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Abstract

Fabrication of surfaces with versatile functional groups is an important research area.
Hence, it is essentia to control and tune the surface properties in a reliable manner. Vinyl-
terminated self-assembled monolayers (SAMs) offer significant flexibility for further
chemical modification and can serve as a versatile starting point for tailoring of surface
properties. Here a synthetic route for the preparation of vinyl-terminated trichlorosilane self-
assembling molecules: 9-decenyltrichlorosilane (CH2=CH-(CHy)s-SiCl3), 10-
undecenyltrichlorosilane  (CH,=CH-(CH,)o-SIiCl3), and 14-pentadecenyltrichlorosilane
(CH,=CH-(CH)13-SICl3) is presented. These molecules were used for the preparation of
SAMs in either liquid or vapour phase processes. Commercially available methyl-terminated
self-assembling molecules: decyltrichlorosilane (CH3-(CHy)o-SiCl3) and
octadecanetrichlorosilane (CHs-(CHy)17-SiCl3) were used as controls. The resultant films were
characterised by X-ray photoelectron spectroscopy (XPS), contact angle anayss,
ellipsometry, and atomic force microscopy (AFM).

Well defined, vinyl-terminated SAMs were further chemically modified with carbenes
(:CCly, :CBry, :CF,) and hexafluoroacetone azine (HFAA). The reactions were performed in
the liquid or the vapour phase. The resulting SAMs were characterised using the same
methods as for the vinyl-terminated monolayers. Successful modification was confirmed by
the appearance of new signals in the XPS spectrum, with simultaneous changes in water
contact angle values and unchanged thickness values. Methyl-terminated SAMs were aso
exposed to carbenes and HFAA as a control system. These are the first examples of C-C bond

formation on SAMs in the vapour phase.
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1. Self-Assembled M onolayersand Their

Chemical Modification by Surface Reactions

Surface science focuses on the investigation of physical and chemical phenomena
that occur at interfaces, e.g. solid-gas, solid-liquid. By means of nanotechnology surface
properties can be tuned for example by the formation and chemical modification of self-
assembled monolayers (SAMs).> SAMs are relatively easy to prepare and offer significant
flexibility for introducing new chemical functiondlities.® * This feature makes self-
assembly a versatile and unique modification method, which can be applied widely, for
example in the design of biosensors. ° In this Chapter the current state of the art in liquid

phase deposition as well as areview of surface reactions will be discussed.

1.1. Self-Assembled Monolayers

SAMs are ultrathin organic films formed by spontaneous adsorption of a surfactant
onto asolid substrate.® ” A schematic representation of a SAM is shown in Figure 1.1.

Figure 1.1. Schematic representation of a SAM.

SAMs can be formed from a variety of active self-assembling molecules on a
number of different surfaces. Some of the best studied self-assembly systems are thiols on
gold®* and alkylsilanes on silicon.***® Alkylsilane self-assembly is attractive due to the
ability to generate chemically and physically stable, covalently attached films on surfaces
such as SiIO/Si, Si and glass.” *® SAMs on silicon have been shown to have various



applications in fields such as: protein adsorption,'”*° cell adhesion,® bioactive surfaces,?

2223 protective coatings,®* % thin-film

30-32

nanotechnology,®* biosensors,* ®> chemical sensors,
technology,” 2° microel ectronics,?’ optoel ectronics®® % and others.

Three different components can be distinguished in a self-assembling molecule
used in SAM formation. These are a head group, a spacer, and aterminal functional group
(Figure 1.2).

- Terminal
\ )« functional group

Spacer N

<+— Head group
Substrate

Figure 1.2. Construction of the self-assembling molecule.

The head group (reactive site) is afunctionality with a strong affinity to a particular
substrate.® If silicon oxide is the substrate, head groups such as trichlorosilane (-SiCls),
trimethoxysilane (-Si(OCHs)s) or triethoxysilane (-Si(OCH,CHz3)3) have been used, the
first being the most reactive.” When the reactive head group comes into contact with the
substrate, a hydrolysis reaction of the S-R (R = Cl, OCH3;, OCH,CH3) bonds occur,
involving water present on the oxide's surface.® * The silanes attach via hydrogen bonds
to the surface silanol groups and then a condensation reaction leads to covalent attachment

and cross-linking between adjacent molecules (Scheme 1.1).> %%

) > )

Sl Sl VAN
cl’ el c’ Ll HO-Si-O, O-Si-OH
I I 6 \H/ OI
HZO // \ // \ O/SlI\O/SI\O
OH OH OH o OH N0 TH,0 OH O

' ElLl —n
Schemesl.l. Schematic representation of the proposed mechanism of the silanisation
reaction.



Silberzan et al.® aso indicated that the silane molecules form a polymerised
network, where molecules are linked to each other, with only a few anchoring bonds
linking them to the surface. The presence of the cross-linked network of Si-O-Si bonds
explains why wafers modified with alkylsiloxane monolayers exhibit roughness which is
similar or lower than for unmodified substrates.*

The spacer is generally an alkyl chain® or an aromatic ring® (Figure 1.2). It plays
a crucia role in the packing/ordering of the molecules on the surface.® Longer alkyl
chains (minimum 11 carbons)® result in the formation of closely-packed monolayers.>

Finally, the terminal functional group (Figure 1.2) defines the properties of the
surface. The chemical properties of a film can be tuned by introducing different terminal
functiona groups, either by deposition of self-assembling molecules with a modified end
group, or by chemical transformation of the termina group after the SAM film has been
formed.**

1.2. Deposition of SAMs

SAMs can be prepared by immersion of a substrate into a solution of surface-active

surfactant molecules (Scheme 1.2).

Substrate

= 11 d [ resive e

Precursor molecules; < Immersion
Chemically reactive to s - hours
the substrate surface

il

>
>

Solvent

N ——

X No reactlon
Chemical Inter-molecular j o

reaction \ / Interactlon

Scheme 1.2. Preparation of SAMs in the liquid phase (reprinted with permission from S.
C. Tjong, Nanocrystalline Materials. Their Synthesis-Structure-Property- Relationships
and Applications, Elsevier, Oxford, 2006. Copyright © 2006 Elsevier B. V.).*



The mechanism of SAM formation is shown in Scheme 1.2. First, the self-
assembling molecules chemisorb onto the surface with their reactive head groups -SiR3
(R=Cl, OCHs, OCH,CHs) facing the surface** The molecules organise via inter-
molecular interactions between their spacers. SAM formation stops when the self-
assembling molecules have reacted with all accessible reactive groups on the surface
(Scheme 1.2). The thickness of a closely-packed and ordered SAM is determined by the
length of the self-assembling molecule and the angle at which it is oriented relative to the
surface.

The experimental modification of silicon substrates with SAMs via a silanisation
reaction is relatively simple, but reproducing a well-defined monolayer is rather difficult
due to the large number of parameters that influence the quality of the SAMs.® % * Thus,
factors such as water content, type of surfactant, age and concentration of the solution,
deposition time, temperature and the type of solvent must be carefully controlled.

The amount of water present in the surfactant solution or on the hydroxylated
surface needs to be precisely controlled in order to obtain high-quality SAMs. In the
absence of water, incomplete monolayers are formed.** *> However, too much water causes
excessive polymerisation of the trichlorosilanes in solution and results in deposition of
polysiloxane on the surface rather than anchoring bonding.” 46>
Self-assembling molecules, with different spacer lengths and types of reactive head

group, aso affect the overall SAM quality. Bierbaum et al.,>*

reported that the ordering
behaviour of n-alkyltrichlorosilane films depends on the alkyl chain length. The optimum
molecular length is eighteen carbons in order to obtain a monolayer with alkyl chainsin all
trans-conformation, oriented perpendicular to the surface. Moreover, short alkyl chain

silanes with three® or eight** >

carbons form disordered films. Long akyl chain silanes
with thirty®* carbons form less ordered films.

Organosilane surfactants can have one (R3SiX), two (R;SiXy) or three (RSIX3)
hydrolysable groups.®® >* Monochlorosilanes are able to form only one covalent bond to
the surface and the obtained films are disordered due to strong repulsion between the ‘R’
groups of adjacent head groups (Scheme 1.3).* Dichlorosilanes can form covalent bonds

to the surface as well as vertical polymerisation structures (Scheme 1.3).%



CH,
CHy CH, \
Si‘(_‘,m3
o’
o
\ CH3 5'—-0!-(3 HOL L oy . N

i CHa~g; Nsie ch—Si— M CH!“*S!
\0 H=' o 6 5 ow o o OH OH
Covalent Attachment Covalent Attachment Vertical Polymerization
CHy CHs
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Fl J‘ \Cl
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monochlorosilanes Silica dichlorosilanes

Scheme 1.3. Possible products of the reaction of monochlorosilanes and dichlorosilanes
with silicon dioxide surfaces (reprinted with permission from A. Y. Fadeev and T. J.
McCarthy, Langmuir, 2000, 16, 7268-7274. Copyright © 2000, American Chemical
Society).>®

Trichlorosilanes are able to form densely-packed monolayers due to their ability to
cross-polymerise. However, covalent attachments and vertical polymerisation are aso

possible (Scheme 1.4), thus the deposition parameters must be carefully controlled.>®
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Scheme 1.4. Possible products of the reaction of trichlorosilanes with silicon dioxide
surfaces (reprinted with permission from A. Y. Fadeev and T. J. McCarthy, Langmuir,
2000, 16, 7268-7274. Copyright © 2000, American Chemical Society).*

The concentration of the precursor solution is crucial for SAM growth and its final
quality.>™>" Deshief et al.,> reported that an increase of the concentration (from 102 M to

5



2.5% 10" M) caused formation of a less ordered film, which manifested itself by lower
contact angle values (contact angle analysis, see Chapter 2). The authors concluded that at
high concentrations too many molecules may deposit at the same time, thus their self-
reorganisation might be difficult.® Ito et al.*® aso investigated different solution
concentrations in SAM formation. They found that at lower concentrations (<1 mM),
incomplete monolayers were produced, while at higher concentrations (>5 mM),
multilayers were formed.

Vallant et al.,*® examined how the ‘age’ of the solution (i.e. time between solution
preparation and immersion of the substrate) influenced monolayer formation. They tested
SAM films prepared from a freshly made solution as well as from a solution stored for 2 h
in a sedled vessal. The obtained results indicated that when an ‘old’ solution was used in
the deposition process, large polymeric aggregates were present on the surface.®" %

Influence of the deposition time®® on SAM formation was studied by Liu et al.*
They found that for adsorption times longer than 6 h, no changes in water contact angles
were observed in the examined n-alkylsilane SAMs.

Silberzan et al.,® observed that the deposition rate could be affected by temperature.
An optimal quality of octadecanetrichlorosilane (OTS) monolayer was achieved in 2 min at
18 °C, while a 24 h reaction time did not lead to a satisfactory result at 30 °C. Brzoska>* *
found that surface coverage was poor when deposition was performed at high temperature
(~60 °C, 10 min). Moreover, the optimal deposition temperature T depends linearly on
n-alkyl chain length and increases by 3.5 = 0.5 °C for each additiona CH, group
(Figure 1.3).
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Figure 1.3. The optimal deposition temperature T against the chain length n of the
n-alkyltrichlorosilane (reprinted with permission from Macmillan Publishers Ltd: Nature
Publishing Group, J. B. Brzoska, N. Shahidzadeh and F. Rondelez, Nature, 1992, 360,
719-721, copyright © 1992).3



Parikh et al.,*! studied the effect of preparation temperature, in the range of
5-65°C, on the structures of OTS monolayers on oxidised silicon substrates. They
observed that the optimum deposition temperature of OTS films was 28 + 0.5 °C. Above
this temperature a gradua decrease of the film thicknesses was measured with increasing
temperature. Moreover, Carraro et al.,®® ®” observed that SAM formation can be initiated
by three different mechanisms at different temperatures; island growth at low temperatures
(T < 16 °C), homogenous growth at high temperatures (T > 40 °C), and a mixed regime at

intermediate temperatures (Figure 1.4).% %

T =40°C

10 x 10 pm?

10 x 10 pm?

Figure 1.4. AFM images of partial SAMs grown at 10, 25 and 40 °C for 30 s (reprinted
with permission from C. Carraro, O. W. Yauw, M. M. Sung and R. Maboudian, J. Phys.
Chem. B, 1998, 102, 4441-4445. Copyright © 1998, American Chemical Society).®®

Rozlosnik et al.,*® investigated the effect of solvent polarity on the formation of
OTS SAMs on silicon. They found that different solvents affect the water solubility and
hence, SAM creation. Deposition of OTS from dodecane solutions resulted in multi-
layered films. In contrast, the use of heptane as a solvent, caused the formation of high-
quality monolayers. Cheng et al.,®® used four solvents: hexadecane, toluene, chloroform
and dichloromethane for SAM preparations. Very smooth, monolayer films were obtained
when either hexadecane or toluene were used in the deposition process. They also claimed
that lower polarity solvents resulted in better molecular packing and smoother OTS films.

It is surprising that dodecane and hexadecane, which both belong to the same
family (non-polar, linear hydrocarbons) affected the quality of monolayers in a different
way. Thisis another indication that preparation conditions are critical for SAMs formation.
More detail will be discussed in Chapter 4.



1.3. Surface chemistry

The properties of the surface of a substrate can be tuned by deposition of ultrathin
films, formed from self-assembling molecules carrying different functionalities. A
functional group can be introduced either before or after deposition. For example,
Bierbaum et al.>
aminoheptadecyl)trimethoxysilane [AHTMS, NHx(CH,):7Si(OCHz)3] formed completely
disordered SAMs. Otherwise, ordered and well-defined layers can be obtained by

deposition of a molecule containing a terminal azide or cyanide group, followed by

reported that amino silane films prepared from (17-

subsequent reduction to the corresponding amine.?> "2 The aim of this section is to
present a selection of reactions used for surface modification such as nucleophilic
substitution, reactions involving double bonds, click chemistry, Diels-Alder reactions as

well as modifications in the vapour phase.

1.3.1. Nucleophilic substitution

Nucleophilic substitution reactions are an important class of reactions in organic
and inorganic chemistry.” The replacement of aleaving group by a nucleophile takes place
on a positively or partialy positively charged atom. Nucleophiles are either negatively
charged or neutral species with a free pair of eectrons e.g. hydroxide, bromide, azide and
cyanide ions, water, anmonia and others.”

In 1988, Balachander and Sukenik™ recognised the potential for using nucleophilic
substitution reactions in the preparation of amine-terminated SAMs. Two years later the
same research group presented a series of new trichlorosilane SAMs, obtained by
nucleophilic displacement of Br in pre-functionalised films with either CN or SCN or Ns.
Moreover, subsequent treatment with LiAlIH, yielded the corresponding -SH and -NH.
moieties (Scheme 1.5).”° The conversion was monitored by IR spectroscopy, X-ray
photoel ectron spectroscopy (XPS, see Chapter 2) and contact angle analysis. Quantitative
displacement of the bromine atoms was confirmed by the disappearance of the Br signal
from the XPS spectrum.
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Scheme 1.5. Schematic representation of nucleophilic substitution reactions on bromine-
terminated monolayers and further modification towards -NH, and -SH moieties. () NaN3,
DMF, rt, 24 h; (b) KSCN, DMF, rt, 20 h; (c) Na&S,, EtOH, reflux, 2 h; (d) NaS DMF,
24 h; (€) LiAlHg4, Et,0, 1t, 24 h.”°

Nucleophilic substitution reactions between halide-terminated SAMs and anionic
nucleophiles (e.g. azide, thiocyanate, thiolate and iodine) were aso studied by Fryxell”™
and Koloski,”® while formation of a dense amine-functionalised SAM (via reduction of
azide-terminated SAM) was investigated by Ofir’’ and Heise,”® due to its potential to graft
polypeptides onto the substrate.> &

In 1993, Lee and co-workers™ investigated the selective attachment of peptides
onto halide-terminated surfaces. The reaction involved nucleophilic substitution of the
halide by the thiol group from cysteine moieties of tri- and nona-peptides. The yields
increased as follows:

RCI < RBr <RI
which is consistent with leaving group abilities in Sy2 reactions.”® This methodology
represented a powerful tool for the controlled attachment of peptides or proteins to solid
substrates, a strategy used for biosensors and immunosensors.

Moreover, the nucleophilic substitution of -Br by -N3 also represents an important
surface reaction, as azide functional groups can be used for further post-modification

reactions,’? 788283



1.3.2. Reactionsinvolving double bonds

The first chemical reaction directly on SAMs was reported by Netzer and Sagiv.*
They performed hydroxylation of terminal vinyl groups by hydroboration/oxidation (BHs,
H.O,) reactions. The products were then used for anchoring another monolayer.
Preparation of a double layered SAM is not possible in a one-step procedure, due to the
high reactivity of the trichlorosilane head groups towards the hydroxyl groups. Thus,
reactions on pre-functionalised SAMs became a convenient method for multi-layered SAM
formation on oxidised surfaces.?

In 1989, Wasserman et al.,”* ® described simple reactions on vinyl-terminated
monolayers resulting in hydroxyl-, carboxylic acid- and bromine-terminated films
(Scheme 1.6, a, b and c). Recently, Song and co-workers®® performed an epoxidation
reaction on double bonds of covalently grafted polynorbornene films on SiO,/Si substrates
(Scheme 1.6, d). In both cases, the successful modification was confirmed by lower water
contact angles of the modified films compared to the starting monolayers, while the
thicknesses remained largely unchanged.

/
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Si,
o040

— Pr i

YN ek e gle

HO HOOGC Br. . él\o/f')l‘o o’(S'DI\O/?')I‘O
§ Br %
Si Si

& 5 o

Scheme 1.6. The formation of -OH, -COOH and -Br terminated self-assembled
monolayers, as well as epoxidation of polynorbornene films. (&) BH3 and H,0,%
(b) KMnO4,= (c) 2% Br, in DCM,* (d) MCPBA.%®°

Maoz et al.*® presented a microwave-induced formation of imide bilayers
(Scheme 1.7). In the first step vinyl-terminated groups were oxidised to a
carboxylic acid.?” ® Then, the carboxylic acid monolayer was used to form a bilayer with

10



octadecylamine through electrostatic/hydrogen-bonding interactions.®” ® Exposure of a
self-assembled amine-acid salt bilayer to microwaves resulted in the formation of an imide
bilayer. The transformation induced by microwaves was a promising tool for the unusual
surface modification and a novel route for the fabrication of new types of organised film

structures e.g. biological membranes.

C13 C18
@NH3 @NH3
COOH COOH COO COO
4 /
Cis Cis
KMnO4 013 amine mlcrowave
O/Sél\o SI\O [18]crown6 o g'\o Z‘\o o) S'\o/?)'\o o’l\O |

— — %%

Scheme 1.7. Schematic representation of the microwave-induced conversion of a vinyl-
terminated self-assembled monolayer into an imide bilayer.?

In 2000, Wang and co-workers®® demonstrated a convenient route to the covalent
bonding of phosphorylocholine groups to solid substrates using vinyl-terminated SAMSs.
The resultant monolayers were biocompatible and prohibited the deposition of enzymes
and proteins.

Siegenthaler et al.,* published work on chemica surface modification via
radical C-C bond-forming reactions. They performed a carboaminoxylation reaction
on dkeneterminated SAMs using HO-TEMPO-maonate (4-hydroxy-2,2,6,6-
tetramethylpiperidine 1-oxyl maonate) as a C-radica precursor (Scheme 1.8). The
reaction could be carried out under neutral conditions and many functional groups were

tolerated e.g. complex molecules with biological functionalities such as TEMPO-biotin

conjugates.
R>
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/
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Scheme 1.8. Radica carboaminoxylation of 7-octenyl SAMs using HO-TEMPO-
malonate.®
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In 2003, Lee and co-workers™ studied the reactivity of undec-10-ene thiol SAMs
(on gold) towards olefin cross-metathesis (CM). Olefin metathesis is an organic reaction in
which two starting olefins in the presence of a catalyst form two new akenes, due to the

exchange of the double-bond carbons (Scheme 1.9)."

O cat. O

/— -
R’ ’ \)LOR RV\)kOR T

Scheme 1.9. Schematic of an olefin cross-metathesis.”

The successful conversion of vinyl-terminated SAMs into «,5-unsaturated carbonyl groups
was monitored by IR spectroscopy, X-ray photoelectron spectroscopy and contact angle
anaysis.

In 2006, Dutta et al.,** reported functionaisation and patterning of olefin-
terminated monolayers on a silicon substrate through cross metathesis. The reaction was
performed on a mixed monolayer formed from di-olefin CH,=CH(CH,)9O(CH2)sCH=CH,,
and 1-octadecene. The terminal vinyl groups were extended above the methyl groups in
order to be easily accessible for the Grubbs catalyst and alkenes from the solution.
Otherwise, the vinyl-terminated molecules might be too closely packed and thus the double
bonds would not be accessible for interaction with the catalyst (Scheme 1.10, a). The
olefins exposed on a monolayer could either react with each other (Scheme 1.10, b) or
with alkenes from solution resulting in a functionalised monolayer (Scheme 1.10, c).

a. b. C.
O, O O 0] O,
Grubbs cat. Grubbs cat.

O _0_0_ 0, 0O,
ZR Z R

i

Scheme 1.10. The possible outcomes for the reaction of mixed-monolayers with Grubbs
catalyst and an olefin in solution (reprinted with permission from S. Dutta, M. Perring, S.
Barrett, M. Mitchell, P. J. A. Kenis and N. B. Bowden, Langmuir, 2006, 22, 2146-2155.
Copyright © 2006, American Chemical Society).*
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In order to obtain the highest conversion in cross metathesis (Scheme 1.10, c) the
reaction conditions as well as the composition of the monolayer (1:1 ratio of di-olefin and
1-octadecene in solution, used in deposition process) must be strictly controlled.

The reported examples clearly indicate the potential of vinyl-terminated SAMs as
starting films for further modification and introduction of new functionalities to solid
substrates.

1.3.3. Click chemistry

Copper(l)-catalysed 1,3-dipolar cycloaddition of azides to termina acetylenes is
known as the “click’ reaction and it represents a versatile and useful method in organic
chemistry.®® * The reaction has aso found an application in the functionalisation of
inorganic  surfaces.® * The introduction of 1,2,3-triazole moieties into the monolayer can
be achieved in two ways. The first method uses acetylene terminated substrates for

9. 97 \while the second method involves azide

98-100

coupling with azide functionalised molecules,
terminated substrates and terminal acetylene self-assembling molecules.

An azide terminated monolayer can be obtained by nucleophilic substitution of -Br
with -N3. Lummerstorfer and Hoffmann'® prepared 11-azido-undecylsiloxane monolayers
via substitution of a Br-terminated SAM. Subsequent coupling with various acetylenes
yielded 1,2,3-triazoles (Scheme 1.11). Quantitative coupling was obtained when the
reaction was performed at 70 °C for 24 h, without catal ytic activation.

R
0
Br N3 N-N
Cll ? Cll > Cll Rl = COOMe, R2 =H
a. b. -R,=
s - s - s R, = R, = COOEt
040 040 040

& a5 =

Scheme 1.11. Formation of 1,2,3-triazole-terminated SAMSs. (@) Nucleophilic substitution
with NaN3, (b) cycloaddition with bis(ethoxycarbonyl) and methoxycarbonyl acetylene
(Ri-C=C-R).**

Two different methods can be used to obtain acetylene-terminated monolayers. The

first one employs chlorination of hydrogenated silicon and subsequent reaction with
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HC=C-Na.!® In the second method, either 1,8-nonadiyene® '® or 1,6-heptadiyene'®
reacts with hydrogenated Si substrates. The use of 1,8-nonadyiene was reported by Ciampi
and co-workers.® 1%® Their SAMs were further modified by CUAAC reactions in order to
obtain 1,2,3-triazole monolayers (Scheme 1.12). The characterisation and reaction
conversion was monitored by IR spectroscopy and optical reflectivity measurements,
which revealed the presence of the desired functiondities. According to the authors'® 1%
surface modification via ‘click’ reactions could be applied to produce functionalised

surfacesin silicon-based sensing devices and implantable biomaterials.'®
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Scheme 1.12. Schematic representation of the 1,3-dipolar cycloaddition onto hydrogenated
Si substrates. (a) The preparation of an alkyne-terminated monolayer from 1,8-nonadiyene,
(b) R-N3 cycloaddition with acetylene functionalised molecules.'®

1.3.4. Didls-Alder reactions

Another candidate for surface modification is the Diels-Alder cycloaddition.® In
this reaction a conjugated diene is reacted with a substituted alkene (dienophile) to form a
cyclohexene ring system.”® The Diels-Alder reaction has been used to immobilise
biomolecules (oligonuclectides, peptides) on e.g. glass or gold substrates.®® * Recently,
Dirlam et al.,'® reported a reversible Diels-Alder cycloaddition reaction on a glass
substrate. The reaction is temperature-dependent and reversible by controlling the
temperature of the system.’® The hydrophobic dienophile (fluorinated maleimide) was
attached to a surface pre-coated with a hydrophilic electrophile (3-aminopropylsiloxane
SAM modified with 2-furoyl chloride). Thermal treatment of the modified surface cleaved
the Diels-Alder ‘functiona group’ resulting in a hydrophilic substrate (Scheme 1.13). The
reaction was monitored by contact angle analysis. A water contact angle of 70 + 3° was
observed for the electrophile-terminated SAM (Scheme 1.13, @) and this value increased to
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101 + 9° after cycloaddition with the hydrophobic dienophile (Scheme 1.13, b). Thermal
cleavage of the hydrophobic dienophile resulted in regeneration of a hydrophilic state, CA
70+ 6° (Scheme 1.13, c¢). This methodology is a convenient way of controlling surface
properties by introducing various functionalities to a substrate. As a result, the wetting

properties are modified.

0
o F F
het
70 F
F
o= g
0 2
NH, NH NH
> a > b §

Scheme 1.13. Preparation of Diels-Alder functionalised surface. (a) 2-Furoyl chloride, (b)
fluorinated maleimide, THF, rt, 24 h, (c) toluene, reflux, 24 h.’®

1.3.5. Modification in the vapour phase

Vapour phase chemica modifications are much more difficult to control than
solution phase reactions and only a few examples have been published to date. Ozonolysis
is one of the most studied gas-phase reactions, used to modify inorganic substrates coated
with SAMs, 107109

In 2004, Dubowski and co-workers'®’ investigated the interactions of gas-phase
ozone with unsaturated self-assembled monolayers deposited on an Attenuated Total
Reflection (ATR) silicon crystal. The SAMs oxidation was monitored in real time by FTIR
spectroscopy and the gas phase products of the ozonolysis were analysed by Infrared
Cavity Ring-Down spectroscopy (IR-CRDS). The ATR-FTIR spectra revealed that upon
exposure to ozone, the vinyl groups quickly oxidised to form carbonyls. Some were proven
to be -COOH groups, which was indicated by formation of an ammonium salt after the
product was exposed to NH3 vapour. However, on SAMs exposed to ozone, a significant
amount of aldehyde was formed in addition to the carboxylic acid. This was confirmed by
IR-CRDS spectroscopy, which indicated a higher level of RCHO than RCOOH.
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In 2005, Fiegland et al.,'® studied the reaction of C=C terminated SAMs on gold
exposed to gas-phase ozone. The authors found that reactions between ozone and vinyl-
groups proceed through the formation of a -COOH moiety and its subsequent conversion
into inter-chain carboxylic acid anhydride, which was revealed by Reflection-Absorption
Infrared Spectra (RAIRS).

In 2008, Hallen and Hallen'® developed a high yielding method for the production
of carboxyl-terminated SAMs on silicon, by oxidising 10-undecenylsiloxane monolayers
with gas-phase ozone, followed by hydrolysis in deionised water. The conversion of the
reaction was monitored by contact angle analysis and ellipsometry measurements.
Carboxyl-terminated SAMs exhibited a water contact angle of 16°, which decreased from
~100° for an unmodified film. Ellipsometry results showed the presence of a full
monolayer after modification.

Apart from ozonolysis, a vapour phase modification of SAMs via afree radical was
also reported. In 1997, Baker and Walting'™° investigated SAM functionalisation by free
radical bromination reactions in both the liquid and vapour phases. The liquid phase
reaction was performed using Br,/CCl,, while in the vapour phase process, SAMs were
exposed to gaseous Br; in a sealed container. In both cases, wafers were irradiated for 6 h
using a tungsten lamp, which resulted in brominated monolayers. SAM degradation was
also observed in both cases, however, degradation in the vapour phase occurred much
faster. Additionally, in comparison to 16-bromohexadecylsiloxane SAMs,”* monolayers
produced by Baker and Walting"'® were less organised, due to variable distribution of
bromine across the alkyl chains (Scheme 1.14).

Br.

Br Br
Br
Br
Si Si___Si Br Si Si_  _Si
[ 1) [ 1)

Scheme 1.14. Schematic representation of a bromination reaction of hexadecylsiloxane
monolayer. The bromination was performed either in liquid Bro/CCl4 or in vapour Br,.*°
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1.4. Aimsof the project

The functionalisation of a surface containing a self-assembled monolayer is
potentially very valuable as such a modification can ater surface properties. Alkylsiloxane
SAMs are of particular interest, because they form chemically and physically stable films
on various substrates.

Many different deposition methods have been investigated in order to reliably
produce stable and ordered SAMs with a defined quality. In all the reported examples,
liquid processes have been explored in detail. Although the preparation of SAMs on silicon
substrates is relatively easy, reproducing well-defined monolayers is difficult due to
various parameters that must be strictly controlled.® Thus, the first part of the thesis focuses
on the development of a vapour phase deposition method of vinyl-terminated
trichlorosilanes onto the silicon substrate. Vapour phase deposition can eliminate some
disadvantages of liquid processes e.g. polymeric organosilane aggregates do not vaporise
and, hence, do not deposit onto the surface. Moreover, this method can provide more
homogenous coatings.>

Apart from the deposition of vinyl-terminated self-assembled molecules, direct
surface chemistry on the terminal double bond is explored. Surface chemistry gives various
possibilities of introducing new functional groups onto the surface. However, an efficient
reaction in traditional solution chemistry might not necessarily be successful on a solid
substrate, due to the reduced mobility and accessibility of the immobilised molecules.??
The majority of the reactions discussed in the Introduction were performed in the liquid
phase and only a few reports describe surface chemistry in the vapour phase. In al cases
the vapour phase reactions (e.g. ozonolysis) did not give satisfactory results i.e. severa
functional groups were formed in one process. Moreover, few solution reactions led to the
formation of new C-C bonds on the surface, and to the best of our knowledge, no example
of a C-C bond formation has been reported in the vapour phase. Thus, the potential of
carbene chemistry in order to modify vinyl-terminated SAMSs in both the liquid and vapour
phases will be explored. The development of a surface modification process in which all
steps (deposition and chemical surface modification) can be performed in the vapour phase
is of great interest, as vapour phase processes can be easily adapted and are preferred for
industrial scale coating processes.
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2.Analytical Methods for Characterising Self-

Assembled Monolayers

Many spectroscopic, microscopic and other characterisation techniques are
employed in surface science to investigate various properties of nanostructures including
self-assembled monolayers (SAMS). It is essential to have as much information as possible
on the modified surfaces using a variety of analytical techniques.* This Chapter describes
the analytical techniques used in this study such as X-ray photoelectron spectroscopy
(XPS), contact angle (CA) goniometry, ellipsometry, and atomic force microscopy (AFM).

2.1. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), aso known as electron spectroscopy for
chemical anaysis (ESCA), is a powerful method for determining the elemental
composition of materials surfaces.? XPS measures the kinetic energy of core level
electrons gected from a material, after irradiation of a sample with monochromatic X-rays
(Figure2.1).

ejected photoelectron

Ex
Fermi level

ELECTRON ENERGY

—.—.— core energy IeveI—O—.—
/ hole left by
ejected
photoelectron

Figure 2.1. Representation of a photoelectron emission process.

The electron binding energy (Esg) is the parameter which identifies the electron, in
terms of its parent element and atomic energy level . Based on the measured kinetic energy
(Ex) of an gected electron and knowing the energy of the incident X-ray radiation (hv), the
binding energy (Eg) can be determined (Equation 2.1).
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Exk =hv-Eg Equation 2.1

Each element has a characteristic set of peaks in the spectrum and peaks positions
are influenced by oxidation state of the element and its chemical environment. A typical

XPS spectrum for a SIO,/Si substrate, coated with an organic film is shown in Figure 2.2.
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Figure 2.2. The XPS spectrum of an organic coated SiO,/Si substrate.

The spectrum consists of narrow core-level photoelectron peaks (Si, C, O) and broad
Auger peaks (C and O), while the background is formed by scattered electrons. The
presence of peaks at particular Eg indicates the presence of a specific element on the
surface and the intensity of the peaks is related to the concentration of the element on the
surface of the sample.

The X-rays may penetrate deep into the sample, however, the escape depth of the
ejected eectrons is limited.” The electrons ejected from depths greater than a few nm have
a low probability to leave the surface without an energy loss, thus they contribute to the
background signal, rather than appear as a well-defined peak.* For this reason, XPS is a

surface analytical technigue used to determine the surface composition of a material only.
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2.1.1. Detailsof XPS

X-ray photoelectron spectroscopy analysis was performed either at the University
of Newcastle (NEXUS at nanoLAB) or at the University of Edinburgh.

Newcastle X-ray photoelectron spectroscopy spectra were obtained using a
K-Alpha instrument (Thermo Scientific) and Al Ko radiation (1486.6 e¢V). During the
analysis, the pressure in the instrument chamber was kept around 3 x 10® mbar. The
detector had a takeoff angle of 90° relative to the surface. Survey spectra were recorded
with the analyser pass energy set to 200 eV. Single region scans were recorded with the
pass energy of the analyser set to 20 eV.

Edinburgh X-ray photoelectron spectroscopy spectra were obtained using a VG
Sigma Probe (VG Scientific Ltd., UK) and Al Ka radiation (1486.6 e¢V). During the
analysis, the pressure in the instrument chamber was kept around 1.33 x 10® mbar. The
detector had a takeoff angle of 37° relative to the surface. Survey spectra were recorded
with the analyser pass energy set to 80 eV. The number of single region scans recorded for
each element was typically 20, with the pass energy of the analyser set to 10 eV.

The XPS spectra were corrected for charging by referencing the aiphatic C 1s peak
of hydrocarbons to 284.6 eV. Elemental compositions of the various surfaces were
determined from the area under individual elemental peaks using sensitivity factors
provided with the software as well as taking the transmission function of the analyser into
account. CasaXPS (Casa Software Ltd., UK) was used for the analysis. The spectra were
fitted using Gaussian/Lorentzian peak shapes with a ratio of 70%/30%. A Shirley
background was subtracted for the quantitative analysis.

2.2. Contact angle analysis

Contact angle (0) is the angle measured at the three-phase interface between air, a
liquid drop and a solid (Figure 2.3).> © Contact angle analysis measures the wettability of a
surface and can indicate a chemical change at the terminal functional groups of a

monolayer or the cleanliness of a surface.
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Figure 2.3. Schematic representation of different levels of wettability of surfaces
(redrawn).’

If the water contact angle is smaller than 90°, the surface of a solid is considered
hydrophilic, while a water contact angle higher than 90° represents a hydrophobic surface.
Superhydrophobic materials with very rough surfaces can exhibit a water contact angle of
150° or greater, due to the presence of air pockets under the liquid droplet (Figure 2.3).’
Also the presence of organic contaminants prevent wetting and result in higher contact
angles.

The contact angle can be recorded either by placing a liquid droplet on the sample
surface and measuring the angle (the static sessile drop method) or by measuring the angle
by increasing and decreasing the liquid volume (the dynamic sessile drop method). The
resulting contact angle obtained for the maximum liquid volume is referred to as the
advancing angle, while the contact angle recorded for the minimum liquid volume is
referred to as the receding angle (Figure 2.4). The difference between the advancing and
receding angles (contact angle hysteresis) gives an indication of the smoothness and
quality of the self-assembled monolayer.

@ l (b) T
I Py T
increasing drop volume decreasing drop volume

(advancing angle) (receding angle)

Figure 2.4. Dynamic contact angle analysis which measures (a) advancing contact angle 6,
and (b) receding contact angle 6;.
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2.2.1. Details of contact angle measurements

Water contact angles (DI water) were measured with a G10 goniometer microscope
(KRUSS GmbH, Hamburg, Germany) under ambient conditions at room temperature.
Droplets of ~3 pL were dispensed from a microburette. All reported values are the average
of three measurements taken from different places of the surface. The error based on the
observed variation of the contact angle of the organic films prepared under identical

conditionswas + 1°.

2.3. Ellipsometry

Ellipsometry is a very sensitive, non-destructive technique widely used to
characterise thin films.2 The optical properties of thin films as well as film thicknesses can
be calculated by measuring changes of an eliptically polarised light beam due to the

interaction with the sample (Figure 2.5).%°

light
source detector

polariser analyser

«— thin film

sample

Figure 2.5. Schematic representation of an ellipsometry experiment.’°

Ellipsometry measures the phase shift (A) and the amplitude component (V') of the
reflected light. However, to obtain the parameters of interest (thickness and optical
constants) it is necessary to build a model which represents the sample with its different
layers. ¥ and A are evaluated from the model giving a fit which is compared to the
measured data. The fitting is performed by changing the model in which the thickness is
modified until the experimental curves overlap with the modelled ones. The thickness of
the self-assembled monolayer is found by the best fit (Figure 2.6).™
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Figure 2.6. Ellipsometry procedure to determine material properties from experimental
data (redrawn).’°
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2.3.1. Detailsof éllipsometry

The thickness of the SAMs was measured with an M-2000DI™ spectroscopic
ellipsometer (J. A. Woollam Co., Inc., USA). Thickness values were extracted from fits to
the data taken from 45 to 70° in steps of 5° over wavelengths from 200 to 1000 nm. The
sample surface was modelled as a Si substrate with an oxide layer and a Cauchy layer.'°
The thickness of the silicon oxide after the oxidative cleaning treatment was 16 + 1 A
(average of three samples). The thickness of the monolayer films was calculated with a
refractive index of 1.45.*> *? The error based on the observed variation of the thickness of

the organic films prepared under identical conditionswas~2 A.

2.4. Atomic For ce Microscopy

The atomic force microscope (AFM) was invented by Binnig, Quate and Gerber™
in 1986, and can be used to image the surfaces of conducting and insulating materials on
the nanometre scale. AFM measures the attractive and repulsive forces between a sharp tip,
attached to a SisN, cantilever, and the surface of a sample* In response to these forces,
the cantilever deflects. The top of the cantilever is illuminated by a laser beam and the
deflection changes the position of the reflected laser beam which is detected by a
photodiode. The position of the laser beam on the photodiode is recorded by the controller
electronics via a feedback loop and then converted into an image, which represents a map
15, 16

of interactions between the measured surface and thetip (Figure 2.7).
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Figure 2.7. Schematic diagram of an atomic force microscopy and direct surface
measurements — contact mode (based on adiagram in ref. 16).

The AFM can be operated in severa modes for imaging such as a tapping mode, a
non-contact mode and a contact mode - the latter was used in this study. In the contact
mode, atip and the surface of a sample remain in close contact as the scanning proceeds
(‘contact’ means the repulsive regime of the intermolecular force curve, Figure 2.8). The
cantilever deflection is maintained constant by the position adjustment of the scanner, thus
the force between the tip and the sample is constant and a topographic image of the surface
is produced.

The forces associated with AFM at short probe-sample distance are van der Waals
interactions, while significant long-range interactions, further away from the surface, can
be capillary, hydrophobic, electrostatic forces. In the contact mode, the probe
predominately experiences repulsive forces. The relation between the force and distance is

shown in Figure 2.8.
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Figure 2.8. Interatomic force versus distance curve.

In the non-contact region, the cantilever is held on the order of tens to hundreds of
angstroms from the sample surface, and the interatomic force between the cantilever and
the sample is attractive. In the contact region, the cantilever is held less than a few
angstroms from the sample surface, and the interatomic force between the cantilever and

the sampleisrepulsive.’’

2.4.1. Detailsof AFM

The atomic force microscope used in this study was a PicoSPM Il (Molecular
Imaging, AZ, USA) with an interchangeabl e nose scanner. The nominal spring constant of
the cantilevers used was 0.06-0.12 N/m (Veeco, CA, USA). Images were recorded in
ambient in contact mode at a scanning speed of ~0.8 lines/s and with a nominal constant

force on the order of 10 nN.
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3. Synthesis of Vinyl-Terminated

Sealf-Assembling Molecules

Long chain alkyl organosilane compounds are widely used to modify the properties
of inorganic material surfaces. They can form very stable films, thus are commonly used in
semiconductor technology, for example in micro-electromechanica systems (MEMS) and
nano-el ectromechanical systems (NEMS)."> Silane-based precursor molecules can contain
one (R3SiX), two (R,SIX3) or three (RSIX3) good leaving groups. Although al three
silanes are used in the modification of hydroxylated surfaces, only trifunctional ones are
able to form closely packed monolayers, because of their ability to form cross-linking
bonds between two adjacent head groups,® as discussed in Chapter 1. SAMs formed from
mono- and di-functional self-assembling molecules are less dense due to steric repulsion
between the ‘R’ groups of adjacent silane head groups.”® Precursor molecules with three
reactive sites are usually functionalised with either halogen or alkoxy groups (Si-X3 where
X =Cl, (OCHj3)3 or (OCH,CHz3)3), and chlorosilanes are preferred over alkoxysilanes as
they are more reactive.” '° However, the high reactivity and the water sensitivity of the
chlorosilane head group limits the range of terminal functional groups that can be
introduced onto the silane precursors.™ If the terminal functional group reacts with the
trichlorosilane group, this leads to the formation of polymeric aggregates in solution,
which subsequently react with the surface, resulting in an inhomogeneous films.

3.1. Self-Assembling Molecules

In this project a series of vinyl-terminated SAMs were required. The target
molecules were vinyl-terminated trichlorosilanes with akyl chain lengths of ten (9-
decenyltrichlorosilane la (CH,=CH-(CH,)s-SiCl3)), eleven (10-undecenyltrichlorosilane
1b (CH,=CH-(CH,)¢o-SICl3)), and fifteen (14-pentadecenyltrichlorosilane 1c¢ (CH,=CH-
(CH2)13-SiCl3)) carbon atoms (Figure 3.1).
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9-Decenyltrichlorosilane 1a

ClySi =

10-Undecenyltrichlorosilane 1b

P e P VN
C|3S| =
14-Pentadecenyltrichlorosilane 1c

Figure 3.1. Synthetic targets for the formation of SAMs on silicon substrates.

Two different synthetic approaches for preparing the trichlorosilane precursors
la-1c are described in the literature.”*™® The routes are summarised in Scheme 3.1 and
Scheme 3.2.

R,k\)n\/Br Mg, SiCl, R’(/\)n\/SiC|3
~50%

Scheme 3.1. First synthetic route to obtain trichlorosilane self-assembling molecules.** 3

Wasserman et al.,'? prepared long chain alkyl trichlorosilanes via a Grignard
reaction using a bromide precursor following the procedure described by Whitmore et al.,*
as illustrated in Scheme 3.1. In a similar manner, Maoz and Sagiv synthesised trans-13-
docosentyltrichlorosilane (CH3(CH2);CH=CH(CH,),2SiCl3) by transforming the alcohol
into the bromide derivative, which was then converted into the trichlorosilane via addition
of its Grignard reagent and excess of tetrachlorosilane.™ *> According to the literature the
synthesis of trichlorosilanes have yields of ~50%. In the second method, trichlorosilane
(HSICl3) was reacted with a vinyl-terminated alkene in the presence of aplatinum
catalyst'® ** 1" as shown in Scheme 3.2. The yield of this reaction was reported to be
around 70%.

HSICl,,
R cat. HZPtCIG SCI
—_— |
\/M ~70% R/(/\)n\/ 3

n-2

Scheme 3.2. Second synthetic route to obtain trichlorosilane self-assembling molecules.

Our aim was to prepare molecules with double bonds as terminal functional groups,
thus we selected the Wasserman procedure. The method in Scheme 3.2 would require a
starting alkene with two termina double bonds (CH,=CH-(CH,),-CH=CH,) and would
require a selectivity that is not obvious to achieve.
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3.1.1. Thesynthetic route of 9-decenyl- and 10-undecenyl- trichlorosilane

The synthetic route developed for the preparation of 9-decenyltrichlorosilane (1a)
and 10-undecenyltrichlorosilane (1b) isillustrated in Scheme 3.3.

AN oH By Ay NN N sicl

n " Dem EtZO
4a,n=7 Sa,n=7,92% la,n=17,29%
4b,n=28 Sb,n =8, 77% 1b,n=8,37%

Scheme 3.3. Synthesis of 9-decenyl- and 10-undecenyl- trichlorosilane.

In the first step, commercialy available 9-decen-1-ol (4a) and 10-undecen-1-ol
(4b), were treated with carbon tetrabromide and triphenyl phosphine in dichloromethane, as
precursors to the bromides 5a and 5b. The reaction proceeded quickly and the starting
material was consumed in less than three hours. The compounds 5a and 5b were purified
by digtillation under reduced pressure and obtained in good yields of 92% and 77%,
respectively. The resultant trichlorosilanes 1a and 1b were then obtained by the reaction of
tetrachlorosilane (SiCl,) with the Grignard reagents prepared from 5a and 5b. The products
la and 1b are very sensitive to water, and the work-up had to be carried out under dry
conditions. In the first work up step, dry hexane was added to the reaction mixture and
stirred for a few minutes. This allowed the product to be extracted from the reaction
residue. After sedimentation of inorganic side products, the clear solution of
trichlorosilanes 1a or 1b in hexane was transferred to a different flask via cannula under an
inert atmosphere. The hexane was evaporated on the Schlenk line, and then the product
was purified by distillation. The trichlorosilanes 1a and 1b were obtained in moderate
yields (29% and 37%, respectively). Complete NMR (¥Si, *H, *C) characterisation of 9-

decenyltrichlorosilane (1a) is shown as an example in Figure 3.2.
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(a) °Si NMR
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(c) *CNMR
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Figure 3.2. (@ ®Si NMR, (b) 'H NMR and (c) *C NMR (400 MHz, CDCls) of
9-decenyltrichlorosilane 1a.



3.1.2. Thesyntheticroute of 14-pentadecenyltrichlorosilane 1c

The synthetic route used for the preparation of the longest chain precursor 1c is
illustrated in Scheme 3.4.

)

_NaOMe CBr4 PPh; )%/\/ Br
O TMeOH MeO ]
O 6% :jc7 n= 12 90% 40, n=12
2 £-BuOK | THF
82%
@]
) Mg, SiCl, CBr4 PPhs L1A1H4 )k(v)/\
2
le.n=12 39% 7e,n=12 80% 6e.n=12 95% 5¢,n=12

Scheme 3.4. Synthetic route of 14-pentadecenyltrichlorosilane 1c.

In the first step of the reaction sequence, commercially available -
pentadecal actone 2c was used as a starting material. Following a procedure described by
Hostetler et al,"® nucleophilic ring opening of lactone 2c with sodium methoxide afforded
o-hydroxy methyl ester 3c. The product was then purified by column chromatography and
isolated in very good yield (96%). Conversion of the w-hydroxy methyl ester 3C to ®-
bromo ester 4¢c was achieved as before by an Appel reaction using triphenylphosphine and
carbon tetrabromide in dichloromethane.® Purification of compound 4c was easily
achieved by chromatography and obtained also in a good yield (90%). The ®-bromo
methyl ester 4c was then treated with an excess of t-BuOK resulting in two reactions
occurring simultaneously at both ends of the molecule. First, HBr elimination provided the
expected terminal akene, but also a transesterification of the methyl ester into the
corresponding tert-butyl ester occurred. Purification of the w-unsaturated tert-butyl ester
5c was achieved by column chromatography and this product could be isolated in 82%
yield.’® Reduction of ester 5¢ with lithium auminium hydride (LiAIH4) resulted in its
conversion to the o-unsaturated alcohol 6¢.?* The product was purified by chromatography
in 95% yield. Alcohol 6¢ was again brominated under Appel reaction conditions and was
purified by column chromatography resulting in 80% yield of bromide 7c. The w-
unsaturated alkenyl bromide 7c was then used to prepare the corresponding Grignard
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reagent and was reacted with tetrachlorosilane.?? Both the reaction and work-up had to be
performed under an inert atmosphere (nitrogen) using oven-dried glassware. 14-
Pentadecenyltrichlorosilane (1¢) was isolated by Kugelrohr distillation with moderate yield
of 39%. The trichlorosilane products are very moisture sensitive, and must be stored in an

inert atmosphere in a cool, dark place.

3.2. Experimental

3.2.1. General Information

Materials. Chemicals were obtained from commercial sources (Sigma-Aldrich,
Alfa Aesar, Acros, and Fisher Scientific) and were used as received. All reactions were
performed under an inert atmosphere using oven-dried glassware.

Commercially available n-type, one-side polished silicon (100) wafers (Wacker,

Munich, Germany) were used as substrates.

Instrumentation. *H NMR spectra were recorded on Bruker Avance 300 (300
MHZz); Bruker Avance Il 400 (400 MHz). All spectra were acquired in deuterochloroform.
The multiplicity of each signal is indicated by: s (singlet); bs (broad singlet); d (doublet);
t (triplet); dd (doublet of doublets); dddd (doublet of doublet of doublet of doublets); q
(quartet); m (multiplet). The number of protons (n) for a given resonance signa is
indicated by nH. Coupling constants (J) are quoted in Hz and are recorded to the nearest
0.1 Hz. Identical proton coupling constants are averaged in each spectrum and reported to
the nearest 0.1 Hz. The coupling constants were determined by analysis using Bruker

TopSpin software.

3C NMR spectra were recorded on a Bruker Avance 300 (75 MHz) or on a Bruker
Avance Il 400 (101 MHz) spectrometer.

Sl NMR spectra were recorded on a Bruker Avance |1 400 (79.5 MHz). The

chemical shift datafor each signal are given as ¢ in units of parts per million (ppm) relative
to tetramethylsilane (TMS) where s (TMS) = 0.00 ppm.
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F NMR spectra were recorded on a Bruker Avance 300 (282 MHz) or on a
Bruker Avance Il 400 (376 MHz). The chemical shift data for each signal are givenasd in
units of parts per million (ppm). Coupling constants (J) are quoted in Hz and are recorded
to the nearest 0.1 Hz.

Mass spectrometry spectra were obtained on Waters Micromass GCT Time of
Flight Mass Spectrometer using electron impact or chemical ionisation techniques.
Chemical ionisation spectra were obtained using methane as the ionising gas. Electrospray
ionisation spectra were obtained on Waters Micromass LCT Time of Flight Mass
Spectrometer coupled to aWaters 2975 HPLC, operating in positive or negative mode,
from solutions of acetonitrile; m/z values are reported in Daltons. Samples sent to the
EPSRC mass spectrometry service in Swansea were analysed on a Thermofisher LTQ
Orbitrap XL mass spectrometer using either atmospheric pressure chemical ionisation
(APCI) or electrospray ionisation (ESI).

Melting points were measured using an Electrothermal 9100 or Gallenkamp Griffin

MPA350 melting point apparatus, and are uncorrected.

Analytical thin layer chromatography (TLC) was carried out on Merck silica gel
60 F254 aluminium-supported thin layer chromatography sheets. Visualisation was by
thermal development after dipping in an ethanolic solution of phosphomolybdic acid
(PMA).

Flash Column chromatography was carried out on Merck Geduran silica gel
60 (400-630 mesh), eluting with solvents as supplied under a positive pressure of

compressed air.

Anhydrous solvents (diethyl ether, hexane, dichloromethane, tetrahydrofuran) were
obtained using aMBRAUN GmbH MB SPS-800 solvent purification system.

In vacuo refers to the use of a diaphragm vacuum pump to remove solvent under

reduced pressure on a Blichi Rotavapor at 40 °C.

37



3.2.2. Synthesisof self-assembling molecules

3.2.2.1. Methyl 15-hydroxypentadecanoate - 3c*

Sodium methoxide was generated by the addition of sodium metal (2.4 g,
104 mmol, 5.0 eqg) to dry MeOH (130 mL) at 0 °C. The mixture was warmed to rt and
stirred until all of the sodium was consumed. ®-Pentadecalactone 2c¢ (5.0 g, 21 mmol,
1.0 eq) was added in asingle portion and the solution was warmed to 80 °C and stirred for
3 h. The reaction was cooled to rt and quenched with HCI solution (1 M, 175mL) and
diluted with water (175 mL). The agueous layer was extracted into diethyl ether (3 x 100
mL ), and the combined organic layers were washed with water (150 mL), brine (150 mL),
and dried over MgSO, and the solvent removed in vacuo. The product was
purified by silica gel chromatography (2:1 hexaneEtOAc), to afford methyl
15-hydroxypentadecanoate 3c (5.43 g, 96%) as a colourless solid: mp 46-48 °C [Lit.* 47-
48 °C]; *H NMR (400 MHz, CDCls) dy 3.65 (3H, s, OCHs), 3.63 (2H, t, J 6.6 Hz,
CH,OH), 2.29 (2H, t, J7.0 Hz, CH,COOCHj3), 1.62-1.54 (4H, m, CH,CH,OH and
CH,CH,COOCHS3), 1.31-1.23 (20H, m, CHy: C4-C13); *C NMR (101 MHz, CDCls) ¢
174.4 (C=0), 63.2 (CH,0OH), 51.5 (OCHj3), 34.2 (CH,COOCHj3), 32.8, 29.6, 29.5, 29.4,
29.2,29.1, 25.7, 24.9 (CHy: C3-C14); m/z (ESI): C1HzNaOs [M+Na]* 294.97.

3.2.2.2.  Methyl 15-bromopentadecanoate - 4c®

Triphenylphosphine (4.3 g, 17.1 mmol, 1.1 eq) was added to a solution of methyl
15-hydroxypentadecanoate 3c (4.2 g, 15.6 mmol, 1.0 eq) and carbon tetrabromide (5.7 g,
17.2 mmol, 1.1 eq) in dichloromethane (15mL) at O °C in portions over 30 min, with
vigorous stirring. The colourless solution turned a pale brown colour upon addition of the

phosphine and was stirred for additional 2 h at rt. The reaction was concentrated in vacuo
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to a brown ail, hexane (200 mL) was added and the mixture was stirred for 15 min. The
resulting white precipitate was removed by filtration, and the filtrate was concentrated
in vacuo. The product was purified over silica gel (20:1 hexane:EtOAC), to afford methyl
15-bromopentadecanoate 4c (4.6 g, 90%) as acolourless solid: mp 38-40 °C [Lit.*° 38-
39 °C]; *H NMR (400 MHz, CDCls) 6y 3.65 (3H, s, OCHs), 3.39 (2H, t, J 6.9 Hz, CH,Br),
2.29 (2H, t, J 7.5 Hz, CH,COOCH3), 1.87-1.80 (2H, m, CH,CH,Br), 1.64-1.56 (2H, m,
CH,CH,COOCH3), 1.44-1.36 (2H, m, CH,CH,CHBr), 1.31-1.21 (18H, m, CH,: C4-C12);
3C NMR (101 MHz, CDCls) 6 51.6 (OCH3), 34.2, 33.0, 29.9, 29.7, 29.6, 29.5, 29.4, 29.3,
28.9, 28.3, 25.1 (CH,: C2-C15); HRMS mvz (Cl): calculated for CigH3,0,""Bry [M+H]*
335.1586, found 335.1595.

3.2.2.3. tert-Butyl 14-pentadecanoate - 5¢*°

O H1sb

3 5 7 9 1 13
XOMW\H 15a
2 4 6 8 10 12 14

Methyl 15-bromopentadecanoate 4c (4.0 g, 11.9 mmol, 1.0 eq) was added to
asolution of tBuOK in THF (1 M, 60 mL) and the reaction mixture was stirred at rt for 1 h.
The reaction was then quenched with HCI solution (1 M, 150 mL). The aqueous layer was
extracted into diethyl ether (3 x 100 mL), and the combined organic layers were washed
with water (150 mL), brine (150 mL), dried over MgSO, and the solvent was removed in
vacuo. The product was purified over silica gel (100:1 hexane:EtOAC), to afford tert-butyl
14-pentadecanoate 5¢ (2.89 g, 82%) as acolourless oil; *H NMR (300 MHz, CDCl3) dy
5.80 (1H, dddd, J 17.2, 10.2, 6.8, 6.8 Hz, CH=CHy), 4.96 (1H, dddd, J17.2, 3.5, 1.5, 1.5
Hz, CH=CH> 15b), 4.90 (1H, dddd, J 10.2, 3.5, 1.5, 1.5 Hz, CH=CH, 15a), 2.19 (2H, t,
J7.4 Hz, CH,COOC(CH3)3), 2.07-1.99 (2H, m, CH,CH=CH);), 1.61-1.51 (2H, m,
CH,CH,COOC(CH3)3), 1.44 (9H, s, OC(CHa)s), 1.31-1.22 (18H, bs, CH,: C4-C12);
3C NMR (75 MHz, CDCls) dc 173.5 (C=0), 139.4 (CH=CH,), 114.2 (CH=CH,), 80.0
(C(CHg3)3), 35.8 (CH,COOC(CHs3)3), 33.9 (CH,CH=CHy,), 29.7, 29.6, 29.4, 29.3, 29.2,
29.2, 29.1 (CHy: C4-C12), 28.3 (C(CH3)3), 25.3 (CH,CH,COOC(CH3)3); HRMSm/z (Cl):
calculated for CyoH3,0, [M+H] " 297.2794, found 297.2800.
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3.2.2.4. 14-Pentadecen-1-ol - 6¢%

H1sb

1 3 5 7 9 1 13

P
HO 2 4 6 8 10 12 14 Hsa

t-Butyl 14-pentadecanoate 5¢ (2.4 g, 8 mmol, 1.0 eq) was added via cannula in
portions over 30 min to a solution of lithium aluminium hydride (0.5 g, 12 mmol, 1.5 eq)
indry THF (15 mL) cooled to 10 °C. After the addition was complete, the reaction mixture
was warmed to rt and then heated under reflux for 16 h. The reaction mixture was then
cooled again to 10 °C and diluted with diethyl ether (15 mL). The reaction was quenched
by dropwise addition of water (1 mL), agueous sodium hydroxide solution (15%, 1 mL)
and water (2 mL) over 30 min. The solution was stirred for 30 min and the resultant white
precipitate was removed by filtration. The residue was washed with diethyl ether
(3% 10 mL) and the organic filtrates were combined, dried over anhydrous Na,SO,, and
the solvent was removed in vacuo. The product was purified over silica ge (3:1
hexane:EtOAc), affording 14-pentadecen-1-ol 6¢ (1.74 g, 95%) as acolourless oil;
'H NMR (400 MHz, CDCl3) 6y 5.80 (1H, dddd, J 17.1, 10.3, 6.8, 6.8 Hz, CH=CHy),
5.02-4.95 (1H, m, CH=CH; 15b), 4.94-4.89 (1H, m, CH=CH, 154), 3.63 (2H, t, J 6.7 Hz,
CH,OH), 2.07-1.99 (2H, m, CH,CH=CH,), 1.68 (1H, s, OH), 1.60-1.50 (2H, m,
CH,CH,0H), 1.41-1.22 (20H, m, CH.: C3-C12); *C NMR (101 MHz, CDCls) ¢ 139.4
(CH=CH,), 114.2 (CH=CH,), 63.3 (CH,OH), 33.9 (CH,CH=CH,), 32.8 (CH,CH,OH),
29.8, 29.7, 29.6, 29.5, 29.3, 29.1 (CH,: C4-C12), 25.8 (CH,CH,CH,0H); HRMS mv/z (Cl):
calculated for CisHz 01 [M+H] " 227.2375, found 227.2371.

3.22.5. 15-Bromo-1-pentadecene - 7¢* % %

Triphenylphosphine (1.9 g, 7.2 mmol, 1.1 eq) was added in portions over 30 min
with vigorous stirring to a solution of 14-pentadecen-1-ol 6¢ (1.5 g, 6.5 mmol, 1.0 eq) and
carbon tetrabromide (2.4 g, 7.2 mmol, 1.1 eq) in dichloromethane (15 mL) cooled to 0 °C.

The colourless solution turned a pale brown colour upon addition of the phosphine and was
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stirred for additional 2 h at rt. The mixture was concentrated in vacuo to give abrown ail.
Hexane (150 mL) was added and the mixture was stirred for 15 min. The resultant
colourless precipitate was removed by filtration, and the filtrate was concentrated in vacuo.
This oil was purified over silica gel (hexane), affording 14-bromo-1-pentadecene 7c
(1.52 g, 80%) as a colourless oil; *H NMR (400 MHz, CDCl3) dy 5.80 (1H, dddd, J 17.1,
10.2, 6.7, 6.7 Hz, CH=CH,), 4.99 (1H, dddd, J17.1, 3.6, 1.4, 1.4 Hz, CH=CH,, 1b), 4.92
(1H, dddd, J 10.2, 3.6, 1.4, 1.4 Hz, CH=CH, 1a), 3.40 (2H, t, J 6.7 Hz, CH,Br), 2.07-1.99
(2H, m, CH,CH=CH,), 1.89-1.80 (2H, m, CH,CH,Br), 1.46-1.22 (20H, m, CH,: C4-C13);
3C NMR (101 MHz, CDCl3) §¢ 139.5 (CH=CH,), 114.3 (CH=CH,), 34.2 (CH,Br), 34.0
(CH,CH=CHy), 32.9 (CH,CHBr), 29.7, 29.6, 29.6, 29.5, 29.3, 29.1, 28.9 (CH,: C4-C12),
28.3 (CH,CH,CH,Br); mz (Cl): CysHz®'Bry [M*] 290.15.

3.2.2.6. 14-Pentadecenyltrichlorosilane - 1c* %

H1sb

1 3 5 7 9 11 13
Cl5Si Z H1sa
3 3 4 6 3 10 12 12

SiCl,4 (6.0 g, 4.1 mL, 4.4 eq) was added via cannula to a suspension of magnesium
(0.9 g, 35.9 mmoal, 4.5 eq) in diethyl ether (10 mL). A solution of 14-bromo-1-pentadecene
6¢ (2.3 g, 8.0mmoal, 1.0 eqg) in diethyl ether (5 mL) was then introduced via cannula in
small portions over 3 h, and then stirred for a further 16 h at rt. The product was extracted
from the resulting solids with hexane (4 x 70 mL). After filtration, the hexane was
evaporated and didtillation of the residues yielded 15-pentadecenyltrichlorosilane 1c
(1.06 g, 39%) as a colourless oil: bp 145-150 °C/ 4 mbar; *H NMR (400 MHz, CDCls) dy
5.81 (1H, dddd, J 17.0, 10.2, 6.7, 6.7 Hz, CH=CH,), 4.99 (1H, dddd, J 17.0, 1.6, 1.3, 1.3
Hz, CH=CH, 15b), 4.92 (1H, dddd, J 10.2, 1.6, 1.3, 1.3 Hz, CH=CH, 15a), 2.09-1.98 (2H,
m, CH,CH=CHy), 1.65-1.51 (2H, m, CH,), 1.41-1.14 (22H, m, CH.); *C NMR (101 MHz,
CDCl3) oc 139.4 (CH=CHy), 114.2 (CH=CHy), 33.9 (CH,CH=CH,), 31.9, 29.8, 29.7, 29.7,
29.6, 29.5, 29.3, 29.1, 29.1, 24.5, 22.4 (CH,: C1-C12); ®Si NMR (80 MHz, CDCls) dg
13.3; HRMSm/z (Cl): calculated for CaoH30>Cl3Si; [M+H]* 343.1182, found 343.1176.
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3.2.2.7. 10-Bromo-1-decene- 5a%% #"*°

Following the procedure 3.2.2.5, and starting from 9-decen-1-ol 4a (5.0 g, 32.0
mmol), this reaction furnished 10-bromo-1-decene 5a (7.01 g, 92%) as a colourless oil: bp
85-86 °C/ 2 mbar; *H NMR (400 MHz, CDCl3) d4 5.80 (1H, dddd, J 17.2, 10.2, 6.7, 6.7
Hz, CH=CH,), 4.98 (1H, dddd, J17.2, 2.1, 1.5, 1.5 Hz, CH=CH, 1b), 4.92 (1H, dddd, J
10.2, 2.1, 1.5, 1.5 Hz, CH=CH, 1a), 3.40 (2H, t, J 6.8 Hz, CH,Br), 2.03-2.11 (2H, m,
CH,CH=CH,), 1.92-1.84 (2H, m, CH,CH,Br), 1.48-1.31 (10H, m, CH,:C4-C8); *C NMR
(101 MHz, CDCl3) dc 139.3 (CH=CH,), 114.3 (CH=CH,), 34.2 (CH,Br), 33.9
(CH,CH=CHy), 32.9 (CH,CHBr), 29.4, 29.1, 29.0, 28.8, 28.3 (CH,: C4-C8); HRMS m/z
(C1): calculated for CyoH20""Bry [M+H]* 219.0743, found 219.0745.

3.2.28. 11-Bromo-1-undecene - 5b% % %

H1o

4
Br 10 3 6 p1 3 H1a

Following the procedure 3.2.2.5, and starting from 10-undecen-1-ol 4b (5.0 g,
29.4 mmol), this reaction furnished 11-bromo-1-undecene 5b (5.22 g, 77%) as a colourless
oil: bp 105-106 °C/ 4 mbar; *H NMR (400 MHz, CDCl3) 6y 5.87 (1H, dddd, J 17.0, 10.3,
6.7, 6.7 Hz, CH=CH,), 5.05 (1H, dddd, J 17.0, 2.0, 1.4, 1.4 Hz, CH=CH,, 1b), 4.99 (1H,
dddd, J 10.3, 2.0, 1.4, 1.4 Hz, CH=CH, 14), 3.69 (2H, t, J 6.7 Hz, CH,Br), 2.14-2.07 (2H,
m, CH,CH=CH.), 1.67-1.58 (2H, m, CH,CH.Br), 1.49-1.31 (12H, m, CH,: C4-C9);
3C NMR (101 MHz, CDCls) d¢ 139.3 (CH=CH,), 114.3 (CH=CH,), 34.2 (CH,Br), 33.9
(CH,CH=CHy), 32.9 (CH,CH,Br), 29.65, 29.2, 29.0, 28.9, 28.3 (CH,: C4-C9); HRMS m/z
(CI): calculated for CriH2°Bry [M+H]* 233.0899, found 233.0896.
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3.2.2.9. 9-Decenyltrichlorosilane - 1a%

H1ob

: 2 4 6 8
C|3S|\1/\/\/\/\/\Hma

3 5 7 9

Following the procedure 3.2.2.6, and starting from 10-bromo-1-decene 5a (7.0 g,
31.9 mmol), this reaction furnished 9-decenyltrichlorosilane la (2.5 g, 29%) as a
colourless oil: bp 102-105 °C/ 2 mbar; *H NMR (400 MHz, CDCls) 64 5.81 (1H, dddd,
J17.0, 10.3, 6.7, 6.7 Hz, CH=CH,), 4.99 (1H, dddd, J 17.0, 1.9, 1.3, 1.3 Hz, CH=CH,
10b), 4.93 (1H, dddd, J 10.2, 1.9, 1.3, 1.3 Hz, CH=CH, 10a), 2.09-2.01 (2H, m,
CH,CH=CH,), 1.64-1.53 (2H, m, CH5), 1.39-1.13 (12H, m, CH,); *C NMR (101 MHz,
CDCl3) ¢ 139.3 (CH=CH,), 114.4 (CH=CH,), 34.0 (CH,CH=CH,), 31.6, 29.3, 29.2, 29.1,
29.0, 24.5, 22.4 (CH,: C1-C7); ®Si NMR (80 MHz, CDCls) d5 13.9; HRMS m/z (ESI):
caculated for CyoH20>ClsSis [M+H]* 273.0394, found 273.0391.

3.2.2.10. 10-Undecenyltrichlorosilane - 1b'* %

H11b

1 3 5 7 9

. =
Cl3Si 2 2 6 8 10 H11a

Following the procedure 3.2.2.6, and starting from 11-bromo-1-undecene 5b (5.0 g,
21.5 mmol), this reaction furnished 10-undecenyltrichlorosilane 1b (2.5 g, 37%) as a
colourless oil: bp 110-113 °C/ 2 mbar; *H NMR (400 MHz, CDCls) 64 5.74 (1H, dddd,
J17.2, 10.2, 6.7, 6.7 Hz, CH=CH,), 4.92 (1H, dddd, J 17.2, 2.1, 1.5, 1.5 Hz, CH=CH,
11b), 4.86 (1H, dddd, J10.2, 2.1, 1.5, 1.5 Hz, CH=CH, 11a), 2.01-1.93 (2H, m,
CH,CH=CH,), 1.55-1.45 (2H, m, CH,), 1.37-1.17 (14H, m, CH,); *C NMR (101 MHz,
CDCl3) oc 139.4 (CH=CH,), 114.3 (CH=CHy), 34.0 (CH,CH=CH,), 31.9, 29.5, 29.4, 29.2,
29.1, 29.1, 24.5, 22.4 (CH,: C1-C8); Si NMR (80 MHz, CDCls) d5 13.5; m/z (Cl):
C11H21*Cl5Si; [M+H]" 287.0203.
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4. Deposition of Self-Assembled Monolayers

Parts of this Chapter have been published in: M. Adamkiewicz, T. O'Hara, D. O'Hagan,
G. Héahner, Thin Solid Films, 2012, 520, 6719-6723.

In the last few decades, the interest in silane coatings has greatly increased due to
their stability and possibility for further chemical modification.® These characteristics have
made SAMs very attractive candidates for the surface functionalisation of micro-
electromechanical systems (MEMS) and their smaller equivalents nano-electromechanical
systems (NEMS).% 3 Self-assembled monolayer films can be produced either in a liquid
phase or in a gas phase process. However, the solution phase process is less suitable
particularly for manufacturing purposes. Liquid phase deposition is cumbersome because
the SAM solution has to be freshly prepared and used immediately to coat the surface of a
substrate. If this solution is not handled with sufficient care, the surfactant molecules will
polymerise, because of their sensitivity to water. The quality of solution formed films is
often good and if the same procedure is followed each time, the results are reproducible.
However, problems arise when it is necessary to scale up the process and modify a larger
wafer or multi-wafer cassettes.” In the liquid phase deposition process a large amount of
solvent is used increasing the costs.> ® All of these factors make liquid phase deposition an
inconvenient and unpredictable methodology for the manufacture of coatings on an
industrial scale.? Vapour phase deposition can eliminate some of the problems encountered
in wet chemistry® and it hasbeen found that the method can provide higher quality
monolayers on silicon substrates,” " because polymeric organosilane aggregates do not
vaporise and deposit on the surface. Furthermore, vapour phase processes are generally

19 and can be easily adapted to industrial requirements.?

reproducible®

Vinyl-terminated SAMs possess functionality for further chemical modification, for
example via oxidation,” a Heck-type coupling reaction,** addition reactions,™ or
metathesis.** ™ Vinyl-terminated SAMs also offer the potential as a starting point to tailor
functionalisation of silicon microstructures, such as MEMS, with a variety of chemica
functiona groups. Thiskind of chemical functionalisation is only possible if high quality

monolayer films can be prepared from the vapour phase. This Chapter describes the
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preparation of quality films prepared from vinyl-trichlorosilane precursor molecules onto a
silicon substrate in both the solution and gas phase processes. Methyl-terminated films
were aso prepared as references. All of the SAMs were independently characterised by
four techniques. X-ray photoelectron spectroscopy (XPS), atomic force microscopy

(AFM), contact angle goniometry and ellipsometry.

4.1. Surfactants

The self-assembling molecules shown in Figure 4.1 were used for the formation of
SAMs in the solution and vapour phase processes. The synthesised surfactants were vinyl-
terminated trichlorosilanes with akyl chain lengths of ten (9-decenyltrichlorosilane
(CH,=CH-(CHy)s-SiCl3), 1a), eleven (10-undecenyltrichlorosilane (CH,=CH-(CH,)o-
SiCl3), 1b), and fifteen carbon atoms (14-pentadecenyltrichlorosilane (CH,=CH-(CHy)13-
SiCl3), 1c). The commercialy available methyl-terminated molecules with ten and
eighteen carbons in an akyl chan, decyltrichlorosilane 1d (CH3-(CH,)o-SiCl3) and
octadecanetrichlorosilane 1le (CH3-(CH,)15-SICl3), were used as non-vinyl reference SAMs
(Figure4.l).

C|3Si/\/\/M

9-Decenyltrichlorosilane 1a

C|3Si/\/\/\/w

10-Undecenyltrichlorosilane 1b

C|3Si/WWW

14-Pentadecenyltrichlorosilane 1c
C|3Si/\/\/\/\/\
Decyltrichlorosilane 1d

PV N N S VI N
C|3SI

Octadecanetrichlorosilane 1e

Figure 4.1. Trichlorosilanes used for the formation of SAMs on a silicon substrate.
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4.2. Pre-treatment of the silicon substr ates

The thickness of the monolayer is determined by the length of a single self-
assembling molecule and is usually within severa nanometers, thus the uniformity and
homogeneity of the SAM could be easily disturbed by the presence of contamination on
the substrate. Particles and other contaminants, present on a surface during the deposition
process, may lead to the formation of cracks, pinholes and defects in the fina film.
Therefore, the selection of an appropriate cleaning procedure was crucia to obtain a high
quality film with high reproducibility.*®

Ideally, a silicon wafer should have a clean silicon oxide layer with a high density
of hydroxyl groups on the surface. The cleaning procedure can be divided into two types of
method: dry and wet. The most widely employed dry methods used to clean silicon
wafersare: reactive plasma-assisted cleaning (oxygen-based plasma),’’ photochemical

7. 18 and ozone cleaning.® ? All of

cleaning (UV irradiation in an oxygen atmosphere)
these techniques oxidise organic impurities on the surface into gases or water-soluble
species.’® Unfortunately, these methods are not suitable for inorganic impurities, such as
metals. Liquid phase cleaning processes always employ hot acidic and alkali solutions.?
However, the order of the reagents, dipping time and temperature of the solution may
vary.?" % First, the wafers are immersed in amixture of sulfuric acid (H,SO,) and
hydrogen peroxide (H,0.), known as ‘ Piranha Solution’.% This solution removes only the
organic contaminants from the surface, but does not remove inorganic species.** In the
second step, a mixture of water (H.,O), hydrogen peroxide (H.O,) and ammonium
hydroxide (NH4OH), aso known as * Ammonia/Peroxide Mixture' (APM or SC-1 solution)
is used to remove inorganic contaminants (heavy metal complexes — group | B and Il B
metals such as Au, Ag, Cu, Zn, Cd, and several other metals, including Ni, Co, Cr) as well
as any unwanted particulates (dust, silica, silicon) and any remaining organic
contaminations.*® ?* In the last step, a mixture of water (H,0O), hydrogen peroxide (H,05)
and hydrochloric acid (HCl), also known as ‘Hydrochloric/Peroxide Mixture® (HPM or
SC-2 solution) is used to dissolve and remove alkali residues and any residual trace metals
such as Au, as well as metal hydroxides including Al(OH)s, Fe(OH)s and Mg(OH),.'® Each
step is followed by rinsing with water. This cleaning process generates a clean silicon
substrate with a thin hydrophilic oxide layer.*
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4.2.1. Resultsand Discussion

A combination of dry and wet cleaning method was used in this work to obtain
aclean slicon substrate. The quality of the cleaning procedure was monitored
independently by three different analytical techniques: X-ray photoelectron spectroscopy,
contact angle goniometry and ellipsometry.

4.2.1.1. X-ray Photoelectron Spectroscopy

Freshly cut silicon wafers were exposed to an ozone atmosphere for fixed periods
of time: 5, 10, 20, and 30 min, respectively. All wafers were then transferred to the XPS
chamber. During this transfer wafers were exposed to the ambient atmosphere for only a
few seconds. The XPS survey spectra, taken from treated wafers after the various exposure

times, are shown in Figure 4.2.

O1ls

Si2s

Si 2p
M
e 5 min
; : Areinen 10 min
b‘*—W 20 min
Men 30 min

T T T T T T T
700 600 500 400 300 200 100 0
Binding Energy [eV]

Figure 4.2. The XPS survey scans of cleaned silicon wafers, taken after ozone treatment.

All surfaces exhibit the presence of silicon (2s 150.4 eV, 2p 99.2 eV), carbon
(1s284.6 €V) and oxygen (1s 533.0 eV). The spectra distinguish between the bulk Si
(2s150.4 eV, 2p 99.2 eV) and the silicon oxide (2s 154.3 eV, 2p 102.8 eV). High
resolution scans of Si 2p, C 1s and O 1s regions taken from the sample exposed to the

ozone atmosphere for 10 min are presented in Figure 4.3.
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Figure 4.3. High resolution scans of O 1s (a), C 1s (b) and Si 2p () regions taken from a
silicon wafer exposed to an ozone atmosphere for 10 min.

The most intense carbon signal, which correspond to organic contaminants was
observed in the sample exposed to ozone for 5 min. This signal gradually decreased when
the exposure time was increased. After 30 min of treatment, amost no C signa was
observed. The small impurity observed can be explained by the fact that the sample was
contaminated during transfer to the XPS chamber.

The results obtained from XPS analysis confirmed that in order to remove organic
contaminants from the surface, the sample should be exposed to an ozone atmosphere for a
minimum of 30 min. However, this method is not sufficient to remove inorganic particles.
For this reason additional cleaning (wet method) must be applied, to improve the purity of
asubstrate.

4.2.1.2. Contact angle

Before exposure to an ozone atmosphere, all silicon substrates were inspected
under an optical microscope. The water contact angle of each sample was aso measured.
Untreated silicon wafers exhibited a water contact angle of 35°, which was high compared
to the CA values of clean silicon substrate. ?° It was clear that the substrate surfaces were
covered with some particles and dust, which were apparent under the microscope. These
results confirmed that the silicon surfaces were contaminated and cleaning was required.

The water contact angle measured after sample exposure to an ozone atmosphere
for 5, 10, 20 and 30 min were 30°, 25°, 20° and 15°, respectively (Figure 4.4). Theresults
obtained from contact angle measurements were consistent with the XPS data. The lowest
C 1s signal, observed on XPS for the samples also produced the lowest water contact

angles, as expected.
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Figure 4.4. Water contact angle versus exposure time to the ozone treatment of silicon
wafers.

Additionally, a solution cleaning procedure was applied after the ozone cleaning.
The samples were immersed in ‘ Piranha Solution’, ammonium hydroxide solution and then
hydrochloric acid solution, in order to remove the inorganic contaminants.

The combined methods of ozone treatment and immersing the wafers in three
oxidising solutions resulted in clean and hydrophilic surfaces with a contact angle (CA) of
~5°, which was in good agreement with the results reported in the literature.>> 2

4.2.1.3. Ellipsometry

The thickness of the silicon oxide layer on freshly cleaned silicon wafers was
measured by ellipsometry and an average value of 16 + 1 A was recorded.?” This value was
used for the ellipsometry thickness calculations of all prepared films.
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4.2.2. Cleaning procedure

From the presented results it was concluded that a clean silicon substrate (cut into
1.5 cm x 1.5 cm pieces) can be obtained when the following cleaning procedure is applied:

1. Exposure the wafersto an ozone atmosphere for 30 min;

2. Wash the wafers in a solution of concentrated H,SO, and 30% H,0O, (2:1) at 70 °C
for 15 min (Caution: “piranha” solution reacts violently with many organic
materials and should be handled with care); Rinse with deionised water (DI);

3. Wash in a solution of concentrated NH,OH, DI water, 30% H,0, (1:5:1) at 70 °C
for 15 min; Rinse with DI water;

4. Wash in a solution of concentrated HCI, DI water, and 30% H,0O, (1:6:1) at 70 °C

for 15 min; Rinse with DI water.

All cleaning mixtures were freshly prepared before use to give the best results.
Elevated temperature (above 70 °C) was avoided due to the high sensitivity and easy
decomposition of hydrogen peroxide.’® After the last cleaning step, the substrates were
rinsed with DI water, dried under a nitrogen atmosphere, and used immediately for the
SAMs preparation, as the clean wafers can become re-contaminated very easily.'® Identical
cleaning procedures were always applied to the silicon wafers prior to the preparation of
the SAMs.

4.3. Preparation of alkyl- and alkenyl- trichlorosilanes monolayers from theliquid

phase

Solution phase deposition is the most common method of preparing self-assembled
monolayers on asmall scale.® However, reproduction of silane films with the same quality
is difficult, because SAM formation is sensitive to the reaction conditions and factors such

as the length of the surfactant molecule, water volume,®*3

age and concentration of the
solution,'® * deposition time, temperature™ 3% 3* % and the type of solvent.* These aspects

were discussed in Chapter 1.
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4.3.1. Solution deposition process

SAMs were prepared from the trichlorosilane self-assembling molecules la-1e
(Figure 4.1). Freshly cleaned silicon wafers were placed in glass vias and 5 mL of
asolution (1 mM) of the trichlorosilane precursor in toluene was added. Before immersion,
the silicon wafers were carefully dried under a flow of nitrogen, as the water used for the
final rinsing step tended to trap on the edges of the wafers. This water is responsible for
polymerisation of surfactants, which transforms the clear solutions into cloudy solutionsin
reaction vessels. The substrates remained in the solutions for 16-24 h at room temperature.
The experimental set-up isillustrated in Figure 4.5.

surfactant

solution freshly cleaned

silicon wafer

Figure 4.5. The experimental set-up of the reaction vessel used to deposit SAMs from
solution on clean silicon wafer.

After this time, samples were withdrawn from the solutions, rinsed with toluene,
dichloromethane and DI water, and placed in a desiccator. In order to remove larger
polymerised aggregates that were physically adsorbed on the substrates, the samples were
sonicated sequentialy in toluene, dichloromethane and DI water for 15 min each.

It should be noted that solutions of surfactant precursors had to be freshly prepared.
If they were not clear and transparent or some white flakes were observed, they were not
used for the deposition process. Precipitation or even a haziness are good indicators that
there is too much water in the environment. Silanes start to polymerise, and using such

solutions would result in the formation of a nonhomogeneous film.
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4.3.2. Resultsand Discussion

In this study five SAM coatings on silicon/silicon oxide substrate were successfully
prepared from the liquid phase. The self-assembling molecules contained two different
terminal groups. methyl group (-CH3) 1d and 1e, and vinyl group (-CH=CH,) 1a, 1b and
1c, four different spacer lengths [ten (1a, 1d), eleven (1b), fifteen (1c) and eighteen (1€)
carbons in alkyl chain], and one active head group (-SiCl3). Figure 4.6 summarises the

surfactants used for the formation of SAMSs.

Chsi” M Clysi” ™

n=71la,n=81b,n=12 1¢ n=71d,n=151e

Figure 4.6. Self-assembling molecules used in the deposition process.

4.3.2.1. Ellipsometry

The results of the ellipsometry measurements, together with the calculated
thickness values of the analogues of the saturated trichlorosilanes™ 1a-1e are listed in
Table4.1.

Film Thickness [A]
Cio-vinyl Cyp-vinyl Cis-vinyl Cio-methyl Cig-methyl
la 1b 1c 1d le

Surfactant

Theoreticad®  16.1 17.4 22.4 16.1 26.2

Experimental 13.9+04 15.1+0.2 18.6+0.1 14.9+0.3 25.9+0.1

Table 4.1. Calculated thicknesses of the saturated trichlorosilane analogues and measured
thickness values from ellipsometry.

The theoretical lengths of saturated trichlorosilane molecules were calculated
according to Equation 4.1 proposed by Wasserman et al.™*

L=126n+4.78 Equation 4.1.

where L isthelength (A) of amethyl-terminated monolayer containing n methylene

units.



As a model, that study™ used a saturated hydrocarbon monolayer oriented nearly
perpendicular to the surface with an-alkyl chain in al-trans conformation. The coefficient
1.26 represents the C-C bond length in the trans projection to the surface normal, while the
value of 4.78 includes projections of a C-Si bond, Si-O bond and a methyl terminal group.

All film thicknesses obtained with ellipsometry are consistent with monolayer films
and are in a good agreement with the literature.™* The experimental thicknesses measured
for methyl-terminated surfactants 1d and 1e are close to both theoretical and experimental
values reported.®” The measured thicknesses of the vinyl-terminated films are slightly
lower than the theoretical values for saturated films. A small difference in thickness might
be due to differences in the conformation of the vinyl- and methyl- terminal group, which

might influence the overall packing density in the films.*®

4.3.2.2. X-ray Photoelectron Spectroscopy

The XPS spectra of all of the samples prepared in this study showed the presence of
S (25 1504 eV, 2p 99.2eV), C (1s 284.6 eV) and O (1s 533.0 eV) as expected. Typica
examples of SAMs prepared from vinyl-terminated silanes la-1c are shown in
Figure4.7.

O1s C1ls
Si 2s
Si2p
M Cls'VinyI 1c
WWWWM C,,-vinyl 1b
WMW Clo-vinyl 1a
G(I)O 560 460 S(I)O 2(I)0 l(I)O (IJ

Binding Energy [eV]

Figure 4.7. The XPS survey scans of vinyl-terminated SAMs (1la-1c) prepared by liquid
phase deposition.

There were no unexpected elements detected in the films or any sign of unreacted
silane (no Cl signal was observed). The C 1s peak intensity increased with increasing akyl

chain length, as expected. There is a possibility of smal amounts of hydrocarbon
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contamination. The signal of such species would contribute to the aliphatic carbon peak.
The data obtained from XPS analysis was consistent with monolayer films.

The elemental composition of each film was taken from high resolution scans.
Examples of single region scans of the C 1s peak of one vinyl- and one methyl- terminated

film are compared in Figure 4.8.

C1s C,-vinyl 1c

C1s C -methyl le

T T T T T T T 1
288 287 286 285 284 283 282 281
Binding Energy [eV]

Figure 4.8. XPS C 1s eemental scans of a methyl-terminated (bottom) and vinyl-
terminated (top) SAMs of 1c and 1e. Dash lines are experimental data, solid lines are fitted
Curves.

There was no obvious difference in the aliphatic C 1s region between the CHs- and
CH,=CH- terminal SAMs. In a few cases, the peaks of vinyl-terminated films showed a
slight asymmetry towards higher binding energies, which might be explained by the
presence of a C=C double bond. According to the literature,® the energy difference
between the methyl and vinyl C 1s signal should be very small, i.e. ~0.4 eV. However, in
our films there was only one double bond per self-assembling molecule, for this reason the
signa assigned to the double bond was not expected to be detected. The observed
asymmetry was very small, therefore no attempt was made to fit the C 1s signal with two
peaks. Instead, in such cases, the C 1s signal of the vinyl-terminated films was fitted with a
single, broader peak.*®

The film thickness/density of molecules 1a, 1b and 1c was evaluated from the
measured ratio of the C 1s signal to the S 2p (oxide/bulk) signal based on the film
thicknesses of well-known methyl-terminated monolayer films of decyltrichlorosilane
(C10) and octadecanetrichlorosilane (Cig).™ * The oxide layer was assumed to be identical
for all samples studied. Following the procedure described by Herrwerth and co-workers,*°
the C19/Si2p ratio was measured for SAMSs prepared from 1d and 1e molecules, and it was
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found to be 0.67 and 1.52, respectively.** The dependence of C15/Si2p on the effective
molecular chain length can be represented by Equation 4.2:%°

In (S(i:—zls) = 0.081x(effective molecular chain length) —1.702  Equation 4.2.
p

This equation was then used to determine the effective molecular length values of
the synthesised molecules. Table 4.2 summarises all of the results. The thicknesses
obtained from ellipsometry are shown for comparison.

Cio-vinyl Cyi-vinyl Cys-vinyl

Surfactant
la 1b 1c
Cl9/Si2pratio 0.54 0.68 1.05
Effective molecular
134 16.3 21.6

length [A]

Film thickness[A]
13.9+04 15.1+0.2 18.6x0.1

(ellipsometry)

Table 4.2. XPS atomic ratios of C1s/Si2p, experimentally determined effective molecular
lengths and thicknesses measured by ellipsometry of SAMs derived from 1a-1c.

The vaues of thicknesses obtained from XPS are similar to those determined by
ellipsometry. All of the results indicate monolayer films. The values based on XPS have an
uncertainty of ~2 A. Thisis partially due to the low number of available methyl-terminated
reference samples of different lengths used for the determination of the thickness
depending on the ratio of the C 1sto the Si 2p signa™* and the large error in the calibration
of the thickness associated with it. There is also asmall error in the peak areas that is based
on the XPS fits. However, the thickness values determined from XPS are within a couple

of Angstroms of the values obtained with ellipsometry and support monolayer films.*
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4.3.2.3. Contact angle

The vinyl-terminated SAMs derived from 1a, 1b, and 1c showed water contact
angles of 101°, 101° and 103°, respectively. The measured vaues for the methyl-
terminated SAMs of 1d and 1e were 107° and 109°, respectively. The experimental and
literature values are shown in Table 4.3. It should be noted that the reported contact angles
were measured directly after placing drops of water onto modified silicon samples.

Water Contact Angle[°]

C]_o-Viny| C]_]_-Viny| C;|_5-Viny| Clo-methyl Clg-methyl

Surfactant
la 1b 1c 1d le
Liquid phase deposition  101+1 101 +1 103+1 107+1 109+1
Literature 1012 101% 105° 106™ 109™ 45

Table 4.3. The experimental and theoretical water contact angle values obtained from the
liquid phase process. ®The water contact angle of 10-undecenyltrichlorosilane® and
®the water contact angle of 15-hexadecenyltrichlorosilane® are used as reference because
there are no literature values for 1a and 1c.

The water contact angle values of methyl-terminated films prepared as a reference
from toluene were consistent with well-defined and ordered films. Literature values for
such films prepared from solution are around 110°.?* ** 4" *® The values measured for the
vinyl-terminated films were lower than those for the methyl-terminated SAMs. This was
expected because of the dlightly more polar terminal -CH=CH, group instead of a -CHj3

group. The results are consistent with values of ~100° reported for similar films.?> 4" 4

4.3.2.4. Atomic Force Microscopy

Atomic Force Microscopy was used to determine the quality of the deposited
coatings, i.e. to determine if aggregations were present on the coated surfaces. A typica
AFM result of a SAM derived from CH,=CH-(CH,)s-SICl3 1a prepared from solution is
shown in Figure 4.9.
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0.57 nm

0.00

Figure 4.9. AFM images of 5 um x 5 pm area of Cyo-vinyl 1a SAM, RMS 53 pm.

This AFM image (Figure 4.9) shows a very smooth surface with a root mean
square (RMS) value of ~53 pm averaged over an area of 5 um x 5 um for the solution
phase deposited film of 1la. All recorded AFM images showed similarly smooth surfaces
with roughness RM S values in the range of 53-99 pm for al films studied. For comparison,
clean SO substrates typically displayed RMS values of ~70 pm. Similar values were
reported in the literature® The contact angle results, in connection with the results
obtained by the other surface analytical techniques, underline the presence of similarly

densely packed and homogeneous monolayer films.

4.4. Preparation of alkyl- and alkenyl- trichlorosilanes monolayers in the vapour

phase

Vapour phase deposition of self-assembled monolayers is not a common method of
preparing SAMs on a small scale. However, on a larger industrial scale, this process is
convenient because it eliminates many of the quality control problems encountered in

sol ution deposition process.>
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4.4.1. Deposition process

The freshly cleaned silicon wafers were placed in a Schott Duran™ bottle (100 mL
capacity) containing asmall glass vessel. The deposition process was performed by placing
~0.1 mL of the trichlorosilane precursor in the open vessel (Figure 4.10). There was no
direct contact between the liquid surfactant and the substrate during preparation. The liquid
was still present in the vessel after the reaction.

container with
self-assembling
precursor

freshly cleaned
silicon wafer

Figure 4.10. The experimental set-up of the reaction vessel used to deposit SAMs on a
clean silicon wafer from the vapour phase under atmospheric pressure.

The SAM formation process was performed in one of two ways: 1) the air from the
flask was evacuated using a vacuum pump for a few seconds (the pressure measured
directly at the vacuum pump inlet was ~4 mbar) before the reaction had begun, 2) at
atmospheric pressure (with air inside). Each of the reactions was | eft for 4 days at 60 °C in
the case of the shorter molecules 1a, 1b, and 1d, and for 3 days at 70 °C in the case of the
longer molecules 1c and le. After the deposition process, the substrates were treated
identically to those prepared from solution.

4.4.2. Resultsand Discussion

The trichlorosilane self-assembling molecules used in the deposition process are
shown in Figure 4.1. The commercially available methyl-terminated surfactants 1d and 1e,
were used as standards to optimise the deposition conditions. Some of the tested
parameters as well as averaged results are shown in Table 4.4. Each film was prepared at

least twice under each of the preparation conditions.

60



Film Film

Surfactant Deposition Deposition Thickness[A] Contact Angle[°]
Molecule Temperature Time Reduced Atmospheric Reduced Atmospheric
Pressure Pressure Pressure Pressure

Cig-methyl 1e 70°C 1 day <10 <10 ~55 ~55
Cio-methyl 1d 70°C 1 day <10 <10 ~55 ~55
Cio-methyl 1d 70°C 2 days 10.1+0.2 11.3+0.2 73+1 74+1
Cyo-vinyl la 70°C 2 days 12.2+0.2 9.5+0.3 93+1 69+1
Cyp-vinyl 1b 70°C 2 days 11.6+0.1 10.4+0.1 89+1 71+1
Cys-vinyl 1c 70°C 2 days 14.3+0.1 15.7+0.2 741 93+1
Cig-methyl 1e 70°C 2 days 17.4+0.1 18.6+0.1 95+1 95+1
Cis-methyl 1e 60 °C 3days 22.2+0.1 21.0+0.1 104+1 104+1
Cys-vinyl 1c 60 °C 3 days 16.3+0.1 15.2+0.2 97+1 97+1
Cig-methyl 1e 70°C 3 days 26.4x0.1 26.9+0.1 109+1 109+1
Cys-vinyl 1c 70°C 3 days 19.3+0.1 17.8+0.1 103+1 103+1
Cyo-vinyl 1a 70°C 3 days 19.1+0.3 227+ 0.3 101+1 101+1
Cy-vinyl 1b 70°C 3 days 20.5x0.2 19.2+0.1 101+1 101+1
Cio-methyl 1d 70°C 3 days 20.7+0.1 21.3+0.1 107+1 107+1
Cyo-vinyl 1a 60 °C 4 days 13.1+0.2 14.5+0.3 101+1 101+1
Cy-vinyl 1b 60 °C 4 days 14.7£0.1 15.3+0.2 101+1 101+1
Cio-methyl 1d 60 °C 4 days 15.6+0.3 13.5+0.3 1071 107+1
Cis-methyl 1e 60 °C 3days 20.1+0.1 19.1+0.1 106+1 106+1
Cis-vinyl 1c 60 °C 3 days 16.2+0.2 17.4+0.3 100+1 100+1
Cyo-vinyl 1a 50°C 4 days 9.1+0.4 11.3+0.2 98+1 99+1
Cyu-vinyl 1b 50°C 4 days 12.4+0.2 10.2+0.2 100+1 99+1
Cio-methyl 1d 50°C 4 days 10.2+0.1 11.1+0.1 102+1 102+1
Cig-methyl 1e 50°C 4 days 16.6+0.1 15.6+0.1 96+1 95+1
Cis-vinyl 1c 50°C 4 days 14.8+0.2 13.6+0.3 93+1 93+1
Cig-methyl 1e 70°C 4 days 35.7£0.2 38.4+04 109+1 109+1
Cig-methyl 1e 70°C 6 days >50 >50 109+1 109+1
Cio-methyl 1d 60 °C 5 days 20.1+0.2 22.3+0.1 107+1 107+1
Cio-methyl 1d 60 °C 6 days 26.4+£0.4 27.8£0.3 1071 107+1

Table 4.4. Examples of tested parameters used for preparation SAMs from the vapour
phase.
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4.4.2.1. Ellipsometry

The best results obtained for the SAMs prepared from la-le, are shown in
Table 4.5. Thethicknesses obtained from liquid phase deposition are aso shown, for

comparison.
Film Thickness [A]

Cio-vinyl Cyp-vinyl Cys-vinyl Cio-methyl Cig-methyl

Surfactant
la 1b 1c 1d le

Vapour phase

13.1+0.2 147401 19.3+t0.1 15.6+0.3 26.4+0.1
(reduced pressure)
Vapour phase

_ 145+0.3 15.3+0.2 17.8+0.2 13.5+0.2 26.9+0.1
(atmospheric pressure)

Liquid phase 13.9+04 15.1+0.2 18.6+0.1 14.9+0.3 25.9+0.1

Table 4.5. Ellipsometry values obtained for liquid and vapour phase deposition under
reduced and atmospheric pressure.

The thickness values obtained by the vapour phase process are consistent with
monolayer films and are close to the values obtained by liquid phase deposition. The film
thickness depends on the deposition conditions: temperature and reaction time. The
deposition procedure described by Fadeev and co-workers™ was used as a starting point in
our research. The vapour phase reactions of surfactants 1a-1e were performed for 3 days at
70 °C. This procedure gave thin and homogenous films formed from the longer molecules
1c and le. Under these conditions, SAMs prepared from shorter surfactants 1a, 1b and 1d
showed polymeric aggregates, which were observed as a cloudiness on the surface of
silicon. These aggregates were still present even after rinsing and sonication, resulting in
thick films (more than a monolayer). This was confirmed by higher values obtained from
ellipsometry measurements (~20 A). Lowering the temperature to 60 °C and increasing the
reaction time to 4 days produced films of the reported thicknesses (Table 4.5). The
depositions were also carried out at lower temperatures e.g. 50 °C for 4 days (Table 4.4).
The measured thicknesses were around ~10 A (in case of shorter surfactants) and ~15 A
(in case of longer surfactants), suggesting the formation of incomplete films. The vapour
phase deposition process was not tested at temperatures above 70 °C, because optimal
films had been achieved.
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The same tendency was observed when the reaction was performed for different
time periods, i.e. the thicknesses obtained from samples prepared for less than 3 days
(Table 4.4) were lower than a monolayer film (suggesting that the molecules were
disordered due to low packing density). The values of thicknesses obtained for molecules
1a, 1b and 1d were ~10 A. In case of a longer molecule, 1c, it was ~15 A, and le was
~18 A. Films prepared for longer than 4 days, exhibited thicknesses grester than a
monolayer. For example the deposition of le for 4 days resulted in a film thickness of

~35 A. Thisvalue did not change even when additional cleaning was applied.

4.4.2.2. X-ray Photoelectron Spectroscopy

The results obtained from X-ray photoel ectron spectroscopy of samples prepared in
the vapour phase showed the presence of silicon, carbon and oxygen as expected.
The chemical composition, positions of peaks as well as the absence of Cl 2p signal, were
consistent with those results obtained from films prepared by liquid deposition.

The density/thickness of the films was determined in the same manner as described
in section 4.3.2.2. All of the samples were measured under the same conditions, therefore
the results obtained from the methyl-terminated reference samples in the liquid phase were
used as standards to determine the density of films prepared in the vapour phase.
The values obtained according to Equation 4.2, are shown in Table 4.6. The thicknesses

obtained from ellipsometry are shown for comparison.

Vapour phase deposition Vapour phase deposition
(atmospheric pressure) (reduced pressure)
Cio-vinyl Cyp-vinyl Cys-vinyl Cyg-vinyl Cyi-vinyl Cis-vinyl
Surfactant
la 1b 1c la 1b 1c
Cl9/Si2p ratio 0.70 0.76 0.93 0.63 0.69 0.88
Effective molecular
16.6 17.6 20.1 15.3 16.4 19.4
length [A]
Film thickness[A]
. 145+0.3 15.3+0.2 17.8+0.1 13.1+0.2 14.7+0.1 19.3x0.1
(ellipsometry)

Table 4.6. XPS atomic ratios of C15/Si2p, experimentally determined effective molecular
lengths of the films prepared in the vapour phase under reduced and atmospheric pressure,
and thickness (measured by ellipsometry) of surfactants molecules 1a-1c.
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The thickness values obtained from XPS are in good agreement with results
obtained from ellipsometry measurements. All results indicate monolayer films, but the
values based on XPS are dlightly higher than those from ellipsometry. This tendency was
also observed in the case of the liquid phase results. The higher density can be explained
by a small amount of organic contamination on the surface during the measurements. All
of the XPS results were obtained either at the University of Edinburgh or at the University
of Newcastle (NEXUS at nanoLAB), thus it is difficult to define the exact time for which
the samples were exposed to air before the actual measurements were carried out. This

may explain the small variationsin film thicknesses.

4.4.2.3. Contact angle

The water contact angle values obtained from the vinyl- and methyl- terminated
SAMs prepared by both the vapour phase process under atmospheric and reduced pressure
are summarised in Table 4.7. The contact angle values measured after liquid phase

deposition are shown for comparison.

Water Contact Angle[°]

Clo-vinyl C]_]_-Viny| C;|_5-Viny| Clo-methyl Clg-methyl

Surfactant
la 1b 1c 1d le

Vapour phase

101+1 101+1 103+1 107+1 109+1
(reduced pressure)

Vapour phase

) 101+1 101+1 1031 107+1 109+1
(atmospheric pressure)

Liquid phase 101+1 101+1 103+1 107+1 109+1

Table 4.7. The water contact angle obtained from SAMs prepared in the liquid phase
process and the vapour phase process under reduced and atmospheric pressure.

The water contact angle values are independent of the preparation method, i.e.
samples prepared from solution or vapour phase and under different pressures gave
identical values for films from the same surfactant. These results indicate the formation of
uniform and hydrophobic films.

The water contact angle measurements were extensively used to monitor the
progress of monolayer formation. Contact angle values were recorded for all films
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deposited under different conditions. The results were used to find the best deposition
parameters. Contact angle values in the range of 55-95° were obtained for reaction periods
of less than 3 days (Table 4.4). Lower contact angles were also observed when the
deposition was performed at 50 °C for 4 days. These values were too low for densely
packed films and it was concluded that incomplete coatings were produced. These results
are consistent with the ellipsometry data. However, the water contact angle values cannot
be used to determine the difference between mono- and multi-layer films, because the
observed values will aso be influenced by the methyl- and vinyl- groups on the surface,

independent of the film thickness.

4.4.2.4. Atomic Force Microscopy

Atomic Force Microscopy was used to define the homogeneity and smoothness of
the deposited coatings. The AFM image of a SAM derived from Cyo-vinyl 1a, and prepared
by vapour phase deposition, is shown in Figure 4.11.

0.51 nm

0.00

Figure4.11. AFM images of 5 um x 5 um area of Cyo-vinyl 1a SAM, RMS 62 pm.

The results obtained from AFM anaysis of al surfactants deposited from the
vapour phase were consistent with the image in Figure 4.11. Also similar AFM data were
obtained from samples prepared by liquid phase deposition. There were no aggregations or
defects observed by AFM on al of the SAM coatings. The resultant films show very
smooth and homogenous surfaces with root mean square (RMS) values not higher than
100 pm. The RMS values of the monolayer films were similar to those found for clean
SiOx substrates indicating that the monolayers produce extremely smooth surfaces.
The measured RMS values of the methyl-terminated layers are in good agreement with
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those reported for similar films,* >

supporting densely packed monolayers for both
preparation methods. However, wafers with many aggregations were also produced when
different deposition parameters were tested, which is consistent with data obtained from
ellipsometry measurements. An example of an AFM image taken from athick film, formed
from C.g-methyl 1e is shown in Figure 4.12. The measured RMS value of 580 pm in the
case of this film is much higher than reported values of smooth and homogenous films.
Many defects and excess materia are clearly observed. Similar results were obtained in
case of al trichlorosilane molecules tested. This quality of film is not sufficient for our
work, because the SAMs should be used in the next step for a chemical modification.
Defects can potentially reduce the reactivity of the terminal functional groups of SAMs by
changing e.g. conformation or packing of molecules in the film, resulting in a lower

availability of these groups for chemical reaction.

[T 124 nm

Figure 4.12. AFM images of 5 um x 5 pm area of Cig-methyl 1e SAM prepared in the
vapour phase under atmospheric pressure, RM S 580 pm.

It should be noted that the overal quality of the vapour phase derived films
depends on the preparation conditions. It is necessary to limit the amount of water present
in the system to avoid the formation of polymeric aggregates on the surface.*" ** However,
the surface of the silicon/silicon dioxide substrate cannot be completely anhydrous, and
athin film of surface-condensed water may in fact be beneficia for the formation of the
monolayer as suggested previously.* ** Reactions in the gas phase between surfactant
molecules and the substrate are more likely to occur under higher temperature. The amount
of water present in the gas phase is amost independent of the temperature since the
experiments were performed in a seadled container with no water reservoir. This is

supported by the fact that the films obtained under atmospheric and reduced pressure
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conditions were of identical quality at the same temperatures.’® A similar observation has
been reported for methyl-terminated trichlorosilanes of different akane chain lengths
deposited from the vapour phase.®® In that study films of saturated trichorosilanes were
prepared under identical conditions. This resulted in films of a monolayer for the longer
self-assembling molecules but more than a monolayer for shorter surfactants.®®

High quality monolayers were only obtained from the vapour phase if the reaction
was left running for a sufficiently long time. The formation of films was not completed
when the deposition was shorter than 3 days. The samples showed low contact angles
(55-95°) as well as low thicknesses. The thicknesses were smaler than the length of
asingle surfactant molecule indicating that SAM formation was not finished. However,
when the reaction was run for longer than 3 or 4 days (depending on the surfactant used),
the silicon surface was covered with an excess of material. This was shown by white spots
and a cloudiness across the whole modified surface. Therefore, it was concluded that
shorter reaction time was optimal.

4.5. Conclusions

From this work we can conclude that there are afew crucia steps required to obtain
high quality ultrathin films on SIO,/Si substrate. Firstly, a silicon wafer cannot be used in
the deposition process without strict purification. Untreated wafers showed a significant
amount of contamination, which was confirmed by the water contact angle and X-ray
photoel ectron spectroscopy analysis. The combination of strongly oxidising solutions, as
well as an ozone atmosphere, allowed substrates to be obtained with satisfactory purity.
Secondly, to reproduce a high quality SAM, the preparation procedure needs to be
optimised. In this study silicon wafers were successfully modified with vinyl- and methyl-
terminated trichlorosilanes from both liquid and vapour phases. All films prepared as
described in this Chapter looked smooth by eye inspection. The AFM results confirmed
smooth and homogeneous surfaces. The thickness values of the prepared SAMs obtained
from ellipsometry measurements indicated formation of monolayer films. Only three
elements were observed by X-ray photoel ectron spectroscopy: silicon, carbon and oxygen.
The XPS analysis alowed the thicknesses of the SAMs to be calculated, using methyl-
terminated films as references. These results were in good agreement with the ellipsometry
data, supporting the formation of monolayer films. Finaly, water contact angle
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measurements indicated hydrophobic filmsin all cases. All of measured values were in the
range of 101-109°.

The combined results of the different surface analytical characterisation techniques
clearly indicate that densely packed, smooth and homogeneous monolayer films were
achieved for all of the surfactants studied. Since the hydrophobicity, homogeneity, film
thickness, and density of the films prepared from the vapour phase were similar to those
obtained for films prepared from solution, it is concluded that the number of vinyl groups
exposed and the surface chemistry of the films was also similar. The films prepared from
the vapour phase therefore have potential for further modification and could be of interest
in connection with silicon oxide microstructures where the preparation of such SAMs from

solution is not an option.
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5. Chemical Surface M odification via Carbene

Chemistry in the Liquid Phase

Solid substrates can be functionalised by the adsorption of self-assembled
monolayers, generated from appropriate organic molecules' This method offers the
possibility of tuning surface properties in a controllable fashion. This can be achieved in
two ways. The direct approach allows pre-functionalised molecules to coat the substrate,
either from the liquid phase or vapour phase. However, the reactivity of a terminal
functional group, e.g. RSICl3 in the case of SIO/Si substrate, limits the introduction of
some reactive end groups e.g. acohols.™ 2 The second approach can overcome this problem
by performing a chemical reaction on a pre-coated surface. The latter offers a great
flexibility for expanding the range of functionality on the surface.

The am of this Chapter is to present a novel chemica reaction which was
developed to functionalise vinyl-terminated SAMs. The SAM modification was examined
by X-ray photoelectron spectroscopy, contact angle goniometry, atomic force microscopy

and ellipsometry.
5.1. Proof of concept

In order to develop chemistry for the modification of vinyl-terminated SAMs, it
was necessary to determine if the double bonds, present in the film, are accessible enough
to undergo chemical reactions. A good method to verify the presence of double bondsisto
modify SAMs by bromination.® Such a reaction has aready been reported by

Wasserman et al.,* and this became a control reaction in this study.

Bromination reaction on SAMs

Vinyl-terminated SAMs were soaked in a Br, solution (2 mM) in dichloromethane
(3mL), at room temperature for 2 h. After the reaction, the wafers were washed with
toluene, dichloromethane and DI water. The reaction progress was monitored by XPS
analysis, water contact angle measurements and ellipsometry.

The XPS survey scan and high resolution scan of the Br 3d region obtained after
the bromination reaction are presented in Figure 5.1.
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Figure 5.1. The XPS survey scan and Br 3d elemental scan of Cy;-vinyl 1b SAM film after
the reaction with Br,.

The XPS spectrum of the functionalised monolayer revealed three peaks, in
addition to the expected Si, C and O signals. A strong peak at 71 eV was assigned to Br 3d
and peaks at 190 eV and 258 eV were assigned to Br 3p and Br 3s, respectively.> °
Moreover, an additional signal appeared in the C 1sregion (Figure 5.2, fitting details are
provided in Chapter 2, paragraph 2.1.1).

Cl1s

2é9 2é8 2é7 2é6 2é5 2é4 2é3 2é2
Binding Energy [eV]
Figure5.2. The C 1s high resolution scan obtained after the bromination reaction.

In the carbon region, two signals can be clearly distinguished. The less intensive
peak, which is shifted towards higher binding energies was assigned as carbon C1
(286.3 eV),” which corresponds to carbons bonded directly to bromine. The more intensive
peak C2, at a binding energy of 284.6 eV was assigned to the CH, carbons from the akyl
chains®®

XPS analysis allows an approximate value of the conversion by comparing the
intensities of the Br 3d and the C 1s signals. The measured experimenta intensity (I, of
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the C 1s signal is lower than the total C 1s intensity (I) based on the number of carbon
atoms present, due to attenuation: the C 1s electrons created close to the substrate surface
have to travel through the entire hydrocarbon film. Many of electrons lose energy due to
collisions with neighbouring atoms and appear at apparently higher binding energiesin the
background signal, and do not contribute to the C 1s signa. This has to be taken into
account when quantifying the amount of carbon that is present.

Without attenuation the C 1s intensity | would be simply proportional to the film

thickness, d:
| =lod Equation 5.1

where | is the C 1s intensity emitted from all atoms of the layer of thickness d,
while lp isthe intensity obtained from afilm of unit thickness.
In order to include the attenuation, the Beer-Lambert law'® needs to be taken into

account (Equation 5.2):

le = loexp(-x/A) Equation 5.2

where l¢ is the intensity of electrons emitted from a single layer of carbon atoms at
depth x detected normal to the surface, and / is the mean free path of the electrons.®® The
electrons travelling from different depths experience different attenuations, therefore the
total intensity emitted from a film of thickness d (and hence detected by the instrument)
can be calculated by integrating eg. 5.2:

Ly = fod Ipexp (_Tx) dx = IpA [1 — exp (_Td)] Equation 5.3
The measured intensity I, has therefore to be corrected by the factor

d

Based on the intensity of the Br 3d signal and the sum of the intensities of the C 1s

signals without correction the bromination reaction yield is ~68%. Taking the attenuation
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factor into account and assuming that the mean free path A of the electrons of the film is
A= 3.5 nm," the reaction yield of the Cy;-vinyl 1b film is ~59%.

The water contact angle of the starting vinyl-terminated film was 101°. After the
bromination reaction, this value decreased to 80°, which is consistent with the
literature.*® 2 The film thickness measured before and after SAM exposure to Br, solution
remained the same at ~15 A.

The results obtained from these three independent techniques, clearly indicate
formation of a Br-terminated monolayer without film degradation, which is in good
agreement with data obtained by Wasserman et al.* The bromination reaction confirmed
that films with terminal double bonds can be successfully modified and could be subject to

different chemical reactions.
5.2. Carbene precursors

A carbene is a reactive intermediate with the chemical formula of :CR,.> Carbene
chemistry is a promising route to modify pre-coated silicon wafers. The reaction via a
carbene intermediate leads to the formation of a new C-C bond and could be used to
modify the surface of SAMs. However, such an application has never been reported, thus
the reaction conditions, selectivity and SAMs stability require investigation.

In this work, three commercialy available chemicas (chloroform CHCls,
bromoform CHBr; and Ruppert-Prakash reagent CF;Si(CHgz),) were used as carbene
sources for chemical surface modification. From these molecules dichloro-, dibromo- and
difluoro-carbenes (:CCl,, :CBr,, :CF,, respectively) were generated in solution
(Scheme 5.1). Halogenated carbenes were selected because they can introduce new
elements, other than carbon onto the surface. These can be easily monitored e.g. by X-ray
photoelectron spectroscopy providing information on the progress of conversion.
Our experimental work also provided insight into the possible products formed during the
reaction with carbenes.

In every experiment described in this Chapter, two vinyl-terminated SAM films
(Cyz-vinyl 1b and Cys-vinyl 1c) were reacted with carbenes and the methyl-terminated
SAM (C,g-methyl 1€) was used as reactive controls (Scheme 5.1).
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Scheme 5.1. Carbene precursors and possible products formed by reacting :CR, with
vinyl-terminated SAMsin the liquid phase.

5.3. Chemistry on SAMsinvolving dichloro- and dibromo- carbene

In this reaction, chloroform was used to generate dichlorocarbene :CCl,, while

bromoform was used to generate dibromocarbene :CBr, (Scheme 5.2).%3

X X

/

0O) )
CHX3

/Sll _______ -» /Sll\

040 040
X =ClorBr
n=8or 12

Scheme 5.2. Dichloro- and dibromo- carbene reaction on Cy; 1b and Cis 1c vinyl-
terminated SAMs. The expect product is a cyclopropane.
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5.3.1. Chemistry and sources of :CCl, and :CBr

In 1954, Doering and Hoffmann® demonstrated the first addition of
dichlorocarbene to olefins. They generated the carbene intermediate from chloroform using
potassium t-butoxide in the presence of cyclohexene. The cyclopropane product, 7,7-
dichlorobicyclo[4.1.0]heptane (5.1), was isolated in 59% yield. A similar reaction was
performed with bromoform to give 7,7-dibromobicyclo[4.1.0]heptane (5.2) in 75% vyield
(Scheme 5.3).4

CHX3 5.1 X=Cl 59%
t_BuoK 5.2 X =Br, 75%

Scheme 5.3. Synthesis of 7,7-dichlorobicyclo[4.1.0]heptane (5.1) and 7,7-dibromobicyclo-
[4.1.0]heptane (5.2).**

Parham and Schweizer™ generated dichlorocarbene from ethyl trichloroacetate
using sodium methoxide, sodium ethoxide or potassium t-butylate as a base, in either the
presence or absence of solvent. Dichlorocyclopropanes were obtained in very good yields
(72-88%) with al bases. Hexachloroacetone (5.3) can also be used as a source of
dichlorocarbene.®® " Moreover, from one mole of the reagent (5.3) two equivalents of
:CCl, are formed (Scheme 5.4).

L i —-
+ — + .
c:|3<:)1\c:c:|3 2 CHiONa H,cO™ “OCH; ~ 2:CCh
5.3

Scheme 5.4. Generation of dichlorocarbene from hexachloroacetone (5.3).*% '

In 1962, Schollkopf and Hilbert’® generated :CCl, from methyl
trichloromethanesulfinate (5.4) in the presence of either potassium t-butoxide or sodium
methoxide (Scheme 5.5). The highest yield, 48%, of 7,7-dichlorobicyclo[4.1.0]heptane

(5.1) was obtained when the reaction was performed at 82 °C.
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5.4

Scheme 5.5. Generation of :CCl, from methyl trichloromethanesulfinate (5.4) in the
presence of strong base.’®

In 1965, Seyferth et al.,”® synthesised gem-dihalocyclopropanes (5.6) from
phenyl(trihalomethyl)mercury (5.5) and an excess of cyclohexene in very good yields
(Scheme 5.6). The report clamed an advantage in using phenyl(trihalomethyl)mercury
reagent (5.5) is its ability to react with poor nucleophiles, eg. ethylene or
tetrachloroethylene, as well as with olefins which contain base-sensitive substituents, e.g.
vinyl acetate.’® However, disadvantages of this procedure are the high cost and toxic nature

of the mercuric reagent.

PhHgCX +©%A>PhHX + X
9~7s 80 °C g X

5.5 5.6
X=ClorBr X =Cl, 89%
X =Br, 88%

ScherBe 5.6. Synthesis of 7,7-dihalononcarane (5.6) from phenyl(trihalomethyl)mercury
(5.5).

In 1970, Kobrich et al.,° investigated whether trichloromethyllithium (5.7, TML)
reacts via a carbene intermediate in electrophilic reactions. They reacted TML with a
mixture of cyclohexene and another olefin, e.g. 1-heptene. The reaction is shown in
Scheme5.7.

m» dichlorocyclopropane

Li—CCl; —— LiCI + :CCly
5.7 - .

(-110 °C) (73 °C) cyclohexene dichloronorcarane

Scheme 5.7. Preparation of dichlorocyclopropanes from TML (5.7).%°

Makosza® and Starks™ discussed the use of phase-transfer catalysts in
heterogeneous reactions. Although generation of :CCl, under basic conditions requires an
anhydrous environment due to rapid degradation of the CCl5 anion,” Makosza and Starks

managed to prepare dichlorocyclopropanes (in 60% yield) from olefins, chloroform and
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25% NaOH solution in the presence of a phase-transfer catayst (e.g. quaternary
ammonium or phosphonium salts).

In 1977, Julia and Ginebreda® published a new method of dichlorocarbene
generation by means of solid-liquid phase-transfer catalysis.”> The reaction was performed
in CHCl3 using powdered NaOH as a base.?® #” The authors claimed that their method was
simple, used readily available reagents and the reaction time was short.

In 2003, Lin et al.”® reported a procedure of :CCl, generation from carbon
tetrachloride using ultrasonic irradiation (Scheme 5.8). They obtained a range of gem-
dichlorocyclopropane derivatives in good yields (40-93%).

Mg >:< cl. cl
ccl, -~ :CCl, —L . >A<

ultrasound

Scheme 5.8. Generation of dichlorocarbene by the reaction of carbon tetrachloride with
magnesium at room temperature.?®

The authors claimed that the main advantage of the method was a short reaction
time as well as a base-free environment, which allowed side reactions to be avoided.

Wang et al., > reported a kinetic study of a dichlorocyclopropanation reaction.
One of the reactions they investigated was the :CCl, addition to allyl phenyl ether (5.8) in
the presence of a phase-transfer catalyst, benzyltriethylammonium bromide, BTEAB,
(Scheme5.9).

©\ CHCl,, BTEAB @
- o
0™ 30%NaOH,35°C /\Q(C'

Cl

5.8 5.9
Scheme 5.9. Formation of (2,2-dichlorocyclopropylmethoxy)benzene (5.9) from allyl
phenyl ether (5.8).%°

The authors investigated which factors (e.g. stirring speed, concentration of
different catalysts, NaOH concentration, volume of chloroform and substrate and

temperature) affected the overall reaction rate.
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5.3.2. Procedurefor thereaction of CHCIl; and CHBr3; with SAMSs

In this research the procedure of Ziyat et al.,* has been used as a starting point to
produce dichloro- and dibromo- cyclopropane terminated SAMs. The procedure involved
stirring a solution of NaOH (100 mg, 200 mg, 300 mg, 400 mg or 500 mg), CHCl3 or
CHBr3 (1 mL) and benzyltriethylammonium chloride (BTEAC, 0.1 mmol) in
dichloromethane (1 mL) for 10 min at O °C. The silicon wafers (1 cm x 1.5 cm), pre-coated
with vinyl-terminated SAMs, were immersed in the reaction mixture and the liquids were
stirred at room temperature for fixed periods of time (30 min, 1 h, 2 h, 3 h, 4 h, 5 h). The

experimental set-up isshown in Figure 5.3.

D «—N,

coated
silicon wafer

Figure 5.3. The experimental set-up for the carbene reactions performed on vinyl-
terminated SAMs.

It has to be noted that the stirring bar did not touch the surface of the wafers
throughout al of the reaction. After the reactions, wafers were washed repeatedly with
distilled water followed by sonication in dichloromethane, toluene and DI water. This
ensured that the surfaces were clean for subsequent analysis (Appendix 1).

5.3.3. Resultsand Discussion

The reaction conversion, aswell as SAM stability under the applied conditions, was
monitored by four different analytical techniques. X-ray photoelectron spectroscopy was
used to determine the chemical composition of the new films and to calculate the reaction
conversion. Water contact angle measurements were recorded to observe changes in
wetting properties, while ellipsometry was used to measure the thickness of the SAMs in
order to determine the degradation onset. Finaly, AFM was used to monitor the
homogeneity and smoothness of the film after modification.
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5.3.3.1. X-ray Photoelectron Spectroscopy

Optimisation of the reaction conditions is crucia in surface chemistry, because the
goal isto achieve the highest conversion with minimum film degradation. SAMs on silicon
oxide substrates are considered to be very stable films.! However, the stability of SAMs
can be disturbed when subjecting the modified surface to chemicals. Wasserman et al.,*
reported an experiment in which methyl-terminated SAMs on SiIO,/Si were immersed in
HCI (0.1 M) or NaOH (0.1 M) solution. They observed that the monolayers were stable in
acid at room temperature. However, when the wafers were exposed to basic solution at
room temperature, 50% of the monolayer was removed after 80 min of immersion.
Moreover, they noted that after 160 min under these conditions, the surface of the substrate
was visibly etched,* caused by the Si-O bond hydrolysis.®* ** For this reason, NaOH
concentration in particular and the reaction time, needed to be optimised. The reaction
temperature was kept constant (around 25 °C) to minimise SAM degradation under the
basic conditions. Moreover, due to the possibility of degradation, a solid-liquid phase-

transfer catalyst was chosen to generate the :CX, carbenes.

Optimisation of the NaOH concentration

The first experiment was designed to find the minimum NaOH concentration
required to generate a :CX, carbene from CHX3 (where X = Cl or Br). The reactions were
carried out on Cy;-vinyl 1b and Cys-vinyl 1c SAMs at room temperature for 30 min using
CHX3 (1 mL), BTEAC (0.1 mmol) and NaOH (100 mg, 200 mg, 300 mg, 400 mg,
500 mg). The XPS survey spectra taken from each sample, after the reaction with CHCl3
and CHBr3, are shownin Figure 5.4.
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Figure 5.4. The XPS survey scans obtained after carbene chemistry on Cy-vinyl 1b
SAMs. Carbene generated from CHCI; (left spectrum) and CHBr3 (right spectrum) using
different amounts of NaOH (for details see text).

Elements such as silicon, carbon and oxygen are expected in all cases. The left
hand spectra represent the surface after chemical modification with :CCl, generated from
CHCl3. In all cases, new signals at binding energies of 201 eV and 270 eV were detected.
These were assigned to Cl 2p and Cl 2s, respectively. It can clearly be observed that the
most intensive Cl 2p signa was measured when 300 mg NaOH was used. The right hand
spectra (Figure 5.4) show the results obtained from SAMs after modification with :CBr,
generated from CHBr3. New peaks appeared at binding energiesof 71 eV and 182 eV in all
of the samples. These were assigned to Br 3d and Br 3p signals, respectively. The most
intensive Br 3d signal was detected for the sample using 300 mg of NaOH. The XPS high

resolution scans of Cl 2p and Br 3d region are shown in Figure 5.5.

Cl 2p Br 3d
2500 4 1000
2000 800
@ 1500 @ 600
o o
2, ©,
1000 400
500 200
0 T T T T T 1 O T T T T T 1
204 203 202 201 200 199 198 74 73 72 71 70 69 68
Binding Energy [eV] Binding Energy [eV]

Figure 5.5. The high resolution scan of Cl 2p region (left spectrum) and Br 3d region
(right spectrum), taken from the reaction with 300 mg of NaOH.
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The highest conversions were observed under the same reaction conditions in each case.
However, a comparison of the two samples reacted using 300 mg of NaOH and taking into
account the relative sensitivity factor (R.S.F.) of both elements, shows that the Cl 2p signal
is more intense than the Br 3d signal (Figure 5.5). This may be due to the different sizes of
the halogen atom on the surface. Chlorine is smaller than bromine. The van der Waals
radius of a chlorine (0.175 nm) and shorter C-Cl bond (0.175 nm) compared to the van der
Waals radius of a bromine (0.185 nm) and C-Br bond (0.191 nm) suggest a lower steric

input.® Thus, reaction with the smaller group appears to be more efficient.

Optimisation of reaction time

A second experiment was designed to explore how long SAMs can be subjected to
the reaction with :CCl, and :CBr, carbene without being degraded. Accordingly C,;-vinyl
1b and Cis-vinyl 1c SAMs were treated with CHX3 (1 mL), BTEAC (0.1 mmoal) in
dichloromethane and NaOH (300 mg) for fixed periods of time (30 min, 1 h, 2 h, 3 h, 4 h,
5h) at room temperature. The XPS survey scans obtained at time intervals are shown in
Figure5.6.

O 1s O 1s

Cls C1s
Cl 2p Si 2s . - Si 2s
e Si2p ‘ r3p  sizp
5h Br 3d
s N ‘ 5h
4 h M ‘
it I 4h
S, o ] | sh
\
e 2h M 2h
SRR h th
M
30 min 30 min
700 600 500 400 300 200 100 0 700 600 500 400 300 200 100 0
Binding Energy [eV] Binding Energy [eV]

Figure 5.6. The XPS survey scans after reactions performed at fixed periods of time on
Cyi-vinyl 1b SAMs. Carbene generated from CHCI3 (left spectrum) and CHBr3 (right
spectrum).

From the XPS survey scans it is observed that the longer the reaction time between
Cy1-vinyl 1b SAM and CHCl3, the more intense the Cl 2p signal, but only up to 3 h of the
reaction (Figure 5.6, left spectra). For reaction times longer than 3 h, the intensity of the Cl
2p signal started dropping gradually. Changes in the C 1s signa intensities were aso
observed. In the case of 4h and 5 h reactions, the carbon signal decreased dlightly,
suggesting the beginning of SAM degradation on the surface.
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A similar tendency was observed in the reaction between C11-vinyl 1b SAM and
CHBr3 (Figure 5.6, right spectrum). However, the differences between the reactions are
less pronounced than in the case of SAM modification with dichlorocarbene. The most
intensive Br 3d signal was observed in the case of a 3 h reaction time. For reaction times
longer than 3 h, the Br 3d signal started to decrease along with the decreasing intensity of
the C 1s signal, suggesting film degradation. This was confirmed by other analytical
techniques, which will be discussed | ater.

Exposure of methyl-terminated SAMsto :CX5

In order to prove the selective reactivity of the :CCl, and :CBr;, carbene with the
terminal double bond functionality, a control reaction was carried out with C,g-methyl le
SAMs. The samples were subjected to similar reaction conditions, CHX3 (1 mL), BTEAC
(0.2 mmol), and NaOH (300 mg) for 3 h at room temperature. The XPS survey scans are
shown in Figure 5.7.

Cls

O 1s

Si2s
Si2p

w
CBr

B

T T T T T T T 1 :CC|
700 600 500 400 300 200 100 0
Binding Energy [eV]

2

Figure 5.7. The XPS survey scans after the reaction between C,g-methyl 1e SAMs with
:CBr;, (top) and :CCl; (bottom).

The XPS survey scans reveded as expected the presence of silicon, carbon and
oxygen on the surface. Signals for Cl 2p and Br 3d were not observed. However, to explore
if an insertion reaction of carbene into the aliphatic C-H bonds might occur at alow level,
high resolution regions exploring of Cl and Br signas were carefully investigated. The

high resolution elementa scansfor Cl 2p and Br 3d are shown in Figure 5.8.
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Figure 5.8. The high resolution XPS scans of Cl 2p and Br 3d region, after the reaction
between Cyg-vinyl 1e SAMs and :CCl/:CBrs».

The high resolution scans do not show any evidence for the presence of Cl or Br on
the surface. These results clearly indicate that the methyl-terminated films are resistant to
the reaction with carbenes. Moreover, it can be concluded that the modification of SAMs
with carbenes is selective, because only films which contained the terminal C=C bonds,

showed the presence of Cl and Br.

5.3.3.2. Water Contact Angle

The water contact angle measurements were recorded to investigate how the
wettability of the surface changed after exposure of the SAMs to carbenes. The water
contact angles of Cy3-vinyl 1b and C,g-methyl 1e SAMswas 101° and 109°, respectively at
the outset. The results obtained after a 30 min reaction between :CCl, or :CBr; and Cy;-
vinyl 1b SAM with different amounts of NaOH are shown in Figure 5.9.
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Figure 5.9. The water contact angles recorded after the reaction of Cy;-vinyl 1b SAMs
with different amounts of NaOH used to generate carbene (:CCly, :CBry).



The results presented in Figure 5.9 clearly show that after modification with
carbenes the surface became more hydrophilic. The Cy;-vinyl 1b SAM exhibited a water
contact angle of 101° before modification, while after the reaction, the recorded values
were within the range of 100° to 79°. It is difficult to draw a conclusion on the extent of
reaction from water contact angles, because film degradation, will also reduce the value.
However, the water contact angle and the ellipsometry data, which will be discussed |ater,
indicates that the best conversions resulted from 300 mg NaOH. The CA’s were 90° for the
:CCl; carbene and 92° for the :CBr, carbene. No changes in CA’s were observed in the
case of the methyl-terminated films, which remained at 109° before and after reaction
(Appendix 2). The literature CA’s for Cl-terminated films is reported at 85° and dlightly
less (80°) for Br-terminated SAMs.* %

The next experiment was performed with 300 mg NaOH for fixed periods of time
(A h,2h,3h,4h,5h) to obtain fully modified surfaces. The measured contact angles are
presented in Figure 5.10.

95 4

m :CBr
o 2
® CCl
[ ] 2
90 °
©
> 854 °
c
<
= [ o
S 80 [ ]
c
o
o
G 754 °
©
= n
70 [ ]
T
1 2 3 4 5
Time [h]

Figure 5.10. The water contact angle values recorded after carbene modification of
Cy1-vinyl 1b SAM, performed for different periods of time.

The water contact angles of Cl and Br terminated surfaces were recorded for a
reaction time of 3 h. In the case of CHCI;3; the water contact angle was 85° and that for
CHBr; was 80°. Thisisin good agreement with the literature.* *

From these measurements it is concluded that the best film modification was
obtained when the carbene reaction was performed for 3 h with 1 mL of CHCI3/CHBr3; and
300 mg NaOH. However, this technique does not provide enough information about film
degradation, thus additional analysis was required to fully characterise the films.
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5.3.3.3. Ellipsometry

Ellipsometry measurements were very useful for monitoring the onset of SAM’s
degradation under the reaction conditions.

The data revealed that the thicknesses of the Cy;-vinyl 1b SAMs did not change
significantly for reactions with 100 mg, 200 mg and 300 mg of NaOH. However, lower
thicknesses were observed in reaction with CHBr3; at either 400 mg or 500 mg of NaOH.
Vaues of 10.2 A and 9.2 A were recorded, respectively (~15 A before modification).
These thicknesses are too small for a modified monolayer film and suggest degradation.
The same tendency was observed in the case of CHCl3. Lower thicknesses were measured
when 400 mg or 500 mg of NaOH was added to the reaction (Appendix 2). Significant
difference in SAM thicknesses was observed when 400 mg of NaOH was used in the
reaction. Thisis difficult to explain and might be caused by lower quality of SAM used in
the reaction with :CBr,. The ellipsometry results for the reaction with CHCl3; and CHBr3
areshownin Figure5.11.
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Figure 5.11. Ellipsometry results obtained after exposure Cy;-vinyl 1b SAMs to carbenes
under different reaction conditions (for details see text).

The ellipsometry results taken with the water contact angles and XPS data, it is
concluded that SAMs can be modified without observable degradation when 300 mg of
NaOH was used in the reaction.

The €elipsometry measurements were also useful for investigating the minimum
reaction time. SAM films were subjected to the carbene modification for 1 h, 2 h, 3h, 4 h
and 5 h. Film degradation was observed in the reaction time of 4 h and 5 h in the case of
both carbenes. The recorded results were below 14 A. A summary of these results is

presented in Appendix 2.
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5.3.34. Atomic Force Microscopy

AFM images were recorded for samples modified for 3 h at room temperature with
300 mg of NaOH, BTEAC and 1 mL of CHX3. The AFM images obtained from C,;-vinyl
1b SAM after modification with :CCl, and :CBr, carbene are shown in Figure 5.12.

0,87 nm 0,84 nm

0,00 nm 0,00 nm

Figure 5.12. AFM images of 5 um x 5 pum area of Cji-vinyl 1b SAMs modified with
a) :CCl;, carbene, RMS 93 pm, and b) :CBr, carbene, RMS 101 pm.

Both images obtained after carbene modification in the liquid phase are very
smooth and defect free. No excess of material was observed in the case of the reaction
performed for 3 h with 300 mg NaOH. The RMS values in the case of both modified
SAMs Cy3-vinyl 1b and Cys-vinyl 1c, were small and never exceeded 150 pm.

5.3.4. Evidencefor gem-dihalocyclopropane-terminated SAMs

Based on the results to date, the SAM films with the most halogen on the surface,
were used for structure analysis and also to estimate the reaction conversion. From solution
reaction of carbenes with olefins, it was anticipated that the gem-dichloro- and gem-
dibromocyclopropane-terminated SAMs will be obtained (Figure 5.13). It was necessary

to support this hypothesis with analytical data.
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Figure 5.13. Putative formation of gem-dihalocyclopropane-terminated SAMs in the liquid
phase.

XPS survey scans taken from methyl- and vinyl- terminated SAMs (based on
Figure 5.6 and Figure 5.7), after optimised carbene reactions, clearly reveal that only the
latter SAMs reacted (Figure 5.14).
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Figure 5.14. The XPS full scans after the exposure of methyl- 1e and vinyl- 1b terminated
filmsto :CCl, (left spectrum) and :CBr» (right spectrum).

In the case of SAMs subjected to :CCl, carbene (Figure 5.14, left spectrum), a new
Cl 2p signal can be clearly observed on reacted Cy;-vinyl 1b SAM (top spectrum).
Otherwise, no changes were detected in the case of Cig-methyl 1le SAM (bottom
spectrum). The high resolution scans of the Cl 2p and C 1s regions taken from the reacted
Cy1-vinyl 1b SAM are shown in Figure 5.15 (fitting details are provided in Chapter 2,

paragraph 2.1.1).
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Figure 5.15. The XPS high resolution scans of the Cl 2p (left spectrum) and C 1s (right
spectrum) regions of Cy1-vinyl 1b SAM after the reaction with :CCl».

The position of the signal at a binding energy of 201 eV suggests Cl 2p.%
Moreover, in the carbon region, three signals were observed, two of which (assigned to C1
and C2) were not observed on the substrate. The most intense signal (C3) appearing at a
binding energy of 284.6 eV, corresponding to the carbons from the alkyl chains.® Carbon
C2 (285.3 eV) corresponds to the two formerly vinyl carbon atoms, which are now part of
the cyclopropane ring. Finally, carbon C1 (287.7 V) is assigned to the carbon atom from
the :CCl, species (Figure 5.17).

In the case of SAMs subjected to :CBr, carbene, a new signal corresponding to Br,
was detected on reacted Cy;-vinyl 1b SAM (Figure 5.14, right spectrum). No changes
were observed for the C1g-methyl 1e SAM (Figure 5.14, right spectrum), as in the case of
reaction with dichlorocarbene. The high resolution scans of the Br 3d and C 1s region

taken from the Cy3-vinyl 1b SAM are shown in Figure 5.16.
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Figure 5.16. The XPS high resolution scans of the Br 3d (left spectrum) and C 1s (right
spectrum) region of Cy3-vinyl 1b SAM after the reaction with :CBr.
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After the reaction of vinyl-terminated SAMs with :CBrp, a new XPS peak was
detected at a binding energy of 71 eV, which can be assigned to Br.* In the C 1s region,
three signals were observed. The C3 signal (284.6 eV) again comes from a CH, carbons of
the akyl chain,® while C2 (285.3 eV) and C1 (286.2 eV) signds come from the
cyclopropane ring. The higher binding energy of C1 suggests that this carbon atom is
bonded to the two Br atoms (Figure 5.17).

Film modification was also confirmed by changes in the water contact angle. The
vinyl-terminated SAMs before reaction with :CCl,, exhibited a water contact angle of
101°, while after modification it decreased to 85°. The same trend was observed in the case
of the :CBr; reaction. The water contact angle of :CBr, modified SAMs was 80°, identical
to the value reported for a different Br-terminated film in the literature.* The ellipsometry
measurements did not reveal any significant changes in thicknesses of the SAMs after the
carbene modification. The measured thicknesses of the modified films were ~16 A (~15 A
before modification), suggesting that decomposition did not occur.

The presence of gem-dihal ocyclopropane groups on the surface is supported by the
ratios of the C 1sto the Cl 2p and C 1sto the Br 3d signals (Figure 5.17).

Cl. ¢ Bry Br
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Binding Energy [eV] Binding Energy [eV]

Figure 5.17. Assignment of the C 1s signals according to the possible structure formed on
the surface.

The theoretical and experimental ratios between the carbon and halogen XPS

signals are summarised in Table 5.1.
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X:C1 X:C2 Cl:C2
Cys-vinyl 1b 2.1 1:1 1:2
Theor.
Cis-vinyl 1c 2:1 1:1 1:2
Cy1-vinyl 1b 2:1 1:1 1:2
Exp. :CBr;
Cys-vinyl 1c 2:1 11:1 1:18
Cy1-vinyl 1b 2:1 11:1 1:18
Exp. :CCl,
Cys-vinyl 1c 21:1 1:1 1:2

Table 5.1. Theoretical and experimental ratios of the Br 3d to C 1sand Cl 2p to C 1s XPS
signals of modified SAMs.

From the XPS data, the conversions of either the Cys-vinyl 1b or Cys-vinyl 1c
SAMs with :CCl, or :CBr, can be estimated by taking into account the attenuation factor
(paragraph 5.1). Based on the intensity of the Cl 2p signal and the sum of intensities of the
C 1s signas, the dichlorocyclopropanation conversion is estimated at ~49% for the
Cy1-vinyl 1b SAM and ~44% for the Cys-vinyl 1¢c SAM. For the dibromocyclopropanation
reaction the intensity of the Br 3d signal was used to estimate the reaction conversion at
~35% for the Cy;-vinyl 1b SAM and ~33% for the Cys-vinyl 1c SAM.

The formation of a gem-dihaocyclopropane group on the surface, based on a
working hypothesis, occurs through the solid-liquid phase transfer catalysis (PTC)
mechanism® shown in Scheme 5.10.
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Scheme 5.10. Phase transfer relay for gem-dihalocyclopropanes on vinyl-terminated
SAMs.

The reactions between the catalyst Q"X (BTEAC, benzyltriethylammonium
chloride, EtsN"CH,PhX") and CHX3 (X = Cl or Br) at the solid-liquid interface are shown
in Scheme 5.11.

) © CX,
X

CHX3 + @ \N—- *+ NaOH — ©/\< N + Hzo + NaX

© CXs

X@
N N

Scheme 5.11. Reactions at the solid-liquid interphase between organic reagent and
catal yst-base species.

In the liquid-liquid phase transfer catalysis reaction, the quaternary ammonium salt
(Q"X") works as a carrier to transfer OH™ from the aqueous NaOH solution into the organic
phase.®® However, the Q*OH" species is insoluble in the organic medium, thus the reaction
occurs at the agueous-organic interphase® In the case of solid-liquid phase transfer
catalysis, the catalyst Q"X", reacts with the solid at its surface. Then at the solid-organic
interphase, the catalyst-base species reacts with CHX3 to yield the quaternary ammonium
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derivative of the trihalomethyl anion (EtsN"CH,Ph'CX3), which is soluble in the organic
phase. In the organic medium, the anion is transformed into a dihalocarbene :CX,,% which
then reacts with the double bonds to form a gem-dihal ocyclopropane while the regenerated
catalyst (EtsN"CH,PhX", Q"X") is recovered to the PTC cycle.

In order to confirm formation of a gem-dihalocyclopropane group during the
reaction of vinyl-terminated SAM with dihalocarbene, a control reaction was carried out.
Under exactly the same reaction conditions as the surface chemistry, dihaocarbene was

generated and reacted with 1-decene. The reaction is shown in Scheme 5.12.

X X
e \/\/\/\/A
AN BTEAC
CHX3, DCM 5.10, X = Cl, 49%
5.11, X = Br, 54%

Scheme 5.12. Synthesis of 1,1-dihal0-2-octylcyclopropane in the liquid phase.

Both cyclopropane products were obtained in moderate yields. 1,1-Dichloro-2-
octylcyclopropane (5.10) was recovered in 49% vyield and 1,1-dibromo-2-
octylcyclopropane (5.11) in 54% vyield (Appendices 3 and 4). These results show that
formation of dihalocyclopropanation product is the major in solution and supports the
hypothesis that they are generated on reaction with the vinyl-terminated SAMs. These
products were fully characterised.
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5.4. Chemistry on SAMsinvolving difluorocar bene

Difluorocyclopropanation was explored next. The reaction is shown in
Scheme 5.13. Trifluoromethyltrimethylsilane (TMSCF;3) was used to generate

difluorocarbene (:CF,) in solution and reacted with the vinyl-terminated SAMs.

F
4
( )n F3;C-Si— ( )n
\
Si. T > Si_
0n0 0y0

n=8or 12

Scheme 5.13. Liquid-phase reaction between vinyl-terminated SAMs and TM SCF.

5.4.1. Chemistry and sour ces of :CF,

In the 1960s, Seyferth et al.,* “° reported a method of dihalocarbene generation
from trihalomethyl-metal compounds. They synthesised gem-difluorocyclopropane 5.13 in
a very good yield (73%) by generating :CF, carbene from trimethyl(trifluoromethyl)tin
(5.12, Me3SnCF3) at 80 °C under neutral pH conditions (Scheme 5.14).

/ Nal /
F,C-Sn— + >:< - |-Sh— + + NaF
\ DME \
5.12 5.13

Scheme 5.14. Synthesis of gem-difluorocyclpropane (5.13) by generating the :CF, carbene
from trimethy! (trifluoromethyl)tin (5.12).*

In the 1970s, the same research group™ %

investigated the use of organomercuric
compounds as a source of :CF,. They found that phenyl(trifluoromethyl)mercury
(PhHQCF3) is an excellent :CF, precursor. PhHgCF; was very stable under elevated
temperatures and, unlike the trimethyl (trifluoromethyl)tin precursor (5.12), it could be used
in solvent-free systems.

In 1973, Burton et al.,*® presented a simple, one-step method of :CF, generation

from bromodifluoromethyl phosphonium salts. Moreover, the difluorocarbene precursors
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could be generated in situ from commercialy avallable phosphines (RsP) and
difluorodihalomethanes (CF.Xy), in the presence of an olefin and fluoride salts (MF)
(Scheme5.15).

triglyme RF R =Ph, Me;)N;
R:P + CFoX, + MF + >=< - X = Br, CI;
rt, 24 h

M=K, Cs

Scheme 5.15. Burton's generation of :CF, from synthesised in Situ
hal odi fluoromethyl phosphonium salt.*®

In 1990, Bessard et al.,** synthesised gem-difluorocyclopropanes using Burton's
methodology.*® They treated olefins with dibromodifluoromethane and triphenylphosphine
in the presence of a catalytic amount of 18-crown-6. The advantages of Bessard's method
are a shorter reaction time, replacement of expensive CsF by KF and the possibility of
using mono- rather than tri-glyme as a solvent.

In the same year, Dolbier et al.,*® presented a new zinc difluorocarbene reagent,
which can be cheaply prepared and does not require anhydrous conditions. In this process
CF,Br; reacts with Zn in THF at room temperature in the presence of a-methylstyrene,

yielding 71% of gem-difluorocyclopropane (5.14) (Scheme 5.16).

R F
Ph CF,Bry, Zn
B ———
/‘ I(cat), THF, rt Ph
5.14, 71%

Scheme 5.16. Dolbier’'s gem-difluorocyclopropane (5.14) synthesis by reaction of an
alkene with zinc difluorocarbene reagent.

Babin* and Fujioka’ generated :CF, carbene by thermolysis of sodium
chlorodifluoroacetate (CICF,COONa). However, the process requires harsh conditions,
(4h at 160 °C* or 15 min at 180 °C)*" and the corresponding gem-difluorocyclopropane
compounds were obtained in 67% and 61% yield, respectively.

Trimethylsilyl 2,2-difluoro-2-(fluorosulfonyl)acetate (FSO,CF,COOTMS, TFDA)
is also an efficient source of :CF,.**>* The TFDA undergoes desilylation in the presence of
acatalytic amount of F at temperatures above 100 °C (Scheme 5.17).%°
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o >100 °C o
FSO,CF,COOTMS + F > FSO,CF,CO, + TMSF

>100 °C e
F802CF2C02 > . CF2 + C02 + 802 + F

Scheme 5.17. Generation of :CF, from TFDA in the presence of F.>°

Tian et al.,*® used TFDA to perform the addition of :CF, to an electron deficient
alkene, such as n-butyl acrylate 5.15, in a yield of 73% (Scheme 5.18). Cai et al.,*
synthesised 2,2-difluorocyclopropyl ethers by treating electron-rich aromatic ketones and
a,f-unsaturated ketones with TFDA.

F F
FSO,CF,COOTMS  +  Buo,c™ Ny ncOaMe X
NaF(cat), 105 °C
TFDA 5.15 (cat CO2Bu
73%

Scheme 5.18. Reaction of TFDA with n-butyl acrylate (5.15).®

In 2011, Wang et al.,>® used commercialy available trifluoromethyltrimethylsilane
(MesSICF;, TMSCFs3), dso known as the Ruppert-Prakash reagent, as a source of :CF,
carbene. The TMSCF; can be used under mild reaction conditions, enabling thermally
unstable olefin substrates to undergo difluorocyclopropanation reaction. The cycloaddition
reaction with TM SCF; under different conditions is shown in Scheme 5.19.

/ \
R F F2C-Si— —Si-CFj R F
\ _ /
TBAT, THF Nal, THF
5h,'500C-)rt 2h 650C

Scheme 5.19. [2+1] cycloaddition of difluorocarbene (generated from TMSCF3) to an
alkene with the Ruppert-Prakash reagent.*

Recently, Eusterwiemann et al.,>® have reported that methyl 2,2-difluoro-2-
(fluorosulfonyl)-acetate (MDFA) can act as a :CF; source if used in high concentration and
elevated temperatures. The reactivity of MDFA is comparable to that of TFDA. MDFA is

already known as a good precursor for the in situ generation of CFsCu (Scheme 5.20).>%%
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' Cul, DMF CF;
FSOZCF2COOCH3 + -
80 °C

MDFA o
n situ CF3C
(in situ CF3Cu) 84%

Scheme 5.20. Use of MDFA to preparein situ CFsCu.

Moreover, MDFA can be used as a :CF, source when the formation of trifluoromethyl
anion is limited, by trapping the fluoride anion with trimethylsilyl chloride (TMSCI). A
minimal mechanism for the generation of a difluorocarbene is shown in Scheme 5.21.%

diglyme

/ ; S
R sic < F s‘\c —210°€C . opy o+ oicR, + G
NN *\///—

0 Mk}
so,} co,t

Scheme 5.21. Minima mechanism for the formation of :CF, carbene from
MDFA/TMSCI.>®

5.4.2. Procedurefor thereaction of TM SCF; with SAMs

The procedure described by Wang et al.,** using the Ruppert-Prakash reagent was
used in this study to generate gem-difluorocyclopropane-terminated SAMs. The procedure
involved stirring a solution of Nal (0.2 eq), TMSCF; (0.6 mM, 1.0 mM, 1.4 mM, 1.7 mM
or 2.7 mM) in THF (2 mL). Next, the silicon wafers (1 cm x 1.5 cm), pre-coated with
vinyl-terminated SAMs, were immersed in the reaction mixture and the solution was
stirred at 65 °C for fixed periods of time (2 h, 3 h, 4 h, 5 h). After the reaction, the wafers
were washed with distilled water and then sonicated in dichloromethane, toluene and DI
water to clean the surfaces (Appendix 5).

5.4.3. Resultsand Discussion

The SAMs from the difluorocyclopropanation reactions were analysed by four
techniques. X-ray photoelectron spectroscopy, contact angle goniometry, ellipsometry and
atomic force microscopy.

In order to assess the best reaction conditions, two parameters were explored. The
first focused on finding the optimal concentration of TMSCF3 required for the reaction,
while the second assessed the optimal reaction time.

97



54.3.1. X-ray Photoelectron Spectroscopy

Optimisation of TM SCF3 concentration

A series of experiments were performed to investigate how the concentration of
TMSCF; affects both the stability and conversion of the resultant SAMs. Different
concentrations of TMSCF; (0.6 mM, 1.0 mM, 1.4 mM, 1.7 mM, 2.7 mM) were used in the
reservoir to modify Cyi-vinyl 1b SAMs. The reaction was aways performed in THF for
3 hat 65 °C in the presence of a catalytic amount of Nal. The XPS survey scans obtained

after each reaction are shown in Figure 5.18.

O 1s
Cis Si2s
Si 2p
Fls /J/JU Conc. of
M /’J\f\w TMSCF,
/L/\L//iju 2.7 mM
ML//JM 1.7 mM
/J,/\JL///J 1.4 mM
ML/WM L—A«1.0 mM
. . . . . . . 0.6 mM
700 600 500 400 300 200 100 0

Binding Energy [eV]

Figure 5.18. The XPS survey scans recorded after reactions of Cy;-vinyl 1b SAMs with
TMSCF;, at different concentrations.

The chemical composition of unmodified Cyi-vinyl 1b SAMs has aready been
discussed in Chapter 4. Elements such as Si, C and O were observed in al cases. The main
focus was to investigate changes in F 1s region, consistent with formation of
difluorocyclopropane rings. The XPS survey scans recorded after the reaction of SAMs
with TMSCF;, indicate a gradual increase in the F 1s peak with increasing concentration of
TMSCF;. Concentrations of the carbene precursor higher than 2.7 mM were not
investigated due to significant film decomposition, as confirmed by CA and ellipsometry
(see paragraph 5.4.3.2 and 5.4.3.3).

It is clear that the higher the concentration of TMSCF;, the more fluorine was
detected on the surface. The highest conversion with no detectable degradation of the
SAMs was obtained at 1.7 mM of TMSCF; solution. The high resolution scan of the F 1s
region showed a symmetrical fluorine signal, suggesting only one type of chemical
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environment for the fluorine atoms. The F 1s signal appeared at a binding energy of
688.7 eV, which corresponds to fluorine in a CF, group® (Figure 5.19).

" T T T T )
694 692 690 688 686 684
Binding Energy [eV]

Figure 5.19. The XPS F 1s high resolution scan after the reaction of Cy3-vinyl 1b SAMs
with :CF; at 65 °C.

Optimisation of thereaction time

A series of experiments was designed to explore how long the film could withstand
the reaction conditions immersed in a solution of TMSCF;. Cy;-vinyl 1b SAMs were
treated with a 1.7 mM solution of TMSCF; (since this provided the best conversion) in
THF for fixed periods of time (2 h, 3 h, 4 h or 5h) a 65 °C. The XPS survey scans
recorded after the reactions are shown in Figure 5.20.

O1s

Si 2s
Cls
Si2p

L//

B
M/J
A

N

——5h

L/)/J V\/U% 4h
L/'/J L_,Rs h
W
7(I)O 6(I)O 5(I)0 4(I)0 3(I)O 2(I)0 l(I)O (I)
Binding Energy [eV]
Figure 5.20. The XPS survey scans after the reaction of Cy;-vinyl 1b SAMs with TM SCF;
(1.7 mM) for fixed periods of time.

LALL

The F 1s signa was observed by XPS for al of the samples. The F 1s signd
increased from reactions at 2 h up to 4 h. In the case of a5 h reaction a decrease in F 1s
intensity was observed. Despite the fact that the most intense signal was detected at 4 h,
suggests the highest conversion, the data obtained by other analytical techniques revealed
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that SAM degradation was occurring at this stage. For these reasons, the optimum reaction
timewas set at 3 h.

Exposure of C1g-methyl 1e SAMsto TM SCF3
A control reaction on the methyl-terminated SAMs was conducted with a Cig-
methyl 1e SAM using TMSCF; 1.7 mM solution for 3 h a 65 °C. The XPS results

obtained after this experiment are shown in Figure 5.21.

C1ls
F1s
O 1s
Si 2s
- W“\A«\[i
700 600 500 400 300 200 100 O 694 692 690 688 686 684 682
Binding Energy [eV] Binding Energy [eV]

Figure 5.21. The XPS survey scan (left) and F 1s region (right) after exposure of Cis-
methyl 1e SAM to TMSCFs.

From the full scan (Figure 5.21, left spectrum) obtained after exposure of methyl-
terminated SAM to the :CF,, only three elements (silicon, carbon and oxygen) were
detected. Clearly if the SAM had reacted with the carbene, the F 1s signal would be
apparent. This signa could not be observed even in a high resolution scan of the fluorine
region (Figure 5.21, right spectrum).

This observation clearly indicates the resistance of Cig-methyl le SAM to
difluorocarbene reaction.
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54.3.2. Water contact angle

The water contact angles were measured for al modified samples. The results
obtained after reaction of Cy;-vinyl 1b SAMs with different amounts of TMSCF; are
shown in Figure 5.22.
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0.8 1.2 1.6 2.0 24 2.8
TMSCF3 [mM]

Figure 5.22. The water contact angles measured after reaction between Cy;-vinyl 1b SAMs
with different concentrations of TM SCF=.

The water contact angle of the unmodified vinyl-terminated film was 101°. The
presence of fluorine on the surface was anticipated to increase film’'s hydrophobicity,
however, the change was not expected to be significant. Fluorinated SAMs have been
reported to exhibit higher water contact angles than their hydrocarbons.>” *® In the case of
the reactions performed using 0.6 mM and 1.0 mM of TMSCF;, no change in the water
contact angle was observed. After the reaction at 1.4 mM TMSCF;, the water contact angle
increased to 103°. The highest value, 104°, was obtained when 1.7 mM solution of
TMSCF; was used as a reagent. Moreover, when a higher concentration of the carbene
precursor (2.7 mM) was used in the reaction mixture, the lowest water contact angle of
100° was recorded (Figure 5.22).

The same tendency was observed in the case of different reaction times
(Appendix 6). The highest contact angle value (CA 104°) was obtained for the reaction
performed for 3 h (the same value was previoudy recorded for the SAMs containing CF;
groups on the surface™®). Above 3 h, only lower values were recorded e.g. for the 48 h
reaction the water contact angle dropped to 83°.

In the case of exposure of Cyg-methyl 1e SAMsto TMSCEF; for 3 h, the CA values
did not change, which again suggests lack of areaction (consistent with XPS results).
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The results indicate that the reaction parameters, including the concentration of the
TMSCF; reagent and the reaction time, are important for modification of vinyl-terminated
SAMs.

54.3.3. Ellipsometry

Ellipsometry measurements were used to monitor the onset of film degradation
during the reaction of vinyl-terminated SAMs with :CF, carbene.

No significant differences were measured amongst the films exposed to TMSCF;
(0.6 mM, 1.0 mM, 1.4 mM) for 3 h. However, in the case of the 1.7 mM solution of
TMSCFs, the resultant thickness of the modified Cys-vinyl 1b SAM was ~17 A (compared
to ~15 A for the substrate). This aso supports the chemical modification of the surface.
Moreover, when a larger concentration of reagent was used (2.7 mM) the film thickness
decreased (Appendix 6).

No detectable differences in films thicknesses were observed for SAMs subjected
to the 1.7 mM solution of TMSCF;, for 2 h or less. A dlight increase in film thickness was
noticed in the case of the 3 h reaction product. For the periods of 4 h and 5 h, the lowest
thicknesses were obtained indicating film degradation.

The thickness of methyl-terminated SAMs subjected to a 1.7 mM solution of
carbene precursor for 3 h remained the same, suggesting a lack of any reaction (consistent
with the contact angle and XPS resullts).

The elipsometry results are consistent with the XPS and contact angle
measurements. The highest conversion of vinyl-terminated SAM for the reaction with
TMSCF; was obtained in the case of 3 h reaction using a 1.7 mM solution of carbene

precursor (Appendix 6).
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5.4.3.4. Atomic Force Microscopy

Atomic force microscopy images were taken from the vinyl-terminated sample
modified with 1.7 mM solution of TMSCF; for 3 h at 65 °C (Figure 5.23).

0,83 nm

0,00 nm

Figure 5.23. AFM image of 5 um x 5 um area of Cy;-vinyl 1b SAM modified with :CF;
carbene from TMSCF; (1.7 mM), RMS 79 pm.

The image in Figure 5.23 shows a very smooth surface with low RMS vaue. The
roughnessis similar to the SAM film before modification (Chapter 4). No defects or excess
of material was observed.

From these results, it is clear that no detectable changes are observed after film
modification with :CF, carbene. Film roughness increased dightly (from ~60 pm to
~80 pm), which may be caused by the chemical modification on the surface.

5.4.4. Evidencefor gem-difluorocyclopropane-terminated SAMs

Samples of the modified monolayer film, which exhibited the most intensive F 1s
signal, were studied in order to estimate the chemica conversion, and to investigate the
nature of the functional groups present on the surface.

The reaction of TMSCF; with vinyl-terminated SAMSs is anticipated to generate a
gem-difluorocyclopropane-terminated SAM (Figure 5.24), consistent with the solution

reactions of long chain alkene (Scheme 5.22).
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Figure 5.24. Formation of gem-difluorocyclopropane-terminated SAMs in the liquid
phase.

The highest conversion was observed in the case of the reaction performed for 3 h
a 65°C with 1.7 mM solution of TMSCF;. The progression of the reaction can be
monitored by XPS. Figure 5.25 presents XPS spectra of two different SAM films (1b and

1e) subjected to TM SCF3 using the same reaction conditions.

C1ls
O1s
F1s Si2s
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Figure 5.25. The XPS full scans after the reaction of vinyl- 1b and methyl- 1e terminated
SAMswith TMSCF.

Successful carbene modification can be observed in the case of Cy;-vinyl 1b SAM.
In the top spectrum in Figure 5.25, a new signal corresponding to fluorine is observed. At
the same time, no changes were detected in the case of the methyl-terminated film (bottom
spectrum). Such results clearly indicate selective reactivity of the carbene species with
terminal double bonds. The position of the F 1ssignal at 688.7 eV is characteristic of a C-F
species present on the surface® The C 1s region shows three different pesks

(Figure5.26, fitting details are provided in Chapter 2, paragraph 2.1.1).
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Figure 5.26. Assignment of the C 1s signals according to the formation of gem-
difluorocyclopropane ring on the surface.

The carbon peak at a binding energy of 290.2 eV is attributed to a CF,-(CH>)»
species and assigned as carbon C1.%* ® Peak C2, which has a binding energy of 286.6 eV,
is assigned to the two carbon atoms attached to the CF, group. The most intense carbon
signa (284.6 eV), labelled as carbon C3, is assigned to all of the carbons of the alkyl
chain.

Both water contact angle and ellipsometry measurements change after modification
of SAMs with :CF,. The water contact angle increased from 101° to 104°, which is
consistent with the addition of difluorocarbene to the surface.® Small increases in film
thickness, within ~2 A, were observed (Appendix 6). This might be due to the chemical
modification of the surface.

The ratios between the F 1s signal and the C 1s signals (Figur e 5.26) are consistent
with the presence of gem-difluorocyclopropane groups. The ratios obtained from Cy;-vinyl
1b arelisted in Table5.2.

Ratios
F: C1 F:C2 Cl:C2
Theor.  Cy-vinyl 1b 2:1 1:1 1:2
Exp. Cy1-vinyl 1b 21:1 1:1 1:2

Table 5.2. Theoretical and experimental ratios between F 1s and C 1s signals present on
modified SAM.

The yield of the reaction between Cii-vinyl 1b SAM with TMSCF; can be
calculated by taking into account the attenuation factor (paragraph 5.1). Based on the
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intensity of the F 1s signal and sum of intensities of the C 1s signas, the
difluorocyclopropanation reaction yield is ~47% for the Cy3-vinyl 1b SAM.

In order to confirm formation of a gem-difluorocyclopropane group in the reaction
of vinyl-terminated SAM with :CF,, a control reaction was performed on a commercially
available long chain alkene. Under the same reaction conditions used for the surface
chemistry, :CF, was generated from TMSCF3; and reacted with 1-decene. The reaction is
shown in Scheme 5.22.

/ F F
F3C-Si\—
NN NN ——
THF, Nal
3h,65°C 5.16, 48%

Scheme 5.22. Synthesis of 1,1-difluoro-2-octylcyclopropane 5.16 in the liquid phase.

1,1-Difluoro-2-octylcyclopropane 5.16 (**F NMR, Figure 5.27) was obtained in
48% yield (Appendix 7). This lends support that a similar reaction occurred on the vinyl-
terminated SAMs.

PBENMR
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I
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Figure 5.27. *F NMR of 1,1-difluoro-2-octylcyclopropane 5.16, prepared in the reaction
shown in Scheme 5.22.
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5.5. Conclusions

Promising modifications of vinyl-terminated SAMSs via carbene addition has been
demonstrated. This new method of C-C bond formation reaction on pre-coated silicon
wafers in the liquid phase, opens an attractive route for the selective modification of solid
substrates. Moreover, the reaction is not limited to silicon substrates only. Four analytical
techniques provided information about SAMs stability under the applied conditions. The
balance between modification and degradation of the film was explored and optimised
conditions were found. Selectivity for vinyl modification was proven by the lack of a
reaction between methyl-terminated SAMs with any of the carbenes. In a control reaction
1,1-dihalo-2-octylcyclopropanes (5.10, 5.11 and 5.16) were obtained with 1-decene was
treated in solution.
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6. Chemical Surface M odification in the

Vapour Phase

Silane-based self-assembled monolayers (SAMs) formed with long organic
chainsplay animportant role in surface chemistry as they can establish physicaly,* 2
thermally* # and chemically stable films® on substrates such as silicon oxide and glass. The
functionalisation of solid substrates by self-assembly processes offers the potential to tailor
surface properties in a controllable fashion. There are many options to deposit a SAM with
fixed properties from solution or to chemically modify a pre-formed SAM in solution.®®
While SAM deposition from the vapour phase is known® and commonly applied for
manufacturing in industry,'® chemical surface modification from the gas phase is much
more limited. Severa examples of SAM modification with gas-phase ozone have been
reported in the literature,™*** however, formation of a new C-C bond on the surface from
the vapour phase is challenging and has not previously been reported. The C-C bond
formation reaction might serve as a promising route for surface modification in an
industrial setting and might be easily adapted for industrial manufacturing.

The aim of this Chapter is to describe a C-C bond functionalisation method of a
pre-coated silicon substrate from the gas phase. X-ray photoelectron spectroscopy, atomic
force microscopy, elipsometry and contact angle analysis were performed to investigate
the progresses of the gas phase reactions of SAMs and their stability under the applied

conditions.

6.1. Fluorinated Precursors

The two commercially available fluorinated molecules, shown in Figure 6.1, were
used to modify vinyl-terminated SAMs on silicon substrates in the vapour phase.
Hexafluoroacetone azine (HFAA) is a colourless liquid with a boiling point of 67-68 °C,
whereas hexafluoropropene oxide (HFPO) is a colourless, non-flammable gas with a
boiling point of -27.4 °C.*
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Figure 6.1. Reagents used in SAM functionalisation from the vapour phase.

These compounds were selected to modify vinyl-terminated SAMs because of their
established™” *° reactivity in the vapour phase. The introduction of a fluorine was
particularly attractive as this is anticipated to change the surface properties e.g.
hydrophobicity. The presence of fluorine on the surface can be readily detected by XPS.
Fluorine is the most electronegative element, so it can influence the position of the
adjacent carbons C 1s signals, alowing the formed structure on the surface to be
investigated.

6.2. Chemistry on SAMsinvolving hexafluor oacetone azine

“Carbene-like” chemistry is envisaged to occur when HFAA comes into contact
with vinyl-terminated SAMs. The preparation and quality of the SAMs used as starting
materials were discussed in Chapter 4. The vapour phase reaction investigated in this

section is shown in Scheme 6.1.

Scheme 6.1. Anticipated vapour phase covalent modification of vinyl-terminated films.

6.2.1. Chemistry of HFAA and sources of bis(trifluoromethyl)carbene

The reactivity of HFAA and the intermediates formed during reaction, as well as
the mechanism of reaction on a double bond, have been a source of discussion for severd

years 16, 17
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In 1966, Gale et al.,™ investigated the chemistry of perfluorodiazo compounds with
an emphasis on the formation of fluorinated carbene :C(CF3),. It was found that by
reacting bis(trifluoromethyl)diazomethane (6.1) with an excess of trans-2-butene in an
autoclave at 150 °C, trans-1,2-dimethyl-3,3-bis(trifluoromethyl) cyclopropane (6.2) was
obtained in 53% yield (Scheme 6.2).

_ FsC CF3

P=NEN ————= H,Cr/\ H
F3C 150 °C H CH3
6.1 6.2, 53%

Scheme 6.2. The reaction of bis(trifluoromethyl)diazomethane (6.1) with trans-2-butene.

The same carbene can also be formed from bis(trifluoromethyl)diazirine (6.3). The
carbene :C(CFy), is generated through the loss of Na. It can react with trans-2-butene to
give trans-1,2-dimethyl-3,3-bis(trifluoromethyl) cyclopropane (6.4, 57%), trans- 6,6,6-
trifluoro-5-trifluoro-methyl-2-hexene (6.5, 39%) and cis-5,5,5-trifluoro-4-trifluoromethyl-
3-methyl-2-pentene (6.6, 4%) (Scheme 6.3).°

F3C
FsC CF;  \__ F3C CF3 HsC H FsC CF;
>< ; ; * >:§_<CF3 * -
N:N °—> H3C||| |||H H H CH3
165 °C, 8 h H CHs CFs
6.3 6.4, 57% 6.5, 39% 6.6, 4%

Scheme 6.3. Thermal reaction of bis(trifluoromethyl)diazirine (6.3) with trans-2-butene.

It was aso found that pyrolysis of bis(trifluoromethyl)diazirine (6.3) over
guartz at 300 °C gave two products, hexafluoropropene (6.7) and hexafluoroacetone azine
(6.8) (Scheme 6.4).%°

PG CFs N R F  FC CF

— o >=N-N=( 3

N=N— 300°C pc F kG CF;
6.3 6.7 6.8

Scheme 6.4. The products obtained after pyrolysis of bis(trifluoromethyl)diazirine (6.3).
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In 1968, Middleton et al.,'® investigated thermal reactions of diazo compounds with
saturated hydrocarbons. They found that a range of products formed when either
bis(trifluoromethyl)diazomethane (6.1) or bis(trifluoromethyl)diazirine (6.3) was heated
with cyclohexane. In both cases only a small amount of the expected carbene insertion
product 6.9 was obtained (Scheme 6.5).

FiC @ o O H CF3
o e OL - Omeal - Ot
FsC 150 °C 8h CF3

6.1
F3C CFs Q CF,
O (O (O
165 °C 12 h CFs
6.3 69% 6.9, 30.5% 0.5%

Scheme 6.5. Products of thermal reactions of bis(trifluoromethyl) diazomethane (6.1) and
bis(trifluoromethyl)diazirine (6.3) with cyclohexane.

They also found™ that hexafluoroacetone azine (HFAA) reacts with cyclohexane at
165 °C to give the carbene insertion product 6.10 (Scheme 6.6). Middleton and co-
workers'® considered that HFAA may offer the best source of :C(CFs), for an insertion
reaction with saturated hydrocarbons. However, it was suspected that the free carbene
might not be directly involved in thereaction. Unlike bis(trifluoromethyl)diazomethane
(6.1) and bis(trifluoromethyl)diazirine (6.3), HFAA did not react with benzene at 165 °C to

give any carbene addition products.*® *®

FsC CFs Q CFs
=N-N=( —
FsC C

F, 165°C,12h CF,
HFAA 6.10, 40%

Scheme 6.6. The addition reaction of hexafluoroacetone azine with cyclohexane.

One year later, Forshaw et al.,'° reported that the thermal reaction of HFAA with
olefins of CH,=CHR type (where R = -H, -CH3, -CH,CH3) gave ‘criss-cross (1,3- ; 4,2-)
addition products (6.11, 6.12, 6.13) (Scheme 6.7). They aso claimed that HFAA is stable
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up to 240 °C and under the conditions used by Middleton et al.,'® the formation of
:C(CF3), carbene was unlikely (Scheme 6.6).

FsC e R 6.11, R = H, 58%
FaC CFs 2 CHp=CHR N SR
=N-N=( B AL A ! 6.12, R = CH;, 51%
o N
F; 160-180°C 6.13, R = CH,CH;, 78%
HFAA H' R Fsc CFs

Scheme 6.7. Formation of the ‘criss-cross’ (1,3- ; 4,2-) products (6.11, 6.12, 6.13) in the
reaction of hexafluoroacetone azine with olefins.

In 1971, Forshaw and Tipping® proposed a mechanism for the formation of the
‘criss-cross adduct. They suggested that the reaction involves a bimolecular two-step
process with the formation of ‘diradical’ species (Scheme 6.8). A ‘diradical’ mechanism
was supported by the fact that the reaction occurs in the vapour phase under thermal and

photochemical conditions.?

S

F3C

Scheme 6.8. Radical mechanism proposed for the formation of  criss-cross’ adducts.

In the same year Middleton'’ re-examined the reaction of HFAA with cyclohexane
in the temperature range of 129 — 170 °C. The observed products confirmed Forshaw’ s and
Tipping's'® observation that the hexafluoroacetone azine does not initialy create :C(CFs),
carbene. He confirmed that the azine reacts mainly through a radical mechanism, however,

:C(CF3), carbene is dso formed but in asmall amount.
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6.2.2. Thermal stability of SAMs

Chemica modification of SAMs in the vapour phase involves elevated
temperatures, thus it is crucial to learn about SAM stability. Alkyltrichlorosilane based
self-assembled monolayers on silicon are considered to form very stable films.* In 1986,
Cohen and Sagiv** demonstrated that octadecyltrichlorosilane (OTS) films were stable up
to 140 °C in air. Kluth et al.,?? investigated the thermal behaviour of SAMs formed from
methyl-terminated trichlorosilanes. They found that films, independent of their chain
length, were stable at 460 °C under vacuum for 30 min. Above this temperature, the
monolayer began to decompose through C-C bond cleavage, resulting in a gradua
decrease in chain length. One year later, the same group® performed similar experiments
with a film prepared from pentadecyltrichlorosilane molecules (Cys) where the last four
carbon atoms of the chain were deuterated. It was found that the deuterated carbon atoms
desorb before the hydrogenated carbon atoms, confirming film decomposition through C-C
bond cleavage.

Srinivasan®® investigated the thermal stability of two types of SAM coatings
formed from the hydrocarbon precursor, octadecyltrichlorosilane [CHs-(CHy)17-SiCls,
OTS] and the fluorinated precursor, 1H,1H,2H,2H-perfluorodecyltrichlorosilane [CFs-
(CF2)7-(CHy).-SiCl3, FDTS]. Both films were stable when kept at 450 °C for 5 min under a
N, atmosphere. However, in air, the OTS film started to degrade at 150 °C, but the FDTS
film remained intact up to 400 °C. This observation was explained by the fact that the
degradation of a fluorinated alkyl chain is more difficult due to the higher energy of a C-F
bond compared with a C-H bond. Similar stabilities of OTS and FDTS films were
observed by Seo and Sung.®®> Kim et al.,?® claimed that OTS films were stable in air up to
about 200 °C. However, the temperature under which SAMs were stable was about 250 °C
lower in air than under vacuum, which supports the observation that water and oxygen in
air can accelerate C-C bond cleavage. Kulkarni et al.,?” demonstrated that OTS SAMs were
stablein air up to 250 °C and were completely decomposed around 400 °C.

Klein et al.,”® have recently published their results regarding the thermal stability of
SAMs based on non-fluorinated and fluorinated molecules. They investigated thermal
degradation of films in a dry and oxygen-rich environment as well as under vacuum.
Samples were analysed after being kept for 1 h at an elevated temperature. In a dry and
oxygen-rich environment OTS SAMs were stable up to 120 °C. Between 120-250 °C, C-C

bond cleavage was observed. Above 250 °C, the remaining films were converted to a
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‘graphitic’ coating with C=C bonds. The same sSituation was observed in the case of
fluorinated SAMs, which were stable up to 300 °C. Above 350 °C, fluorine atoms were
removed from the remaining molecules, and the films were converted into a ‘graphitic’
layer. However, they observed that under vacuum the fluorinated SAMs were stable up to
550 °C, while above this temperature, entire molecules were removed from the surface,
because of Si-O-Si bond cleavage.

These stability experiments were performed under rather harsh conditions, where
samples were tested e.g. at high temperatures under vacuum or in an oxygen-rich
environment. In the present work it was important to establish how resistant a coated
silicon wafer is at 160 °C, and how long it can resist without significant degradation. The
exposure time to high temperatures studied by others®* was usually short and the longest
exposure experiment (which lasted for 1 h) was carried out by Klein et al.?® Consequently
a temperature of 160 °C was chosen in this study with the known reactivity of HFAA at
this temperature.’® Two different SAM films formed from decyltrichlorosilane 1d
(CH3-(CHy)o-SiCl3, Cio-methyl) and octadecanetrichlorosilane le (CHs-(CH2)15-SiCls,
Cis-methyl), were used in order to test their resistance to temperature. Investigated films
were prepared according to the liquid phase process discussed in Chapter 4.

Ten individual SAM coatings of each 1d and 1le were freshly prepared on silicon
substrates. Each of the substrates was placed in a separate glass vial. The vials were then
purged with nitrogen and sealed. Then, they were placed in a heating block, pre-heated to
160 °C. The wafers were kept at this temperature for fixed periods of time (1 h, 2 h, 3 h,
4h,5h,6h, 13 h, 19 h, 24 h, 48 h). After each period a wafer of 1d and 1e was taken out

and characterised.

6.2.3. Resultsand Discussion

Contact angle goniometry and ellipsometry were used to monitor the thermal
stability of methyl-terminated SAMs.
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6.2.3.1. Water Contact Angle

The water contact angles were measured before the SAM wafers were exposed to

160 °C and then immediately after the experiment. The contact angle results are shown in
Figure6.2.
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Figure 6.2. Water contact angle (°), of Cig-methyl 1e and C,o-methyl 1d SAMs before and
after thermal degradation at 160 °C (Appendix 8).

The water contact angle data provides information about surface coverage during
various stages of degradation. Both of the examined films exhibited high water contact
angles before heat-treatment, 109° and 107° for 1e and 1d, respectively. Figure 6.2 shows
that the films remained intact for the first 5 h and the measured CA values remained above
105°, suggesting the presence of a hydrophobic coating on the surface. However, the
contact angle gradually decreased when the samples were heated for 13 h or more,
suggesting film degradation. Both methyl-terminated films behaved in the same way,
which isin accordance with observations made by Kluth et al.%

6.2.3.2. Ellipsometry

The thickness of the films was measured for all samples. Figure 6.3 shows how
SAMS' thickness changed with temperature over time.
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Figure 6.3. Vaues of thicknesses for silicon wafers with Cig-methyl 1e and Cyo-methyl 1d
SAMs before and after thermal degradation (Appendix 8).

For the first 5 h, the film thickness did not change significantly. Small variations
within ~1 A were not considered significant as they are within experimental error. From
6 h onwards, the film thickness gradually decreased. Observed changes in film thickness
are in good agreement with the measured contact angle results (Figure 6.2).

Results obtained from both techniques clearly indicate SAM degradation, which
was manifest by a decreasing contact angle and decreasing thickness. It was found that the
monolayers were stable up to 5 h at 160 °C. After 6 h they started to decompose. However,
the stability of the examined films was better than that found for the hydrocarbon SAMs
reported in the literature. Previous experiments showed that SAMs were stable only for e.g.
1 h a 120°C in a dry, oxygen-rich environment® or for 5 min at 450 °C in a nitrogen
atmosphere.* The conditions, in these previous experiments, favoured the formation of
radicals, which may cause film decomposition via C-C bond cleavage as proposed by
Kluth et al.?* # Experiments described in this section were performed at lower
temperatures under a nitrogen atmosphere, which significantly increased the durability of
the SAMs. There is no obvious reason why the films decompose after 5 h at 160 °C. At
such a low temperature, it is unlikely that the C-C bonds break without a catalyst.
However, the experiments were not performed in a glove-box, thus the reaction
environment might have low level air contamination. This could explain the slow
decomposition of the film via C-C bond cleavage. Alternatively, a small amount of water
may have been trapped between the self-assembling molecules and the substrate, during
the SAM formation process, which might lead to the cleavage of the Si-O bond.? It is also
possible that both mechanisms work in parallel to contribute to a slow degradation.
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6.2.4. Optimisation of thereaction conditionsfor SAMs modification

Chemical modification of vinyl-terminated self-assembled monolayers in the
vapour phase is rare. This kind of chemistry significantly differs from traditional solution
chemistry. In the case of SAMs, one reactant is covalently bonded to a surface. Low
accessibility and restricted conformational freedom of the termina functional group might
influence the formation or nature of the product — the new film. The optimisation of the
reaction conditions between hexafluoroacetone azine and vinyl-terminated SAMs is now
described in detail. The aim was to obtain a maximum conversion with minimum film

degradation. All films were fully characterised.

6.2.4.1. Procedurefor thereaction of HFAA with SAMs

Silicon wafers, coated with vinyl- or methyl- terminated SAMs, were placed in one
of the two chambers of a glass reaction vessel (100 mL capacity). HFAA was added
(50 pL, 100 pL, 150 pL, 200 pL, 300 pL and 400 uL) into the second chamber under a
nitrogen atmosphere. There was no direct contact between the liquid HFAA and the
pre-coated silicon wafer. The reaction vessel was sealed and heated at fixed temperatures
(80 °C, 120 °C, 160 °C) for defined time periods (10 min, 20 min, 30 min, 1 h, 2 h, 5 h,
48 h). After each reaction, the samples were sonicated (15 min) sequentialy in toluene,
dichloromethane, and then deionised water to remove any by-products formed during the

reaction.

6.2.4.2. Resultsand Discussion

In order to monitor reaction progress on vinyl-terminated SAMs, thickness, surface
coverage and chemical composition were determined by X-ray photoelectron spectroscopy
(XPS), static water contact angle measurements, ellipsometry and atomic force microscopy
(AFM).

As described earlier, self-assembled monolayers are stable at  elevated
temperatures. SAMs prepared according to the procedure described in Chapter 4 can
withstand 160 °C for 5 h under a nitrogen atmosphere, which was verified experimentally.
However, the stability of SAMs under elevated temperatures in the presence of other
chemicals is unknown. To optimise the reaction conditions, several experiments were

performed. The work was divided into three parts in order to optimise each parameter
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separately. The first experiment focused on finding the lowest possible temperature, under
which SAMs efficiently react with HFAA, because higher temperatures in the presence of
additional chemicals can destroy the films.?® * In the second part the optional reaction
time was investigated. And finally, the third part focused on finding the optimal amount of

starting material required for the most efficient conversion.

6.2.4.2.1. X-ray Photoelectron Spectroscopy

Optimisation of reaction temperature

The first experiment was designed to find the optimum temperature for the reaction
between vinyl-terminated SAMs and HFAA. Cy3-vinyl 1b SAMs were reacted with HFAA
(100 pL in the container) for 20 min at fixed temperatures (80 °C, 120 °C, 160 °C).

XPS analysis proved to be a useful tool for monitoring the reaction
progress/conversion on SAMs. The product of the reaction between vinyl-terminated
SAMs and HFAA was expected to contain a fluorinated terminal group. However, it isaso
known that HFAA can form a nitrogen containing adduct, thus regions of the spectrum
where fluorine and nitrogen peaks appear, were carefully analysed. The XPS survey
spectra taken from samples after the reactions at 80 °C, 120 °C and 160 °C are shown in
Figure 6.4 and Figure 6.5.
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Figure 6.4. The XPS survey spectra taken from Cy;-vinyl 1b SAMSs reacted with HFAA at
different temperatures.

The vinyl-terminated SAMs are expected to give rise to XPS signals showing the
elements silicon, carbon and oxygen. After the modification a new signal, with a binding
energy of 688.9 eV, appeared on the XPS in the case of the reactions performed at 120 °C

and 160 °C. The new signal can be assigned to fluorine. However, there were significant
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differences in peak intensities. The intensity of the F signal for the reaction carried out at
120 °C was much smaller than the F signal observed for the reaction at 160 °C. XPS
counts electrons gected from a sample surface and the peak intensity measures how much
of the materia is at the surface® Thus theintensity of the fluorine signa is a crude
measure of reaction conversion. The more fluorine is observed on the surface, the more
double bonds have reacted with HFAA.
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Figure 6.5. The XPS high resolution scans of F 1s and N 1s regions taken from Cy;-vinyl
1b SAMsreacted with HFAA at different temperatures.

From the high resolution scans, it was observed that the fluorine signa is
symmetric. The position (688.9 eV) and symmetric shape of the peak suggests that the
F present on the surface has a single chemical environment, consistent with a CF5 group.®
The experiments led to the conclusion that the highest conversion is achieved when the
reaction is performed at 160 °C.

It is also known that HFAA can form a nitrogen-containing ‘criss-cross’ adduct,
which consists of one HFAA molecule reacting with two alkenes (Scheme 6.7). However,
the absence of a nitrogen signal on XPS (Figure 6.5), suggest that such a species is not
relevant in this reaction. The formation of such a bicyclic ring product is presumably
impeded by the intramolecular nature of the reaction on the surface. This gets some
support from the observation of Koloski et al.*®* The authors explored nucleophilic
displacement reactions on benzyl halide SAMs. In those experiments a benzyl chloride
(Bz-Cl) film, formed from (p-chloromethylphenyl)trichlorosilane CICH,-CgH4-SICl3, was
used as a starting material. Next, Nal was introduced as an | source to displace Cl". It was

found that only half of the Cl atoms were replaced with I, which was explained by the
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steric hindrance of the incoming halogen. However, when a less-hindered film was
used, Bz-ECI, formed from p-chloromethyl(phenylethyl)trichlorosilane CICH,-CgHy-
CH,CH,SiCl3, a complete conversion to the iodinated product was obtained.®® Thus steric

hindrance and conformational limitations are significant for surface reactions.

Optimisation of reaction time

A series of experiments was designed to explore how long a film can be subjected
to react with HFAA at 160 °C without degradation. From the thermal stability experiment,
it was shown that SAMs under a nitrogen atmosphere can withstand an elevated
temperature of 160 °C for 5 h. However, for a chemical reaction the additional reagent
(HFAA) was present in the environment, and this may accelerate SAM decomposition.
Accordingly, Cy1-vinyl 1b SAMs were reacted with HFAA (50 pL) at 160 °C for fixed
periods of time (10 min, 20 min, 30 min, 1 h, 2 h, 5 h, 48 h). The reaction progress was
monitored by XPS and the results are shown in Figure 6.6.
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Figure 6.6. XPS survey spectra taken after the reaction between C,;-vinyl 1b SAMs and
HFAA for fixed periods of time at 160 °C.

It was observed that the intensity of the F signa on the surface increased with
longer reaction times. The smallest peak was recorded on the surface after 10 min, whereas
for areaction time of 2 h, the most intense peak was detected. However, with increasing F
signal, the C signal decreased. Thisis obvious by comparing the spectraof e.g. 2hand 5h
reactions. From this experiment, it was found that SAMs remained stable when the
reaction time was not longer than 20 min. Above 20 min, film degradation was already
obvious. This was also confirmed by other anaytical methods discussed later in this

Chapter. Moreover, when the reaction time was longer than 30 min, a small signal at a
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binding energy of 400.9 eV, was detected. This new signal was assigned to nitrogen. The
high resolution spectra of the N 1sregion are shown in Figure 6.7.
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Figure 6.7. High resolution scans of N 1s region for the reaction performed at fixed
periods of time on Cy;-vinyl 1b SAMs, when exposed to HFAA at 160 °C.

The N 1s signa is highlighted in the black frame in Figure 6.7. A nitrogen peak
appeared in samples which were reacted with HFAA for 1 h, 2 h and 5 h. However, no
nitrogen was detected on a surface after 48 h, most likely due to significant film
degradation. The presence of nitrogen might suggest formation of a ‘criss-cross adduct.
This phenomenon can by explained as follows:. the film subjected to HFAA for 10 min,
20 min and 30 min was dtill well-packed and the molecules were close to each other,
preventing the formation of an intramolecular ‘criss-cross adduct. However, for longer
exposure times degradation became significant. It was claimed earlier® that films
decompose through C-C bond cleavage, but the molecules do not degrade simultaneously.
If some of the molecules present on the surface had already been shorter by a few carbons,
but some others remained intact, their double bonds could form the ‘criss-cross’ adduct
because of reduced steric hindrance.

Another interesting observation is the fact that with an increasing amount of
fluorine on the surface, the carbon signal decreases e.g. reaction time of 2 h and 5 h. The
theoretical ratio of the F atoms to the C atoms, per single modified molecule, is constant.
Differences in recorded ratios of the F signal to the C signal may suggest that unmodified
hydrocarbon molecules decompose faster than those with a fluorinated terminal group. The
C-F bond is much stronger than the C-C and C-H bonds,* thus C-C bond cleavage will
occur first in non-fluorinated molecules. Finally, fluorine-modified molecules aso
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decompose (see spectrum of reaction after 48 h), possibly due to exposure of their
hydrocarbon akyl chains to attacking species. Scheme 6.9 illustrates the proposed
degradation steps. This observation may suggest that a small change in film/molecule

composition, such as introducing afluorinated terminal group, increases film stability.
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Scheme 6.9. Proposed mechanism of film degradation as well as possible groups formed
on the surface.

Optimisation of HFAA amount

The next experiment was performed to investigate how the concentration of HFAA
in the reactor affects both the stability and conversion of SAMs. Different volumes of
HFAA, from 50 to 400 pL, were used to modify Cy;-vinyl 1b SAMs in the 100 mL
container. The reactions were performed under a nitrogen atmosphere at 160 °C for
20 min. Under these conditions the entire liquid HFAA evaporated into the gas phase. The
XPS survey spectraare shown in Figure 6.8.
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Figure 6.8. The XPS survey scans taken from Cy;-vinyl 1b SAMs reacted with different
volumes of HFAA.

The XPS surveys scans shown in Figure 6.8 indicate a gradual increase of the F
signa. The least intense F peak was observed when 50 uL of HFAA was used, while the
most intense peak was detected in the case of 400 pL of HFAA. 500 uL of HFAA and
more, were not investigated in this study, because film degradation was aready significant
when 400 pL of HFAA was used in the reaction vessel. Film decomposition was
concluded by the decreasing intensity of the C 1s signal of the modified SAM (Figure 6.8,
right spectra).

It was clear that the higher the concentration of HFAA, the more fluorine was
present on the surface as indicated by the increasing intensity of the F signal on the XPS
survey scans (Figure 6.8). High resolution scans of the fluorine region showed a

symmetric fluorine signal, and significantly no nitrogen was observed in all samples tested.

Exposure of methyl-terminated SAMsto HFAA

In order to explore the degree of selective reactivity of HFAA with the C=C double
bond versus direct CH, insertion, severa experiments were performed on methyl-
terminated SAMs: C,o-methyl 1d, Cig-methyl 1e, Cio-methyl 1f. The samples were treated
with 200 pL of HFAA for 20 min at 160 °C. The XPS results are shown in Figure 6.9.
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Figure 6.9. The XPS survey scans of the reaction between HFAA and methyl-terminated
1d, 1e, and 1f SAMs (20 min, 160 °C).

From the XPS survey scans, only silicon, carbon and oxygen were detected. There
was no evidence for the accumulation of fluorine or nitrogen on the surface. High

resolution scans of the F 1s and the N 1sregion are shown in Figure 6.10.
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Figure 6.10. High resolution scans of F 1sand N 1s regions taken from methyl-terminated
1d, 1e, and 1f SAMs after the reaction with HFAA (20 min, 160 °C).

The lack of a reaction suggests that unlike vinyl-terminated SAMs, the methyl-
terminated films are resistant to HFAA.

Additionally, films formed from the longest self-assembling molecule, Cyg-methyl
le, were also contacted with gaseous HFAA (50 L in 100 mL container) at 160 °C for 2
and 5 h. The methyl-terminated film was stable even after 2 h of exposure to HFAA and no
decomposition was observed. However, after 5h exposure the intensity of the carbon
signa significantly decreased. This observation is consistent with the observation reported
by Middleton et al.'” They claimed that HFAA is stable under elevated temperatures.
However, after 5 h at 160 °C HFAA might start to decompose and the various species
formed from its decomposition might initiate SAM degradation.
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Bromination of residual C=C bonds on bis(trifluoromethyl)-terminated SAMs

The following experiment was designed to investigate whether vinyl-terminated
SAMs treated with HFAA, still contain reactive terminal double bonds.

Vinyl-terminated SAMs were exposed to HFAA (300 pL) for 20 min at 160 °C.
After the reaction wafers were fully characterised and then re-used in a bromination
reaction.*®* Cy-Vinyl 1b SAMs were also brominated, as described in Chapter 5
(Scheme 6.10).
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Scheme 6.10. Schematic representation of bromination reaction performed on Cy;-vinyl 1b
and HFAA treated SAM.

The XPS results obtained after the bromination reaction performed on Cy3-vinyl 1b
and HFAA treated SAM 1b are shown in Figure 6.11.
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Figure 6.11. The XPS survey scans of bromine treated Ci;-vinyl 1b SAM (left spectrum)
and HFAA/bromine treated SAM 1b (right spectrum).

The XPS survey scan, obtained after bromination of Cy1-vinyl 1b SAM, recorded
new signals in the range of 50 to 260 eV. All of the signals come from Br, due to reaction
of Br, presumably with atermina double bond (left spectrum). On the spectrum obtained
after bromination of HFAA treated SAM (right spectrum), apart from Si, C, O and F, a
small Br 3d signa (71 eV) was detected. However, the intensity of Br 3d signa in both
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samples is different. The Br 3d signal recorded after direct bromination of Cii-vinyl 1b
SAM, is an order of magnitude more intense than the Br 3d signal recorded after
HFAA/bromination of Cy3-vinyl 1b film. As expected a significantly lower level of Br was

detected in the case of the second film.

6.2.4.2.2. Water Contact Angle

The water contact angle of Cy1-vinyl 1b SAMs, which were modified in the vapour
phase, was 101°. While, the CA vaues of methyl-terminated films were 105° for 1d and
109° for 1e. In order to monitor the reaction progress and to verify the measurable onset of
film degradation, water contact angles were recorded for al films.

The CA values obtained from the reaction of Cy;-vinyl 1b SAMs with HFAA
(100 uL) at 80 °C and 120 °C were 101°, suggesting no or only very low conversions.
However, after the reaction performed at 160 °C, the water contact angle increased from
101° to 106°, which is consistent with an increased amount of fluorine in the film.*

The water contact angles, obtained from the films which were reacted with HFAA
(50 L) for different periods of time (10 min, 20 min, 30 min, 1 h, 2 h, 5 h) at 160 °C are
shown in Figure 6.12.
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Figure 6.12. The water contact angles measured after the reaction performed for fixed
periods of time at 160 °C on Cy;-vinyl 1b SAMs.

After a 10 min reaction the observed CA was 104°. The highest value of 106°, was
measured after 20 min reaction. For exposure times longer than 20 min, the CA gradually
decreased to the lowest value of 50°, which was recorded after a 48 h reaction.

The water contact angle measurements are an indicator of the time for the onset of
SAM degradation when different amounts of HFAA were used in the vapour phase
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reaction. For the HFAA levelsin the range of 50 to 300 L, all recorded values were 106°.
The water contact angle only decreased when 400 pL of HFAA was used.

In the case of exposure of methyl-terminated filmsto HFAA, the CA values did not
change at al up to 2 h. The lowest contact angle was measured for the C,g-methyl 1e SAM
1le, when the reaction was performed for a 5 h duration. The contact angle dropped from
109° to 104° during this time (see Appendices 9 and 10).

The water contact angle of the HFAA pre-treated SAM, after the bromination
reaction, decreased from 106° to 100°. This change, can be explained by the presence of a
small amount of Br on the surface.

The water contact angles suggest that the two parameters, reaction time and
temperature, are important for optimising the modification of vinyl-terminated SAMs.
However, the concentration of HFAA is also important. Film degradation was observed
when a treshold volume of HFAA were present in the reaction vessel. Volumes of HFAA
between 50 and 300 pL within the 100 mL container gave a constant water contact angle
of 106°. This might suggest that the substrate is modified uniformly across the entire
surface. No differences in the CA were observed in the case of methyl-terminated SAMSs,
which suggest that only the C=C double bond can react with HFAA. All of the obtained
CA vaues were in good agreement with XPS data

6.2.4.2.3. Ellipsometry

Ellipsometry measurements were used to monitor the film thickness, which allowed
to determine the onset of film degradation under the applied reaction conditions. The
thicknesses were recorded for all films exposed to HFAA.

No significant differences in SAM thicknesses were noticed when the reactions
were performed at different temperatures (80 °C, 120 °C, 160 °C). All of the recorded
values confirmed the presence of monolayer films.

In the case of experiments performed for different periods of time (10 min to 48 h),
the observable degradation of the films occurred for reaction periods longer than 20 min.
The measured thicknesses of films exposed to HFAA for longer than 20 min at 160 °C
were always below 10 A (Appendix 9), suggesting significant film decomposition. Lower
thicknesses were also measured when the highest volume of HFAA (400 uL) were used to
modify the SAMs. The recorded values changed e.g. for the Cys-vinyl 1c SAM, from 20 A
to 18 A.
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In the case of methyl-terminated SAMs, measured thicknesses also indicated
monolayer films for the reaction periods of 20 min and 2 h. Changes in film thicknesses
were observed only for the exposure time of 5 h. The measured value of Cig-methyl le
film decreased from 26 A to 19 A.

The ellipsometry measurements were useful for optimising the reaction times and
volumes of HFAA used. Changes in film thicknesses were easily observable by comparing
SAMs thicknesses recorded before and after modification.

6.2.4.2.4. Atomic For ce Microscopy

Atomic force microscopy (AFM) images were taken from the samples modified for
20 min at 160 °C. In Figure 6.13, SAM film of Cy;-vinyl 1b scanned before and after
reaction with HFAA (300 pL) areillustrated.

0,75 nm 0,81 nm

0,00 nm K 0,00 nm

Figure 6.13. AFM images of 5 um x 5 um area of, a) Cy;-vinyl 1b prepared from solution,
RMS 71.9 pm, and b) Cy;-vinyl 1b after the vapour phase reaction with HFAA (20 min,
160 °C), RMS 118 pm.

Both images show a very smooth film with low RMS vaues. However, the average
roughness of the modified SAM is dightly higher than before the reaction. The observed
values increased from ~72 pm to ~120 pm. This is probably due to the new functional
group formed on the SAM film. The SAM reaction with HFAA will lead to a formation of
a bulkier group than the vinyl group. Thus the SAMS homogeneity, and therefore, the
order of the molecules and their organisation in the film might change.

A summary of water contact angles and ellipsometry results, obtained after
chemical modification of vinyl- and methyl-terminated SAMs are listed in Appendices 9
and 10.
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6.2.5. Evidencefor bis(trifluoromethyl)cyclopropane-terminated SAMs

It is anticipated that the reaction of hexafluoroacetone azine with vinyl-terminated
SAMs in the vapour phase generates a bis(trifluoromethyl)cyclopropane-terminated
film (Scheme 6.11). In this section the evidence towards formation of the
bis(trifluoromethyl)cyclopropane head group will be discussed, based on the results
obtained from the sample exhibiting the highest conversion.
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Scheme 6.11. Putative formation of bis(trifluoromethyl)cyclopropane-terminated SAMs in
the vapour phase reaction with HFAA.

The highest reaction conversions were obtained when 300 pL of HFAA were used
to treat a Cy3-vinyl 1b or Cis-vinyl 1¢c SAMs at 160 °C for 20 min. XPS spectra of two
different samples, C;g-methyl 1e and Cis-vinyl 1c terminated SAMS, were compared after

exposure to HFAA under the same conditions (Figure 6.14).
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Figure 6.14. The XPS full scans after the reaction of Ci;g-methyl 1e and Cis-vinyl 1c
terminated film with HFAA in vapour phase.
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A new fluorine signal can be clearly observed after treatment of the SAM film,
which contained a terminal C=C double bond (top spectrum). This change was not
observed in the case of the methyl-terminated SAM (bottom spectrum). High resolution
scans of the F 1s and C 1s regions taken from the Cys-vinyl 1c SAM are shown in
Figure6.15.
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Figure 6.15. The XPS high resolution scans of the F 1s and C 1s region of Cys-vinyl 1c
SAM dfter the reaction with HFAA (for details see text).

The symmetric fluorine signal suggests the presence of fluorine atoms of the same
environment on the surface of the film and corresponds to the CF; group. The position of
the F 1s peak at 688.9 eV is characteristic of a fluorinated organic coating.>* * The carbon
region is more complex and four different signals can be distinguished. The most intensive
signal with a binding energy of 284.6 eV corresponds to carbon-carbon bonds of
hydrocarbon alkyl chain present on the surface.” * The signals at 286.0 eV and 287.7 eV
correspond to the carbon atoms adjacent to the fluorinated group.®” *® While the signal at
293.3 eV corresponds to the carbon of the CF5 group.® *°

Film modification was also consistent with the observed changes in the water
contact angle. Unmodified vinyl-terminated SAMs exhibited a water contact angle of
~101°,° while after modification the water contact angle increased to 106°. This is
consistent with an increase of hydrophobic groups on the surface. Moreover the water
contact angle of CFs-terminated SAMs was reported to be 106°.%* “° From the ellipsometry
results, no significant differences were observed in film thicknesses, however a significant
change is not expected.
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The presence of bis(trifluoromethyl)cyclopropane groups on the surface is aso
consistent with the theoretical and experimental ratios of the F 1s signal and the C 1s
signals (Figure 6.16, fitting details are provided in Chapter 2, paragraph 2.1.1).
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Figure 6.16. Assignment of the C 1s signals according to the possible structure formed on
the surface.

The carbon peak, that is the most shifted peak towards higher binding energies
from the region of 282.5-288.5 eV, was assigned as carbon C1 (287.7 €V). According to
the proposed structure, this can be assigned to the CF3; groups — C(CFs3).. A second carbon
peak, with a binding energy of 285.8 eV, was assigned to the C2 carbons (two carbons of
cyclopropane ring). And last, the most intensive signal C3, was assigned to all carbons
from an akyl chain (284.6 eV). The ratios obtained from Ci;-vinyl 1b and C;s-vinyl 1c
SAMs are presented in Table 6.1.

Ratios
E:CFk; CR:C1 CFs3:C2
Cys-vinyl 1b 3:1 2:1 1:1
Theor.
Cis-vinyl 1c 3:1 2:1 1:1
e Cy1-vinyl 1b 311:1 184:1 097:1
p.
Cis-vinyl 1c 3.06:1 205:1 101:1

Table 6.1.Theoretical and experimental ratios between the F 1s and C 1s signals present on
modified SAMs.

Based on the intensity of the F 1s signal and the sum of intensities of the C 1s
signas, the reaction conversion of HFAA with Cy;-vinyl 1b or Cis-vinyl 1c can be
estimated as 32% and 27%, respectively. However, these values are overestimated because

not all C 1s electrons were detected, thus taking into account the attenuation factor
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(Chapter 5, paragraph 5.1), the conversion for Cy3-vinyl 1b is estimated to be ~27% and
the conversion for Cys-vinyl 1c is estimated to be ~23%.

A proposed mechanism for the formation of bis(trifluoromethyl)cyclopropane
group on the surface is presented in Scheme 6.12. The radical, bimolecular, two-step
mechanism of ‘criss-cross adduct formation, proposed by Forshaw and Tipping® has been
used as a starting point.
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Scheme 6.12. Putative mechanism for the formation of bis(trifluoromethyl)cyclopropane
terminated SAMs in the vapour phase.

By this process a second molecule would attack the intermediate diradical and form
a‘criss-cross adduct as shown in Scheme 6.8. However, the unique steric aspect of SAMs
is expected to limit this and thus the intermediate will decompose to a cyclopropane with
N> as a by-product. Only, after a 2 h reaction on vinyl-terminated films, a small amount of
nitrogen was detected by XPS. The presence of nitrogen might suggest formation of the
‘criss-cross adduct, but this was only possible when the SAM had undergone degradation,
and steric hindrance is less of a problem. A control vapour phase reaction between HFAA
and 1-decene was performed under exactly the same conditions as reactions on SAMs
(Scheme 6.13). In the reaction mixture, the ‘criss-cross' adduct 6.14, 1-decene and some
unidentified compounds were formed. The reaction procedure can be found in
Appendix 11.
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Scheme 6.13. Formation of ‘criss-cross adduct in the vapour phase reaction between
HFAA and 1-decene.

6.3. Chemistry of SAM s exposed to hexafluor opropene oxide (HFPO)

A second reagent was explored in vapour phase reactions of SAMSs.
Hexafluoropropene oxide (HFPO) is known to generate :CF, carbene by heating, thus its
reaction with vinyl-terminated SAMs was also investigated (Scheme 6.14).
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Scheme 6.14. Exploration of a vapour phase reaction between vinyl-terminated SAM and
HFPO.

6.3.1. Chemistry of HFPO

HFPO is commonly used as an intermediate in industrial chemistry to manufacture
organofluorine products. HFPO reacts with strong nucleophiles such as amines,* %
fluorinated alkoxides,™ acohols, thiols and water.** It is also a convenient source of

difluorocarbene, :CF,,** %

which isamajor focusin this study.
HFPO reacts with olefins to give cyclopropanes (6.15), formed by addition of
difluorocarbene :CF, to a double bond. Trifluoroacetyl fluoride (6.16) is generated as a by-

product (Scheme 6.15).*

135



FF

0
O Ri Rs 170-200°C
F/\F + )= asn . R/ NRs+ F3CJ\F
F CF; R, Ry R, R,
HFPO 6.15 6.16

Scheme 6.15. Formation of difluorocyclopropane from hexafluoropropene oxide and
alkeneat 170-200 °C.*

Prolonged heating of the reacting mixture (Scheme 6.15) causes isomerisation of
the cyclopropane product, which was proven experimentally by Sargeant.* Mahler and
Resnick* reported that the half-life of HFPO is 6 h at 165 °C. At this temperature,
difluorocarbene and trifluoroacetyl fluoride are formed.** The authors also found that
HFPO fragmentation is reversible, :CF, can react with CF;C(O)F to give the starting
fluorinated epoxide.

6.3.2. Optimisation of thereaction conditions

HFPO has been selected in this study because:

1. The reactivity of this compound is known as it has aready been used in
industry as a fluorinating agent.**

2. HFPO is agas, thus, deposition of SAMs and its further chemical modification
could be carried out in the vapour phase.

3. The results obtained could be used as a comparison to SAMs modified with a
:CF, carbene generated from the Ruppert-Prakash reagent,® discussed in
Chapter 5.

6.3.2.1. Procedurefor thereaction of HFPO with SAMSs

Vinyl- and methyl- terminated SAM substrates were placed in a glass reaction
vessel (100 mL capacity). The air from the container was evacuated using a vacuum pump
(~4 mbar). The container was then placed in a cooling bath (acetone/dry ice, -78 °C) and
HFPO gas was transferred (~1g). The reaction mixture was then warmed to room
temperature and subsequently heated at fixed temperatures (160 °C, 175°C, 185 °C,
190 °C) for defined periods (15 min, 20 min).
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6.3.2.2. Resultsand Discussion

The reaction progress was monitored by X-ray photoelectron spectroscopy and

contact angle goniometry.

6.3.2.2.1. X-ray Photoelectron Spectroscopy

Optimisation of reaction temperature

This experiment was designed to explore the optimum temperature for the reaction
between vinyl-terminated SAMs and HFPO. According to the literature® the half-life of
HFPO is 6 h at 165 °C. Thus, Cy;-vinyl 1b SAMs were reacted with HFPO for 20 min at
160 °C, 175 °C and 185 °C. Higher temperatures (175 °C and 185 °C) were tested in order
to increase the conversion. The XPS survey spectra and the F 1s high resolution regions

recorded after the reaction are shown in Figure 6.17.

O1s F1s
Cils
Si2s
m Si2p 185°C
M 175°C
185°C
M 175°C
160 °C
T T T T T T T I16O OC T T T T T 1
700 600 500 400 300 200 100 0 694 692 690 688 686 684
Binding Energy [eV] Binding Energy [eV]

Figure 6.17. The XPS survey spectra and the F 1s region after 20 min reaction between
HFPO and Cy3-vinyl 1b SAMs.

The most intense fluorine signal was observed in the case of the reaction performed
at 185 °C. A less intense fluorine peak was observed when the temperature was lowered by
10 °C. No fluorine signal was detected at 160 °C. From these results it was clear that the
highest temperature gave the highest conversion. However, after 20 min at 185 °C the film
started to degrade. Thiswas reveaed by the intensity drop of the C 1ssignal.

Slightly modified reaction conditions were also tested. The reaction temperature
was increased from 185 °C to 190 °C, and the reaction time was shortened by 5 min (from
20 min to 15 min). By these changes it was hoped to increase the reaction conversion and
to reduce film degradation. The obtained XPS result is shown in Figure 6.18.
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Figure 6.18. XPS survey spectrum and the F 1s high resolution region after reaction of
HFPO at 190 °C for 15 min with Cy;-vinyl 1b SAM.

A small fluorine signal can be observed on the XPS survey scan and on the F 1s
single scan region. However, the carbon signal has significantly decreased, indicating
significant SAM degradation (Figure 6.19).
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Figure 6.19. The XPS full scans after the reaction of Cy;-vinyl 1b SAM with HFPO at
160 °C (top spectrum) and at 190 °C (bottom spectrum).

From the therma experiment, it is concluded that the optimum temperature to
modify the SAM film with HFPO was 185 °C.

6.3.2.2.2. Water Contact Angle

The water contact angles were recorded for all wafers reacted with HFPO. The CA
value of Cy3-vinyl 1b SAM used in the reaction was 101°. After modification this value
decreased to 100°, 95°, 70° and 65° for reaction temperatures of 160 °C, 175 °C, 185 °C
and 190 °C, respectively (Figure 6.20).
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Figure 6.20. The water contact angles measured after the reaction of HFPO with Cy3-vinyl
1b SAMs at fixed temperatures.

From the results it can be deduced that the SAMs degrade with increasing
temperature in the presence of HFPO. However, when more fluorine was observed on the
XPS spectrum a lower contact angle was measured, suggesting that the reaction by-
products accelerate film decomposition. An exception was the reaction at 190 °C, where
the F signal was low, most likely due to significant film degradation. This was confirmed
by the low intensity of the carbon signal compared to its intensity after reaction at 160 °C
(Figure 6.19).

HFPO requires a high temperature to generate the :CF, carbene species. At 160 °C,
fluorine was not observed, thus, the water contact angle did not change, suggesting the
presence of a hydrophobic coating on the surface, which is in good agreement with the
XPS data. Most likely at this temperature HFPO did not generate enough carbene to be
able to react with the SAM, due to the short reaction time (20 min). Longer reaction times
are required, due to the half-life of HFPO (6 h at 165 °C),** however, SAMs do not survive

such along reaction period at high temperature, thus no further conditions were tested.

6.3.2.3. Prolonged carbene generation with HFPO

A prolonged carbene generation experiment was designed as a consequence of the
high temperature and long reaction time requirements, to generate :CF, carbene from
HFPO. The experimental set-up used is presented in Figure 6.21.

139



Figure 6.21. Schematic representation of the prolonged carbene generation experiment.

A modified, glass bottle (100 mL) containing HFPO (~1g), was heated for 6 h at
165 °C. In the second bottle a wafer with Cy;-vinyl 1b SAM was placed and then the air
from the bottle was evacuated by vacuum pump. Next, the bottle with the wafer was pre-
heated to 165 °C and then the gas from the first bottle was transferred to the second
reactor. After the transfer, the bottle containing the silicon wafer was heated at 165 °C for
an additional 20 min. Next the SAM film was characterised by XPS analysis and contact
angle goniometry.

No changes in the SAM properties were observed after exposure of the vinyl-
terminated film to HFPO. No fluorine was detected by XPS and there was no change in the
water contact angle. This lack of reaction can be explained by the fact that the HFPO

fragmentation species do not survive transfer to the second container.*

6.3.24. Control experiment with methyl- and vinyl- terminated SAMs
and HFPO

In order to investigate SAM resistance to HFPO, the following experiment was
performed. Vinyl- and methyl- terminated SAMs (1b, 1d and 1e) were reacted with HFPO
for 4 h a 50 °C. An example of the XPS results of vinyl- and methyl- terminated films
after the reaction are shown in Figure 6.22.
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Figure 6.22. XPS survey spectra and the F 1s high resolution scan of vinyl- and methyl-
terminated SAMs after the reaction with HFPO for 4 h.

No fluorine signals were observed in the case of all three control wafers. The water
contact angles remained the same after treatment, 101° for Cy3-vinyl 1b SAM, 107° for
Cio-methyl 1d and 109° for Cig-methyl 1le SAM. These results suggest that at low
temperature (50 °C) in HFPO, the SAMs are very stable and the HFPO is unreactive. This
lack of reaction and degradation suggests that the fragmentation species of HFPO e.g.
difluorocarbene and trifluoroacetyl fluoride, might be responsible for initiation of the
degradation of the SAMs.

6.4. Conclusions

A novel surface modification route via addition of fluorinated species from the
vapour phase using HFAA has been demonstrated. Evidence for the successful surface
modification was obtained by XPS anaysis. A fluorine signal was clearly observed after
reaction on vinyl-terminated SAMs and no reaction occurred with methyl-terminated
SAMs. These reactions show the potential of vapour phase chemistry for the modification
of pre-formed SAMs by C-C bond forming reaction on solid substrates. Moreover, the
demonstrated reactions are selective, thus they could possibly be used to modify films with

avariety of functionalities, in aregiospecific manner.
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/.Summary

This thesis has described the preparation and chemica modification of self-
assembled monolayers on SIO,/Si substrate. Three vinyl-terminated trichlorosilane
surfactants were successfully synthesised. The shorter silanes, 9-decenyltrichlorosilane
(CH,=CH-(CHy)s-SiCl3) and 10-undecenyltrichlorosilane (CH,=CH-(CH,)o-SICl3) were
obtained in atwo-step reaction, while the longer 14-pentadecenyltrichlorosilane (CH,=CH-
(CH,)13-SICl3) was prepared following a six step synthetic route. All molecules were
obtained in moderate to good yields. The fina surfactants, as well as synthetic
intermediate, were characterised by NMR and mass spectrometry. The vinyl-terminated
silanes, and commercially available methyl-terminated precursors, were then used to
prepare self-assembled monolayers on silicon substrates. SAM deposition from solution
was performed according to literature procedures. Conditions for the vapour phase process
were optimised in order to obtain SAMs with comparable quality to the films obtained
from the liquid process. Vapour phase preparations were optimised for each SAM. The
shorter surfactant molecules require lower temperature and longer reaction time (60 °C,
4 days), compared to the longer silanes (70 °C, 3 days). The properties of these monolayers
were characterised by XPS, contact angle goniometry, ellipsometry and AFM. In al cases
XPS analysis reveded the presence of silicon, carbon and oxygen. The measured water
contact angles were >100° indicating hydrophobic surfaces, while the thicknesses were in
the range of 13-26 A suggesting the presence of monolayers.

Well defined monolayers were further modified with carbenes (:CCl,, :CBr, and
:CF,) generated in solution. Hexafluoroacetone azine (HFAA) and :CF, carbene (generated
from HFPO) were used to modify SAMs in the vapour phase. Successful modifications
were observed for al reactions performed in the liquid and vapour phases. The progress of
the reactions was monitored with XPS, by observing changes of new peak intensities (Br,
Cl or F). The modification was also confirmed by changes in water contact angles, which
decreased from 101° to 80° and 85° for Cl and Br terminated film, respectively. In the case
of fluorine modified SAMs the water contact angle increased from 101° to 106° and 104°
for CF; and CF, terminated SAMs, respectively. For optimised reaction conditions
ellipsometry indicated monolayers. However, for extended reaction times film

decomposition was observed and it was much faster in the vapour phase than in solution.

144



The selective reactivity of the carbenes with double bonds, was confirmed by lack of
reaction with methyl-terminated SAMs. Moreover, controlled cyclopropanation reactions
in solution and the vapour phase were performed with 1-decene. The resulting molecules,
1,1-dichloro-2-octylcyclopropane, 1,1-dibromo-2-octylcyclopropane and 1,1-difluoro-2-
octylcyclopropane, were obtained in good yields. However, the vapour phase
cyclopropanation reaction with HFAA resulted in the formation of a criss-cross adduct.
The structure of the new terminal groups formed on the SAMs were investigated by
comparison of XPS ratios between halogen and carbon signals, which appeared after
modification. In the case of all reactions the ratios were consistent with the formation of
cyclopropane rings on the surface.

This study demonstrates a novel vapour phase C-C bond forming reaction and the
potential of carbene chemistry for the solution and vapour phase modification of pre-
formed SAMs on solid substrates. These new methods might be used for selective
modification of surfaces rich in functional groups to obtain desired terminal groups on a
surface which cannot be attached to the surfactant molecule before deposition. Carbene
chemistry on SAMs can be further explored in order to introduce more complex
functionalities onto different surfaces and can find application in eg. biosensors
fabrication.
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Appendix 1 - General experimental procedurefor thereaction of CHCI3 and CHBr3
on SAMs

To a round-bottom flask (10 mL) equipped with a small stirring bar and cooled to 0 °C,
NaOH (100 mg, 200 mg, 300 mg, 400 mg, 500 mg) and CHCI3 or CHBr3 (1 mL) were
added. Next, a solution of benzyltriethylammonium chloride (BTEAC, 0.1 mmal) in
dichloromethane (1 mL) was added and the reaction mixture was stirred for 10 min at 0 °C.
Next, the silicon wafers (1cm x 1.5 cm), pre-coated with vinyl-terminated SAMS,
prepared according to the procedure described in Chapter 4, were immersed in the reaction
mixture and the liquids were stirred at room temperature for afixed period of time (30 min,
1h, 2h, 3 h, 4 h, 5h). After the reaction, the wafers were washed several times with
distilled water and then sonicated sequentially in dichloromethane, toluene and DI water
for a minimum of 15 min in each solvent. Then the wafers were dried under a nitrogen

atmosphere and stored in a desiccator until they have been characterised.
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Appendix 2 - Table A1 - SAMs modification with CHCIz; and CHBr3

The results obtained after the reaction of vinyl- and methyl- terminated SAMs with CHCl3
and CHBr3;. Each value is an average of measurements taken from two samples. The errors
are based on standard deviation.

Film Film
Thickness[A]  Contact Angle[°]
Before  After Before  After

Precur sor Carbene NaOH Time

Molecule  Precursor [mg] [hor min]

Cy-vinyl 1b CHCl, 100 30 min ~15 149+0.1 101+1 100+1
Cy-vinyl 1b CHCl, 200 30 min ~15 151+0.1 101+1 98+1
Cy-vinyl 1b CHCl; 300 30 min ~15 154+0.2 101+1 90+1
Cy-vinyl 1b CHCl, 400 30 min ~15 129401 101+1 871
Cy-vinyl 1b CHCl, 500 30 min ~15 9.7+0.2 101+1 79t1
Cyp-vinyl 1b CHBr; 100 30 min ~15 156+0.1 101+1 101+1
Cy-vinyl 1b CHBr; 200 30 min ~15 154+£0.2 101+1 93+1
Cy-vinyl 1b CHBr; 300 30 min ~15 149+0.3 101+1 92+1
Cyp-vinyl 1b CHBr; 400 30 min ~15 10.2+04 101+1 84+1
Cy-vinyl 1b CHBr; 500 30 min ~15 9.2+0.1 101+1 80+1
Cy-vinyl 1b CHCl, 300 1lh ~15 15.0+0.2 101+1 93+1
Cy-vinyl 1b CHCl; 300 2h ~15 14.8+0.3 101+l 90+1
Cy-vinyl 1b CHCl, 300 3h ~15 16.4+0.1 101+1 85+1
Cy-vinyl 1b CHCl, 300 4h ~15 137401 101+1 82+1
Cy-vinyl 1b CHCl; 300 5h ~15 9.5+0.2 101+1 75+1
Cy-vinyl 1b CHBr; 300 1lh ~15 152+0.1 101+1 91+1
Cy-vinyl 1b CHBr; 300 2h ~15 16.1+0.2 101+1 82+1
Cy-vinyl 1b CHBr; 300 3h ~15 16.6+0.3 101+1 80+1
Cy-vinyl 1b CHBr; 300 4h ~15 11.6+04 101+1 7211
Cy-vinyl 1b CHBr; 300 5h ~15 9.9+0.1 101+1 701
Cis-vinyl 1c CHCl; 300 3h ~19 19.6+0.2 1051 85+1
Cis-vinyl 1c CHBr3 300 3h ~19 19.1+0.3 1051 80+1
Cig-methyl 1 CHCI; 300 3h ~26 26.2+0.1 109+1  109+1
Cis-methyl 1e  CHBr3 300 3h ~26  256+0.3 109+1 109+1
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Appendix 3 - Synthesis of 1,1-dichlor o-2-octylcyclopropane 5.10

Cl,. Cl

Sodium hydroxide (3.0 g, 75 mmol, 12 eq) and BTEAC (0.02 g, 0.1 mmol) were added to
dichloromethane (6 mL) at room temperature. The mixture was cooled to 0 °C and then
chloroform (6 mL) was added in a single portion. The reaction mixture was stirred for 10
min, then 1-decene (0.88 g, 6.3 mmol, 1 eq) was added dropwise over a period of 30 min.
The mixture was stirred for 8 h at rt and then quenched by the addition of water (20 mL).
The agueous layer was extracted into dichloromethane (3 x 10 mL), and the combined
organic extracts were dried over MgSO,. The product was purified by slica ge
chromatography (hexane), affording 1,1-dichloro-2-octylcyclopropane 5.10 (0.69 g, 49%)
as a colourless oil. *H NMR (400 MHz, CDCl3) 8y 1.63-1.40 (6H, m), 1.37-1.21 (10H, m),
1.06-1.01 (1H, m), 0.88 (3H, t, J 6.6 Hz, CH3) **C NMR (100 MHz, CDCl5) dc 32.0, 31.0,
30.5, 29.6, 29.4, 29.3, 28.7, 26.9, 22.8, 14.3; HRMS m/z (Cl): calculated for Ci1H20>Cl;
[M™] 222.0937, found 222.0938.
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Appendix 4 - Synthesis of 1,1-dibromo-2-octylcyclopropane 5.11

Br, Br

11 9 7 5 2
10 8 6 4

Sodium hydroxide (3.0 g, 75 mmol, 12 eq) and BTEAC (0.02 g, 0.1 mmol) were added to
dichloromethane (6 mL) at room temperature. The mixture was cooled to 0 °C and then
bromoform (6 mL) was added in a single portion. The reaction mixture was stirred for 10
min, then 1-decene (0.88 g, 6.3 mmol, 1 eq) was added dropwise over a period of 30 min.
The mixture was stirred for 8 h at rt and then quenched by the addition of water (20 mL).
The agueous layer was extracted into dichloromethane (3 x 10 mL), and the combined
organic extracts were dried over MgSO,. The product was purified by silica ge
chromatography (hexane), affording 1,1-dibromo-2-octylcyclopropane 5.11 (1.05 g, 54%)
as a colourless oil. *"H NMR (400 MHz, CDCl3) 6y 1.78-1.68 (1H, m), 1.66-1.41 (6H, m),
1.39-1.23 (10H, m), 0.88 (3H, t, J 6.5 Hz, CH3) **C NMR (100 MHz, CDCls) ¢ 32.6,
31.9, 31.5, 29.8, 29.5, 29.3, 29.2, 28.5, 28.3, 22.7, 14.1; HRMS mVz (CI): calculated for
CuH16"Br, [M-H]* 308.9848, found 308.9845.

Appendix 5 - General experimental procedurefor thereaction of TM SCF3 on SAMs

To around bottom flask (10 mL) equipped with a stirring bar, Nal (0.2 eq) and TMSCF3
(0.6 mM, 1.0mM, 1.4 mM, 1.7 mM, 2.7 mM) in THF (2 mL) were added. Next, the
silicon wafers (1 cm x 1.5 cm), pre-coated with vinyl-terminated SAMs, were immersed in
the reaction mixture and the solution was stirred at 65 °C for fixed periods of time (2 h,
3 h, 4 h, 5h). After the reaction, the wafers were washed several times with distilled water
and then sonicated sequentially in dichloromethane, toluene and DI water for a minimum
of 15 min in each solvent. Then the wafers were dried under a nitrogen atmosphere and

stored in adesiccator until they have been characterised.
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Appendix 6 - Table A2 - SAM s maodification with TM SCF3

The results obtained after the reaction of vinyl- and methyl- terminated SAMs with
TMSCF;. Each value is an average of measurements taken from two samples. The errors
are based on standard deviation.

Film Film
Thickness[A]  Contact Angle[°]
Before  After Before  After

Precur sor TMSCF; Time
Molecule [mM] [h]

Cy-vinyl 1b 0.6 3h ~15 156+0.2 101+1 1011
Cy-vinyl 1b 1.0 3h ~15 157+0.3 101+1 1011
Cu-vinyl 1b 14 3h ~15 16.1+0.1 101+1  103+1
Cy-vinyl 1b 17 3h ~15 17.1+0.1 101+1  104+1
Cy-vinyl 1b 2.7 3h ~15 14.0+0.2 101+1 100+1
Cu-vinyl 1b 1.7 2h ~15 16.0+0.3 101+1 103t1
Cy-vinyl 1b 17 3h ~15 175+0.1 101+1 104+1
Cy-vinyl 1b 17 4h ~15 139+0.2 101+1 103t1
Cu-vinyl 1b 1.7 5h ~15  134+0.3 101+1  100+1
Cy-vinyl 1b 1.7 48 h - - 101+1 83+1
Cis-vinyl 1c 17 3h ~19 19.2+0.1 103+1 104+1

Cig-methyl 1e 1.7 3h ~26  26.0+0.2 109+1 109+1
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Appendix 7 - Synthesis of 1,1-difluoro-2-octylcyclopropane 5.16

Sodium iodide (0.64 g, 4.3 mmol, 0.2 eq), 1-decene (3.0 g, 21.4 mmol, 1 eq) and THF
(40 mL) were placed in a round-bottom flask. TMSCF; (7.6 mL, 53.5 mmol, 2.5 eq) was
then added. The reaction mixture was heated at 65 °C for 2 h and then concentrated in
vacuo. The crude was extracted into diethyl ether (3 x 25 mL), and the combined organic
layers were washed sequentially with water (25 mL), sodium sulphite solution (25 mL),
saturated sodium bicarbonate solution (25 mL), dried over MgSO, and then the solvent
was removed in vacuo. The product was purified over silica gel (hexane), to afford 1,1-
difluoro-2-octylcyclopropane 5.13 (1.9 g, 48%) as acolourless oil; *H NMR (400 MHz,
CDCls) 6y 1.52-1.18 (17H, m), 0.88 (3H, t, J 6.6 Hz, CH3); *C NMR (100 MHz, CDCl5)
oc 114.7 (1C, t, J 283.2, Hz CF,), 31.9, 29.4, 29.2, 29.1, 28.8, 26.8, 26.7, 22.7-22.4 (1C,
m), 15.9 (1C, t, J 11.2 Hz), 14.0; *°F NMR (282 MHz, CDCls) d¢ -145.1 (1F, ddd, J 154.2,
12.8, 4.6 Hz), -128.1- (-128.7) (1F, m); HRMS nvz (ClI): calculated for CyiHioF> [M-H]*
189.1449, found 189.1444.
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Appendix 8 - Table A3 - thermal degradation of SAMs

Water contact angle and thickness values of Cig-methyl 1e and Cyo-methyl 1d before and
after thermal degradation. Each value is an average of measurements taken from two
samples. The errors are based on standard deviation.

Film Film
Time Thickness[A]  Contact Angle[°]
Before  After Before  After

Precur sor Reaction

Molecule = Temperature

Cio-methyl 1d 160 °C 1h ~15 159403 107+1 1071
Cio-methyl 1d 160 °C 2h ~15 16.0+0.2 107+1 106+1
Cio-methyl 1d 160 °C 3h ~15 16,503 107+1 1071
Cio-methyl 1d 160 °C 4h ~15 15.6+01 107+#1 1061
Cio-methyl 1d 160 °C 5h ~15 155+01 107+#1 104+1
Cio-methyl 1d 160 °C 6h ~15 137402 107+1 1011

Cio-methyl 1d 160 °C 13h ~15 13.0+0.1 107+1 94+1
Cio-methyl 1d 160 °C 19h ~15 125+01 107+1 91+1
Cio-methyl 1d 160 °C 24h ~15 11.0+02 1071 86+1
Cio-methyl 1d 160 °C 48h ~15 9.0£02 107+1 75+1

Cis-methyl 1€ 160 °C 1h ~26 26.4+0.3 109+1 1081
Cis-methyl 1€ 160 °C 2h ~26 26.0+0.2 109+1 109+1
Cis-methyl 1€ 160 °C 3h ~26 27.0+£0.2 109+1 109+1
Cis-methyl 1e 160 °C 4h ~26 255+0.1 109+1  108+1
Cis-methyl 1e 160 °C 5h ~26 247+01 109+1 107+1
Cis-methyl 1e 160 °C 6h ~26 21.0+£0.2 109+1  104+1

Cis-methyl 1€ 160 °C 13h ~26 20.0£0.1 109+1 98+1
Cis-methyl 1€ 160 °C 19h ~26 185+0.1 109+1 92+1
Cis-methyl 1€ 160 °C 24 h ~26 17.0+01 109+1 85+1
Cis-methyl 1€ 160 °C 48 h ~26 16.0+0.2 109+1 80+1
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Appendix 9 - Table A4 - vinyl-terminated SAM s modification with HFAA

The results obtained after the reaction of Cy1-vinyl 1b and Cys-vinyl 1¢ SAMswith HFAA.
Each value is an average of measurements taken from two samples. The errors are based
on standard deviation.

Film Film
Thickness[A] Contact Angle[°]
Before After Before  After

Precur sor Reaction HFAA Time

Molecule Temperature [uL] [hor min]

Cy-vinyl 1b 160 °C 150 48 h ~15 <10 101+1 55+1
Cyp-vinyl 1b 160 °C 50 48 h ~15 <10 101+1 50+1
Cyp-vinyl 1b 160 °C 50 5h ~15 <10 101+1 83+1
Cyp-vinyl 1b 160 °C 50 2h ~15 <10 101+1 97+1
Cy-vinyl 1b 160 °C 50 1lh ~15 <10 101+1 95+1
Cy-vinyl 1b 160 °C 50 30 min ~15 <10 101+1 99+1
Cy-vinyl 1b 160 °C 50 20 min ~15 13.1+0.2 101+1  106%1
Cy-vinyl 1b 160 °C 50 10 min ~15 13.1+0.3 101+1  104+1
Cy-vinyl 1b 120°C 50 20 min 149+0.1 124+04 101+1 1011
Cy-vinyl 1b 120°C 100 20 min 15.3+0.1 15.3+0.1 101+1 1011
Cyu-vinyl 1b 80°C 50 20min  13.6+0.2 124403 101+1 101+1
Cy-vinyl 1b 80°C 100 20 min 147401 15.3+0.2 101+1  101+1
Cy-vinyl 1b 160 °C 100 20 min ~15 16.1+0.1 101+1  106%1
Cy-vinyl 1b 160 °C 150 20 min 14.6+0.1 152402 101+1  106%1
Cy-vinyl 1b 160 °C 200 20min 149401 15.3+01 101+1 106+1
Cyu-vinyl 1b 160 °C 300 20min  15.1+0.2 16.740.3 101+1 106%1
Cyu-vinyl 1b 160 °C 400 20min  154+0.1 131402 101+1 1001
Cis-vinyl 1c 160 °C 200 20min  19.1+0.1 204401 101+1 106%1
Cys-vinyl 1c 160 °C 300 20 min 19.1+0.2 21.74#01 101+1  106%1
Cys-vinyl 1c 160 °C 400 20 min 20.2+0.1 18.1+0.1 101+1  103%1
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Appendix 10 - Table A5 - methyl-terminated SAM s modification with HFAA

The results obtained after the reaction of Cyo-methyl 1d, Cg-methyl 1e and Cio-methyl 1f
SAMs with HFAA. Each value is an average of measurements taken from two samples.
The errors are based on standard deviation.

Film Film
Precur sor Reaction HFAA Time )
_ Thickness[A] Contact Angle[°]
Molecule  Temperature [pL] [hor min]
Before After Before  After
Cio-methyl 1d 160 °C 100 20min  15.2+0.2 10.9+0.3 105+1 103t1
Cio-methyl 1d 120 °C 50 20 min - - 105+1  105+1
Cio-methyl 1d 120°C 100 20 min - - 105+1  105+1
Cio-methyl 1d 80°C 50 20 min - - 105+1  105+1
Cio-methyl 1d 80°C 100 20 min - - 105+1  105+1
Cio-methyl 1d 160 °C 200 20min  13.2+0.3 15.3+0.2 105+1 1051
Cig-methyl 1e 160 °C 200 20min 27101 26.2+0.1 109+1  109+1
Cig-methyl 1e 160 °C 50 5h 26.2+0.1 19.1+0.1 109+1  104+1
Cig-methyl 1e 160 °C 50 2h 26.3+t0.1 25.4+0.1 109+1  109+1
Cio-methyl 1f 160 °C 200 20min  13.9+0.2 155+0.2 106+1  106+1

154



Appendix 11 - Synthesis of 2,6-dioctyl-4,4,8,8-tetr akis(trifluoromethyl)-1,5-
diazobicyclo[3,3,0]octane 6.14

Hexafluoroacetone azine (1.0 g, 3.1 mmol, 1 eq) and 1-decene (0.9 g, 6.2 mmoal,
2 eq) were placed in an autoclave and heated at 160 °C for 48 h. The reaction mixture was
purified by silica gel chromatography (hexane), to give the ‘criss-cross adduct 6.14 as a
colourless oil (278 mg, 15%). 'H NMR (300 MHz, CDCls) 6y 3.62-3.48 (2H, m,
CH(CH,);CHs), 2.75 (2H, dd, J 13.8, 6.1 Hz, (CFs),CH, 10a), 2.45 (2H, dd, J 13.8,
9.7 Hz, (CF3)2CCH2 10b), 1.89-1.75 (2H, m, CHy(CH,)sCHs 8a), 1.37-1.14 (26H, m,
CH2(CH,)6CHs3 8b), 0.88 (6H, t, J 6.5 Hz, CHs); *C NMR (75 MHz, CDCl3) dc 123.7 (g, J
2.8 Hz, CF3 124q), 123.5 (g, J 2.9 Hz, CF; 12b), 69.0 (m, (CF3),C), 56.6 (CH: C9), 41.1
((CF3),CCHy,: C10), 33.0 (CH2(CH,)sCH3: C8), 32.0, 29.7, 29.6, 29.3, 25.9, 22.8 (CHy,
C2-C7), 14.2 (CHs); °*F NMR (282 MHz, CDCls) J¢ -67.6 (6F, g, J 18.0, 8.6 Hz, CF3 @), -
73.6 (6F, g, J 18.0, 8.6 Hz, CF3 b); HRMS nvz (CI): calculated for CysHaiF1oN, [M+H]"
609.3073, found 609.3064.
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