal of diyne monolayers after 
being stored in the air for 1, 3, 7 days, respectively. 
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Figure 2.5 Stability of diyne monolayers in PBS solution (pH 7.4) at 37oC for up to 4 
weeks. Ellipsometric thicknesses and water contact angles (A), and XPS Si2p (B) 
narrow scans acquired after 2 and 4 weeks. (C), (D) XPS C1s narrow scans acquired 
after 2 and 4 weeks, respectively. 

 

The stability of the monolayers was significantly better when they were stored in 

water, even in electrolyte (PBS) at pH 7.4 and at an elevated temperature (37oC) for up 

to 4 weeks (Figure 2.5). The ellipsometric thickness and contact angle did not change 

during the course of 4 weeks (Figure 2.5A). Silicon oxide appeared after 4 weeks 

(Figure 2.5B), again revealing the good passivating ability of the diyne monolayers. 

Autoxidation also occurred on the carbon atoms in the OEG chain, but at a much slower 

rate (Figure 2.5C, D) compared to the degradation rate that occurred in the air. The 
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better stability of the films in PBS can be attributed to the diffusion of the reactive oxy 

species into the bulk solution.80 Only 6.0% and 18% of the OEG carbons were oxidized 

after 2 and 4 weeks of being stored in PBS solution, respectively. The improved stability 

of the diyne monolayers on silicon surfaces in biological relevant conditions suggests 

its potential applications in biological systems. 

 

2.2.7 Attaching OEG via CuAAC reaction 

CuAAC reaction on the films was first performed with 2-azidoethanol (2.8 mM) 

in the presence of the monotriazole Cu(I) ligand (TAA, 0.7 mM) to accelerate the 

reaction44 (Scheme 2.2), along with CuSO4 (0.7 mM), and sodium ascorbate (NaAsc, 

14 mM), and then shaking was applied at 100 rpm for 2 h inside an anaerobic chamber. 

After the reaction, the surface was washed, incubated and sonicated with DTPA solution 

to remove any remaining copper.  
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Scheme 2.2 Surface CuAAC reaction. 

The ellipsometric thickness of the films after CuAAC reaction remained at 24 Å. 

However, the advancing and receding contact angles dropped significantly from 70o/67o 

to 60o/57o, indicating to the substitution of the terminal hydrophobic alkyne group by 

the hydrophilic OH group. The N1s signal appeared in the survey XPS spectrum (Figure 

2.6A) after the reaction. High resolution XPS spectrum of the N1s region (Figure 2.6D) 

can be deconvoluted into two peaks at 398.7 eV and 400.0 eV which can be attributed 

to the N-N=N and N-N=N in the triazole ring, respectively.81 The ratio of these two 

nitrogen species was 1.7:1, which was close the theoretical value 2:1 for the presence 

of the 1,2,3-triazole ring. The silicon substrate and the OEG chain were not oxidized as 

indicated by the absence of oxide and carbonyl peaks in the Si2p and C1s spectra (Figure 

2.6B, C) during the click reaction phase performed in the anaerobic chamber with low 
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O2 level (<1 ppm). The C-O/C-C ratio increased to 9.2:10, which was consistent with 

the introduction of C-N and C-O atoms after the reaction. 

 

Figure 2.6 XPS spectra of the diyne-click-ethanol films. (A) Survey scan. (B), (C), (D) 
High resolution scan of Si2p, C1s, and N1s. (E) and (F) High resolution Cu2p XPS 
spectra. (E) Copper contaminated surfaces. (F) Copper clean surfaces. 
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The yield of the click reaction can be calculated as 35% by the C/N ratio (CN) in 

the XPS spectra using the following equation, with a high random uncertainty of ~20%82: 

                                         eq. 2.9 

where CN is the yield calculated by C/N ratio; C and N represent the carbon and nitrogen 

atomic concentration, which were ratios of the C1s peak area over its atomic sensitivity 

factor , and the N1s peak area over its atomic sensitivity factor ; 

19, 21, and 3 make up the carbon atom number in the diyne molecule, and the number 

of the carbon and nitrogen atoms in the triazole molecule formed by the reaction.  

We found that our previous procedure44 could not completely remove the residual 

copper after the reaction. XPS indicated a copper amount of ~0.4% of all elements on 

top of the silicon substrate ( , ). The Cu2p XPS indicates that 

most residual copper was in Cu(I) oxidation state with Cu2p 1/2 of 953.7 eV and Cu2p 

3/2 of 934.0 eV (Figure 2.6E). Only a small shoulder at 936 eV corresponding to Cu2p 

3/2 of Cu(II)83 was found. The Cu(I) oxidation state may be stabilized by the alkynyl 

and triazole ligands in the film. The residual copper should be completely removed, 

since it catalyzes the autooxidative degradation of the films. We found that Gooding’s 

method,84 which included a short incubation time of the surfaces with HCl solution, 

removed the copper more effectively than our previous method with no observable 

degradation of the film.85 Alternatively, we developed a mild procedure using a strong 

Cu(II) chelating reagent, Na5DTPA with 100 times higher binding affinity over EDTA 

19(1 ) 21

3
N N

N

C CC

N C

 


0.314C  0.499N 

0.733O  4.395Cu 
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for Cu(II). Using this and Gooding’s method method, no copper could be detected in 

the film by XPS (Figure 2.6F). 

 

2.2.8 Protein resistance 

The protein resistance of the film was evaluated by immersion in a fibrinogen 

solution (1 mg/mL) for 1 h followed by measurement of the increase of the ellipsometric 

thickness and N1s, and C1s of carbonyl XPS signal intensity. The Dy-EG3-Pryn film 

thickness was increased from 24 Å to 71 Å, corresponding to a 78% monolayer of 

protein adsorbed on the film. The protein adsorptions derived from the XPS data were 

87% for  and 86% for . This protein adsorption was higher than the value of 

60% for the monolayer presenting MeO-EG3 on Si(111).11 The advancing and receding 

water contact angle of the diyne-fibrinogen film was 77o/71o. 

The CuAAC reaction conditions were optimized and the protein resistance was 

monitored for the modified surfaces. All CuAAC reactions were carried out in an 

anaerobic chamber, in the presence of CuSO4 (1.25 mM) and NaAsc (25 mM) for 2 h. 

The films before and after the reaction were characterized with ellipsometry, contact 

angle goniometry and XPS (Table 2.2).  

 

 

 

%NA %CA
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Table 2.2 Characterization of the Films after CuAAC under Various Conditions. 

Ent
ry 

Cu 
/mM 

EG7-
azide 
/mM 

L 
/mM 

Asc 
/mM 

Te 
/Å 

θa/r 
/o 

C-O/ 
C-C 

CN 
/% 

Te’ 
/Å 

θa/r’ 
/o 

Fibrinogen 
adsorption  

/% 

Ae AN AC 

1a 0 0 0 0 24 
70/ 
67 

0.82 0 71 
77/ 
71 

78 87 86 

2 1.25 1.25 
TAA 
1.25 

25 35 
62/ 
59 

0.90 30 50 
66/ 
62 

25 24 30 

3 1.25 1.25 0 25 37 
54/ 
54 

1.2 45 47 
60/ 
54 

17 17 23 

4 1.25 10 
TAA 
1.25 

25 37 
51/ 
48 

1.2 50 41 
51/ 
48 

6.
7 

9.
2 

10 

5 1.25 10 
His 
1.25 

25 33 
52/ 
50 

1.4 53 35 
52/ 
48 

3.
3 

0 0 

a: Before CuAAC reaction. Te: ellipsometric thickness after click reaction. θa/r: 
advancing and receding water contact angle after click reaction. C-O/C-C: peak area of 
C-O over peak area of C-C after deconvoluting the C1s spectra. CN: yield of click 
reaction calculated by C/N ratio in XPS spectra by eq. 2.11. Te’: ellipsometric thickness 
after fibrinogen adsorption. θa/r’: advancing and receding water contact angle after 
fibrinogen adsorption. Ae: calculated by ellipsometry. AN: calculated by difference of 
N1s peak area before and after fibrinogen adsorption. AC: calculated by amide carbon 
peak area of C1s signal before and after fibrinogen adsorption. XPS detection limit of 
fibrinogen is ~0.8% monolayer.44 Data in entry 2-5 was obtained from one surface 
sample for each entry.  

 

The diyne monolayers, as mentioned above, had very limited protein resistance. 

Utilizing a CuAAC reaction with 1.25 mM CuSO4, 1.25 mM EG7-azide, 1.25 mM TAA 

ligand and 25 mM sodium ascorbate at room temperature in an anaerobic chamber 

(Scheme 2.2), a significantly thicker (35 Å) and more hydrophilic surface (θa/r = 62o/59o) 



43 

was obtained, with a much-improved protein resistance (~25%), although the yield of 

the clicked reaction remained low (30%) (Entry 2). The C-O/C-C ratio also increased 

slightly (0.90:1) since there were only oxygen (and nitrogen) connected carbon atoms 

in the EG7-azide. 

Interestingly, when no accelerating ligand was used (Entry. 3), the C-O/C-C value 

and the yield was noticeably higher, although the protein resistance only increased 

several percentage points. Interestingly, no copper species was found left in the film 

after the reaction. 

The concentration of the azide was then raised to 10 mM since the surface CuAAC 

reaction rate was in first order in terms of azide concentration,86 while the concentration 

of monotriazole ligand remained the same (Entry 4). It can be seen that the contact angle 

and protein adsorption decreased to a much larger extent than that of the increase of the 

ellipsometric thickness. The yield of the click reaction also improved to 50%. In spite 

of the systematic error of the ellipsometry, it was likely that the packing of the grafted 

EG7 chain was not closely packed and adopted an amorphous form, rather than a helix 

or zig-zag conformation, so that the ellipsometric thickness did not increase linearly.  

When switching to a commercially available (L)+histidine as the accelerating 

ligand, it was surprisingly found that the modified surface reached a high protein 

resistance, although the yield of the click reaction was still modest (53%). The C-O/C-

C ratio increased to 1.4:1, which was still much lower than the theoretical C-O(N)/C-C 

in the clicked molecule at 2.8:1 (25:9). There was no observable new amide carbon peak 

in the C1s spectrum and the C-O/C-C ratio remained the same after fibrinogen 
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adsorption (Figure 7A,B). Similarly, there was no observable/deconvolutable new 

amide nitrogen peak (401.3 eV) in the N1s spectrum and the N-N=N/N-N=N ratio 

remained the same after fibrinogen adsorption (Figure 7C,D), indicating that the protein 

adsorption was lower than the detection limit (~1%) of the XPS method. 

 

Figure 2.7 Utilizing histidine as accelerating ligand in CuAAC reaction to achieve the 
highest protein resistance. (A), (C) High resolution C1s and N1s XPS spectra after 
CuAAC reaction. (B), (D) High resolution C1s and N1s XPS spectra after fibrinogen 
adsorption on the CuAAC modified surfaces. 
 

The use of histidine, a natural and non-basic amino acid, as an accelerating ligand 

in CuAAC reaction is uncommon. Except in the cases of the study using histidine as a 
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ligand in the solution based CuAAC reaction by Tanaka et al.,87,88 and the study using 

histidine as a non-toxic ligand in CuAAC reaction inside cells,89 we believe that this is 

the first case using histidine as an efficient ligand in CuAAC reaction on surfaces. 

Combining the advantages of being non-expensive, non-basic, and non-toxic, histidine 

may be able to act as a good accelerating ligand for CuAAC reaction on other surfaces 

presenting alkynes. The actual chelating and catalyzing mechanism of histidine 

promoted CuAAC reaction, however, remains unknown and is in need of further study. 

 

2.3 Experimental 

2.3.1 Materials 

2.3.1.1 Materials for silicon wafer processing 

Single-side polished silicon (111) wafers (p type, boron doped, resistivity 1-10 Ωcm, 

thickness 335–365 μm, Sil’tronix), ammonium fluoride solution (40%, semiconductor 

grade VLSI PURANAL), dichloromethane (GR ACS, SigmaAldrich), sulfuric acid (GR 

ACS, EMD Millipore), hydrogen peroxide (30%, AR ACS, Macron), ethyl alcohol (200 

proof, Pharmco-Aaper) were purchased. Ultrapure water of 18.2 MΩcm resistivity was 

obtained from a MilliQ Gradient water purification system (EMD Millipore). 

 

2.3.1.2 Materials for synthesis of DE-EG3-Pryn 

9-Decen-1-ol (97%), triethylene glycol (BioUltra, anhydrous, 99%), n-butyllithium 

solution (2.5M in hexanes), propargyl bromide (80 wt% in toluene), bromine (99.5%), 
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sodium hydride (95%), N,N,N’,N’-tetramethyl-1,3-propanediamine (99%), p-

toluenesulfonyl chloride (98%), histamine dihydrochloride (99%), sodium chloride 

(99%), sodium sulfate (99%), hexane (ACS), and ethyl acetate (ACS) were purchased 

from Sigma-Aldrich and used directly. Diisopropylamine (99%) was purchased from 

Alfa Aesar. Sodium hydroxide (ACS) and toluene (ACS) were purchased from Macron. 

Diethylene glycol was purchased from Fisher Scientific. 

 

2.3.1.3 Materials for surface functionalization 

L-(+)-histidine hydrochloric monohydrate (98%), 2-picolylamine (99%), 2-(2-

pyridyl)ethylamine (95%), diethylenetriaminepentaacetic acid (DTPA, 99%) and 

Fibrinogen (fraction I, type I-S, from bovine plasma, 74% Biuret)  were purchased from 

Sigma-Aldrich. Hydrochloric acid (ACS) was purchased from Macron. Copper sulfate 

pentahydrate was purchased from BDH. Ethylenedinitrilotetraacetic acid disodium salt 

dihydrate (Na2EDTA, ACS) was purchased from Mallinckrodt. L-ascorbic acid sodium 

salt (NaASC, 99%) was purchased from Alfa Aesar. Fibrinogen from human plasma-

Alexa Fluor 488 conjugate (Fibrinogen-Alexa Fluor 488) was purchased from 

Invitrogen. 

 

2.3.2 Synthesis of DE-EG3-Pryn 

Air or water sensitive reactions were performed under nitrogen or argon 

environments using Schlenk line technique. Column chromatography was carried out 
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on 230-400 mesh silica gel from SiliCycle. Thin-layer chromatography was performed 

using polyester-based silica G TLC plates from Sorbtech. NMR spectra were collected 

on a JEOL ECA-500 MHz spectrometer. Chemical shifts are expressed in δ (parts per 

million, ppm) values. 1H NMR spectra were referenced to the solvent signal (CDCl3: 

7.26 ppm). 13C NMR spectra were also referenced to the solvent signal (CDCl3: 77.0 

ppm). 

Scheme 2.3 Synthesis of the adsorbate Dy-EG3-Pryn. 

9,10-dibromodecan-1-ol (4)90 

Into a 50 mL round bottom flask 2.50 g (16 mmol) 9-decen-1-ol (1) was added and 

dissolved in 20 mL dichloromethane, then the solution was cooled to -30oC in an 

ethylene glycol/ethanol/dry ice bath. In 10 mL dichloromethane 2.81 g (17.6 mmol) 

bromine was dissolved and the solution was added to the above mixture drop-wise. After 

the addition, the solution was allowed to warm to room temperature and stirred for 30 

min, then quenched with NaOH solution. The organic layer was washed with brine, then 

dried over Na2SO4, and concentrated to give 4.80 g 4 (95%) as a colorless oil. 

Rf: 0.69 (60% ethyl acetate/hexane) 
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1H NMR (500 MHz, CDCl3) of compound 4: δ = 4.13-4.20 (m, 1H), 3.85 (dd, J = 

5.2, 4.5 Hz, 1H), 3.59-3.68 (m, 3H), 2.08-2.18 (m, 1H), 1.70-1.84 (m, 1H), 1.57 (quint, 

J = 6.5 Hz, 2H), 1.24-1.48 (m, 10H). 

 

Figure 2.8 1H NMR (500 MHz, CDCl3) of compound 4.  

 

13C NMR (126 MHz, CDCl3) of compound 4: δ = 63.01, 53.10, 36.33, 35.95, 32.71, 

29.29, 29.25, 28.69, 26.68, 25.65. 
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Figure 2.9 13C NMR (126 MHz, CDCl3) of compound 4.  

 

9-decyn-1-ol (5) 

Into a 100 mL Schlenk flask, 10 mL anhydrous THF and 10.5 mL (75 mmol) 

redistilled diisopropylamine was added, and it was then cooled to -78oC. 25 mL 2.5 M 

(62.5 mmol) nBuLi in hexanes was added drop-wise into the Schlenk flask under Ar. 

The reaction mixture was stirred at -78oC for 30 min, then at room temperature for 30 

min, then cooled to -78oC again. 3.95 g (12.5 mmol) 9,10-dibromodecan-1-ol (4) was 

dissolved in 10 mL anhydrous THF and transferred to the above prepared LDA solution 

via canula needle. The reaction mixture was stirred continuously at -78oC for 3 h and 



50 

then at room temperature for 1 h, the solution was then quenched with saturated 

NH4Cl/H2O. The mixture was then poured into a hexane/water mixture. The hexane 

layer was washed with water, then brine, dried over Na2SO4, then concentrated in vacuo. 

The crude product was purified by silica gel column chromatography (10% ethyl 

acetate/hexane) to yield 1.79 g 5 (93%) as a colorless oil. 

Rf: 0.68 (60% ethyl acetate/hexane) 

1H NMR (500 MHz, CDCl3) of compound 5: δ = 3.63 (t, J = 5.5 Hz, 2H), 2.17 (dt, 

J = 7.0, 2.5 Hz, 2H), 1.93 (t, J = 2.5 Hz, 1H), 1.48-1.59 (m, 4H), 1.28-1.42 (m, 8H). 

 

Figure 2.10 1H NMR (500 MHz, CDCl3) of compound 5.  
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13C NMR (126 MHz, CDCl3) of compound 5: δ = 84.71, 68.06, 62.98, 32.71, 29.23, 

29.01, 28.62, 28.40, 25.64, 18.34. 

 

Figure 2.11 13C NMR (126 MHz, CDCl3) of compound 5.  

 

dec-9-yn-1-yl 4-methylbenzenesulfonate (6) 

A solution of 5 (0.77 g, 5 mmol) and N,N,N’,N’-tetramethyl-1,3-propanediamine 

(2.51 mL, 15 mmol) in toluene (20 mL) was cooled to 0oC, and treated drop-wise over 

1 h with a solution of 4-toluenesulfonyl chloride (1.96 g, 10 mmol) in toluene (20 mL). 

The reaction mixture was stirred continuously at 0 oC for 2 h, and poured into the 

hexane/water (1:1, 100 mL) mixture. The organic layer was washed with water and then 
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brine, dried over Na2SO4, and concentrated in vacuo. The crude product was purified 

by silica gel column chromatography (5% ethyl acetate/hexane) to give 6 (1.39 g, 90%) 

as colorless oil. 

Rf: 0.46 (20% ethyl acetate/hexane) 

1H NMR (500 MHz, CDCl3) of compound 6: δ = 7.79 (d, J = 8.0 Hz, 2H), 7.34 (d, 

J = 8.5 Hz, 2H), 4.01 (t, J = 6.5 Hz, 2H), 2.45 (s, 3H), 2.16 (dt, J = 7.0, 2.5 Hz, 2H), 

1.93 (t, J = 2.5 Hz, 1H), 1.63 (quint, J = 6.5 Hz, 2H), 1.49 (quint, J = 7.0 Hz, 2H), 1.20-

1.38 (m, 8H). 

 

Figure 2.12 1H NMR (500 MHz, CDCl3) of compound 6.  
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13C NMR (126 MHz, CDCl3) of compound 6: δ = 144.62, 133.16, 129.78, 127.86, 

84.61, 70.61, 68.13, 28.80, 28.73, 28.50, 28.32, 25.23, 21.62, 18.32. 

 

Figure 2.13 13C NMR (126 MHz, CDCl3) of compound 6.  

 

2-(2-(2-(prop-2-yn-1-yloxy)ethoxy)ethoxy)ethan-1-ol (7) 

Under N2 atmosphere, 8.0 mL (60 mmol) triethylene glycol was added to 15 mL 

anhydrous THF and cooled to 0oC. 0.72 g (30 mmol) sodium hydride was added slowly 

to the solution. The mixture was stirred at 0oC for 2 h. 3.26 mL (30 mmol) propargyl 

bromide in toluene (80% wt%) was added drop-wise. The solution was stirred at room 

temperature for 24 h, then quenched with saturated NH4Cl/H2O, and poured into an 
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ethyl acetate/water mixture. The ethyl acetate layer was washed with water, then brine, 

dried over Na2SO4, then concentrated in vacuo. The crude product was purified by silica 

gel column chromatography (60% ethyl acetate/hexane) to give 3.59 g 7 (64%) as a 

colorless oil. 

Rf: 0.51 (10% methanol/ethyl acetate) 

1H NMR (500 MHz, CDCl3) of compound 7: δ = 4.19 (d, J = 2.5 Hz, 2H), 3.64-

3.73 (m, 10H), 3.60 (t, J = 4.5 Hz, 2H), 2.51 (t, J = 6.0 Hz, 1H), 2.42 (t, J = 2.2 Hz, 1H). 

 

Figure 2.14 1H NMR (500 MHz, CDCl3) of compound 7. 
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13C NMR (126 MHz, CDCl3) of compound 7: δ = 79.51, 74.57, 72.42, 70.58, 70.34, 

70.29, 69.02, 61.71, 58.37. 

 

Figure 2.15 13C NMR (126 MHz, CDCl3) of compound 7. 

 

4,7,10,13-tetraoxatricosa-1,22-diyne (Dy-EG3-Pryn) 

Under an N2 atmosphere, 1.88 g (10 mmol) 7 was added drop-wise to a suspension 

of 0.60 g (25 mmol) NaH in 20 mL anhydrous THF at 0oC. The mixture was stirred 

continuously at 0oC for 1h. 1.54 g (5 mmol) 6 was added to the reaction mixture drop-

wise, the solution was then stirred at room temperature for 20 h. The reaction was 

quenched by adding saturated NH4Cl/H2O, and the reaction mixture was poured into an 
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ethyl acetate/water mixture. The ethyl acetate layer was washed with water, then brine, 

dried over Na2SO4, then concentrated in vacuo. The crude product was purified by silica 

gel column chromatography (15% ethyl acetate/hexane) to give 0.97 g Dy-EG3-Pryn 

(60%) as a colorless oil. 

Rf: 0.55 (50% ethyl acetate/hexane) 

1H NMR (500 MHz, CDCl3) of Dy-EG3-Pryn: δ = 4.20 (d, J = 2.0 Hz, 2H), 3.55-

3.72 (m, 12H), 3.44 (t, J = 6.7 Hz, 2H), 2.42 (t, J = 2.2 Hz, 1H), 2.17 (dt, J = 7.0, 2.5 

Hz, 2H), 1.93 (t, J = 2.5 Hz, 1H), 1.47-1.61 (m, 4H), 1.24-1.41 (m, 8H). 

 

Figure 2.16 1H NMR (500 MHz, CDCl3) of Dy-EG3-Pryn.  
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13C NMR (126 MHz, CDCl3) of Dy-EG3-Pryn: δ = 84.73, 79.62, 74.47, 71.46, 

70.60, 70.56, 70.38, 70.02, 69.07, 68.05, 58.37, 29.56, 29.29, 29.01, 28.65, 28.41, 25.99, 

18.34. 

 

Figure 2.17 13C NMR (126 MHz, CDCl3) of Dy-EG3-Pryn. 

 

2.3.3 Photografting of Dy-EG3-Pryn onto H-Si(111)  

2.3.3.1 Preparation of H-Si(111) substrate surfaces 

The procedure was similar to those previously reported.44,45 The Si(111) wafer was 

first cut into pieces of  2 × 2 cm2 by diamond or carbide scriber, then thoroughly washed 

with MilliQ water and ethanol. The wafer was then immersed into a piranha solution 
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(prepared by pouring 3 portions of concentrated sulfuric acid into 1 portion of 30% 

hydrogen peroxide solution) and heated at 80oC for 30 min to remove any organic 

contaminants. (Caution: piranha solutions react violently with organic materials and 

should be handled with extreme care). The wafer was then rinsed thoroughly by MilliQ 

water for each side, dried by a flow of Argon, and immediately immersed in an Argon 

saturated 40% NH4F solution in a Teflon beaker with the wafer standing by the wall of 

the beaker at a ~30º tilt angle and with the flat side facing upward.  The beaker was 

inside an argon-filled polypropylene container with a screw cover through which two 

PTFE tubings were introduced into the container and the solution for slow bubbling of 

Ar. The substrate was incubated for 15 min under the slow bubbling of Argon. The wafer 

was removed from the solution and rapidly rinsed with Argon-saturated MilliQ water, 

and immediately dried by a flow of Argon. The H-Si(111) thus prepared was used 

immediately in the following step. 

 

2.3.3.2 Setup and procedure for photografting 

The photografting of Dy-EG3-Pryn onto the H-Si(111) surface was performed in 

a home-built UHV chamber (Figure 2.8). The H-Si(111) substrate was attached to the 

end plat of a linear manipulator and placed ~5 cm above the droplets of Dy-EG3-Pryn 

(1 mg/cm2 H-Si(111) surface) on a quartz disk placed on top of the quartz window at 

the bottom of the UHV chamber. The chamber was pumped down to ~10-7 mbar within 

30 min and then the H-Si(111) substrate was brought down through the linear 
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manipulator to form a homogenous thin layer of Dy-EG3-Pryn sandwiched between the 

quartz plate and the H-Si(111) surface.  

 

 

Figure 2.18 Ultrahigh vacuum system for photografting onto H-Si(111) surfaces 

A UVP Transilluminator TFS-20V with a UVG filter (20 x 20 cm) under the quartz 

window was then turned on to illuminate the H-Si(111) surface with 254 nm UV light. 

The UV light intensity at the site of the H-Si(111) surface was determined to be 6 

mW/cm2 using a radiometer (UVP, UVX), and the vacuum was measured by a cold 

cathode gauge (Pfeiffer, IKR 251) to be in the magnitude of 10-7 Torr during the reaction. 

After the reaction, high purity nitrogen gas was introduced into the vacuum chamber to 

restore atmospheric pressure. The wafers were removed from the vacuum chamber, 
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washed thoroughly by dichloromethane, ethanol and water, and dried by the flow of 

Argon. 

 

2.3.4 Molecular length estimation 

The molecular length of Dy-EG3-Pryn was estimated after geometric optimization 

of all-trans conformations using molecular mechanics (MM2) through ChemBio3D 

software (CambridgeSoft Corp.).  

 

2.3.5 Ellipsometric measurement 

The ellipsometry data was collected on a Geartner Stokes LSE Ellipsometer 

equipped with a 632.9 nm HeNe laser light source, and the incidence angle was fixed at 

70o. The refractive index Ns and absorption coefficient Ks of the Si(111) substrate was 

set to 3.85 and 0.02, respectively, and the refractive index of the monolayers or silicon 

oxides on Si(111) was set to 1.46.91-93 The measurement was performed after calibration 

of the ellipsometer under ambient conditions, and the thickness was automatically 

calculated by the GEMP measurement program. All measurements were performed at 

least nine times at random locations on each sample. The standard deviation of the 

measured thickness was ±1 Å. 
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2.3.6 Calibration of ellipsometer 

To calibrate the ellipsometer for measuring the thickness of ultra-thin organic films 

(<10 nm) on silicon substrates, an oxide layer was grown on silicon wafers by dry 

oxidation method.94 The Si(111) wafers with a size of 2 cm x 2 cm were first etched by 

40% NH4F solution to remove the naturally grown silicon oxide (ca. 5 Å), then placed 

in a Al2O3 ceramic boat. The wafer along with the boat were then pushed into the center 

of the horizontal high-purity Al2O3 ceramic tube, which could then be heated by the 

PID-controlled furnace (MTI, GLS 1300X) (Scheme 2.4). Ultra-high-purity oxygen 

(Matheson, 99.98%, water content < 5 ppm) was run through the ceramic tube for 1 h 

at 200 mL/min to saturate the atmosphere inside the tube. The tube was then heated by 

the furnace at 10oC/min, and then maintained at 600oC or 700oC for 1h, while oxygen 

gas was kept running at the same rate, and the pressure inside the tube was maintained 

at 1 atm. The tube was then allowed to cool down to room temperature before the wafers 

were removed.  

 

Scheme 2.4 Growth of oxide layer on Si(111) by thermal oxidation of silicon. 

Two ultrathin SiO2 films prepared using thermal dry oxidation under 600oC (SiO2-

A) and 700oC (SiO2-B) for 1 hour were used to calibrate the Geartner ellipsometer. The 
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peak with a binding energy of 99.5 eV shown in the XPS spectrum of freshly prepared 

hydrogen-terminated Si(111) indicated the Si2p signal in bulk silicon, and the new peak 

emerging after thermal oxidation with a binding energy of 104.1 eV was assigned to the 

Si2p signal in silicon dioxide (Figure 2.9).  

 

Figure 2.19 Si2p region of XPS of Si(111)-H, and silicon oxide films prepared at 600oC 
for 1 h, and at 700 oC for 1 h. All spectra were taken with a TOA of 45o.  

 

The thickness of the silicon oxide film doxy could be determined by the ratio of the 

Si2p core level intensity of the oxidized silicon film Ioxy and the substrate silicon ISi.
95,96 

Derived from eq. 2.12, where λoxy (29.6 Å) is the photoelectron effective attenuation 

length in the oxide film, α is a photoelectron take-off angle, and β (0.75) is the ratio of 
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photoelectron intensity of an oxide film of infinite thickness (≥15 nm) and hydrogen 

terminated silicon surfaces, we will arrive at eq. 2.13. 

                                 eq. 2.12 

                                   eq. 2.13 

Angle-resolved X-ray photoelectron spectroscopy was performed at take-off 

angles of 35o, 40o, 45o, 50o, 55o, 60o, 65o, 70o, and 75o. Intensities were recorded after 

the deconvolution of the Si2p region into silicon dioxide (Si4+, Ioxy) and bulk Si2p (Si0, 

ISi), which is the sum of Si2p 1/2 (100.1 eV) and Si2p 3/2 (99.5 eV) by CasaXPS 

software (Table 2.3). 

Table 2.3 Angle-resolved X-ray Photoelectron Spectroscopy Si2p Intensities. 

α 
(o) 

XPS Si2p Intensity (CPS) 
SiO2-A SiO2-B 

SiO2 Si2p 1/2 Si2p 3/2 SiO2 Si2p 1/2 Si2p 3/2 
35 8028.2 3278.1 1102.7 11499.1 530.4 132.3 
40 8960.7 4514.9 1422.7 13916.6 804.6 296.3 
45 9446.7 5661.9 1750.9 15550.5 1173.0 412.8 
50 10658.3 7050.0 2700.8 17504.1 1591.6 592.0 
55 11211.9 5849.9 5711.8 19050.6 2181.1 604.6 
60 11450.7 6673.3 5955.2 20508.1 1899.9 1551.9 
65 11802.9 10197.0 3528.0 21425.3 2093.7 1878.8 
70 11949.3 10515.8 3847.4 21962.7 3474.3 1186.3 
75 12832.5 11758.5 4475.5 22486.7 3614.7 1277.0 

 

The thicknesses of SiO2-A and SiO2-B were then calculated by plotting 

 as a function of 1/sinα, and the slope from the fitting linear curve 
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was used to calculate the thicknesses (Figure 2.10). The fitting was found to be excellent 

(square of correlation coefficient R2 > 0.99) and the thicknesses of SiO2-A and SiO2-B 

were thus calculated to be 21.8 and 51.5 Å, respectively. 

 

Figure 2.20 Determining silicon oxide thickness using ARXPS. 

After calibration, the thicknesses of the silicon oxide samples measured by 

ellipsometry were closer to, but not exactly the same as, those measured by ARXPS 

(Table 2.4). Again, this was still due to the fact that they were clearly different methods. 

Table 2.4 Calibration of Ellipsometry. 

Sample 
ARXPS Thickness 

(Å) 
Ellipsometric Thickness (Å) 

Before calibration After calibration 
SiO2-A 21.8 25 21 
SiO2-B 51.5 59 57 
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2.3.7 X-Ray photoelectron spectroscopy (XPS) 

XPS was performed with a PHI 5700 ESCA system (Physical Electronics) 

equipped with a monochromatic Al Kα X-ray source (1486.7 eV) under a vacuum of 

1x10-8 Torr at a take-off angle (TOA) of 45o from the surface sample. The spectrometer 

was operated at both low (Survey mode) and high (Multi mode) resolutions with 

window pass energies of 23.5 eV and 187.85 eV, respectively. Electron binding energies 

were calibrated with respect to the O1s line at 533.0 eV, C1s line at 284.9 eV (C-C) or 

the Si2p line at 99.5 eV. The atomic concentrations were estimated by the PHI Multipak 

5.0 software (Physical Electronics) using the high resolution scanning data and standard 

procedure including the Shirley background subtraction and corrections were made with 

the corresponding relative Scofield element sensitivity factors of each atom, and were 

done by assuming a homogeneous distribution of the atoms to a depth of a few 

nanometers. Signal deconvolution was performed by CasaXPS software (Casa Software 

Ltd), first by Shirley background subtraction, followed by nonlinear fitting to mixed 

Gaussian-Lorentzian functions with 70% Gaussian and 30% Lorentzian character, and 

using a Marquardt-Levenberg optimization algorithm. Differential curves were derived 

from the differences found between the original XPS spectra and the fitted spectra, 

indicating the quality of the fitting and deconvolution. 
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2.3.8 Angle-resolved XPS 

Angle-resolved XPS (ARXPS) was performed by rotating the sample holder to 

various take-off angles, during which the X-ray source and the detector were fixed at a 

90o angle. After adjusting the TOA, the position of the sample holder was adjusted 

carefully again so that the same area of the sample was eradiated. 

 

2.3.9 Measuring the thickness of Dy-EG3-Pryn monolayers by ARXPS 

Similarly to silicon oxide, the thickness of the films was determined by the ratio of 

the organic film-attenuated Si2p signal intensity to that of the bare silicon surface, which 

was a hydrogen-terminated Si(111) as in eq. 2.1497: 

                        eq. 2.14 

where  and  are the measured Si2p signal intensity of the OEG containing 

adsorbate-modified and hydrogen-terminated silicon surfaces, respectively; d is the 

monolayer thickness; α is the XPS take-off angle; and  is the attenuation 

length of the Si2p photoelectrons in the OEG monolayer. The attenuation length 

[ ] of photoelectrons in OEG monolayers has not been reported and was 

assumed to be the same as the one in alkylthiolates SAMs on metal substrates, as in the 

empirical formula eq. 2.1598-100: 

                                      eq. 2.15 

2

exp( )
(BE )sin

ML
Si

Si H
Si ML Si p

S d
A

S  
  

ML
SiS H

SiS

2(BE )ML Si p

2(BE )ML Si p

(A) 9.0 0.022KE
o

  



67 

where KE is the kinetic energy in terms of electron volts. The binding energy of Si2p 

 is 99.5 eV, so the kinetic energy of Si2p is: 

                           eq. 2.16 

The attenuation length in OEG monolayers on silicon can then be estimated to be 

39.5 Å. 

By transforming eq. 2.14 into eq. 2.17: 

                                     eq. 2.l7 

 was plotted as a function of  and the slope of the linear fitting curve was 

used to calculate the thickness of the OEG monolayers (Table 2.5). 

Table 2.5 Intensity of Si2p Signal Intensity of the Dy-EG3-Pryn Films and Hydrogen-
terminated Si(111) Surfaces at Various Take-off Angles 

α (o)  (CPS)  (CPS) 

15 343.4 5410.4 
30 2029.3 12881.3 
45 4964.2 21463.6 
60 7685.3 27093.2 
75 9640 33562.9 

 

From the log scale plot of Si2p intensity vs 1/sin in Figure 2.11 with an excellent 

linear fitting of the data points (R2 = 0.992), and a thickness of 21.4 Å was derived from 

the slope using eq. 2.17. 
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Figure 2.21 Plot of the ASi vs 1/sin for determination of the film thickness (d) 
according to eq 2.17, where ASi is the Si2p XPS intensity and  is the take-off angle. 

 

2.3.10 Relative depth plot of Dy-EG3-Pryn monolayers 

By calculating the logarithm of the ratio of XPS peak areas at a 15o take-off angle 

over those at a 75o take-off angle of different species, we could construct the relative 

depth plot of the diyne monolayers (Figure 2.12). We could tell that the “deepest” 

element was silicon, which was the bulk material. Right on top of the bulk silicon, there 

was the carbon that was covalently connected to silicon substrate. We could also state 

that the C-O, representing the OEG chain, was “higher” than the C-C, which represented 

the alkyl chain (and also the two end alkyne carbons on the outmost surface). This result 
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was consistent with conclusion that 63%~69% of the molecules were in orientation I 

(although the outmost alkyne carbons were even “higher” than the OEG chain).  

  

Figure 2.22 Relative depth plot of Si, C-Si, O, C-C and C-O in the Dy-EG3-Pryn 
monolayers on Si(111). 

 

It can be noticed that the oxygen was actually closer to the substrate than C-C (or 

say, alkyl chain), although it should be at the same level as C-O if the oxygen only came 

from the OEG chain. This unexpected result may indicate that there was inevitable 

oxidation of silicon substrate, during the transferring of the hydrogen-terminated silicon 

surfaces, during hydrosilylation, during the transfer and storing the diyne functionalized 

silicon surfaces, or even during the sample characterizations, although no silicon oxide 

was detected on the XPS spectra of either the freshly prepared H-Si(111) or the diyne 

functionalized Si(111). The oxide oxygen was directly bound to substrate, so that on 

average, the oxygen in the plot was deeper than C-C. 
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2.3.11 Contact angle goniometry 

Water-contact angle measurements were performed at room temperature and 

ambient relative humidity on a Ramé-Hart 100 goniometer, which was equipped with 

an automatic micropipettor (Matrix Technologies, Multi Electrapette) and a green light 

source (Chiu Technical Corporation, HG-DM). A bull’s eye level was used to level the 

sample table before every measurement. Two hundred μL gel loading pipet tips were 

used to dispense MilliQ water onto the surface samples, and were kept in contact with 

the water droplets during measurement. For each sample, at least three sets of advancing 

and receding contact angles were read from three different random locations of the 

sample. The standard deviation of the measurement was ±1o. 

 

2.3.12 Test of long-term stability 

Two freshly prepared diyne monolayers were stored in a plastic wafer container 

with its cap closed for the purpose of testing the stability in the air for up to 1 week, and 

incubated in the PBS solutions at 37o for up to 4 weeks. At the indicated time point, the 

samples were taken out, washed with MilliQ water and dried by a flow of Argon, and 

subjected to ellipsometry and XPS measurement. After the measurement, the samples 

were put back into the container and PBS solution, respectively, until the next 

measurement. 
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2.3.13 Attachment of OEG-azide via CuAAC reaction 

The CuAAC reactions were all performed in an anaerobic chamber (Coy 

Laboratory Products Inc., ALAC) in which the oxygen level was less than 1 ppm. 

Reagent solutions (CuSO4, sodium ascorbate, azide, and ligands) in MilliQ water were 

freshly prepared inside the chamber before use. The substrate was placed in a petri dish 

with the alkyne surface facing up. The reagent solutions (1 mL of each with the specific 

final concentrations) were added to cover the alkyne surface in the sequence of azide, 

ligand, CuSO4, and then ascorbate. The containers were then shaken on an orbital shaker 

(Bellco Glass Inc.) at 100 rpm for 2 h. 

After the reaction, 25 mM Na5DTPA solution (saturated with O2, 5 mL) was added 

to quench the reaction by oxidizing the Cu(I) species to Cu(II) which formed a stable 

complex with DTPA. The wafer was then removed from the reaction solution, immersed 

in a 25 mM Na5DTPA solution, transferred out of the anaerobic chamber, shaken for 30 

min, and then sonicated in an ultrasonic cleaner (Aquasonic, 50HT) for 10 s. The wafer 

was then sequentially washed thoroughly with MilliQ water, ethanol, dichloromethane, 

ethanol and MilliQ water, and then dried under Argon. Alternatively, the substrate was 

washed with water, ethanol and DCM, then sonicated sequentially in DCM, 25 mM 

EDTA, 0.5 M HCl, and 25 mM EDTA for 10 s, and washed with water. Both methods 

gave satisfactory results in removing copper species. 
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2.3.14 Measurement of protein adsorption 

Lyophilized fibrinogen was added to phosphate buffer solutions (PBS, 0.01 M 

phosphate, 0.138 M NaCl, 0.0027 M KCl) at 1 mg/mL, they were then swirled gently 

to avoid foaming, and allowed to stand for 1 hour. Notably, this procedure did not 

completely dissolve the protein, but the small amount of undissolved protein adhered 

on the wall of the container and thus did not affect the result. The wafer was submerged 

into the freshly prepared fibrinogen/PBS solution in a petri dish, and it was allowed to 

stand for 1 hour at room temperature in a fume hood. The wafer was then removed from 

the solution, briefly rinsed by MilliQ water, and dried under Argon.  

Fibrinogen appeared as a dumb bell shape with a length of 47.5 nm connecting two 

spherical end domains of 6.5 nm in diameter.101,102 When absorbed on a hydrophobic 

surface, such as H-Si(111), fibrinogen molecules can rearrange themselves into a “up-

right” orientation, leading to a monolayer of  60 Å in thickness, and an advancing and 

receding water contact angle of 81o/75o.103 Hence, the amount of protein adsorption 

expressed as percentage of fibrinogen monolayer  can be derived from: 

                                    eq. 2.10 

where  is the ellipsometric thickness of the substrate film, and  is the thickness of 

this film after fibrinogen adsorption. 

The protein adsorption can also be measured by the increase of XPS N1s signal and 

C1s signal for carbonyl, and expressed as percentage of fibrinogen monolayer  
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and , respectively. The C1s signal was deconvoluted into amide and ester carbon 

(288.6 eV), nitrogen or oxygen connected carbon (287.0 eV) and alkyl carbon (285.4 

eV) before the intensities of each type of C1s signal was calculated. The N1s signal was 

deconvoluted into amide nitrogen (401.3 eV) and other protonated nitrogen (N+: 403.1 

eV)104 such as alkylammonium and protonated imide before the total N1s intensity was 

calculated.  

                                  eq. 2.11 

                           eq. 2.12 

where ,  and  are the sum of all N1s XPS signals after and before protein 

adsorption, and that from a 60 Å thick monolayer of fibrinogen on H-Si(111), 

respectively; , , and  are the peak areas for the carbonyl carbons in 

C1s XPS signal after and before the protein adsorption, and from the fibrinogen 

monolayer, respectively, where the  is zero in our system. XPS detection limit of 

fibrinogen is ~0.8% monolayer.44 
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CHAPTER 3   CONCLUSION AND FUTURE OUTLOOK 

 

3.1 Conclusion 

In conclusion, an oligo-ethylene glycol chain incorporated diyne molecule was 

synthesized and used as an adsorbate for the development of a protein resistant film on 

silicon surfaces via a stepwise strategy. The adsorbate was shown to form a densely-

packed monolayer on Si(111) surface under a high-very high vacuum via UV assisted 

hydrosilylation. Interestingly, this unprotected diyne molecule was shown to be capable 

of attaching itself to silicon surfaces in one major orientation, yielding hydrophobic and 

homogenous monolayers with good stability under both ambient and biological 

conditions, and showing its potential application in passivating the semiconductor 

surfaces.  

The free terminal alkyne was “clickable”, allowing for the possibility of attaching 

more ethylene glycol units. This unprotected diyne molecule, unlike our previous 

trimethylgermanyl group capped enyne adsorbates explored by Dr. Guoting Qin and 

other members in our group, can be functionalized directly. The OEG7 modified surface 

can achieve the best fibrinogen resistance by selecting and optimizing CuAAC reaction 

conditions. The current system had as good or better properties in terms of stability and 

protein resistance, with less ethylene glycol units than our previous systems, and thus 

was more easily able to be synthesized toward the high purity adsorbates. 
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3.2 Outlook 

3.2.1 Arrays developed for CuAAC on Si(111) and protein adsorption 

As demonstrated above, we had optimized the CuAAC reaction conditions on the 

surfaces and quantified the protein adsorption by ellipsometry and XPS. The adsorption 

values calculated by different methods were close to each other, within an acceptable 

manner. Under a reaction condition of 1.25 mM CuSO4, 10 mM OEG7-azide, 1.25 mM 

histidine and 25 mM sodium ascorbate, room temperature and 2h, we were able to obtain 

a modified surface that barely adsorbed protein.  

However, this reaction condition may not be the best, considering the high 

concentration of azide, and the relatively high concentration of copper as a catalyst. 

There is still room for improving the click reaction, since the yield was modest. Further 

optimization of the copper concentration, azide concentration, types of ligand, and 

reaction time is still ongoing. Facing so many variables and possibilities, a fast, 

convenient, and reliable optimization method, other than preparing individual samples 

and performing tedious ellipsometry, contact angle, and XPS analysis, would be 

desirable. 

We wish to optimize multiple reaction conditions on a single, relatively big surface, 

i.e., in arrays. The big surface was first functionalized with the diyne, and different 

reaction reagents containing copper, ligand and ascorbate were added to the surface as 

well to become aligned small droplets, and then allowed to be shaken and to react; the 

surface was then incubated by a fluorescent dye conjugated protein, so that the protein 
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adsorption can be visualized for a fast and direct comparison between different spots 

(Scheme 3.1). 

 

Scheme 3.1 Optimization of CuAAC reaction conditions on the surface. 

Our initial study used a reusable CultureWell silicon gasket (Grace Bio-Labs) to 

contain the reaction mixture. However the gasket itself can adsorb water and release 

low molecular weight silicone impurities that can adsorb onto the silicon surfaces, and 

further affect the staining with dye by showing rather inhomogenous adsorption of the 

dye. Without using the gasket, we developed an apparatus to dispense multiple reaction 

droplets in the form of well-aligned arrays. 

 

3.2.1.1 Setup for arrays 

The apparatus consists of a holder for a 64 channel micropipette (CAPP, CappAero 

64 MultiPipette) (Scheme 3.2 B). Angle bracket 3 was purchased from Thorlabs, Inc. 

(AP90RL). All the metal parts were purchased from Midwest Steel Supply, Inc. All 

screws were purchased from McMaster-Carr. 
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Scheme 3.2 Simplified drawing of the spotting device. (A) Final step in joining all the 
metal parts. (B) Demonstration of the location of the 64 channel pipette. (C) Drawing 
of aluminum block as wafer holder for the purpose of machining. 

 

Briefly speaking, the holder was made of several metal angles and blocks that were 

precision-machined into specific sizes and shapes (design drawings not shown) and 

attached to the angle bracket, to fix the 64-channel micropipette at exactly the same 

position and height to the wafer samples. Limited by the size of the wafer sample, 
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fluorescence scanner, and the LifterSlip, only a maximum of 4x12=48 channels of the 

micropipette can be used in the current setting. In the case of diyne monolayers, 

depending on their hydrophobicity, a maximum of 5 μL can be despense as each droplet 

if all 48 channels were used, and up to 10 μL if less than 12 channels were used. 

The reaction reagents were first prepared and mixed in 384 well plates (Corning), 

then added to the multichannel pipette. The pipet with the solutions was then loaded 

onto the holder. The solutions with different reagents can be dispense onto the diyne 

films at the same time, thus minimizing the errors caused by different reaction times if 

the reagents were added one after another. The surface sample was incubated and shaken 

for 2 h, washed to remove reagents and copper as the same method mentioned in section 

3.6, and incubated with Alexa Fluor 488 conjugated fibrinogen for 1 h, then visualized 

in fluorescence scanner. 

 

3.2.1.2 Studying of CuAAC and protein adsorption using arrays 

Preliminary results are shown below (Figure 3.1). A monotriazole ligand was used 

as a “standard” for calculating fluorescence intensities, and four other ligands 

resembling similar structures were scanned.  
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Figure 3.1 Optimization of CuAAC reaction of silicon surfaces in arrays. Copper and 
ascorbate concentrations were fixed at 1.25 mM and 25 mM, respectively. (A) 
Fluorescence image of an array of five reaction conditions. (a) 1.25 mM OEG7-Azide 
and 1.25 mM monotriazole ligand TAA. (b), (c), (d), (e) 10 mM OEG7-azide with 12.5 
mM histamine, 2-(2-pyridyl)ethylamine, histidine, and 2-picolylamine, respectively. (B) 
Fluorescence intensities of background and each spot. (C) Structures of each ligand. 

 

The background, which involved the unreacted diyne monolayers, adsorbed a 

significant amount of dye-conjugated fibrinogen, and showed a homogenous green light 

(Figure 3.12 A). The spots developed by the multichannel pipette and home-built holder 

were generally in round shape. The protein resistance of each spot could be easily 

visualized, by the fact that the darker the spot was, the less protein was adsorbed, thus 

indicating higher protein resistance. It can be qualitatively stated at the first sight that 
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spots (b), (c), (d), and (e) all had much higher protein resistance than (a), and the 

differences between these four were rather small. 

The actual protein adsorbance of each spot can also be calculated quantitatively, if 

necessary. A random circle acquired from blank positions with the same size of the spots 

was selected as background, and the fluorescence intensity number was set to 80% 

protein adsorption according to previous data (Table 3.4 En. 1). The average intensity 

inside spot (A) was calculated and protein adsorbance was transformed to 25%, which 

was consistent with the results derived from other methods (Table 3.4 En.2), assuming 

that the fluorescence intensity was linearly correlated to protein adsorbance. These 

results indicated that the optimization method was also reliable and quantitative, other 

than its original purpose of being convenient and qualitative. 

The protein adsorbance in spots (b), (c), (d) and (e), utilizing a high concentration 

of ligands,1 were extremely low (< 1%), showing the potential application of these 

reactions conditions in the click reactions on the surface. Reactions conditions with 

different lower concentrations of copper, azides and ligands, different types of ligands 

and reductant, and reactions times were also our within our research interest and can 

also be studied in a high-throughput manner. Our self-built apparatus can also be applied 

as a general platform for other reactions, patterns and arrays, such as in cell and bacterial 

adhesion studies.2 
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