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Dankwoord 

Silicium: atoomnummer 14, diamantrooster, halfgeleider, basismateriaal voor 

computerprocessoren en zonnecellen. Als fysisch-organisch chemicus was dat wel zo ongeveer 

mijn parate kennis over dit element. Ook organische monolagen waren weinig aan bod gekomen 

tijdens mijn studie scheikunde. In mijn promotieonderzoek moesten deze twee onderwerpen 

verenigd worden: waar was ik aan begonnen? Nu, vijf jaar later, is er een dik proefschrift over het 

maken en karakteriseren van diezelfde organische monolagen op siliciumoppervlakken. Een 

lange periode, waarin ik met veel plezier aan dit onderzoek gewerkt heb en waarin ik veel geleerd 

heb. Die periode zou echter niet zo plezierig, leerzaam en succesvol geweest zijn zonder de 

medewerking van veel mensen. Die wil ik hieronder graag bedanken. 

Als eerste wil ik mijn promotor, Ernst Sudholter, noemen. Ernst, je eerste opdracht aan 

mij luidde zo ongeveer "Doe dat eerst maar eens na", waarbij met 'dat' het maken van de 

monolagen op silicium volgens de methode van Linford werd bedoeld, die een jaar eerder was 

gepubliceerd. Ik denk dat we daar wel in geslaagd zijn, en dat we er een heleboel leuke dingen uit 

hebben gekregen. Bedankt voor jouw immer aanwezige enthousiasme voor dit onderzoek en de 

grote vrijheid die ik heb gehad in de afgelopen jaren. 

Mijn co-promotor, Han Zuilhof, wil ik bedanken voor de dagelijkse begeleiding en de 

goede adviezen. Ik heb veel geleerd van de vele discussies die we hebben gevoerd over de 

resultaten van mijn onderzoek en de artikelen die op basis daarvan werden geschreven. Ook jouw 

enthousiasme voor dit onderzoek was een goede stimulans. 

Op het laboratorium voor Organische Chemie was niet alle benodigde meetapparatuur 

aanwezig die nodig was voor dit onderzoek. Gelukkig kon er veelvuldig gebruik worden gemaakt 

van hulp van buiten. Willem Nissink en prof. J. van der Maas van de Universiteit Utrecht wil ik 

bedanken voor hun hulp bij de infraroodmetingen zoals beschreven in Hoofdstuk 3.1 also want to 

thank dr. Levent Demirel, dr. Ricarda Opitz, and prof. Wim de Jeu, from the AMOLF institute in 

Amsterdam, for performing the X-ray reflectivity experiments as described in Chapters 3 and 5. 

Dr. Ralf Linke van de Universiteit Eindhoven wil ik bedanken voor de XPS metingen. 

Oppervlaktepassivering van halfgeleiders is geen dagelijkse kost voor organisch chemici, 

maar vormde wel een onderdeel van dit onderzoek. Hoofdstuk 7 is dan ook het resultaat van een 

goede samenwerking met ECN en de Technische Universiteit Delft. Frank Schuurmans wil ik 



Stellingen 

1. Bij het nauwkeurig meten van watercontacthoeken van organische monolagen op vaste 
substraten met de Wilhelmy-plaat methode is ervaring met de betreffende techniek 
belangrijk om foute interpretaties te voorkomen. 

2. De bewering van Effenberger et al., dat in de UV-geinduceerde reactie van octadecanal 
met het waterstofgetermineerde Si(lll) oppervlak aan 97% van de silicium 
oppervlakteatomen een organisch molecuul wordt gebonden, is onjuist. 
- Effenberger, F.; Gotz, G.; Bidlingmaier, B.; Wezstein, M. Angew. Chem., Int. Ed Engl. 1998, 37, 2462-
2464. 
- Dit proefschrift. 

3. De conclusie van Bateman et al., dat in de reactie van undeceen met 
deuteriumgetermineerde siliciumoppervlakken geen C-D bindingen gevormd worden, valt 
niet af te leiden uit het door de auteurs gepresenteerde IR spectrum van de resulterende 
monolaag. 
Bateman, J. E.; Eagling, R. D.; Horrocks, B. R.; Houlton, A. J. Phys. Chem. B 2000, 104, 5557-5565 
(Figuur 9). 

4. Zhu et al. vergelijken ten onrechte hun monolagen van alcoholen op chloorgetermineerde 
Si(100) oppervlakken niet met de monolagen van 1-alkenen op H-getermineerde Si(100) 
oppervlakken zoals beschreven door Sieval et al. 
- Zhu, X.-Y.; Boiadjiev, V.; Mulder, J. A.; Hsung, R. P.; Major, R. C. Langmuir 2000,16,6766-6772. 
- Sieval, A. B.; Demirel, A. L.; Nissink, J. W. M.; Linford, M. R.; van der Maas, J. H.; de Jeu, W. H.; 
Zuilhof, H.; Sudholter, E. J. R. Langmuir 1998,14,1759-1768 (Hoofdstuk 3 van dit proefschrift). 

5. Het kunnen meten van high resolution electron energy loss spectra (HREELS) met een 
resolutie beter dan 8 cm-1 in plaats van ongeveer 30 cm" betekent nog niet dat er gemeten 
wordt met ultieme resolutie. 
Tautz, F. S.; Schaefer, J. A. "Ultimate resolution electron energy loss spectroscopy at H/Si(100) surfaces." 
J. Appl. Phys. 1998,84,6636-6639. 

6. Het modeleren van de driedimensionale structuur van de vaste fase van (vloeibaar-) 
kristallijne organische verbindingen leidt vaak tot foutieve simulaties doordat gekozen 
wordt voor een te kleine eenheidscel. 

7. Een sollicitatieplicht in de laatste maand voor aanvang van een nieuwe baan is zinloos. 

8. Een goed onderzoeker is tenminste eigenwijs. 

Stellingen behorende bij het proefschrift: 

Covalently Bound Organic Monolayers on Hydrogen-Terminated Silicon Surfaces 

Wageningen, 20 april 2001 Alexander B. Sieval 



bedanken voor de eerste (zeer succesvolle!) levensduurmetingen aan Si wafers gepassiveerd met 

MeAl 1. Dr. Axel Schonecker en prof. Wim Sinke hebben het mogelijk gemaakt dat ik gedurende 

een vijftal weken zelf levensduurmetingen kon doen bij ECN. Arvid van der Heide en Axel wil ik 

bedanken voor technische assistentie bij de MFCA experimenten. De Kelvin probe metingen zijn 

uitgevoerd samen met Carolien Huisman en dr. Albert Goossens van de Technische Universiteit 

Delft. De Kelvin probe werkte niet altijd mee, maar de uiteindelijke resultaten hebben een 

belangrijke bijdrage geleverd voor de verklaring van het tijdsafhankelijke gedrag van de 

effectieve levensduur, xeff. 

Edwin Currie, Joost Maas en prof. Martien Cohen Stuart van het laboratorium voor 

Fysische chemie en Kolloidkunde van Wageningen Universiteit wil ik bedanken voor hun 

verzoek om te proberen monolagen van styreen en polystyreen te maken. We waren eerst nogal 

sceptisch, maar er zijn toch hele mooie resultaten uitgekomen. Van hetzelfde laboratorium wil ik 

Remko Fokkink bedanken voor het oplossen van de technische problemen met de FT-IR 

opstelling, waarmee de ATR infraroodmetingen in Wageningen werden uitgevoerd. 

Het in dit proefschrift beschreven onderzoek viel binnen het interdisciplinaire Novem-

project Organische Zonnecellen. Iedereen die in de afgelopen jaren bij de vergaderingen en 

werkbesprekingen aanwezig is geweest, wil ik bedanken voor hun bijdrage. 

Tijdens mijn onderzoek heb ik het genoegen gehad maar liefst zes studenten te mogen 

begeleiden: Bram en Huub kwamen van Wageningen Universiteit, Geert, Vincent, Michael en 

Gert van het Rijn-IJsselcollege te Arnhem. Ik wil jullie graag bedanken: mede dankzij jullie 

inspanningen is dit boekje zo dik geworden. 

Alle medewerkers van het laboratorium voor Organische Chemie wil ik bedanken voor de 

gezellige jaren die ik heb gehad: "OC" was een fijne werkplek. In het bijzonder wil ik Beb van 

Veldhuizen bedanken voor zijn hulp bij het opnemen van de NMR spectra, Kees Teunis voor de 

massaspectra, en Ronald en Pleun voor het leveren en bestellen van de benodigde chemicalien en 

het glaswerk. De glasblazers Jurrie en Gert wil ik bedanken voor het maken van de speciale 

reactiebuizen en reactiekolven die nodig waren voor dit onderzoek. 

Geen promovendus zonder collega-promovendi, postdocs en analisten. Gelukkig maar, 

want de ontelbare (on)zinnige gesprekken tijdens de koffie-, lunch- en theepauzes, alsmede de 

borrels, twee AlO-reizen, drie oranje-groen roeitoernooien, diverse labreisjes, Hansje Brinker, 

wekelijkse zwemuurtjes, sinterklaasgedichten en vele andere activiteiten hebben de afgelopen 



jaren in Wageningen tot een onvergetelijke tijd gemaakt. Het is helaas niet mogelijk om jullie 

specifieke bijdragen hier allemaal apart te noemen: dit dankwoord zou dan wel eens heel erg lang 

kunnen worden. Hendra, Theo, Yvonne, Matthew, Gert Jan, Roel, Helma, Tina en alle anderen: 

allemaal ontzettend bedankt! 

Mijn ouders, mijn broer Paul, alsmede Marijke, Joop, Ingrid en Mark wil ik bedanken 

voor de belangstelling die zij al die jaren getoond hebben in de voortgang van mijn onderzoek. 

Jullie hadden geen goed idee van wat ik nu precies deed, daar in Wageningen, maar het was "iets 

met zonnecellen". Tot op zekere hoogte klopt dat ook wel, maar in dit proefschrift is toch geen 

zonnecel te vinden. Het hele onderzoek draaide namelijk allemaal om dat simpele figuurtje op de 

omslag. En daar kun je dus vier jaar mee bezig zijn! 

Tot slot wil ik Sandra bedanken voor al die dingen buiten de chemie. Ook jij begreep niet 

precies wat ik nu deed, maar gelukkig begrijp je mij meestal wel. 
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Chapter 1 

General Introduction 

1.1 Introduction 

The present technological developments require a continuous downsizing of electronic 

devices, like microprocessor chips and sensors. Consequently, the surface properties of the 

inorganic materials that are used in these devices become more important, as the relative 

number of surface atoms in the device increases rapidly. Therefore, control of the surface 

structure, preferably even down to the molecular level, becomes increasingly important. 

Monolayers of organic compounds on solid substrates, also called organic monolayers, 

form an important candidate for such molecular control of surface properties. These 

monolayers have been investigated extensively for many years and they can be easily 

prepared on a large variety of substrates, ranging from inorganic oxides, like mica and silicon 

oxide, to all kinds of metals.2'3 In general, they are formed by either the transfer of an already 

ordered monolayer of organic material onto a substrate (so-called Langmuir-Blodgett 

monolayers; see Section 1.2.1), or the spontaneous adsorption of dissolved molecules onto a 

substrate (so-called self-assembled monolayers, SAMs). A large variety of these SAMs 

exists,2'3 but only three will be discussed in this thesis, as they are technologically the most 
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promising. These systems are the organosilicon derivatives on silicon oxide (see Section 

1.2.2), the thiols on gold (see Section 1.2.3), and the covalently bound organic monolayers on 

oxide-free Si surfaces, which will be discussed extensively in Chapter 2. 

1.2 Organic Monolayers on Solid Substrates 

1.2.1 Langmuir-Blodgett Monolayers 

The preparation of Langmuir-Blodgett layers on solid substrates consists of a two-step 

procedure. In the first step a monolayer of an organic compound is prepared on an aqueous 

subphase by spreading a small amount of a solution of this compound on a large water surface 

and allowing the solvent to evaporate. These layers were first investigated in detail by 

Langmuir, who realized that such a layer would have a maximum thickness of only one 

molecule.4 In general amphiphilic molecules are used, which means that in the monolayer the 

polar head groups of these molecules are at the water surface, whereas the apolar parts are 

above this surface. This so-called Langmuir layer is slowly compressed until an ordered two-

dimensional system is obtained, in which the molecules are closely packed and all have the 

same orientation. In the second step this ordered layer is transferred onto a solid substrate by 

slowly dipping this substrate in the water phase. This results in a monolayer of the organic 

compound that is adsorbed on the surface of the substrate. This technique was first reported 

by Blodgett,5'6 therefore the resulting layers are referred to as Langmuir-Blodgett layers. By 

repeating the dipping step multilayers of the organic compound can be prepared.6 

The orientation of the molecules with respect to the surface of the substrate depends 

on the properties of this surface and on the properties of the organic compound.2 On polar 

substrates, like glass, the polar head groups of the amphiphilic molecule are at the glass 

surface and the apolar groups are at the monolayer-air interface, whereas on apolar substrates 

the reverse situation is formed. For multilayers two different situations are possible. The 

molecules can all be oriented head-to-tail, i.e., the orientation of the molecules in each layer is 

identical, or the molecules can be head-to-head, which means that they form a double-layered 

system. For amphiphilic molecules this latter situation is thermodynamically the most stable, 

as it results in a situation in which the interactions between adjacent layers are subsequently 

hydrophobic-hydrophobic and hydrophilic-hydrophilic. 

An enormous amount of research has been done on the preparation, characterization, 

and properties of these Langmuir-Blodgett layers, using a large variety of organic molecules, 
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including polymers. A review of this work is beyond the scope of this Introduction. For more 

information the reader is referred to reference 2. 

1.2.2 Monolayers of Organosilicon Derivatives on Silicon Oxide 

Monolayers of organosilicon derivatives on silicon oxide7 have for a long time been 

called monolayers on silicon, most likely to distinguish them from monolayers on silica. 

They were first prepared by Sagiv in 1980, who reported the spontaneous formation of 

ordered monolayers of octadecyltrichlorosilane on glass.9 Soon after, the reaction was 

extended to oxidized silicon.101112 Well-ordered monolayers were obtained with 

n-alkyltrichlorosilanes of various lengths, as well as with some co-functionalized derivatives. 

The molecules in the monolayers are oriented nearly perpendicular to the surface. The 

reaction works equally well for trialkoxysilanes, ' which have the advantage that these 

organic reagents are more stable toward side-reactions, like polymerization (vide infra). The 

reaction is schematically shown in Figure 1. 
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Figure 1. Reaction of organosilicon derivatives with a silicon oxide surface. 

It has been shown that a large variety of functionalized organosilanes can be used. The 

compounds that were used in the early years can be found in references 2 and 3. Nowadays, 

many researchers develop special, highly functionalized molecules for specific purposes, 

investigating the properties of mixed monolayers, the possibilities for application in non­

linear optics (NLO), the development of sensors, etc. It is beyond the scope of this 

Introduction to give a review of this subject. 

The preparation of these self-assembled monolayers is not limited to silicon oxide. 

Other surfaces can be used as well, provided that hydroxyl groups are present, ' ' as is 
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evident from Figure 1. It has been shown that on a dehydrated surface monolayer formation is 

not possible or leads to disordered systems.1 However, there is still considerable debate about 

the precise reaction mechanism and about the exact structure of the new "SiO" layer that is 

formed at the interface.151718 

It should be noted that, although the reaction shown in Figure 1 is quite 

straightforward from a chemical point of view, there can be some practical problems in the 

actual preparation of the monolayers. Adsorption of the molecules will, of course, always 

occur, because of the chemical reaction that takes place between the surface Si-OH groups 

and the reactive Si-Cl or Si-OR groups of the silane derivative. However, the successful 

formation of high-quality monolayers is influenced both by the residual water content and by 

the reaction temperature. It is known that incomplete monolayer formation occurs in the 

absence of water, whereas an excess of water leads to extensive polymerization of the silanes 

in solution, and, consequently, the (co-)adsorption of polysiloxanes.19'20 The reaction 

temperature not only influences the reaction kinetics, but threshold temperatures are known to 

exist, above which disordered monolayers are formed.19'21 These threshold temperatures even 

vary within a series of derivatives that only vary in the length of the alkyl chain.21 The 

occurrence of these threshold temperatures contrasts with the behavior as found for 

monolayers of thiols on gold22 and, especially, that of 1-alkenes on H-terminated Si surfaces 

(see Section 2.3.1 and Chapter 4), where the quality of the monolayers improves if the 

reaction temperature is increased. Apart from these practical problems concerning the actual 

monolayer formation, it should also be noted that the required silane derivatives, especially 

the trichlorosilanes, can be difficult to purify and are very sensitive towards moisture. 

1.2.3 Monolayers of Thiols on Gold 

The strong affinity of sulfur compounds to transition metal surfaces is well known, 

and many different combinations have been investigated.2'3 Most of the research in this field 

has been done on the interaction between thiols and the noble metals, in particular the 

Au(lll) surface. The first self-assembled monolayers of sulfur-containing compounds on 

gold were prepared from organic disulfides.23'24'25 Soon after, it was found that the reaction 

works equally well for alkanethiols26 and it has been shown that these derivatives give 

monolayers that are indistinguishable from those of the corresponding disulfides.27 A 

hexagonal packing structure is observed for the molecules in the monolayer, which is 

commensurate with the underlying Au(lll) surface.24 For n-alkyl thiols the alkyl chains in 

the monolayers are tilted approximately 27° from the surface normal.25'26 This tilting results in 
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an increase in the favorable Van der Waals interactions between the alkyl chains, as the 

surface area that is available per molecule (-21.4 A ) is larger than that required for 

molecules oriented perpendicular to the surface (~19 A ). 

As for the alkylsilanes (see Section 1.2.2), a large variety of functionalized derivatives 

have successfully been used in the monolayer preparations, especially co-functionalized 

thiols. -24-25'28 jUst as for the silane derivatives, all kinds of special molecules are now used 

for the monolayer preparation. The results from the early years have been reviewed in 

references 2 and 3. 

The advantage of the thiol monolayers over the alkylsilanes is the better compatibility 

of the thiol group with other functional groups in the organic compound. The major drawback 

is that they are bound to the surface by relatively weak, ionic Au+—S" interactions. 

Consequently, the monolayers of thiols can be relatively easily desorbed from the Au surface, 

e.g., by heating in a solvent. ' 

1.3 Outline of this Thesis 

The purpose of this investigation is the preparation of covalently bound, Si-C linked 

organic monolayers on hydrogen-terminated silicon surfaces by wet-chemical reactions 

between organic compounds and the Si surface. These monolayers are part of the class of the 

organic monolayers on oxide-free Si surfaces, as mentioned in the Introduction of this 

Chapter (see Section 1.1). 

Chapter 2 gives a literature review of the various methods that have been developed in 

recent years for the preparation of organic monolayers on oxide-free silicon surfaces. Both 

wet-chemical reactions as well as vacuum processes are discussed. This Chapter also gives a 

short introduction into the preparation and structure of oxide-free and of hydrogen-terminated 

Si surfaces. 

Chapter 3 describes the reaction of neat 1-alkenes with the H-terminated Si(100) 

surface, which results in the formation of covalently bound monolayers of these compounds 

on the Si surface. Both functionalized and nonfunctionalized 1-alkenes were used, in order to 

investigate the possibilities and limitations of the reaction. 

An improved method for monolayer preparation, using solutions of 1 -alkenes instead 

of neat 1-alkenes, is described in Chapter 4. The use of dilute solutions would constitute an 
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important improvement of the original method as used in Chapter 3, because the amount of 

1-alkene needed is considerably reduced. 

The reaction of 1-alkynes with the H-terminated Si(100) surface is the subject of 

Chapter 5. The properties of the resulting monolayers are compared to those of the 

corresponding 1-alkenes. Three-dimensional models show that 1-alkynes can bind to the 

Si(100) surface in several different ways. Therefore, the exact binding geometry of the 

1-alkynes to the Si surface is also investigated. 

In Chapter 6 a method is developed to investigate the structure of monolayers of 

1-alkenes on H-terminated Si surfaces by molecular modeling simulations. The results of 

these calculations provide additional information on the structure of the monolayers and the 

geometry of the molecules in these layers. 

A possible application of these monolayers, namely the passivation of Si surfaces, is 

investigated in Chapter 7. Surface passivation is important in the semiconductor industry and 

for silicon solar cells, and these monolayers can provide a valuable and relatively cheap 

alternative for the methods that are currently used. Lifetimes of the minority charge carriers in 

the modified Si substrates are determined, which gives information on the achieved surface 

passivation. The modified substrates are also investigated by Kelvin probe measurements. 

The preparation of amino-terminated monolayers is described in Chapter 8. A new 

approach has been developed, which involves the reaction of mixtures of protected amine 

derivatives and nonfunctionalized 1-alkenes. This is the first method for the preparation of 

covalently attached amino-terminated monolayers on Si surfaces in which there is complete 

control over the composition of the monolayers and thus over the surface density of the amino 

groups. 
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Organic Monolayers on 

Silicon Surfaces 

2.1 Silicon and Silicon Surfaces 

Silicon was discovered as an element by Berzelius in 1824, when it was isolated as an 

amorphous, brown powder.1'2 In 1854 Deville prepared crystalline silicon, which is grey and 

shows a metallic luster. Silicon is generally prepared by reduction of silica, for which various 

reductants are possible. The crystal structure is similar to that of diamond, with a Si-Si bond 

length of 2.34 A.3 The unit cell is depicted in Figure 1. 

Figure 1. The unit cell of crystalline silicon. Two different orientations are shown, to show a 

Si(100) and a Si(lll) Miller plane (in grey), which are indicated by the arrows (left and right 

picture, respectively; for an explanation see text). 
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Upon cleavage of a silicon crystal a large variety of surfaces can be formed. Thus, 

investigation of the chemical modification of Si surfaces is not possible without some 

knowledge about the structure of these surfaces. Many different surfaces have been prepared 

and their structures investigated under ultra-high vacuum (UHV) conditions. '5' The surfaces 

are characterized by their Miller indices, which refer to the plane through which the crystal 

was originally cleaved. This latter point is important, as in some cases the final structure of 

the resulting surface can differ considerably from that predicted from the Si unit cell, because 

of rearrangement of the surface atoms.4'5'6 

The most common Si surface orientations are the Si(100) and the Si(l 11) surface, and 

consequently almost all investigations focus on their properties and reactivity. Both surfaces 

rearrange under UHV conditions. In the case of the Si(100) surface, which is the surface of 

any side of the unit cell as shown in Figure 1 (structure on the left),7 the Si surface atoms 

would end up with two singly occupied sp3-orbitals (so-called 'dangling bonds'). This 

situation is energetically unfavorable and results in dimerization of the Si surface atoms. The 

resulting reorganized surface is called the Si(100)-(2xl) surface. Several different 

dimerizations are possible, which give rise to different substructures of this (2x1)-

reconstructed surface.4'5'6 

A much more complicated reconstruction occurs for the Si(lll) surface, which is 

formed upon cleavage of the Si unit cell through a plane perpendicular to one of the diagonals 

of the box, i.e., by horizontally cutting the structure on the right in Figure 1. This Si(lll) 

surface should consist of a double-layered structure, in which each Si atom has three bonds to 

atoms in the other layer and one bond to an atom in a different layer. Consequently, the Si 

atoms at the top layer would have one dangling bond perpendicular to the Si surface. 

However, this Si(lll) surface rearranges into the highly complicated Si(lll)-(7x7) surface, 

which consists of a structure with 102 Si atoms in a four-layered system.4'5'6'8'9 

2.2 Hydrogen-Terminated Si Surfaces 

2.2.1 Adsorption of Hydrogen on Clean Si Surfaces 

The adsorption of atomic hydrogen on silicon surfaces under ultra-high vacuum 

conditions has been studied extensively.4'6 In general, complete saturation of all the dangling 

bonds on the Si surface occurs. On the Si(lll) surface, the structure of the H-terminated 

surface strongly depends on the coverage, i.e., on the amount of hydrogen that has reacted 
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with the Si surface. At the early stages of hydrogen adsorption the Si(l 1 l)-(7x7) surface does 

not reconstruct, however, at higher coverage reorganization of the Si atoms occurs. This leads 

to a variety of complex surface structures. For more information the reader is referred to 

references 4 and 6. 

In the case of the Si(100) surface the situation is more clear. Only three different 

structures are formed, again depending on the reaction conditions used. '6 Formation of the 

(2xl)-monohydride phase (Figure 2a) is the most evident process, as this does not require a 

reconstruction of the Si dimers that are present on the clean Si(100) surface {vide supra). Each 

Si surface atom is saturated by one hydrogen atom. However, formation of a dihydride phase 

(the (lxl) structure; Figure 2b) is also possible. This is the surface that would be formed if all 

dangling bonds on the unreconstructed Si(100) surface would be saturated with hydrogen 

atoms. Besides these two surfaces with only one type of Si-H groups, a 1 : 1 mixed surface of 

the two structures can also be formed, which is called the (3x1) structure (Figure 2c). On this 

surface, alternating rows are formed of the monohydride and dihydride groups. 

H H H H H H H H H 

>i s' si^M s i^ a-- si si I 

..-4 K- A A.8I-A. --4 .V-S.A-
^ ^ S i ^ ^ S i ' ' ^ Si ^ ^ ^ S i Si ^ ^ 

(a) (b) (c) 

Figure 2. (a) The H-terminated Si(100)-(2xl) surface, (b) The H-terminated Si(100)-(lxl) 

surface, (c) The H-terminated Si(100)-(3xl) surface. 

2.2.2 Wet-Chemical Preparations of Hydrogen-Terminated Si Surfaces 

Hydrogen-terminated Si surfaces can also be prepared by dissolution of the native 

oxide in fluoride-containing aqueous solutions. This process is called etching of silicon and 

results in the formation of the H-terminated Si surface according to a series of reactions as 

schematically depicted in Figure 3.10 '11 '2 After formation of the H-terminated Si surface, 

fluoride ions continue to break Si-Si bonds, which means the etching process does not stop, 

and new Si-F groups are formed. As a result, etching times are as important as the F~ 

concentration. 
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Figure 3. Reaction of fluoride solutions with a Si/SiC>2 surface, resulting in the formation of 

the H-terminated Si surface. 

The actual structure of the H-terminated Si surface that is formed depends not only on 

the type of Si surface (i.e., Si(l 11), Si(100), or some other Si surface), but also on the pH of 

the solution. For the Si(lll) surface the so-called "ideal" H-terminated Si(lll) surface is 

usually formed by etching in 40% NH4F solutions in water (pH = 7.8),1314 or by reaction of a 

HF-treated Si(lll) surface with boiling water.1516 A flat Si surface is formed, with terraces 

>100 A, ' on which each Si surface atom is occupied by only one hydrogen atom. In other 

words, all dangling bonds of the unreconstructed Si(lll) surface, as would be obtained 

directly after cleavage of the Si crystal (see Section 2.1), are simply saturated with hydrogen 

atoms. The use of buffered fluoride solutions (usually mixtures of NH4F and HF)'81920 or HF 

solutions17'1 "2I results in the formation of a rougher surface with smaller terraces. The "ideal" 

H-terminated Si(l 11) surface is depicted in Figure 4a. 

(a) " - - * * (b) 

Figure 4. (a) The H-terminated Si(l 11) surface, (b) The H-terminated Si(100) surface. 

In the case of the H-terminated Si(100) surface the corresponding "ideal" 

H-terminated surface would be that on which each Si surface atom is saturated with two 

hydrogen atoms (Figure 4b). This surface is identical to the dihydride surface that is obtained 
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under high-vacuum conditions (the H-terminated Si(100)-(lxl) surface, see Figure 2b). The 

formation of this surface under wet-chemical conditions has indeed been reported, using a 19 

: 1 mixture (v/v) of concentrated HC1 and HF.22 However, the structure of the resulting 

surface still was not as perfect as for the Si(lll) surface. In practice, Si(100) surfaces are 

etched in dilute HF solutions. This results in the formation of a surface that is mainly 

occupied with SiH2 groups, but that also contains considerable amounts of SiH and SiH3 

groups. '2I Consequently, the H-terminated Si(100) surface is not atomically flat. 

The use of other etching conditions has been investigated, but this does not lead to a 

flatter Si(100) surface, i.e., with a higher percentage of SiH2 groups at the surface. In 

concentrated HF the amount of fluoride groups on the surface increases.23 In buffered 

solutions formation of Si(l 11) facets starts to occur, a process which becomes more important 

in NH4F solutions.20'24 This is the result of two effects: the etch rates along the various 

directions are not equal,18'24'25 and the H-terminated Si(l 11) surface is thermodynamically the 

most stable surface under these conditions.20'25 

A special form of H-terminated silicon is porous silicon. This is generally prepared by 

galvanostatic etching or chemical corrosion of crystalline Si, which results in the formation 

of a layer of porous, H-terminated material on the Si surface. The structure of this irregular 

layer is highly complex and consists of mono-, di-, and trihydride groups and Si 

nanocrystallites. A schematic representation of the H-terminated Si surface in this porous 

material is shown in Figure 5. The presence of the SiH2 and SiH3 groups makes the reactivity 

of porous silicon somewhat comparable to that of the H-terminated Si(100) surface. Porous Si 

has an interesting property, as, unlike crystalline Si, it is photoluminescent. 6 

SiH3 
HWH H H / H H H 

^ S \ ^ _ W / r H H H \ / 
" ^ \ / \ Slv 1 \,y ^ ~ -

\ X 

Figure 5. Schematic representation of a porous silicon surface. 

2.2.3 Stability of Hydrogen-Terminated Si Surfaces 

None of the H-terminated Si surfaces is stable in air at ambient temperature. Oxidation 

of the surface occurs in the presence of oxygen, as this reaction regenerates a silicon oxide 
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layer on the Si surface, which is thermodynamically the most stable situation. The oxidation is 

catalyzed by the presence of water.27'28 The first steps involve the back-side oxidation of the 

Si-Si bonds to Si-O-Si bonds.29 The last step is the oxidation of the resulting C^Si-H groups 

to O3S1-OH groups.28'29'30 

The rate of the oxidation reactions is strongly influenced by all kind of factors. In the 

case of the crystalline H-terminated Si surfaces, formation of a monolayer of silicon oxide has 

been reported to take anywhere from one hour ' ' to a week, ' or even up to a month. 

The silicon oxide growth strongly depends on several factors, like the type of surface (Si(l 11) 
i n *>fl Jr. 

or Si(100)), ' the environmental conditions (e.g., humidity), and the etching 

conditions. ' For porous silicon the same factors influence the oxidation, however, an 

additional factor for this material is the adsorption of (organic) contaminants in the pores.26 

2.3 Covalently Bound Organic Monolayers on Si Surfaces 

2.3.1 Alkenes and Alkynes on Hydrogen-Terminated Si Surfaces 

In 1993 Linford and Chidsey reported the first wet-chemical preparation of organic 

monolayers that were covalently bound to crystalline Si surfaces without an intermediate 

oxide layer. Pyrolysis of diacyl peroxides at 100 °C in the presence of a H-terminated Si 

surface gave stable, well-ordered monolayers, that were linked to the surface via a covalent 

Si-C bond and inhibited the oxidation of the Si surface. Soon after the reaction was shown to 

work equally well with mixtures of 1-alkenes and diacylperoxides.34'35 Deuterium labeling 

experiments showed that the latter compounds mainly serve as initiator for the monolayer 

formation and that most of the surface-bound alkyl chains originate from the 1-alkene. It was 

proposed34 that the acyl radicals (R-C(O)O) that are formed due to thermal cleavage of the 

peroxide bond generate Si radical sites on the H-terminated Si surface by hydrogen 

abstraction, which subsequently react with a 1-alkene to form a covalent Si-C bond between 

the Si radical and the terminal carbon atom of the 1-alkene. This generates a carbon-centered 

radical, which can abstract a hydrogen atom from a neighboring Si surface atom, which 

generates a new site for binding of a 1-alkene (Figure 6). Recent investigations suggested a 

more active role of the solvent,36 but this hypothesis is rather doubtful (see Chapters 5 and 6). 

Control experiments with neat 1-alkenes showed that the monolayers could also be 

formed without a radical initiator, though higher temperatures were needed (200 °C) to obtain 

monolayers that were of similar quality as those prepared with diacylperoxides as the 
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Figure 6. Proposed mechanism for the formation of monolayers in the reaction of 1-alkenes 

with H-terminated Si surfaces.34 

initiator. 4' 7 The advantage of the reaction with neat 1 -alkenes over that with the peroxide 

initiator was that in the latter case the acyl radicals themselves also reacted with the Si 

surface, to give Si-0-C(0)-R structures. These siloxane esters are susceptible to hydrolysis, 

as was demonstrated by heating such monolayers in the presence of water.34 Thus, their 

presence is undesirable, and yields defects in the monolayer. In addition, diacylperoxides are 

thermally explosive compounds. 

The reaction can also be initiated by UV light, which cleaves the Si-H groups on the 

surface. The quality of the monolayers of 1-alkenes prepared by this method is comparable to 

those prepared by the thermal reaction,38'3 ' '41 and the procedure can be used for 

photopatterning of the organic monolayer on the Si surface, as only the illuminated areas 

react. The reaction also works for ©-functionalized alkenes. '4 

The reaction of 1 -alkenes with porous silicon has also been explored.44'45 In this case 

the thermal reaction as employed for the crystalline Si surfaces is not used often,46 as it is not 

completely compatible with the delicate structure of the Si material. The high reaction 

temperatures generally cause the complete loss of the photoluminescent properties of the 

porous silicon. 7 Therefore alternative strategies are used, which are either based on Lewis 

acid-catalyzed reactions or on photochemical initiation. 

In the Lewis acid-based modification of porous Si a catalytic amount of a Lewis acid, 

usually ethylaluminum dichloride (CH3CH2-AICI2), is added.47'48'49 This well-known type of 

catalysis is frequently used in organic solution chemistry, i.e., in the hydrosilylation of 

1-alkenes.50'51 Although other catalysts (Rh(I)- and Pd(II)-based) can be used as well, the 

aluminum derivative has been found to give the best results.49 A large variety of alkenes has 

been used, including co-functionalized derivatives47'48 and internal alkenes (i.e., 2-alkenes, tri-, 

and tetrasubstituted alkenes).47'48'49 The functionalized derivatives give good results, with 
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packing densities that are comparable to the nonfunctionalized alkenes, provided that the 

functional groups are compatible with the reaction.4 The internal alkenes give considerably 

lower surface coverage, due to steric hindrance between the surface-bound molecules.47 The 

Al-catalyzed reaction has also been applied to crystalline Si surfaces, however, the packing 

density of the alkyl chains was found to be considerably lower compared to the monolayers 

prepared by the thermal reaction.40 This reaction has also been shown to work with a 

Pt(0)-catalyst.52 

Porous silicon also reacts with 1-alkenes by photochemical initiation.53 Unlike for 

crystalline Si, where UV light is required,39'41 this reaction can be performed using white 

light. The reason for this difference is not clear, but it suggests that on porous Si the reaction 

mechanism does not involve the direct photochemical cleavage of the surface Si-H bonds, as 

the energy of white light is insufficient to accomplish this reaction.39'41 Just as for the 

crystalline surfaces, the 1-alkene is only bound to those areas which have been illuminated. 

The surface modification has also been explored for 1-alkynes,44' which react 

similarly to the analogous 1-alkenes in the case of the peroxide-catalyzed,34 

photochemical,41'53 or Lewis acid-catalyzed reaction.47'48'49 Only one Si-C bond is formed per 

reacting molecule, which means that a C=C double bond remains near the surface. 

Interestingly, the thermal reaction of 1-alkynes with porous Si seems to give two Si-C bonds 

per molecule, as, unlike in the case of the above mentioned situations, no C=C stretching 

vibrations could be detected with IR spectroscopy.46 

2.3.2 Grignard Reagents on Hydrogen-Terminated Si Surfaces 

Alkyl magnesium (Grignard) and alkyl lithium reagents can react with H-terminated 

Si surfaces, forming covalent Si-C bonds. Reaction of 1-decylmagnesium bromide with the 

Si(lll) surface was found to give Si-C bonded monolayers that were as ordered as 

monolayers of 1-decene prepared using UV irradiation.40 The mechanism for the reaction is 

not known, but is likely different from that of the comparable reaction that occurs on porous 

Si (vide infra). 

On porous silicon the reaction has been shown to work either with5 or 

without55'56'57'58'59 an external electrical bias, via different reaction mechanisms. In the 

reaction with an electronic bias the Si-H groups on the surface are consumed and Si-alkyl 

groups are formed.54 A methyl-terminated Si surface was obtained, using either methyl 

lithium or methyl magnesium derivatives. Without an electronic bias a different reaction 

occurs. Compounds of the general structure R-M, in which R = alkyl,55'56'57'58 aryl,59 or 
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alkynyl59 and M = Li or MgBr, have all been shown to react with porous silicon surfaces. The 

Si-Si bonds at the surface are cleaved and both the organic moiety R as well as the metal ion 

M bind to the Si surface (Figure 7), which means that in this case no Si-H groups are 

consumed. The Si-M bonds, in which the Si atom is partially negatively charged, can 

subsequently be reacted with electrophilic reagents E-X, which results in binding of the 

electrophile to the surface. Several different electrophiles, like protons and acyl groups,57'59 

have been used successfully. 

R M R E 

V V « V \/H H H 

.J5 ' s '„ • ,>Si S i . - Si Si + M"X 

«»*: > 

Figure 7. Reaction of Grignard reagents with porous silicon without an electronic bias. 

2.3.3 Grignard Reagents on Halogen-Terminated Si Surfaces 

Alkyl magnesium and alkyl lithium derivatives can also react with halogen-terminated 

Si surfaces. Ordered monolayers, that inhibit oxidation of the underlying Si surface, were 

obtained using a Cl-terminated Si(l 11) surface (Figure g).6061>62 it was found that the quality 

of the monolayer depends on the length of the alkyl chain of the molecule. Alkyl chains up 

to a length of six CH2 groups give monolayers that are more densely packed (replacing most 

but not all CI atoms on the surface) compared to monolayers of longer derivatives, as 

evidenced from changes in the wettability of these latter layers. 2-Lithiothiophenes have been 

bound to the surface via the same procedure, using a Br-terminated Si(l 11) surface. 

The reaction has also been used to confirm the formation of the covalent Si-C bond in 

a comparative study of monolayers of methyl lithium on Cl-terminated Si(lll) and 

monolayers of 1-alkenes on H-terminated Si(l 11). Both the results from X-ray Photoelectron 

Spectroscopy (XPS) and core-level Photoelectron Emission Spectroscopy (PES) showed 

the formation of a Si-C bond between the Si surface and the organic reagent. 

CI CI CI CI CI R R R CI R 

M i l l R-M9BrorR-L; 1 1 1 1 1 
Si Si 

Figure 8. Schematic of the reaction of Grignard reagents with Cl-terminated Si surfaces. 
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2.3.4 Adsorption of Organic Compounds on Clean Si Surfaces 

The physisorption and chemisorption of organic compounds on clean Si surfaces 

under ultra-high vacuum conditions has been studied extensively,4'6 because these reactions 

are a major source for the contamination of these Si surfaces, and because they are used for 

the preparation of silicon carbide (SiC) layers. 

rc-Alkanes do not react with the Si surface, but only show physisorption at low 

temperatures (< 100 K).65'66 At higher temperatures the compounds desorb from the surface. 

In contrast, branched alkanes do react with the Si surface.65 A fraction of the material that is 

physisorbed binds dissociatively to the surface at low temperatures, which means that 

covalent Si-C bonds are formed between the surface and the organic compound. Upon 

heating of the substrate, these chemisorbed derivatives can decompose, leaving Si-(CHx)y 

groups (x = 0-3, y = 1-3) on the surface. 

Unsaturated hydrocarbons, i.e., alkenes, alkynes, and dienes, as well as aromatic 

compounds (benzene) have all been shown to react with the Si radical sites on clean Si 

surfaces, which leads to the formation of covalent Si-C bonds between the organic molecule 

and the Si surface. Much of this work has been reviewed,4'6 however, many new 

developments in this field have occurred over the last years. 

Relatively little work has been done on the reactivity of unsaturated organic 

compounds on the Si(l 1 l)-(7x7) surface, most likely because of the complex structure of this 

surface (see Section 2.1). Only the reactions of ethylene,67'68 acetylene,69'70 and benzene71'72'73 

have been studied. In general, the organic compound makes one Si-C bond to one of the so-

called Si adatoms of the Si(l 1 l)-(7x7) surface, which form the top layer of this surface, and a 

second bond to a close-by Si surface atom in one of the lower-lying layers. 

Far more information is available on the chemisorption of unsaturated compounds on 

the Si=Si dimers of the Si(100)-(2xl) surface. Alkenes give an addition reaction with these 

dimers, which can formally be considered as a [2+2] cycloaddition. This leads to the 

formation of two Si-C bonds per reacting molecule (Figure 9a).65.74.7576.77.78.79.80 i t w a s 

generally believed that acetylenes reacted in the same way,81'82'83 however, it has recently 

been shown that these derivatives form four Si-C bonds to the surface (Figure 9b). 

Unsaturated organic compounds with more than one C=C bond also react with the 

Si(100) surface. In the case of 1,3-dienes (cyclic and noncyclic), in which the organic 

compound has two C=C double bonds that are conjugated, both [2+2] and [4+2] 

cycloadditions have been reported.85'86'87,88'89'90'91 The [2+2] cycloaddition is analogous to the 

reaction of nonconjugated alkenes, which means that one double bond reacts with the Si 



Chapter 2 

HC=CH 

H2C CH2 H H H 2 C X \ H 2 

I \ \ / \ / 
Si Si ,C C. Si Si --4. ..K- -4 K- .-4. .K-. 

^Si """Si"' Si " ^ S i \ ~ S i " ' ^ ' S i \ ' ^S i - -J~S i" 'L- 'S i \ 

^ ^ - s i ^ (a) ^ ^ s i ^ (b) ^ ^ s , ^ (c) 

Figure 9. (a) Ethene bound to the Si(100) surface, (b) Ethyne bound to the Si(100) surface, 

(c) The [4+2] cycloaddition of butadiene on the Si(100) surface. 

surface and the other double bond in the compound remains intact. In the [4+2] cycloaddition 

both double bonds react with one Si=Si dimer, i.e., a Diels-Alder type of reaction occurs, 

which gives structures as shown in Figure 9c. For nonconjugated dienes the reactivity 

depends on the three-dimensional structure of the compound. If, after the first C=C bond has 

reacted with aSi=Si dimer on the surface, the second C=C bond can easily react with another 

Si=Si dimer, this will occur. ' If this second reaction step becomes complicated, e.g., 

because the C=C bond can not reach a Si=Si dimer due to steric problems, this C=C double 

bond does not react and thus remains intact.90' ' A cyclic polyene 

(1,3,5,7-cyclooctatetraene) has also been investigated and for this molecule two out of four 

C=C bonds bind to the surface.95,96 

Finally, benzene has also been shown to give chemisorption reactions with the 

Si(100)-(2xl) surface.97'98 Two covalent a-type Si-C bonds are formed, implying that the 

aromaticity is lost. This loss of aromaticity also occurs for the chemisorption of benzene on 

the Si(lll)-(7x7) surface.73 

2.3.5 Other Reactions of Organic Compounds with Oxide-Free Si Surfaces 

There is a large variety of other reactions that leads to the covalent binding of organic 

molecules on Si surfaces. Regarding the ultra-high vacuum reactions, methyl iodide is known 

to adsorb dissociatively on clean Si surfaces, which results in the formation of CH3 groups 

bound to the surface. In contrast, methyl chloride seems to give CH2CI type species bound 

to the surface.100 Organic amines,101102103 azo compounds,104 alcohols,105 and acids101'106 are 

also known to react, though this generally results in the formation of Si-N or Si-0 linked 

species, instead of in the formation of Si^C bonds. A remarkable reaction occurs for C=0 

bonds in aldehydes and ketones, which give a [2+2]-type cycloaddition to the Si=Si dimers of 

the Si(100)-(2xl) surface, i.e., both a Si-O and a Si-C bond are formed simultaneously.107 
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Acetaldehyde has also been chemisorbed on the Si(l 1 l)-(7x7) surface,108 however, the precise 

structure of this modified surface is unknown. This [2+2]-type of cycloaddition to the Si 

surface has also been found for phenyl isothiocyanate (C6H5-N=C=S), which gives selective 

addition of the C=N bond to the Si=Si dimers.109 

Alternative wet-chemical functionalization strategies are also available. Alkylamines 

react with Cl-terminated porous Si surfaces to give Si-N linked species.102 Alcohols react 

with H-terminated Si surfaces, which leads to Si-O-R linked monolayers."0111'112 Acids can 

react under various conditions with H-terminated Si surfaces to give siloxane esters.113'114'"5 

This addition reaction also occurs on Si surfaces that are mainly terminated with Si-F groups 

(Si(lll) etched in 50% H F ) . " 6 ' " 7 1 1 8 Aldehydes react with H-terminated surfaces under 

illumination with UV-light, to give again Si-O-R linked monolayers.39 These surface 

modifications usually give ordered monolayers. However, as mentioned before (see Section 

2.3.1), the drawback of all these Si-0 and Si-N linked monolayers is that these bonds can be 

easily hydrolyzed, which limits the application of such systems in semiconductor technology. 

A more interesting reaction is the electrochemical attachment of benzene diazonium 

salts on H-terminated Si surfaces,"9 as this reaction does result in the formation of covalent 

Si-C bonds between the organic compound and the Si surface. Nitrogen gas is eliminated 

from the organic compound after uptake of an electron, and the remaining phenyl radicals 

bind to the surface. A monolayer of phenyl groups can thus be prepared on the surface, also if 

functionalized aromatics are used. A similar reaction occurs for alkyl and benzyl halides, 

which have been bound to porous silicon by electrochemical reduction.120 Both functional and 

nonfunctional derivatives could be used. In a control experiment the reaction was also applied 

to a crystalline surface, which showed the same reactivity. However, no analytical data were 

given for this monolayer, thus the packing density (= the monolayer quality) is not known. 

Finally, the formation of covalent Si-C bonds also occurs in the reaction of fullerenes 

with Si surfaces. This modification can be performed either under high-vacuum conditions on 

clean121 or H-terminated122 Si surfaces, or by wet-chemical treatment of H-terminated Si 

surfaces.1 
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Chapter 3 

Monolayers ofl-Alkenes on the 

Hydrogen-Terminated Si(100) Surfacel 

Abstract 

Monolayers that are bonded via a covalent Si-C bond are prepared on a Si(lOO) 

surface by reaction of a 1-alkene with the hydrogen-terminated silicon surface. The 

monolayers have been analyzed by infrared spectroscopy, X-ray reflectivity, and water 

contact angle measurements, and display a remarkably high thermal stability. The reaction 

also works well for ofunctionalized 1-alkenes, provided that the functional group is properly 

protected. After formation of the monolayer, the protecting group can be easily removed 

without noticeable disturbance of the monolayer integrity, and the now reactive sites at the 

monolayer can be used for further functionalization, as has been shown in the case of ester-

protected alcohol and carboxylic acids. Functional groups that are too close to the alkene 

moiety interfere with monolayer formation and yield disordered monolayers. 

1 This Chapter contains the full text of the article that was originally published in April 1998 (and consequently 
already written in the summer of 1997), a period that can now be considered as the early days of these covalently 
bound organic monolayers on silicon surfaces. Since then, much more information has become available about 
these monolayers. Footnotes have been added in those cases where these new data affect the results described in 
this Chapter. 
Original publication: A. B. Sieval, A. L. Demirel, J. W. M. Nissink, M. R. Linford, J. H. van der Maas, W. H. de 
Jeu, H. Zuilhof, and E. J. R. Sudholter Langmuir 1998, 14, 1759-1768. 
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3.1 Introduction 

The preparation of monolayers on solid substrates is technologically important and has 

been studied for many years. Apart from the monolayers prepared by the Langmuir-Blodgett 

method, much work has been done in the field of self-assembled monolayers of thiols on 

gold, and on the chemisorption of trichlorosilanes on oxidized silicon. In both cases dense, 

well-ordered monolayers are obtained. Many different monolayers have been prepared and 

their structures thoroughly characterized.1,2 

A major drawback of almost all of these monolayers is their low stability. Monolayers 

of thiols on gold can be quite easily removed when heated in solvents.3 Trichlorosilane-

derived layers show good stability, but the silicon-oxygen bonds that are formed are 

susceptible toward hydrolysis and are thermally labile.4 Furthermore, the reproducibility of 

the synthesis of monolayers by this method is sometimes problematic as well. 

Recently, the preparation of dense alkyl monolayers that are covalently bonded to the 

silicon surface has been reported. ' It was shown that neat 1 -alkenes react efficiently with a 

hydrogen-terminated Si(lll) surface when heated to 200 °C. This hydrosilylation reaction 

(Figure 1) results in the formation of very stable silicon-carbon bonds,7 which yields dense 

monolayers as evidenced from infrared spectroscopy, ellipsometry, and wetting experiments. 

These monolayers are at least as stable as similar monolayers on oxidized silicon, as shown in 

the case of several 1-alkenes and one co-chloro-1-alkene. The thermal stability up to 615 K of 

the monolayers in ultrahigh vacuum has very recently been demonstrated.8 

R R R R 

H H H H 

S i 0 2 HF 

Si Si Si 

Figure 1. Schematic representation of the reaction of 1-alkenes with a hydrogen-terminated 

silicon surface. 

In this Chapter, the preparation of highly stable monolayers on the hydrogen-

terminated Si(100) surface is reported, using a variety of both functionalized and 

nonfunctionalized 1-alkenes. The preparation of functionalized monolayers has been 
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extensively explored for thiols on gold and trichlorosilanes on silicon oxide. ' However, in 

contrast to thiols and trichlorosilanes, many functionalized alkenes are readily available or can 

be easily synthesized. This makes this new reaction, in combination with the stability of the 

resulting monolayers, potentially very interesting for many applications, e.g., in nonlinear 

optics and adsorption experiments.' As nonfunctionalized 1-alkenes, 1-octadecene (I), 

1-hexadecene (II), and 1-dodecene (III) were used, to study the dependence of the alkane 

chain length on the monolayer formation. To obtain information about the possibility of 

further functionalization of the thus formed monolayers, co-ester functionalized 1-alkenes 

were chosen, since the wide-spread use of ester groups as protecting groups in organic 

chemistry and their expected —and observed— unreactivity towards the hydrogen-terminated 

silicon surface. The unprotected co-undecenoic acid (CH2=CH-CsHi6-COOH, IV) and 

co-undecenyl alcohol (CF^CH-CsHig-CtkOH, V) were employed to study the effects of the 

presence of two potentially reactive groups in one molecule. The effects of protection of the 

alcohol and carboxylic acid functionality via ester formation were studied using ro-ester-

functionalized 1-alkenes. co-Undecenyl derivatives CH2=CH-C8Hi6-C(0)0-CH3 (VI), 

CH2=CH-C8Hi6-C(0)0-C3H7 (VII), and CH2=CH-C8H,6-CH20-C(0)CH3 (VIII) were 

used to study the effect of ester functionalities far from the reactive alkene moiety, while allyl 

esters CH2=CH-CH2-0(0)C-CiiH23 (IX) and CH2=CH-CH2-0(0)C-C17H35 (X) were used 

to investigate the effect of the sterically demanding ester group close to the reactive site. 

3.2 Experimental 

3.2.1 General 

All chemicals, unless noted otherwise, were commercially available and used as 

received. Solvents for substrate cleaning were distilled. 1-Octadecene, 1-hexadecene, 

10-undecylenic acid, and lauroyl chloride (98%) were obtained from Acros Organics; 

1-dodecene, 10-undecen-l-ol, and stearic acid (95%) were obtained from Aldrich. All alkenes 

for monolayer preparation were distilled at reduced pressure and stored at +4 or -20 CC until 

used. The silicon substrates were either pieces of double-polished silicon (Si(100), n- or 

p-type, 250 (im thickness), shards of single-polished silicon (Si(100), n- or p-type, 500 um 

thickness) or Si(100) parallellogram plates (ATR-plates) designed for multiple internal 

reflection spectroscopy (Harrick Scientific, 45°, 50 x 10 x 1 mm , 50 reflections). 
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