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Abstract 
 
Immobilization of different bio- and organic molecules on solid supports is fundamental 

within many areas of science. Sometimes, it is desirable to obtain a directed orientation of 

the molecule in the immobilized state. In this thesis, the copper (I) catalyzed Huisgen 1,3-

dipolar cycloaddition, referred to as a “click chemistry” reaction, was explored as a 

means to perform directed immobilization of small molecule ligands on gold surfaces. 

The aim was to synthesize alkyne- and azide-terminated alkanethiols that would form 

well-organized self assembled monolayers (SAMs) on gold from the commercially 

available substances orthoethylene glycol and bromo alkanoic acid. N-(23-azido-

3,6,9,12,15,18,21-heptaoxatricosyl)-n-mercaptododekanamide/hexadecaneamide (n = 12, 

16) were successfully synthesized and allowed to form SAMs of different compositions 

to study how the differences in density of the functional groups on the surface would 

influence the structure of the monolayer and the click chemistry reaction. The surfaces 

were characterized by different optical methods: ellipsometry, contact angle goniometry 

and infrared reflection-absorption spectroscopy (IRAS). The click reaction was found to 

proceed at very high yields on all investigated surfaces. Finally, the biomolecular 

interaction between a ligand immobilized by click chemistry on the gold surfaces and a 

model protein (bovine carbonic anhydrase) was demonstrated by surface plasmon 

resonance using a Biacore system. 
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1. Introduction 

 

Immobilization of organic molecules and biomolecules on different types of surfaces is 

important within a broad area of science, e.g. for the design of chromatography matrices 

and the development of biosensors and biomaterials. For some applications it is desirable 

to be able to control immobilization with respect to density and orientation of adsorbates 

to give a reliable and reproducible result. In order to achieve this, the surface design and 

choice of immobilization strategy is very important. In this thesis, a well-known strategy 

to build monomolecular organic films on gold surfaces was combined with a reaction  

concept called “click chemistry” that offers the possibility to attach a molecule to the 

surface of the organic layer in on oriented manner by a simple method that only requires 

“mix and wait”. The most commonly used organic modification on gold is alkanethiol 

monolayers with different terminal functional groups that can be selected to suit the 

application of interest and is the most known and best investigated type of monolayer. 

This system has been extensively used to e.g. understand the interactions of proteins and 

cells with man-made surfaces1 and was therefore considered an attractive scaffold for 

exploring immobilization mediated by click chemistry. The reaction in focus was the 

copper (I) catalyzed Huisgen 1,3-dipolar cycloaddition reaction between alkynes and 

azides. Because this reaction is very mild and has tolerance to a wide range of solvents 

including water it provides an ideal method to the modification of e.g. proteins and 

nucleic acids, or linking a complex carbohydrate with a peptide2. Also, this reaction was 

recently introduced as a means to immobilize small molecules on gold. Immobilization is 

performed by only immersing the gold surface covered by the organic monolayer in a 

solution of the molecules that should be immobilized and appropriate click reagents. 

Often, the addressable functionality on the monolayer surface is an azide and the yield of 

the click reaction can then be estimated by e.g. monitoring the infrared absorption of this 

group. The Huisgen 1,3-dipolar cycloaddition reaction has been used for e.g. 

functionalisation of non-biofouling films3, development of a “surface tweezer” for C60 by 

attaching porphyrines to a rotaxane scaffold4 and for the modification and immobilization 

of carbohydrates5. 
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1.1 Aim 

The aim of this master’s thesis was to synthesize alkyne- and azide-terminated 

alkanethiols from orthoethylene glycol and bromo alkanoic acid, that would form well-

organized SAMs on gold. Based on these molecules, a platform for the evaluation of a 

click chemistry reaction on surfaces would be created and characterized. Finally, the 

biomolecular interaction between a ligand immobilized by click chemistry and a model 

protein would be demonstrated. 
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2. Theory and methods 

 

2.1 Self-assembled monolayers of organosulfur adsorbates on Au 

A SAM is a monomolecular film that forms spontaneously on a solid surface. A variety 

of molecules can form such layers. Some examples include fatty acids (CnH2n+1COOH) 

on metal surfaces, organosilicon derivatives on hydroxylated surfaces and organosulfur 

derivatives on gold. The SAM technology offers a straightforward way to make well-

defined, organized and stable surface coatings with a minimum amount of substance. The 

thickness of the monolayer can be controlled by the size (chain length) of the adsorbate, 

while the possibility to tailor its chemical properties gives a broad selectivity of 

immobilization strategies suitable for different applications6. 

 

SH S S S

O

S SH

N

S

Alkanethiol Dialkyl disulfide Dialkyl sulfide

Alkyl xanthate Dialkylthiocarbanate  

 

Figure 1.  Examples of organosulfur compounds that form monolayers on Au 

 

Sulfur compounds have a strong affinity to transition metal surfaces because of the 

possibility to form multiple bonds with surface metal clusters. (Figure 1) 

Alkanethiolate films on Au(111) surfaces is one of the most studied and best understood 

type of SAM. A typical alkanethiol used to form SAMs consists of three units with 

different functions (Figure 2). 
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1: The surface-active unit (head unit) is a thiol group that interacts with high affinity with 

noble metal atoms. 

2: The alkane chain unit tightly packs and stabilizes neighboring molecules by van der 

Waals interactions. 

3: The air-monolayer interface unit (tail unit) gives the surface its chemical functionality, 

which can be varied over a very wide range. The chemical modification of this unit is still 

possible after the formation of the SAM6. 

 

 Figure 2. An alkanethiol consists of three units that build up and stabilize the SAM. 

 

SAMs are easily formed by immersing a gold substrate into a solution of alkane thiols for 

some time, followed by washing. The thiol group and the alkane chain drive the 

formation of the monolayer, a process that proceeds in two steps with different kinetics. 

The initial step, the adsorption on the Au-surface, is fast and depends strongly on the 

thiol concentration. When adsorbed from a 1mM incubation solution the molecules need 

about 1 min to form the SAM while more than 100 min are required when adsorbed from 

a 1 µM solution1. The second step, which involves the organization of the alkane chains, 

is slower and takes several hours. At the end of this step contact angles (See section 2.4) 

and thickness reach their final values (Figure 3). The kinetic properties of film formation 

mean that it is important to keep the thiol concentration and the incubation time constant 

during all experiments to give well-ordered SAMs and reproducible results from 

subsequent experiments1,6. 
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Figure 3. The illustration of SAM formation on the surface. Thiol molecules are rapidly absorbed 

on the Au surface, but not well organized at the beginning. After several hours the monolayer will 

be tightly packed and well organized. 

 

The final monolayer is stable in air and in contact with water and ethanol during several 

months1. 

 

2.1.1 Mixed SAMs 

Mixed SAMs can be prepared by mixing two differently terminated thiols (i.e., two or 

more thiols with different tail units) in the incubation solution. The proportion of the 

thiols on the Au-surface depends on several parameters such as the size of molecules, 

their solubility in the solvent and the properties of the tail groups. In a mixed monolayer 

one of the thiols is often used in excess to form a lateral spacer with respect to the other 

thiol(s) and/or to give the surface some desired background property. In this thesis, mixed 

SAMs were used to investigate how steric hindrance may affect the chemical 

modification of tail groups after SAM preparation (Figure 4). 
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Figure 4.  (a) Steric hindrance of closely packed tail groups (X) may make modification by Z 

difficult. (b) By using a mixed SAM where a different thiol (terminated by Y) is used as a lateral 

spacer, the steric hindrance can be reduced. 

 

2.2 Coupling-chemistry and surface-modification 
 

There are many different ways to immobilize molecules onto SAMs, but it can be divided 

into two main categories, covalent and non-covalent. A frequently used strategy for 

covalent immobilization is the amide coupling (the reaction between an amine and a 

carboxylic acid). Another example involves the Michael addition of a thiol to a 

maleimide (Figure 5). 

H
N

R SH
OO

H
N

S

R

OHO

 

 

Figure 5. The Michael addition of a thiol to maleimide that can also be used for the 

immobilization. 

 

An example of non-covalent coupling is the direct adsorption via a “tag” molecule such 

as biotin (vitamin B8) to avidin in order to make an avidin-biotin coupling. Avidin is a 
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protein that has tetrameric structure and can bind up to four molecules of biotin with 

extremely high affinity7.  

There are some important points that must be considered to give a well defined 

immobilization. 

 

● The chemicals used must be carefully considered. If the chemicals are too reactive they 

can destroy or change the property of the surface or the molecules to be immobilized (e.g. 

proteins may lose their activity upon increasing/decreasing pH). 

 

● By-products which can be accumulated on the surface of the monolayer and affect its 

properties should be avoided8. 

 

● The reaction of choice should give high yields to create a uniform surface. 

 

Good alternatives that satisfy the requirements mentioned above can be found in the 

group of reactions referred to as the click chemistry reactions. 

 

2.3 Click chemistry 

Nature has an overall preference for forming carbon-heteroatom bonds over carbon-

carbon bonds. DNA, proteins and polysaccharides are examples of biomolecules 

assembled by smaller molecules linked together through such bonds2. This strategy can 

be useful in the development of drugs and biohybrid materials that mimic and enhance 

the activities of natural substances. 

 

Inspired by nature the concept of Click chemistry was introduced by K. B. Sharpless and 

his co-workers in 2001. They defined a “click-reaction” as being: 

 

● Wide in scope 

● Easy to perform 

● Uses a variety of readily available reagents 

● Requires benign or easily removed solvents 
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● Is insensitive to oxygen and water 

● Gives no harmful by-products 

● Requires only simple reaction work-up and product isolation without chromatographic 

purification 

● Gives constantly high yields of products that are stable under physiological 

conditions2,9. 

 

To achieve the status as a “click-reaction”, a high thermodynamic driving force is 

required (usually greater than 20kcal mol-1), ensuring that the reaction proceeds rapidly to 

completion and gives a high selectivity towards a single product. A good example is 

copper (I) catalyzed Huisgen 1,3-dipolar cycloaddition that uses terminal alkynes and 

organoazides to form 1,4-disubsituted-1,2,3-triazoles (Figure 6). 

Both alkynes and azides are stable in the presence of the nucleophiles, electrophiles and 

solvents common to standard reaction conditions. They have a high potential energy 

resulting in an exothermic reaction by more than 45kcal mol-1. The reaction proceeds best 

in aqueous media without the requirement of protecting groups and the product often 

requires no purification. The Cu (I) catalyst is necessary to selectively produce 1,4-adduct 

instead of the mixture of 1,4 and 1,5-adduct (Figure 7)2. 
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[LnCu]+
R1 H

R1 CuLn-1

N
N

N
R2

R1 CuLn-2

N
N

N
R2

N
N

N

CuLn-2

R1

R2

N

N

N

R1

R2

CuLn-1 N

N

N

R1

R2

1,4-adduct

a

b

c

d

 

 

Figure 6. Proposed mechanism for Cu (I) catalyzed Huisgen 1,3-dipolar cycloaddition. First, the 

alkyne coordinates to the Cu(I) and displaces one of the Cu ligands, creating a copper acetylide 

species (a). In the second step the azide replaces another Cu ligand forming intermediate b. The 

ring closure is initiated by an attack on the C2-carbon of the copper acetylide by the nitrogen in b, 

resulting in the formation of the unusual copper (III) metallacycle intermediate (c). The 

intermediate c contracts to a five membered heterocycle (d) and proteolysis releases the 1,4-

adduct, completing the catalytic cycle10. 

 

N N

NR R

N N

NR

R

1,4-adduct 1,5-adduct 

 

 Figure 7. A mixture of the 1,4-adduct and the 1,5 adduct will be produced without a Cu-catalyst. 

 

In this thesis the copper (I) catalyzed Huisgen 1,3-dipolar cycloaddition mentioned above 

is used due to its selectivity, enabling biocompatible functionalization of the SAM’s tail 

unit. 
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There are some other reactions which match the click chemistry criteria (Figure 8)2. For 

example, SN2 ring opening reactions of epoxides are in most cases stereospecific, highly 

regioselective and high yielding reactions. An advantage of nucleophilic opening of 

epoxides is that the regioselectivity can be controlled by the choice of solvent. A good 

example is the reaction of cis-cyclohexadiene diepoxide with amines (Scheme 1). The 

reaction without solvent gives a product with entering nucleophiles in a 1,3-relationship 

while the reaction in a protic solvent such as MeOH gives a product with the nucleophiles 

in a 1,4-relationship. In both cases the products can easily be isolated by crystallization 

from the crude reaction solution2. 

 

Figure 8. A selection of click chemistry reactions. 

 

OO

OH

HO NHBn

BnHN

NHBn

OH

BnHN

HO

iii

a b  

  

Scheme 1. i: BnNH2, 150°C. ii: MeOH, BnNH2, reflux. 
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2.4 Characterization of SAMs 

In this thesis three different methods were used to characterize the organic monolayer: 

ellipsometry, contact angle goniometry and infrared reflection-absorption spectroscopy. 

 

2.4.1 Ellipsometry 

Ellipsometry is an optical technique used to measure the thickness of the monolayer 

without destruction of the sample surfaces. The instrument measures the change in 

polarization state of light after it has been reflected from the sample surface. If the 

thickness of the monolayer changes, then its reflection properties will also change. The 

instrument is very sensitive and a measurement on the nanometer-scale is possible. If 

collecting data from several different spots on the same surface the surface roughness can 

be assessed as well11. Figure 9 shows the null ellipsometer setup. Monochromatic light 

from the light source passes through the polarizer where it gets linearly polarized. When 

it passes the compensator a phase shift between s- and p-polarized components is induced 

that results in elliptical polarization. When the polarized light is reflected by the surface, 

its polarization state changes and passes through the analyzer, which also works as the 

second polarizer. Finally, the intensity of the light is measured by the detector11,12. 

 

Figure 9. A schematic drawing of an ellipsometric set up. 

 

 

2.4.2 Contact angle goniometry 

Contact angle goniometry is used for measuring surface wettability. A droplet of liquid is 

placed on the surface and the angle formed between the air-liquid and liquid-solid 
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interface is measured (Figure 10). If the liquid is water and the surface is completely 

hydrophilic, the droplet will spread out on the surface and the contact angle will be close 

to 0°. For a very hydrophobic surface the contact angle can be larger than 90°.  

 

 

Figure 10. Contact angle goniometry. Both angles (left side and right side) are measured. If the 

monolayer is well ordered the difference between left and right angles is small. 

 

A contact angle measurement can be static or a combination between so-called advancing 

and receding measurements. A static measurement gives a static contact angle while 

advancing and receding measurements give dynamic contact angles. The advancing 

measurement is obtained by increasing the volume of the droplet during the measurement 

and the receding angle is obtained by decreasing the volume (Figure 11). A small 

difference between the advancing and receding angles is an indication of a well-ordered 

monolayer11,12. 

 

 

Figure 11. Advancing (left) measurement and receding (right) measurement. 

 

2.4.3 Infrared reflection-absorption spectroscopy 

Infrared (IR) spectroscopy is one of the most frequently used spectroscopic techniques 

among organic and inorganic chemists. The atoms in the sample molecules are held 
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together by covalent bonds of different strengths, like the spheres connected by a spring. 

Those “spheres” are constantly vibrating back and forth, oscillating at a frequency that is 

unique for each “spring”. These oscillations can be excited by infrared light of 

characteristic wavelengths resulting in absorption. In the IR spectrum, vibriations from 

changes of bond angles (deformations) can also be observed. Those vibrations can be 

found at lower frequencies than those from oscillations and their detection can be used 

for molecular identification and characterization13. However, the IR-signal is only 

detectable when the dipole moment of the molecule changes during vibration.  

 

A practical problem is that CO2 and water in the air are also IR-active and give detectable 

signals. The measurement should therefore be carried out in a vacuum chamber or a 

chamber filled with IR-inactive N2 gas11. Alternatively, a reference measurement should 

be performed and the obtained signals should be subtracted from the subsequent 

measurements. 

 

To characterize a thin organic layer such as a SAM, a special setup called infrared 

reflection-absorption spectroscopy (IRAS) is needed. Information of chemical 

composition and orientation of absorbates can be obtained by this technique. The 

“surface dipole selection rule” states that the absorption is detectable only for a molecular 

vibration with a composant of its transition dipole moment being perpendicular to the 

surface. The surface dipole selection rule can be written as: 

 

A ∝ | n • Mi |
2
 =  |n|

2
 |Mi|

2 
cos

2 
ψ 

 

where A is the absorbance, n is the surface normal, Mi is the transition dipole moment and 

ψ is the angle between n and Mi . The absorbance is at its maximum when the angle ψ is 

0° and the absorbance is zero when the angle is 90° (Figure 12)11,12. 
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Figure 12. IRAS. The absorbance can be related to the angle between the substrate normal and the 

transition dipole moment of the adsorbed molecule. 

 

2.5 Surface plasmon resonance 

The technique based on the optical phenomenon of surface plasmon resonance (SPR) is 

used for real-time monitoring of the interaction between (bio)molecules immobilized at a 

metal surface and (bio)molecules introduced in solution. Information such as association 

and dissociation constants, interaction specificity and affinity can be obtained.  

 

A surface plasmon is a p-polarized, surface-bound wave, propagating along the interface 

between a metal and dielectric material (e.g. water). This can be described as the 

oscillation of electrons at the metal surface. The surface plasmon wave is very sensitive 

to surface properties such as the refractive indices of the metal surface and the dielectric. 

The instrument setup used for interaction monitoring is usually based on the 

Kretschmann configuration (Figure 13). 
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 Figure 13. Illustration of Kretschmann configuration and setup for the measurement. 

 

When light is totally internally reflected towards a thin noble metal film, the surface 

plasmon can be excited at the opposite metal-ambient interface. This resonance 

phenomenon requires that the parallel surface component of the propagation vector of the 

incident light kx equals the surface plasmon wave vector ksp. The magnitude of these 

vectors depends on the refractive index n of the material just outside the metal, the angle 

of incidence θ and the wavelength of the incident light. This means that if n is changed, θ 

where SPR occurs (θspr) will also change. One way to change n is to let molecules 

(analytes) adsorb to the metal film. For biosensing, a capture molecule (ligand) is first 

immobilized to the metal surface and the change in θspr when the analyte is injected via a 

flow system and binds to the ligand is monitored in a so-called sensorgram (Figure 14)13. 
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Figure 14. An example of a sensorgram. Upon analyte injection, the analyte molecules bind to the 

capture molecules on the metal surface and the SPR response increases. After the injection a flow 

of buffer passes over the surface and dissociation of the analyte molecules is monitored as a 

decrease in the response. 
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3. Results and discussion 

 

3.1 Total synthesis of the SAM-building blocks 7a, 7b, 10a and 10b 

 

3.1.1 Overview 

 

N
H

SH

O

11,15

O
N
H 7
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SH
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7
HO

O
OH

 

 

Figure 15. A retrosynthetic scheme describing the assembly of the Azide- and alkyne-terminated 

alkane thiols used for SAM preparations. A convergent synthesis strategy is used to give product 6 

from which a divergent strategy is used to produce the target molecules 7 and 10.  

 

3.1.2 Synthesis of orthoethylene glycol monoamine (3) 

The first step was to change the terminal hydroxyl groups of orthoethylene glycol into 

azides. The strategy of choice was tosylation prior to azidation. The tosylation was 

performed in order to give better leaving groups in the nucleophilc substitution reaction 

that followed. The first step was done by treating orthoethylene glycol with TsCl and 
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DMAP under basic condition in DCM followed by quenching with NH4Cl; a treatment 

with sodium azide in dry DMF gave product 2 in 75% yield (Scheme 2). 

 

7
HO

O
OH

7
TsO

O
OTs

7
N3

O
N3

1 2

i ii

7
N3

O
NH2

3

iii

 

 

Scheme 2. i: TEA, DMAP, TsCl, DCM, NH4Cl (aq); ii: NaN3, DMF (dry) ,75%; iii: PPH3, 

EtOAc, 1M HCl (aq), 50%. 

 

The next step was monoreduction of an azide to an amine group. To selectively reduce 

one of the azide groups the Staudinger reaction (Figure 16) was performed in a biphasic 

system (5:1 EtOAc / 1M HCl) with triphenylphosphine as the reducing agent. When one 

of the azides is reduced to an amine it rapidly protonates to a charged species that 

migrates to the water phase and further reduction is avoided. This procedure gave product 

3 in 50% yield (Scheme 2). 
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Figure 16. Mechanism for the Staudinger reaction. 
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3.1.3 Synthesis of NHS-activated carboxylic acid 5a and 5b 

The alkane parts of the alkane thiols were synthesized from 12-bromododecanoic acid 

and 16-bromohexadecanoic acid. Introduction of the acetyl protected thiol was made via 

a Sn2 reaction by treating the starting materials with potassium thioacetate in DMF 

(Scheme 3), yielding 4a and 4b in 64% and 72% respectively. The lower yield of 4a can 

be explained by a poor recrystallization step. In order to facilitate the amide coupling to 

the ethylene glycol derivate activation of the carboxylic acid was needed. This was 

accomplished by using NHS and DCC in DCM, yielding the N-hydroxysuccinimide 

esters 5a and 5b in 69% and 46% respectively. The lower yield of 5b was due to an 

additional recrystallization compared to 5a. 
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Scheme 3. i: KSAc, DMF, 64% for 4a, 72% for 4b ; ii: NHS, DCC, DCM, 69% for 5a, 46% for 

5b. 

3.1.4 Synthesis of azide terminated mercaptoamide (7a) and (7b) 

This step links the monoamine-terminated ethylene glycol derivate and the N-

hydroxysuccinimide esters by an amide-linkage followed by a deprotection of the 

thioacetate to give target molecules 7a and 7b. Acetylation of the amine 3 with 5a and 5b 

was performed by a treatment with base in DMF (Scheme 4) to give 6a and 6b in 71% 

and 66% yield respectively. 
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 Scheme 4. i: TEA, DMF, 71% for 6a and 66% for 6b. 

 

The synthesis of target molecules 7a and 7b were accomplished by the deprotection of 

thioacetate of 6a and 6b to give the corresponding thiol. This reaction can be performed 

in basic or acidic conditions, however when utilizing basic conditions with sodium 

carbonate in MeOH under an atmosphere of N2 the reaction was not successful, for 

unknown reasons. The reaction at acidic conditions using AcCl in MeOH under 

atmosphere of N2 worked better (Scheme 5). Removal of air (oxygen) is important to 

prevent formation of disulfides through oxidation, but it is almost impossible to avoid 

disulfide formation especially when 7a and 7b are dissolved in EtOH for the preparation 

of the SAM-mixtures. Although disulfide formation does not affect the formation of 

monolayers it can complicate purification. The reaction yielded 7a in 22% and 7b in 

52%. The low yield of 7a is a result of an unsuccessful disulfide-cleavage using DTE 

resulting in an extra purification step. 
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 Scheme 5. i: MeOH, AcCl, N2 (g), 22% for 7a and 52% for 7b. 
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3.1.5 Synthesis of alkyne terminated mercaptoamide (10a) and (10b) 

The synthesis of target molecules 10a and 10b started with the reduction of the azides 6a 

and 6b to give the corresponding amine derivates. Propiolic acid was then to be coupled 

via an amide linkage and finally a deprotection of the thioacetates was performed to yield 

the target molecules. The reduction step was performed by two different methods. The 

first method used was catalytic hydrogenation, which uses Palladium on carbon in EtOH 

under a H2 atmosphere. This method proved to be unsuitable for this synthesis and gave 

no reduction at all. The second method used was the Staudinger reaction, which uses 

triphenylphosphine and water to reduce azides. This gave 8a and 8b in 62% and 70% 

yield respectively (Scheme 6). 
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 Scheme 6. i: Pd/C (5%), EtOH; ii: PPh3, THF, H2O, 62% for 8a and 70% for 8b. 

 

The next step was the incorporation of propiolic acid via an amide bond to give 9a and 

9b, but unfortunately this reaction proved quite problematic. First a test reaction was 

performed by mixing 8a, propiolic acid, TBTU and DIPEA in DMF. The reaction was 

monitored with MALDI-TOF and product formation was confirmed, but when scaling up 

the reaction no product could be detected and no staring material could be salvaged. To 

avoid the above mentioned problem in the synthesis of 9b the method used in the 

synthesis of 6a and 6b was utilized. Accordingly 8b was mixed with propiolic acid, NHS, 

DCC and catalytic amount of TEA in DCM to give 9b in 21% yield. The final step was 

the same as described earlier in the synthesis of 7b, a deprotection of the thioacetate to 

give the final product 10b. The reaction was performed in acidic condition as it had 

previously proven more efficient than in basic conditions. By mixing 9b, MeOH and 

AcCl in an atmosphere of N2 the corresponding thiol was to be deprotected. Regrettably 
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no product could be isolated and there was no 9b or 10b left for further attempts to 

synthesize the target molecule (Scheme 7). 
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Scheme 7. i: Propiolic acid, TBTU, DIPEA, DMF; ii: Propiolic acid, NHS, DCC, TEA, DCM, 

21% for 9b; iii: AcCl, MeOH, N2(g). 

 

The synthesis yielded two target molecules 7a and 7b out of four possible, but due to the 

lack of time no effort was made to resynthesize the alkyne terminated alkane thiols. 

Instead the experiments on SAMs were performed with 7a and 7b. 

 

3.2 Characterization of SAM 

 

3.2.1 Formation of SAM 

Four different mixtures containing different alkane thiols were used for SAM 

preparations.  

  

• Mixture A containing 7a  

• Mixture B containing 7b 

• Mixture C containing 50% 7a and 50% 12a 

• Mixture D containing 50% 7b and 50% 12b 
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The molecules 12a and 12b are ethylene glycol terminated alkane thiols which are 

shorter than 7a and 7b (see figure 18 for structures). Co-assembly of 12a or 12b with 7a 

or 7b was expected to allow for higher yields of the click reaction compared to when only 

7a or 7b was used for SAM formation, due to improved accessibility of the azide group 

to the ligand. All compounds were dissolved in 99.5% EtOH to give a total concentration 

of 50µM. Hence, the mixtures C and D contained 25µM of each alkane thiol. Immersing 

the Au-surfaces into these mixtures gave the corresponding monolayers (Figure 18). 

Upon SAM formation, the thiol interacts with the Au surface and the alkane chain 

stabilizes formation and structure of the monolayer. The ethylene glycol chain renders the 

surface resistant towards non-specific protein adsorption due to its hydrophilicity1. 

Finally, the terminal azide makes the monolayer ready for the click reaction. 

 

The Cu(I) catalyzed Huisgen 1,3-dipolar cycloaddition described in the introduction 

(Figure 6) was performed on SAMs A, B, C and D to give SAMs E, F, G, and H (Figure 

18). The yields of these click reactions were not precisely calculated, but were found to 

be close to 100% based on IRAS data (Section 3.2.5). The ligation took place between 

the azides of 7a/b and the alkyne of 11 (Scheme 8), which was synthesized from succinic 

anhydride and propargyl amine in DCM to give 59% yield (Figure 17).  
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 Scheme 8. i: Copper (II) sulfate, sodium ascorbate, 2:1 mixture of H2O/EtOH 
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Figure 17. Mechanism of ring opening of succinic anhydride by propargyl amine to give 11 in 

59% yield. 

 

To catalyze the Huisgen 1,3-dipolar cycloaddition Cu(II) sulfate and sodium ascorbate 

was used. Sodium ascorbate functions as the reducing agent that reduces Cu(II) to Cu(I) 

which is the active catalyst. The reason for not using Cu(I) directly in the form of CuI or 

CuBr is that Cu(I) is unstable and insoluble in aqueous solvent and it can also give some 

undesirable by-products compared to the reaction with Cu(II) as the reducing agent2.  

 

The result of the reaction could not be confirmed by for example NMR because it was 

performed directly on the SAM-surfaces. Instead IRAS was used to confirm product 

formation (see Section 3.2.4).  
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3.2.2 Overview of the final monolayers 
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Figure 18. The molecules which formed the SAMs. Molecules 12a/b were included as lateral 

spacers to improve the accessibility of the azides of 7a/b during the click reaction. 7a’/b’ are the 

molecules 7a/b after the click reaction. 
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3.2.3 Ellipsometric and contact angle measurements 

The summarized results from ellipsometric and contact angle goniometric analyses of the 

prepared SAMs are shown in Table 1. 

 

SAM d[Å] θθθθa[deg]    θθθθr[deg]    θθθθs[deg]    

     

A 37.1 ± 0.3 61,8 46,6 61,5 

B 42.9 ± 0.3 67,7 55,4 62,4 

C 34.7 ± 0.1 48,3 31 42,9 

D 37.5 ± 0.2 56 41,2 52,3 

E 42.4 ± 0.4 37,5 17,7 22,9 

F 46.7 ± 0.3 39,3 17,5 23,5 

G 38.6 ± 0.5 42,2 16,5 34,9 

H 43.1 ± 0.4 34,6 * 21,3 

 

Table 1. Ellipsometric thickness d and advancing (θθθθa), receding (θθθθr) and static (θθθθs) contact angles 

of water on the SAMs. (θθθθr) of SAM H was not measurable and written as *. 
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Figure 19. Ellipsometric thicknesses of different SAMs. The measurements were performed with 

at least three surfaces of each SAM type. 
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The thicknesses of the SAMs corresponded well to the molecular size of the adsorbates. 

The SAMs including 7b (SAM B, D, F and H) were thicker than corresponding SAMs 

including the shorter molecule 7a (SAM A, C, E and G). Comparisons between SAMs 

before and after the click reaction with 11 also gave expected results (Figure 19), with an 

increase in the ellipsometric thickness of ~4-5 Å in all cases, regardless of the molecular 

composition of the surface. 

The contact angle measurements also gave values close to what could be expected from 

the monolayer structure. SAMs A, B, C and D which expose an azide (or a mixture of 

azide and hydroxyl groups) had larger contact angles than SAMs E, F, G and H with a 

terminal carboxylic acid group (or a mixture of carboxylic acid and hydroxyl groups), 

which renders the surface more hydrophilic than the azide. Still, the static contact angle 

for SAM G was a little bit larger than the other SAMs terminated by the carboxylic acid. 

The rather high hysteresis values (the difference between θa and θr) found for all 

investigated compounds suggest that these SAMs are less densely packed and possibly 

conformationally disordered at the outermost portions of the monolayer compared to 

those formed from OEG-terminated alkanethiolates reported previously14. 

 

3.2.4 IRAS at room temperature 

The most informative regions of IRAS spectra of SAMs made up from OEG-containing 

alkane thiols are in the ranges 3000 cm-1 – 2800 cm-1 (the CH stretch region) and 1600 

cm-1 – 800 cm-1 (the fingerprint region). The CH stretch region contains vibrations from 

the asymmetric and symmetric CH stretching of alkyl chains, which provide information 

about the molecular packing (Figure 20). There were no noticeable differences between 

the spectra of SAMs with 100% 7a / 7b and mixed SAMs with 50% 7a / 7b and 50%  

12a/12b. This is because the structure of 7a (and 7b) includes the whole structure of 12a 

(12b), which results in an overlap of peaks when those molecules are tightly packed to 

form a monolayer. Because of that reason the spectra below are from the SAMs with 

100% 7a / 7b and not including the mixed SAMs. 



28 
 

 

Figure 20. IRAS spectra showing the CH stretch region of SAMs built up from thiols with 

different length of the alkane chain, before and after the click reaction. Blue: SAM A (non-

clicked) and SAM E (clicked); red: SAM B (non-clicked) and SAM F (clicked). 

 

The peaks at 2917 cm-1 show the asymmetric CH stretching and the peaks at 2851 cm-1 

show the symmetric CH stretching. The peak position at 2917 cm-1 indicates that the 

alkane chain unit of the SAMs has a well-defined all-trans crystalline structure14
. The 

intensity of these peaks are higher for the SAM with C15 (SAM including 7b) than for the 

SAM with C11 (SAM including 7a). This can be expected since there are more CH2 

groups in 7b than in 7a. After the click reaction, intensities were slightly lower than 

before the reaction. This can be interpreted as the orientation of the alkane chain having 

changed due to the attachment of the click reagent. 
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Figure 21. IRAS spectra showing the fingerprint region of SAMs built up from thiols with 

different length of the alkane chain, before and after the click reaction. Blue: SAM A (non-

clicked) and SAM E (clicked); red: SAM B (non-clicked) and SAM F (clicked) 

 

Figure 21 shows the fingerprint peaks of the OEG part of the SAMs. Compared to the CH 

stretch region, the fingerprint region mainly shows the stretching and bending vibrations 

of C-C bonds. Some information about the C-O-C structure of the OEG chain and the 

amide-linking group can also be extracted. The peaks at 1465 cm-1 refer to so called CH2 

scissoring, while those at 1348 cm-1, 1243 cm-1 and 964 cm-1 refer to wagging, twisting 

and rocking modes respectively. Those peaks are typical for the OEG chain and their 

positions correspond very well to established values and indicates crystalline EG 

structure14,15. A strong peak at 1114 cm-1 is the C-O-C stretching mode of the OEG chain. 

High intensity of this peak indicates that the OEG structure of the SAM is well organized 

and that the OEG chain is aligned along the surface normal. The amide linkage should 

give two peaks in this region. One peak is from the amide I mode, which is a C=O 

stretching and another peak is from the amide II mode, which is a C-N-H in-plane 

bending combined with a C-N stretching. The peak from the amide I mode should appear 

at 1640 cm-1, but was not found in this IRAS spectra, which means that the orientation of 
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the amide C=O is parallel to the metal surface. The peak at 1555 is the amide II mode and 

its appearance indicates that the C-N bond is aligned close to parallel to the surface 

normal. Finally, the peak at 1734 cm-1 that only appears after the click reaction is from 

the terminal carboxylic acid. This is an indication that the click reaction has worked. 

 

3.2.5 Evaluation of the yield from the click reaction 

The extent to which the click reaction had proceeded was monitored by observing the 

peak at 2111 cm-1 (Figure 22) from the terminal N3. After the click reaction this peak 

completely disappeared, indicating that all N3 had reacted. 

 

 

Figure 22. IRAS spectra from the N3 group in 7a and 7b. Blue: SAM A (non-clicked) and SAM E 

(clicked); red: SAM B (non-clicked) and SAM F (clicked). 

 

The conclusion from these results is that the synthesized molecules have formed well 

organized SAMs on gold, with all-trans structure of the alkane chain and fine crystalline 

structure of the OEG part according to the references14, 15. However, some 

conformational disorder at the outermost part of the monolayer was indicated by the big 

difference in advancing and receding angles obtained upon contact angle measurements. 

Perhaps this can be improved by using other mixing ratios or by using other molecules 
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for SAM formation. The click reactions proceeded at very high yields also when 100% 

7a or 7b covered the surface. In future experiments, the concentration of the click 

reagents can probably be decreased in order to reduce the usage of the reagents. 

 

3.3 Surface plasmon resonance 

In order to demonstrate how click chemistry can be employed to modify a surface for 

interaction studies, an SPR setup was used along with the interaction between the enzyme 

bovine carbonic anhydrase (BCA) and an immobilized benzenesulfonamide derivative. 

Benzenesulfonamides act as inhibitors of BCA and bind the protein with high affinity and 

specificity16. In order to evaluate the influence of the accessibility of the ligand on the 

surface, two different benzensulfonamide derivatives (13a and 13b, Figure 23) were 

used. Prior to the measurements, gold surfaces with nine different monolayer structures 

were prepared: 

  

 Surface content 

 

A1: 7a 100% 

A2: 7a 50% and 12a 50% 

A3: 12a 100% 

B1: 13a clicked on 7a 100% 

B2: 13a clicked on 7a 50% and 12a 50% 

B3: 13a clicked on 12a 100% 

C1: 13b clicked on 7a 100% 

C2: 13b clicked on 7a 50% and 12a 50% 

C3: 13b clicked on 12a 100% 
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Figure 23. Two different alkyne terminated sulfonamides were used for the click reaction. 

Sulfonamide derivatives bind BCA with high affinity and specificity. 

 

Ideally, BCA should not interact with surfaces A1, A2, A3, B3 and C3. A1, A2 and A3 

were not treated with the click reagents and thus not modified with benzenesulfonamide, 

while B3 and C3, although introduced to the click reagents, could not perform the 

cycloaddition because of the lack of azide groups. 

 

 

  

Figure 24. Sensorgrams comparing responses upon BCA introduction to A1, A2 and A3 lacking 

sulfonamide groups 

 

Figure 24 shows SPR responses for A1, A2 and A3 upon injection of 50 µM BCA. The 

intensity increased immediately after injection of BCA (around t = 27 s). With A3 there 

was a square-shaped response during the injection and the original baseline level was 

reached directly afterwards. This indicates that the response was the result of a mere 
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“bulk effect”, reflecting the difference in refractive index between the running buffer and 

the protein solution. In contrast, with A1 and A2 the response increased gradually during 

the injection and the signal did not return to the original baseline level afterwards, 

indicating that BCA molecules were interacting with the surface. With A1, the surface 

was washed with 50 mM NaOH around t = 560 s to remove remaining BCA. The 

intensity almost returned back to zero, indicating successful washing. With A2, a 

considerably higher response was obtained than with A1 during the injection. Even after 

washing with NaOH (around t = 440 s) there were still BCA molecules left. Taken 

together, these results show that a gold surface coated with 100% 12a is resistant to non-

specific BCA adsorption. However, it is evident that BCA is capable of interacting with 

azide groups on the surface. Indeed, it is known that N3
– ions can bind to the active site of 

BCA, although with very low affinities16. However, the interactions indicated here are 

presumably of the more unspecific nature since the azide functionality resides as an 

organoazide and not in it is ionic form. 

 

 

 

Figure 25. Sensorgrams comparing responses upon BCA introduction to B1, B2 and B3 

introduced to click reagents for immobilization of the sulfonamide 13a. The yield of the reaction 

was not monitored by IRAS but was assumed to be close to 100% in analogy with the results 

reported in Section 3.2.5.. 
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Figure 25 shows SPR responses for B1, B2 and B3 upon injection of 50 µM BCA. The 

protein was found to interact significantly and to comparable extent with B1 and B2, 

exposing the sulfonamide derivative 13a. After the injection, BCA gradually dissociated 

from the surface. After washing with NaOH, B1 and B2 were still functional with respect 

to BCA interaction (not shown).  B3 showed no interaction with BCA because of the lack 

of terminal sulfonamide group. Generally, the results matched well with what was 

expected. 

 

 

 

Figure 26. Sensorgrams comparing responses upon BCA introduction to C1, C2 and C3 

introduced to click reagents for immobilization of the sulfonamide 13b. The yield of the reaction 

was not monitored by IRAS but was assumed to be close to 100% in analogy with the results 

reported in Section 3.2.5. 

 

Figure 26 shows SPR responses for C1, C2 and C3 upon injection of 50 µM BCA. The 

protein was found to interact significantly with C2, exposing the long-chained 

sulfonamide derivative 13b with 50% of its alkane thiolates, while the response with C1 

was much lower. After washing with NaOH, C2 was still functional with respect to BCA 

interaction (not shown).  

When comparing the results from B1, B2, C1 and C2 (Figure 28), C2 gave the highest 

response.  
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Figure 27. Sensorgrams comparing responses upon BCA introduction to B1, B2, C1, and C2. The 

yield of the reaction was not monitored by IRAS but was assumed to be close to 100% in analogy 

with the results reported in Section 3.2.5. 

 

In conclusion, the experiments showed that BCA interacted readily with B1 and B2 

(exposing the short-chained sulfonamide) and also with C2 (exposing the long-chained 

sulfonamide). For the long-chained ligand, the difference in surface packing highly 

influenced the extent of interaction, while this was not true for the short-chained ligand. 

Surprisingly, responses from B1 and B2 were almost comparable to the response from C2 

(Figure 27), precluding any straightforward interpretation of the ligand spacer effect. The 

surfaces were reusable and showed the interaction with BCA also after washing with 

NaOH. However, these experiments have only been performed once and the 

reproducibility is unclear. 

 

 

 

 

 

 

 



36 
 

4. Future aspects 

 

There are still many parameters to study before the SAMs presented in this thesis would 

be practically useful for immobilization mediated by click chemistry. Possibly, the 

mixing ratio of azide terminated thiols and ethylene glycol terminated thiols can be 

optimized to give an organized surface layer with better performance with respect to 

protein interactions. The concentration of the click reagents can be varied to find the 

minimum concentration required to give close to quantitative reactions yields. Also, the 

results from the SPR experiments prompt for further analysis in order to understand how 

the protein-ligand interaction is influenced by the surface composition. Since the 

reference used does not probe the interaction between BCA and the triazole linkage, a 

click chemistry modified SAM with an inert molecule towards BCA should be used as 

the reference. At last, evaluation of the click reactions with sulfonamides should be 

performed with IRAS measurements 

 

However, the synthesis and experiments done in this thesis gave some hints which 

hopefully can be used in future development of the area of science. 
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5. Experimental section 

 

5.1 Syntheses 

 

General methods 

Organic extracts were dried over MgSO4, filtered and concentrated in vacuo at or below 

50°C. NMR spectra were recorded on a Varian Mercury 300 instrument at 25°C. TLC 

was performed on Merck precoated 60 F254 plates with detection by UV-light (254nm) 

and by charring with ethanol/sulfric acid/p-anisaldehyde/acetic acid (90:3:2:1) followed 

by heating. Silica gel Merck 60 (0.0040-0.0063 mm) was used for flash column 

chromatography (FC). Gradient HPLC was performed on a Varian system equipped with 

reversed-phase C-18 columns. 

 

1,24-Bis(tosyloxy)-3,6,9,12,15,18,21-heptaoxatriacosane (1) 

Octaethylene glycol (4.89g, 13.2mmol) was dissolved in DCM (50ml) and cooled to 0°C. 

TEA (4.05g, 39.6mmol), DMAP (0.81g, 6.6mmol) and TsCl (7.55g, 39.6mmol) were 

added and stirred at room temperature for 3h. The reaction was quenched with NH4Cl 

(20ml, sat., aq) and washed with 3x20ml DCM. The organic phase was dried, filtered and 

concentrated. The crude product 1 was used in the next step without further purification. 

 

1,24-Bis(azido)-3,6,9,12,15,18,21-heptaoxatricosane (2) 

1 and NaN3 (4.29g, 66.1mmol) were dissolved in DMF (30ml) and stirred at 90°C over 

night. Ice cold H2O (50ml) was added to the reaction mixture and washed with 3x25ml 

diethyl ether, then NaCl (s) was added to the water phase and washed with diethyl ether 

until all products were extracted (confirmed by TLC). The combined organic phase’s 

were dried, filtered, concentrated and purified by FC (toluene/EtOAc 1:1) to give 2 

(4.14g, 9.9mmol, 74.6%) as a brown oil. TLC (ethyl acetate/methanol 10:1) Rf: 0.66; 1H 

NMR (CDCl3) δ 3.66-3.60 (m, 28H), 3.33 (t, 4H, J 5.08 Hz, -CH2-N3); 
13C NMR δ 70.7-

70.0 
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1-amino-24-azido-3,6,9,12,15,18,21-heptaoxatricosane (3) 

2 (4.14g, 9.9mmol) and PPh3 (2.72g, 10.4mmol) were added to ethyl acetate (50ml) and 

HCl (10ml, 1M aq). The mixture was stirred at room temperature over night and then 

washed 3 times with H2O. The combined water phase’s were concentrated and the crude 

product was purified by reverse phase chromatography on a C18 column (H2O/ACN 4:1 

0.1%TEA) to give 3 (1.92g, 4.9mmol, 49.5%) as a light yellow oil. TLC (MeOH + 0.1% 

TEA) Rf: 0.16; 1H NMR (CDCl3) δ 6.43 (s, 2H, -NH2), 3.86 (t, 2H, J 4.95 Hz -CH2-CH2-

NH2), 3.72-3.60 (m, 26H), 3.36 (t, 2H, J 5.08 Hz, -CH2-NH2), 3.14 (t, 2H, J 4.95 Hz, -

CH2-N3); 
13C NMR δ 70.6-69.9, 67.0, 50.8, 40.4 

 

12-(Acetylthio)-dodecanoic acid (4a) 

12-bromododecanoic acid (2.23g, 8.0mmol) and potassium thioacetate (1.37g, 12.0mmol) 

were added to DMF (40ml, dry, 0°C) and stirred at room temperature for 2h 30min. The 

orange reaction mixture was diluted with DCM (100ml) and washed 3 times with slightly 

acidic H2O. The organic phase was dried, filtered and co-evaporated with toluene. The 

crude product was purified by crystallization from n-hexane to give 4a (1.41g, 5.2mmol, 

64.4%) as a white solid. 1H NMR (CDCl3) δ 2.86 (t, 2H, J 7.01 Hz, -CH2-SAc), 2.34 (t, 

2H, J 7.42 Hz, -CH2-COOH), 2.31 (s, 3H, SAc), 1.65-1.50 (m, 4H), 1.40-1.25 (m, 14H); 

13C NMR δ 196.3, 179.6, 34.1, 30.8, 29.6-29.0, 24.8 

 

16-(Acetylthio)-hexadecanoic acid (4b) 

16-bromohexadecanoic acid (2.68g, 8.0mmol) and potassium thioacetate (1.37g, 

12.0mmol) were added to DMF (60ml, dry, 0°C) and stirred at room temperature for 2h 

15min. The orange reaction mixture was diluted with DCM (100ml) and washed 3 times 

with slightly acidic H2O. The organic phase was dried, filtered and co-evaporated with 

toluene. The crude product was purified by crystallization from n-hexane to give 4b 

(2.04g, 6.2mmol, 74.4%) as a white solid. 1H NMR (CDCl3) δ 2.87 (t, 2H, -CH2-SAc), 

2.34 (t, 2H, -CH2-COOH), 2.32 (s, 3H, SAc), 1.68-1.52 (m, 4H), 1.40-1.25 (m, 22H); 13C 

NMR δ 196.3, 179.6, 34.0, 30.8, 29.8-29.0, 24.8 
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N-(S-Acetyl-12-mercaptododecanoyloxy)-succinimide (5a) 

NHS (0.89g, 7.7mmol) and DCC (1.17g, 5.7mmol) were added to a mixture of 4a (1.41g, 

5.2mmol) and DCM (40ml). The mixture was stirred over night at room temperature, 

filtered and evaporated. The crude product was purified by crystallization from n-hexane 

to give 5a (1.32g, 3.6mmol, 69.2%) as a white solid. TLC (DCM/EtOAc 20:1) Rf: 0.19; 

1H NMR (CDCl3) δ 2.86 (t, 2H, J 7.28 Hz, -CH2-SAc), 2.82 (t, 4H, succinimide), 2.59 (t, 

2H, J 7.42 Hz, -CH2-COOH), 2.31 (s, 3H, -SAc), 1.79-1.68 (m, 2H, J 7.42, 7.14, 7.97, 

7.41 -CH2-CH2-SAc), 1.61-1.51 (m, 2H, -CH2-CH2-COOH), 1.43-1.25 (m, 14H); 13C 

NMR δ 196.3, 169.3, 168.8, 31.1, 30.8, 29.6-28.9, 25.7, 24.7 

 

N-(S-Acetyl-16-mercaptohexadecanoyloxy)-succinimide (5b) 

NHS (1.07g, 9.3mmol) and DCC (1.40g, 6.8mmol) were added to a mixture of 4b (2.04g, 

6.2mmol) and DCM (40ml). The mixture was stirred over night at room temperature, 

filtered and evaporated. The crude product was purified twice by crystallization from n-

hexane to give 5b (1.21g, 2.8mmol, 45.6%) as a white solid. TLC (DCM/EtOAc 20:1) Rf: 

0.25; 1H NMR (CDCl3) δ 2.86 (t, 2H, J 7.42 Hz, -CH2-SAc), 2.82 (t, 4H, succinimide), 

2.59 (t, 2H, J 7.42 Hz, -CH2-COOH), 2.31 (s, 3H, -SAc), 1.79-1.68 (m, 2H, -CH2-CH2-

SAc), 1.61-1.50 (m, 2H, -CH2-CH2-C(O)ON-), 1.44-1.22 (m, 22H); 13C NMR δ 196.2, 

169.3, 168.8, 31.1, 30.8, 29.8-28.9, 25.7, 24.7 

 

N-(23-azido-3,6,9,12,15,18,21-heptaoxatricosyl)-12-(Acetylthio)dodekanamide(6a) 

3 (0.87g, 2.2mmol), 5a(0.90g, 2.4mmol) and TEA (4.4mmol, 0.62ml) were dissolved in 

DMF (25ml) and stirred at room temperature over night. The reaction mixture was 

washed with slightly acidic H2O. The organic phase was dried, filtered and co-evaporated 

with toluene. The crude product was purified by FC (EtOAc → EtOAc/MeOH 4:1) to 

give 6a (1.43g, 1.6mmol. 71.2%). 1H NMR (CDCl3) δ 6.08 (s, 1H -NH-), 3.63 (m, 26H, 

CH2 in ethylene glycol), 3.55 (m, 2H, CH2 in ethylene glycol), 3.45-3.33 (m, 4H, CH2 in 

ethylene glycol), 2.83 (t, 2H, J 7.01 Hz,  -CH2-SAc), 2.30 (s, 3H, SAc), 2.15 (t, 2H, J 

7.69 Hz, -CH2-C(O)-NH-), 1.65-1.47 (m, 4H), 1.38-1.20 (m, 14H, H in dodecane-chain); 

13C NMR δ 196.0, 173.3, 70.8, 70.7, 70.6, 70.3, 70.1, 50.8, 39.2, 36.8, 30.7, 29.6-28.9, 

25.8 
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N-(23-azido-3,6,9,12,15,18,21-heptaoxatricosyl)-16-(Acetylthio)hexadekanamide(6b) 

3 (0.84g, 2.1mmol), 5b (1.0g, 2.3mmol) and TEA (4.2mmol, 0.60ml) were dissolved in 

DMF (25ml) and stirred at room temperature over night. The reaction mixture was 

washed with slightly acidic H2O and the organic phase was dried, filtered and co-

evaporated with toluene. The crude product was purified by FC (EtOAc/Petroleum ether 

1:1 → EtOAc/MeOH 4:1) to give 6b (1.50g, 1.4mmol. 66%). 1H NMR (CDCl3) δ 6.08 (s, 

1H -NH-), 3.62 (m, 26H, CH2 in ethylene glycol), 3.52 (t, 2H, J 5.08 Hz, CH2 in ethylene 

glycol) 3.45-3.33 (m, 4H, CH2 in ethylene glycol), 2.83 (t, 2H, J 7.28 Hz,  -CH2-SAc), 

2.30 (s, 3H, SAc), 2.15 (t, 2H, J 7.56 Hz, -CH2-C(O)-NH-), 1.65-1.47 (m, 4H), 1.38-1.20 

(m, 22H, H in hexadecane-chain); 13C NMR δ 196.0, 173.3, 70.8, 70.7, 70.6, 70.3, 70.1, 

50.8, 39.2, 36.8, 30.7, 29.7-28.9, 25.8 

 

N-(23-azido-3,6,9,12,15,18,21-heptaoxatricosyl)-12-mercaptododekanamide(7a) 

6a (0.27g, 0.42mmol) was dissolved in MeOH (10ml) and acetyl chloride (0.213ml) was 

added, generating 0.3M HCl. The reaction mixture was purged with nitrogen and 

refluxed over night under an atmosphere of nitrogen. The mixture was concentrated, 

resuspended in DCM and washed with H2O until neutral. The organic phase was dried, 

filtered, evaporated and purified by FC (EtOAc/MeOH 10:1 → 5:1) followed by 

purification with RP-HPLC (66% ACN aq, 0.1%TFA → 90% ACN aq, 0.1%TFA,) to 

give 7a (0.06g, 0.09mmol, 22%) as colorless oil. 1H NMR (CDCl3) δ 6.60 (s, 1H -NH-), 

3.64 (m, 26H, CH2 in ethylene glycol), 3.57 (t, 2H, J 4.81, CH2 in ethylene glycol), 3.48-

3.42 (m, 2H, CH2 in ethylene glycol), 3.37 (t, 2H, J 5.08, CH2 in ethylene glycol), 2.50 

(q, 2H, J 7.42, 7.14, 7.69 Hz,  -CH2-SH), 2.24 (t, 2H, J 7.69 Hz, -CH2-C(O)-NH-), 1.65-

1.54 (m, 4H),  1.39-1.21 (m, 15H, H in mercaptododecane-chain); 13C NMR δ 70.7, 70.6, 

70.3, 70.1, 69.5, 50.8, 39.8, 36.4, 34.1, 29.6-29.1, 28.4, 25.9, 24.7 

 

N-(23-azido-3,6,9,12,15,18,21-heptaoxatricosyl)-16-mercaptohexadekanamide(7b) 

6b (0.23g, 0.32mmol) was dissolved in MeOH (10ml) and acetyl chloride (0.213ml) was 

added, generating 0.3M HCl The reaction mixture was purged with nitrogen and refluxed 

for 5h under an atmosphere of nitrogen. The mixture was concentrated, resuspended in 

DCM and washed with H2O until neutral. The organic phase was dried, filtered, 



41 
 

evaporated and purified by FC (EtOAc/MeOH 10:1 → 5:1) followed by purification with 

RP- HPLC  (74% ACN aq, 0.1%TFA → 90% ACN aq, 0.1%TFA,) to give 7b (0.11g, 

0.16mmol, 51.5%) as a colorless oil. 1H NMR (CDCl3) δ 6.24 (s, 1H -NH-), 3.62 (m, 

26H, CH2 in ethylene glycol), 3.53 (t, 2H, J 5.08, CH2 in ethylene glycol), 3.45-3.38 (m, 

4H, CH2 in ethylene glycol), 2.48 (q, 2H, J 7.42, 7.14, 7.42 Hz, -CH2-SH), 2.16 (t, 2H, J 

7.56 Hz, -CH2-C(O)-NH-), 1.63-1.51 (m, 4H),  1.39-1.20 (m, 23H, H in 

mercaptohexadecane-chain); 13C NMR δ 70.7, 70.6, 70.3, 70.1, 69.8, 50.7, 39.4, 36.6, 

34.1, 29.7-29.1, 28.4, 25.8, 24.7 

 

N-(23-amino-3,6,9,12,15,18,21-heptaoxatricosyl)-12-(Acetylthio)dodekanamide(8a) 

6a (0.42g, 0.65mmol) and PPh3 (0.52g, 2.0mmol) were dissolved in THF (8ml) and 

stirred at room temperature for 3h 30min when additional PPh3 (0.17g, 0.65mmol) was 

added. 2h later the reaction was quenched with H2O (10ml) and stirred over night before 

being concentrated. The crude product was purified by FC (Toluene/EtOAc 1:1 → 

EtOAc → EtOAc/MeOH 4:1) to give 8a (0.25g, 0.40mmol, 62.3%) as light yellow oil. 

MALDI-TOF calcd for C30H60N2O9S: 624.87, found: 625  

 

N-(23-amino-3,6,9,12,15,18,21-heptaoxatricosyl)-16-

(Acetylthio)hexadekanamide(8b) 

6b (0.41g, 0.59mmol) and PPh3 (0.46g, 1.8mmol) were dissolved in THF (8ml) and 

stirred at room temperature for 3h 30min when additional PPh3 (0.16g, 0.60mmol) was 

added. 2h later the reaction was quenched with H2O (10ml) and stirred over night before 

being concentrated. The crude product was purified by FC (Toluene → toluene/EtOAc 

1:1 → EtOAc → EtOAc/MeOH 4:1) to give 8b (0.28g, 0.41mmol, 70.2%). 1H NMR 

(CDCl3) δ 7.01 (s, 1H, -NH-), 3.82 (t, 2H, CH2 in ethylene glycol) 3.60 (m, 26H, CH2 in 

ethylene glycol), 3.36 (m, 2H, CH2 in ethylene glycol), 3.13 (t, 2H, CH2 in ethylene 

glycol), 3.08 (q, 2H, J 7.42, 7.14, 7.42 Hz, NH2-CH2-), 2.79 (t, 2H, -CH2-SAc), 2.25 (s, 

3H, SAc), 2.17 (t, 2H, -CH2-C(O)-NH-), 1.61-1.44 (m, 4H), 1.31-1.17 (m, 22H, H in 

hexadecane-chain); 13C NMR δ 196.0, 173.8, 70.5, 70.4, 70.3, 70.1, 70.0, 69.9, 45.9, 

40.4,  39.1, 36.6, 30.6, 29.6-28.8, 25.8 
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N-(23-propiolamido-3,6,9,12,15,18,21-heptaoxatricosyl)-12-

(Acetylthio)dodekanamide(9a) 

8a (0.25g, 0.40mmol), propiolic acid (0.04g, 0.037ml, 0.60mmol), TBTU (0.19g, 

0.60mmol) and DIPEA (0.078g, 0.104ml, 0.6mmol) were dissolved in DMF (8ml) and 

stirred at room temperature. The color of the reaction mixture changed immediately to 

orange → red → dark red. The reaction mixture was concentrated and purified by FC 

(EtOAc → EtOAc/MeOH 20:1 → 10:1 → 5:1) but no product formation or starting 

material (8a) could be detected. 

 

N-(23-propiolamido-3,6,9,12,15,18,21-heptaoxatricosyl)-16-

(Acetylthio)hexadekanamide(9b) 

8b (0.24g, 0.35mmol), propiolic acid (0.07g, 0.065ml, 1.05mmol), NHS (0.20g, 

1.75mmol) and DCC (0.25g, 1.23mmol) were dissolved in DCM (30ml) and stirred at 

room temperature. A catalytic amount of TEA was added 30min later and the mixture 

was stirred for 1h 30min. The mixture was filtered, diluted with DCM and washed with 

slightly acid H2O. The organic phase was evaporated and purified by FC (EtOAc → 

EtOAc/MeOH 20:1 → 10:1) to give 9b (0.053g, 0.072mmol, 20.7%) as light yellow oil. 

1H NMR (CD3OD) δ 3.60 (m, 26H, CH2 in ethylene glycol), 3.50 (m, 4H, CH2 in 

ethylene glycol), 3.37 (t, 2H, CH2 in ethylene glycol), 2.82 (t, 2H, -CH2-SAc), 2.76 (s, 

1H, CH≡C-), 2.26 (s, 3H, SAc), 2.15 (t, 2H, -CH2-C(O)-NH-), 1.61-1.46 (m, 4H), 1.38-

1.23 (m, 22H, H in hexadecane-chain); 13C NMR δ 197.5, 176.3, 75.9, 71.4, 71.2, 70.6, 

70.1, 40.6, 40.4, 40.3, 37.1, 30.7-30.2, 29.8, 27.0, 26.5 

 

N-(23-propiolamido-3,6,9,12,15,18,21-heptaoxatricosyl)-12-

mercaptododekanamide(10a) 

There is no experimental section of 10a because the synthesis of 9a has collapsed. 
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N-(23-propiolamido-3,6,9,12,15,18,21-heptaoxatricosyl)-16-

mercaptohexadekanamide(10b) 

9b (0.04g, 0.055mmol) was dissolved in MeOH (10ml) and acetyl chloride (0.142ml) 

was added, generating 0.2M HCl. The reaction mixture was purged with nitrogen and 

refluxed for 3h under an atmosphere of nitrogen. The mixture was concentrated, 

resuspended in DCM and washed with H2O until neutral. The organic phase was dried, 

filtered, evaporated and purified by RP-HPLC (74% ACN aq, 0.1%TFA → 90% ACN 

aq, 0.1%TFA) to give 10b. Purity of the product was confirmed by MALDI, but there 

was almost no product (<1mg) left. 

 

N-prop-2-ynyl-succinamic acid (11) 

Succinic anhydride (5g, 50mmol) and propargyl amine (2.75g, 50mmol) were dissolved 

in DCM and stirred at room temperature over night. The product was precipitated with 

hexane and filtered and redissolved in slightly basic H2O and washed with EtOAc. The 

water phase was acified with HCl (1M, aq), saturated with NaCl (s) and washed with 

DCM. The organic phase was dried, filtered, evaporated and then purified by 

crystallization from DCM to give 11 (4.6g, 29.6mmol, 59%) as a white powder. 1H NMR 

(CD3OD) δ 4.91 (s, 1H), 3.94 (d, 2H, -C≡CH2-), 2.62-2-44 (m, 5H); 13C NMR δ 176.1, 

174.1, 80.6, 72.1, 31.3, 30.1, 29.5 

 

N-(17-hydroxy-3,6,9,12,15-pentaoxaheptadecyl) 12-mercaptododecaneamide (12a) 

N-(17-hydroxy-3,6,9,12,15-pentaoxaheptadecyl) 16-mercaptohexadecaneamide (12b) 

12a and 12b stock solutions (0,1mM respectively 1,0mM in EtOH) were used as 

received. 

 

5.2 Monolayer preparation 

 

Preparation of the Au-surface 

Standard, Si (100) wafers were cut into two different sizes, (20*40mm) for infrared 

reflection-absorption spectroscopy (IRAS) and (20*10mm) for ellipsometry and contact 

angle goniometry. The Si surfaces were cleaned by immersing in 5:1:1 mixture of Milli-
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Q water, 25% hydrogen peroxide and 30% ammonia for 5min at 80C° (TL-1 mix) and 

then primed with 25Å titanium adhesion layer with an evaporation rate of 2Å/s. 2000Å 

gold were then evaporated on to the surfaces using electron beam evaporation, under 

reduced base pressure at around 10-9 mbar and evaporation pressure at about 10-7 mbar 

with an evaporation rate of 10Å/s. Prior to SAM adsorption, the gold surfaces were 

cleaned in TL-1 mix and then rinsed thorough in Milli-Q water. The purity of the surfaces 

was controlled before adsorption of the SAMs using ellipsometry. The cleaned gold 

samples were rinsed with EtOH and then transferred into the incubation beakers. 

 

Preparation of the incubation mixture (A) 

7a (3.04mg, 5µmol) was dissolved in 10ml EtOH to give a 0.5mM stock solution of 7a. 

0.5ml of the solution was diluted with 4.5ml EtOH to give incubation mixture A (5ml, 

50µM). 

 

Preparation of the incubation mixture (B) 

7b (3.32mg, 5µmol) was dissolved in 10ml EtOH to give a0.5mM stock solution of 7b. 

0.5ml of the solution was diluted with 4.5ml EtOH to give incubation mixture B (5ml, 

50µM). 

 

Preparation of the incubation mixture (C) 

The stock solution of 7a (0.25ml, 0.5mM) and the stock solution of 12a (1.25ml, 0.1mM) 

were diluted with 3.5ml EtOH to give 5ml mixture of 25µM 7a and 25µM 12a, which is 

the incubation mixture C. 

 

Preparation of the incubation mixture (D) 

The stock solution of 7b (0.25ml, 0.5mM) and the stock solution of 12b (0.125ml, 1mM) 

were diluted with 4.625ml EtOH to give 5ml mixture of 25µM 7b and 25µM 12b, which 

is the incubation mixture D. 
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Preparation of the SAMs 

Cleaned gold surfaces were incubated in plastic beakers containing mixtures A, B, C and 

D. The gold surfaces were incubated in at least 24h at room temperature, rinsed with 

EtOH, ultrasonicated in EtOH for 3min and rinsed again with EtOH. The samples were 

finally dried with a stream of nitrogen and immediately analyzed. This preparation gave 

SAM-samples A, B, C, and D.  

 

Click reaction 

The click reactions were performed by immersing a SAM-sample in to a reaction mixture 

containing sodium ascorbate (13mmol, 0.024g), copper (II) sulfate pentahydrate(26mmol, 

0.060g) and compound 11 (39mmol, 0.056g) in Milli-Q water/EtOH (9ml, 2:1). The 

SAM-samples were incubated 12h-16h at room temperature, ultrasonicated 1min in 

Milli-Q water and then in EtOH. The samples were treated with slightly acidic EtOH for 

20min, dried with a stream of nitrogen and analyzed. Sample A + click reaction gave 

sample E, B + click reaction gave F, C + click reaction gave G and D + click reaction 

gave H.  

 

5.3 Characterization methods 

 

Ellipsometry 

The ellipsometric parameters ∆ and Ψ of the clean gold sample, analyzed prior to the 

incubation were used as the set values before measurements. The refractive index of the 

organic film was assumed to be 1.5, which is a common assumption preprogrammed in 

the instrument’s automatic measurement file. The film thickness was calculated as an 

average value of the measurements at three different spots on at least three surfaces for 

each SAM-sample. 

 

Contact angle goniometry 

A semi-automatic optical contact angle meter (KSV CAM 200) was used to determine 

advancing and receding contact angles of water on the SAMs. Before measurements, the 

needle was washed in TL-1 mix and filled with Milli-Q water. A manual dispenser was 
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used to expand or retract a droplet. As the drop was dispensed onto the surface and 

expended, the advancing contact angle was measured quasi-statically. Similarly, the 

receding contact angle was measured by partially withdrawing the drop back into the 

syringe. During the measurements, the syringe needle was kept inside the center of the 

drop, and a high speed CCD camera was used for image capturing. The images were 

analyzed by windows-based KSV CAM software. The data shown in this thesis are 

averages of three samples. Two to three measurements were made on each sample, and 

each measurement consisted of five images for the advancing, receding angles 

respectively and one image for the static angle.  

 

Infrared reflection-absorption spectroscopy (IRAS) 

The reflection-absorption spectra were recorded on a Bruker IFS 66 system, equipped 

with a liquid nitrogen cooled mercury cadmium telluride (MCT) detector. The 

measurement chamber was continuously purged with nitrogen gas during the 

measurements. Spectra were recorded in the range of 5000 cm-1  to 400 cm-1 with 2 cm-1 

resolution, 3000 scans and a three-term Blackmann-Harris apodization function was 

applied to the interferograms before Fourier transformation. Deuterated 

hexadecanethiolates (HS(CD2)15CD3) on gold was used as reference and a water 

spectrum was also recorded by letting air in to the measurement chamber. After insertion 

of the sample, the chamber was closed and purged with nitrogen for 30min before 

measurement.  

 

5.4 Surface plasmon resonance 

 

General method for surface preparation 

Glass chips covered with a thin Au layer (500Å) were cleaned in the TL-1 mix, rinsed 

thoroughly in Milli-Q water and immersed in EtOH. Cleaned surfaces were incubated in 

mixtures A, C and E (12a, 50µM in EtOH). The gold surfaces were incubated for at least 

24h at room temperature, rinsed with EtOH, ultrasonicated in EtOH for 2min and rinsed 

again with EtOH. The samples were finally dried with a stream of nitrogen and used for 

the click reaction. 
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N-Prop-2-ynyl-4-sulfamoyl-benzamide (13a) 

N-(5-Prop-2-ynylcarbamoyl-pentyl)-4-sulfamoyl-benzamide (13b) 

13a and 13b were used as received. 

 

Click reaction 

The reaction mixture for the click reaction (I) was made by adding sodium ascorbate 

(13mmol, 0.024g), copper (II) sulfate pentahydrate (26mmol, 0.060g) and compound 13a 

(39mmol, 0.093g in 1,5ml DMSO) to a solution of Milli-Q water/EtOH (7,5ml, 1:1). . 

The second reaction mixture for the click reaction (II) was made by mixing sodium 

ascorbate (13mmol, 0.024g), copper (II) sulfate pentahydrate (26mmol, 0.060g) and 

compound 13b (39mmol, 0.137g in 1,5ml DMSO) to a solution of Milli-Q water/EtOH 

(7,5ml, 1:1). Two samples each from incubation mixture (A), (C) and (E) (six samples 

with three different surface properties in total) were transferred to the mixture for the 

click reaction (I) and (II) and incubated at least 12h at room temperature. The samples 

were ultrasonicated 1min in Milli-Q water, then in EtOH, dried with a stream of nitrogen 

and analyzed. 

 

Characterization 

A Biacore X instrument with HBS-EP (0,01M HEPES pH 7,4, 0,15M NaCl, 3mM EDTA 

and 0,005% surfactant P20) as the running buffer was used for the interaction study. The 

flow rate was 10µl/min and a wash-delay for 180s was used. The sample surface was 

inserted into the device and washed three times by injection of NaOH (5µl 50mM). Then, 

bovine carbonic anhydrase dissolved in HBS-EP buffert (30µl, 50µM) was injected. After 

monitoring of the dissociation of the protein from the surface, the sample was washed 

once again with 50mM NaOH to remove remaining BCA molecules. 
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