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Abstract

Schiff bases and their transition metal complexes are of significant current interest
even though they have been prepared for decades. They have been used in various
applications such as catalysis, corrosion protection, and molecular sensors. In this study,
N-aryl Schiff base ketimine ligands as well as numerous new, differently substituted salen
and salophen-type ligands and their cobalt(Il), copper(Il), iron(II), manganese(Il), and
nickel(Il) complexes were synthesised. New solid state structures of the above compounds
and the dioxygen coordination properties of cobalt(Il) complexes and catalytic properties
of three synthesised binuclear complexes were examined. The prepared complexes were
applied in the formation of self-assembled layers on a polycrystalline gold surface and
liquid-graphite interface. The effect of metal ion and ligand structure on the as-formed
patterns was studied. When studying gold surfaces, a unique thiol-assisted dissolution of
elemental gold was observed and a new thin gold foil preparation method was introduced.

In the summary, synthesis, structures, and properties of Schiff base ligands and their
transition metal complexes are described in detail and the applications of these reviewed.
Assemblies of other complexes on a liquid-graphite interface and on a gold surface are
also presented, and the surface characterisation methods and surfaces employed are

described.
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1 Introduction

Schiff bases, named after Hugo Schiff (1834-1915), and their transition metal
complexes continue to be of interest even after over a hundred years of study.' Schiff
bases have a chelating structure and are in demand because they are straightforward to
prepare and are moderate electron donors with easily-tunable electronic and steric effects
thus being versatile.™® Schiff base metal complexes are still widely used in catalysis but
increasingly with a slightly modified concept.”” ' Complexes have been immobilised on
solid supports, such as alumina, silica, or polystyrene,””** or assembled inside a DNA
duplex.”> However, the number of studies where Schiff bases have been used for
construction of various nanostructures is increasing, and these uses are the focus of this
study.?*%

Currently, a challenging task in nanoscience (defined here as science concerning
itself with objects whose smallest dimensions are between a few nanometres and 100
nanometres)™ is to arrange and connect molecules in well-ordered defined patterns. The
pattern formation should be controllable as orientation and relative positions of the
molecules are often important for obtaining useful properties.®>*” Functional materials are
of great interest for a variety of applications, such as nanodevice and nanomachine

platforms and photoconductor, electrochromic or nonlinear optical materials.****%*7° First

.72 7374 \were introduced in the 1970s and 1980s

versions of artificial molecular devices
and at that time it was realised that molecules are probably the most convenient building
blocks for construction of nanoscale devices and machines.”>’® In addition, it is important
to note that research into nanoscience and technology can be carried out and progress only
with the existence of relevant characterisation techniques and their continual improvement
and development, as well as the invention of new techniques.”””’

Self-assembly is an efficient and commonly employed method for fabrication of
functional materials.®*® It is a bottom-up approach in which stable, well-defined
structures are built atom by atom or molecule by molecule via encoding of molecular
building blocks.®*™ However, it should be remembered that in order to construct a
molecular device by employing this methodology, a support for the device and an
interface connecting the device to its environment should be also constructed. Indeed, a
future challenge is to connect a self-assembled structure with functional properties to a

. . 81
macroscopic environment.



2 Scope of the study

Research in the Laboratory of Inorganic Chemistry has traditionally been divided
into thin films and catalysts. One aim of this study was to establish research topics where
these areas could be combined in a novel way. Synthesis of the applied metal complexes
should preferably be straightforward to put more emphasis on actual applications than
synthesis. To fulfil the above criteria, studies of cobalt(Il) Schiff base applicability for
molecular level dioxygen sensors on gold surfaces were selected as a starting point. As a
by-product of these studies, a novel procedure for elemental gold dissolution and
procedure for preparation of thin gold foils evolved. Another application of interest for
metal Schiff base complexes was to study the self-assembled patterns they form on liquid-
graphite interface. The synthesised ligands and complexes and their properties were

studied with multiple techniques.

3 Schiff bases

Strictly speaking Schiff bases are compounds having a formula RR’C=NR’’ where
R is an aryl group, R’ is a hydrogen atom and R’’ is either an alkyl or aryl group.
However, usually compounds where R’ is an alkyl or aryl group and R’ is an alkyl or
aromatic group are also counted as Schiff bases.*® The Schiff base class is very versatile as
compounds can have a variety of different substituents and they can be unbridged or N,N’-
bridged. Most commonly Schiff bases have NO or N,O,-donor atoms but the oxygen
atoms can be replaced by sulphur, nitrogen, or selenium atoms.® In this study, attention

was paid to the most common Schiff bases, especially to salen and salophen complexes.™

and VII

3.1 Ligands

3.1.1 Synthesis

There are several reaction pathways to synthesise Schiff bases.”™™ The most

common is an acid catalysed condensation reaction of amine and aldehyde or ketone under
10



refluxing conditions. The first step in this reaction is an attack of nucleophilic nitrogen
atom of amine on the carbonyl carbon, resulting in a normally unstable carbinolamine
intermediate. The reaction can reverse to the starting materials, or when the hydroxyl
group is eliminated and a C=N bond is formed an imine can be formed.***° Many factors
affect the condensation reaction, for example the pH of the solution as well as the steric
and electronic effects of the carbonyl compound and amine. As amine is basic, it is mostly
protonated in acidic conditions and thus cannot function as a nucleophile and the reaction
cannot proceed. Furthermore, in very basic reaction conditions the reaction is hindered as
sufficiently protons are not available to catalyse the elimination of the carbinolamine

hydroxyl group.”!

In general, aldehydes react faster than ketones in Schiff base
condensation reactions as the reaction centre of aldehyde is sterically less hindered than
that of ketone. Furthermore, the extra carbon of ketone donates electron density and thus
makes the ketone less electrophilic compared to aldehyde.”

Even though the condensation reaction can be retarded or totally hindered by steric
effects of the carbonyl compound and amine, it is important to be able to also synthesise
sterically hindered metal complexes. These complexes have a significant impact on
catalyst design as the ligand substituents can have a prominent effect on the catalytic
activity of the prepared metal complex.”>” Our experiments have shown that sterically
hindered o-hydroxyphenylketimines and pyrazolone-based ketimines can be obtained only
with poor yields, or not at all when prepared under normal refluxing conditions with an
acid catalyst.' For this reason, a new preparation method’* was sought, which resulted in
imine preparation in an autoclave in methanol at 200°C. In order to find the reasons for the
enhanced ketimine yields with the autoclave method, a series of ketimines was prepared
(Figure 1)." Previously, imines have been prepared in an autoclave at 150-265°C from a
primary amine and ketone or aldehyde but it has been reported that sterically hindered
imines cannot be synthesised by this method due to slow reaction rates and
autocondensation.””™® In addition, several imines have been prepared from ketone and

ammonia under elevated pressures.”” !

11



MeOH, HCOOH, Na,SO,

+ R5
R1 R1 17-24 h, 200°C R1 R
NH, R3 R2 ’ R4 IN
R5
R3 R2
H Me, R2=0OH,R®=H, R*=H, R®= Me
; Et,R2=0OH,R3®=H, R*=H, R°=Me
=j-Pro,R2=0H, R®=H, R*=H, RS= Me
=H,R5=Me

Et,R2=0OH, R®= OH, R*=H, R5=Me
= j-Pro, R = 0OH, R®= OH, R*=H, R5= Me
Me, R2= OH, R¥®=H, R*= OH, R° = Me
Et,R2=0OH, R3=H, R*=0OH, R5= Me
12;R'=Me, R2=H, R3—OH R*=H, R5=Me
13;R'=Et,R2=H,R®=0OH, R*=H, R5= Me
14;R'= j-Pro, R=H, R®= OH, R*=H, R®= Me
15;R'= j-Pro, R =H, R®=H, R*= OH, R®=Ph

MeOH, HCOOH, Na,SO, /©\
R R
R +
OO 24 h, 200°C oH N

1;R' =
2;R"=
3; R’
4;R'= Me, R?=OH, R®= OH, R*
5;R"=
6; R’
7;R'=
8;R"=

) e
9; R =Me
10; R = Et
11; R = i-Pro
MeOH, HCOOH, Na,SO, N
+
16 h, 200°C
NH,
MeOH, HCOOH, Na,SO, N
17, n= 1
18;n=

Figure 1. Hydroxyphenylketimines and pyrazolone-based ketimines prepared in autoclave at
200°C in methanol.'
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The yields of o-hydroxyphenylketimines and their derivatives when prepared with
the autoclave method were significantly higher compared with preparation under
traditional refluxing conditions (Table 1). In contrast, the yields of p-
hydroxyphenylketimines were virtually the same using both preparation methods (Table
1). Therefore it was concluded that the high temperature conditions help to overcome the
energy barrier for o-hydroxyphenylketimine formation. The energy barrier is higher for o-
hydroxyphenylketimines than p-hydroxyphenylketimines since the starting ketones for the
former ketimines have an intramolecular hydrogen bond between the o-hydroxy group and
the carbonyl oxygen.'”” The intramolecular hydrogen bond also exists in the o-

hydroxyphenylketimines (Chapter 3.1.2).!

Table 1. Ketimine yields obtained with the autoclave method and the traditional condensation
reaction under refluxing conditions. The yields have been recorded from 'H NMR spectra.'

Ketimine Yield® (%) Yield® (%) Ketimine  Yield® (%) Yield® (%)
1 8 48 10 0 36
2 8 42 11 0 48¢
3 c 46° 12 32 38
c 14 13 22 23
5 7 28 14 28 32
6 4 21 15 0 6
7 7 41 16 0 424
8 2 12 17 0 36¢
9 0 46 18 0 354

*Conditions: 80°C, 24 h, HCOOH as catalyst, EtOH as solvent, Na,SOy, as drying agent.

"Conditions: 200°C, 24 h, HCOOH as catalyst, MeOH as solvent, Na,SO, as drying agent. Reaction carried
out in autoclave.

“Very low, not determined.

Isolated yield.

Aldehydes used in the synthesis of N,N’-ethylene-bis(4-alkyloxysalicylidineimine)
and N N’-o-phenylene-bis(4-alkyloxysalicylidine-imine) (alkyloxy=OC¢H13—OC;,Hzs)
were prepared according to a method in the literature.'” Series of aforementioned salen

and salophen ligand precursors together with other salen ligand precursors (the complexes
13



are presented in Figure 6 on page 20) were synthesised by the Schiff base condensation

. ILIILD 11
reaction at room temperature."""""

In the synthesis of salophen compounds, gummy-
like crude products were obtained as powders after purification by stirring in methanol.""
Aldehyde 3-(tert-butyl)-5-formyl-4-hydroxyphenyl decanoate for the preparation of two
ligand precursors (see Figure 6 on page 20 for complexes) was synthesised according to
the method described by Jacobsen er al.'™ After synthesis, it was mixed with 2,5-di-tert-
butyl-salicylaldehyde and ethylenediamine and they were stirred at room temperature
under argon for 6 h. The two symmetrical and one unsymmetrical imines formed were
separated by column  chromatography.™ A  ligand  precursor  1,1,3,3-
tetra(salicylideneimino-methyl) propane for binuclear Co and Mn complexes was obtained
via a three-step synthesis. First, 1,1,3,3-tetracarboxamidopropane was synthesised
according to a method in the literature'™'% and then reduced to 1,1,3,3-

tetra(methylamine)propane. Finally, the prepared amine was condensed with

salicylaldehyde and purified by recrystallisation.”

3.1.2 Structures, properties, and applications

In molecular crystals, short-range van der Waals interactions, repulsion forces, and
hydrogen bonds (if appropriate donor and acceptor atoms are present in the molecule)
determine the molecular packing. Hydrogen bonding affects the packing of molecules to a
great extent and is the strongest interaction. Typically molecules are packed in such a way
that a maximum number of hydrogen bonds are provided.'”’

Organic N-aryl Schiff bases prefer a non-planar conformation which can be
explained by steric and electronic effects (Figure 2). Typically, the N-aryl substituent is
twisted along the C—N axis by the angle theta; (see Figure 2), whereas the other aromatic
ring is practically co-planar with the imine bond as the angle theta, is close to zero. The
angle theta; increases when electron acceptor substituents are in the para-position of N-
aryl amine or when alkyl and aryl substituents are in the imine bond, while it decreases
due to donor substituents in the para-position of N-aryl amine. It should be noted that
these are only approximate correlations and not always accurate. Substituting a hydroxy
group in ortho-position of the Schiff base affects only slightly the overall conformation of

the molecule.®

14



R4

S theta,

N

R3

R1: H or OH
R2 and R4: H, alkyl, aryl, alkoxy, halogen,

NO,, COOH, CN, OCF, or N(CH,),
R3: H, alkyl or aryl

theta,
R1

R2

Figure 2. Schematic presentation of a non-planar conformation of N-aryl Schiff base.’

According to the crystal structures of ketimines 1, 2, 7, and 8 (Figure 3), the angle
theta, are 6.5(4)°, 5.7(3)°, 5.0(3)°, and 8.4(4)°, respectively. The angle theta; is 82.4(2)°
for 1, 83.9(2)° for 2, 79.9(2)° for 7, 85.9(2)° and for 8. These ketimines have an
intramolecular N1---O hydrogen bond where the donor atom in imines 1, 2, and 8 (enol
forms) is oxygen, while in 7 (keto form) the donor atom is nitrogen. In the structure of 7
there is a second, intermolecular, hydrogen bond Ol1H+02' (i=-x+2, y+1/2, -z+3/2) with a
distance 2.648(2) A."' All observed hydrogen bond N1--O distances (2.544(2) A in 1,
2.545(2) Ain 2,2.456(2) A in 7, and 2.445(2) A in 8) are characteristic of hydrogen bonds
as this distance is typically in the range of 2.490-2.574 A.'%%!

. Y 7N & %
L L
/\/\ _/\/\.___ /\/\ e W W

N
~

Figure 3. Molecular structures of o-hydroxyphenylketimines 1 and 2, and 2,6-dihydroxyphenyl-
ketimines 7 and 8 showing the intramolecular hydrogen bonds. Displacement ellipsoids appear at
the 30% probability level. Hydrogen atoms, except those of the hydroxy and amine groups, have
been omitted for sake of clarity."
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Imines whose syntheses were discussed above have different uses. o-
Hydroxyketimines have served as starting materials for the preparation of
109,110 U and  3,4-dihydro-2H-1,3-

all of which possess interesting pharmacological properties. However,

aminophenols,
110,112

4H-chromen-4-ylideneamines,
benzoxazines,
an attractive chemical use of the o-hydroxyphenylketimines, pyrazolone-based ketimines,
and salen and salophen compounds prepared in this study is as a ligand precursor for
transition metal complexes which can further be used in catalyst applications.”>”*'"?
Substituents of Schiff bases affect their stability and reactivity and as an indication of this,
Schiff bases are stabilised and made applicable for polymerisation reactions by
introducing bulky groups into the phenoxy ring near the oxygen.” Specifically, salens have
been claimed to be one of the most versatile ligands for metal complex catalyst
generation.”

An interesting application of Schiff bases is their use as an effective corrosion
inhibitor, which is based on their ability to spontaneously form a monolayer on the surface
to be protected. For instance, compounds shown in Figure 4 have been studied in acidic or
basic solutions aiming at corrosion protection of Al, Cu, and stainless steel.*** Many
commercial inhibitors include aldehydes or amines, but presumably due to the C=N bond
the Schiff bases function more efficiently in many cases.”® The principal interaction
between the inhibitor and the metal surface is chemisorption.”” The inhibitor molecule
should have centres capable of forming bonds with the metal surface by electron transfer.
In such cases the metal acts as an electrophile and the inhibitor acts as a Lewis base.
Nucleophilic centres, such as oxygen and nitrogen atoms, of the protective compound
have free electron pairs which are readily available for sharing. Together with the atoms of
the benzene rings they create multiple absorption sites for the inhibitor thus enabling
stable monolayer formation.’'** Recently, Schiff bases A-D presented in Figure 4 were
studied as corrosion inhibitors for Al in hydrochloric acid solutions. They all proved to be
excellent inhibitors but their activity was found to be strongly dependent on the

substituents in the N-aryl moiety (A was the best inhibitor).”
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X=H or CH,

Figure 4. Examples of Schiff bases used as corrosion inhibitors for Al, Cu, and stainless steel in
acid or basic solutions.?*333%3742

A large number of different Schiff base ligands (Figure 5) have been used as cation
carriers in potentiometric sensors as they have shown excellent selectivity, sensitivity, and
stability for specific metal ions such as Ag(Il),** AI(II),* Co(II),** Cu(II),*’"*" Gd(III),”
Hg(ID), Ni(I1),>* Pb(II),”® Y(III),”* and Zn(II).”” Indeed, from the ion sensor functional
point of view it is crucial that the electroactive material dispersed in a polyvinylchloride
(PVC) membrane exhibits strong affinity for a particular metal ion in order to enable
selective permeation of one metal ion through the membrane electrodes.*”*> Ion
selective electrodes (ISEs) are widely used for monitoring metal ions in solutions since
they allow accurate and fast analyses. In addition, they are easy to use, low-cost, can be
used in a large number of samples, and generally do not require sample pretreatment.>*>’
Ton sensors are needed for example in environmental, agricultural, industrial, and medical

51
analyses.
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Figure 5. Schiff bases used as ionophores in ion selective electrodes.*>’

3.2 Complexes

3.2.1 Synthesis

Schiff base ligands can form adducts or chelates with metals depending on the
reaction conditions used.® Review articles dealing with complexation of Schiff base
ligands with metals have been published’ and the synthesis of Schiff base adducts has
been reviewed by Garnovskii ef al.® and is not considered in this study. There are basically
five different synthetic pathways for the preparation of salen and salophen-type metal
complexes (the methods should be applicable to synthesis of other Schiff base metal
complexes) and the method preferred depends on the metal. In four of the methods, the
starting material is metal alkoxide, metal amide, metal alkyl or aryl compound, or metal

18



acetate or halide. In one of the methods, a sodium or potassium salt of the ligand is
prepared first which is then reacted with metal halide. The ligand precursor could also be
deprotonated by lithium bases but it is advisable to form sodium or potassium salt of the
ligand.” Metal acetates are considered the most convenient starting materials for
complexation with Schiff bases because they are soluble in alcohols and are salts of a
weak acid.®

Co(II), Cu(Il), Ni(IT), and Mn(II) salen-type complexes of this study (Figures 6 and
7) were prepared by a direct reaction of the corresponding metal acetate and ligand
precursor. and VIl The solvents were selected so that the ligand precursors and metal
acetates were fully dissolved but the complex precipitated out. All synthesised metal
complexes were purified by washing with appropriate solvent and when necessary by
recrystallisation. Ni and Cu complexes 22-27, 32-39, and 46-47 (Figure 6) were
synthesised in air at room temperature. Cu complex 44 was prepared similarly to other Cu
complexes but due to its high solubility it was very difficult to isolate. Even when a
considerable amount of n-pentane or methanol was added to the reaction mixture, the
complex did not precipitate. Finally, the powdered complex was obtained with a few
percentage yield by slowly evaporating the solvents."" 4 VI

All Co(Il) and Fe(II) complexes were synthesised under argon using standard
Schlenk techniques. Synthesis of Co(salen) complexes 19-21 (Figure 6) was carried out in
several different ways with minor but significant modifications. The complex without
coordinated dioxygen was obtained by adding the salen ligand precursor in
dichloromethane into a methanol solution of Co acetate. After stirring at room temperature
ca. for 20 h, the precipitate formed was filtered and the complex was obtained as an
orange powder. When the solvent was changed from dichloromethane to chloroform, the
complex did not form any precipitate. These Co(salen) complexes coordinate dioxygen
very easily and it was observed that when the complex did not precipitate from the
solution by itself, it was obtained with a coordinated dioxygen in the form of a dark
brown solid. Therefore, the brown product was obtained when the complex precipitated
from the solution only after removal of some solvent in a vacuum, or when methanol was
added into the solution to obtain a precipitate of the complex. However, Co(salophen)
complexes 28-31 (Figure 6), were not sensitive to the synthesis route used as they do not

. . . . IV and VII
coordinate dioxygen so easily as corresponding salen complexes.” ™V
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For the preparation of Fe(Il) complexes 40-43 (Figure 6), a sodium salt of the ligand

was prepared first by adding NaH to a THF solution of the ligand precursor after which

the complex was formed by adding FeCl,. Both steps were carried out at room

temperature.'

14

In addition to the aforementioned metal complexes, synthesis of Zn(salen)

complexes with long alkyl sidechains was attempted from the ligand precursors and Zn

acetate. However, the products were highly insoluble in common solvents. It has been

reported that isolation of Zn(salen) is facilitated by the use of pyridine and without

pyridine the complex can be isolated in a polymeric form where the oxygen atom of the

Schiff base coordinates the zinc of another salen molecule.’
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Homobinuclear complexes (50-52, Figure 7) were synthesised under argon by using
standard Schlenk techniques. In all cases with short reaction times a side-product of
mononuclear metal complex was formed and therefore the reaction mixtures were heated
at 70°C for 20 h to ensure complete complexation. The reaction mixture was filtered while
hot in order to separate soluble impurities (unreacted ligand, metal acetate, and
mononuclear complex) from the binuclear complex. Finally, the product was washed with

ethanol."

Figure 7. Synthesised homobinuclear complexes 50-52."

3.2.2 Structures

In the following, emphasis is put on tetradentate metal salen and salophen
complexes since their structures were studied via determination of five new single crystal
structures of Cu and Co(salen) complexes. Co complex 45 crystallised easily in air from a
mixture of toluene and acetone without oxidation of Co(Il) (Figure 9, page 24)."V Four
Cu(salen) complexes 25-27 and 27-MeOH bearing long alkyl chains (Cs-Ci2) in
salicylidene moieties were crystallised from chloroform or dichloromethane—methanol
(Figure 10, page 24)."" Surprisingly, only few solid state structures of bridged Schiff base
complexes bearing long (Cs-Cie) alkyl chains in the salicylidene moieties have been
previously determined.'>''® In addition, structures for salophen-type metal complexes
bearing long alkyl chains do not exist. Only the structure for Fe complex with ethoxy-
groups in the salicylidene moiety has been determined.'*’ It seems that single crystals of

salophen complexes bearing long alkyl chains are more difficult to obtain than crystals of

21



salen complexes. Furthermore, our attempts to crystallise salophen complexes with long
alkyl sidechains failed, as micelles or microcrystals, rather than real single crystals, were
always obtained.

Metal salen and salophen complexes have a tendency for square-planar geometry as
the bridge between the imine moieties forces the cis-configuration around the metal
centre, although in some cases a slightly distorted geometry towards tetrahedral form
exists.® When the metal complex has square-planar geometry, the metal ion is in the plane
formed by the N,O,-donor atoms and the two axial positions are free for coordination of
solvent or other molecules.'*' "'

Metal salen complexes can have an umbrella, stepped, or planar molecular
conformation (Figure 8) due to folding of the six-numbered metallocycles and the metal
centre may deviate from the plane defined by the N,O,-donor atoms.”® The umbrella and
stepped forms are the most common for salen complexes and the strictly planar
conformation has been reported only for few complexes.” According to structural

data,127’128

the umbrella form has been found in dimeric pentacoordinated complexes and
in complexes having axial sites occupied by solvent or ligand molecules, whereas
27-MeOH™ and Cu(acetylacetonate ethylenediamine)'®”’ have taken the umbrella
conformation with minor distortion. Dimeric Cu(salen), and Co(salen), as well as
Fe(salen)Cl have adopted the stepped form."**'* Size and oxidation state of the metal
centre, possible axial ligands, and substitution of the salen affect the degree of folding in
the stepped conformation. For instance, Cr(V) salen is folded while the corresponding
Cr(IIT) salen is nearly planar.” It is assumed that the energy difference between possible

conformations is not very large and for example Co(II) salophen crystallises as planar and

umbrella isomers within the same unit cell.®
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Figure 8. Schematic presentations of planar, umbrella, and stepped molecular conformations of
salen complexes.’

Conformation of the ethylene-bridge is closely related to the overall conformation of
the salen compound. Fully planar complexes might have an eclipsed conformation (N(1)—
CH,—CH,—N(2) torsion angle ca. 0°) but usually the conformation is gauche. In gauche-
conformation the carbon atoms of the ethylene-bridge are on the opposite sides of the
MN;,0;,-plane. The geometry around the metal centre in N,N’-bridged Schiff base
complexes may be tuned by altering the length of the bridge: the molecular structure
becomes more flexible as the number of methylene groups in the bridge increases.® When
the bridge consists of more than two methylene groups, the planar coordination around the
Co ion changes closer towards a tetrahedral one.'**!**

Single crystal structures of Co, Cu, and Ni(salen) and salophen complexes are
considered below in more detail since these metal complexes were studied (II-IV and VII).
Different ionic radii of Co, Cu, and Ni induce certain differences in the bond distances and

angles of the metal salen and salophen complexes (Table 2).'2!-126:135-147
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Table 2. Average bond distances (A) and angles (°) calculated from the experimental
crystallographic data'?'"'2'35147 of M(II) salen and salophen complexes. In the case of Co, the
values are for Co(I), Co(II) and Co(IIl). The ionic radii of four coordinated Ni(II), Co(Il), and
Cu(Il) are 0.49, 0.56, and 0.57 A, respectively. lonic radius of six-coordinated Co(III) is 0.55 A.'*®

Ni(II) Co(I/TI/IIT) Cu(Il)
Bond
M-O 1.85 1.90/1.86/1.89 1.89
M-N 1.86 1.82/1.85/1.89 1.93
Angle
O0-M-O 85.7 83.2/87.6/85.5 90.3
N-M—-N 86.1 87.1/85.8/84.9 84.4
O-M—-N 94.2 94.9/93.4/94.8 92.9
175.5 176.5/177.1/178.0 172.8

In salen complexes 25-27," and 45" the geometry around the Cu(II) and Co(II) ion
is a slightly distorted square-planar which is typical of salen complexes.™® The basic
coordination sphere of the Cu and Co ion consists of N,O,-donor atoms, whereas in
27-MeOH an additional axially coordinated methanol solvent molecule results in an
umbrella conformation. In all five structures the ethylene-bridge is in gauche-

conformation. ™"
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Figure 9. Molecular structure of Co complex 45. The displacement ellipsoids are drawn at the
30% probability level and the hydrogen atoms have been omitted for sake of clarity."

\o /T
fon \

P N

24



Figure 10. Molecular structures of Cu complexes 25-27 and 27-MeOH. Displacement ellipsoids
appear at the 30% probability level. Hydrogen atoms have been omitted for clarity. There is
disorder in the ethylene bridge of 27-MeOH and the carbon atoms had to be divided into two
positions. However, the disorder is not shown for the sake of clarity. The distance between the Cu
jon and the axial oxygen is 2.315(3) A in 27-MeOH.™

The MeOH molecule in the axial position of complex 27-MeOH does not affect the
bond lengths around the Cu ion as the Cu—O, Cu—N, and C=N bond lengths in 25-27 and
27-MeOH are within the typical range for Cu(salen) complexes (Table 2). Instead,
coordinated methanol has a significant effect on the spatial orientation (Figure 10) and
packing of the complex. The unit cell packings of complexes 25-27 with different alkyl
chain lengths do not differ significantly from each other as they are packed so that an
alternating layered structure, which is typical of complexes with long alkyl chains,"*’ is
visible: layers consisting of alkyl chains alternate with layers consisting of salen moieties

(Chapter 6.2.3.5)."
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Different structure-property relationships can be observed in metal complexes. For
example, in salen complexes absence or presence of an axially coordinating ligand can in
general either reduce or enhance the folding of the metal complex, which further
influences the transmission of chiral information. In theoretical studies, axial donor
ligands have been shown to enhance enantioselectivity by shortening a metal-substrate
distance in rate-determining stereoselective processes. In addition, conformation of the
salen affects the approach path of the incoming substrate and the approach is not hindered
even by bulky groups on the aromatic moiety. However, the orientation of the incoming
substrate is controlled by the substituents. When a metal ion is complexed with a bi- or
tridentate Schiff base, a dimeric metal complex can result. Especially early transition
metals have the tendency to form stable, saturated complexes with octahedral geometry.
These saturated complexes are catalytically inert but their formation can be prevented and
the catalytic performance of the complex improved by introducing bulky substituents near

the coordination sites.’

3.2.3 Properties

3.2.3.1 Dioxygen coordination

Synthetic dioxygen carriers are extensively studied and for example tertiary
phosphine, salen, porphyrin, and phthalocyanine complexes of Co, Mn, Fe, and Cu have

150,151

been found to coordinate dioxygen reversibly. The activation of molecular oxygen

with salen-type complexes was observed in the 1930s by Tsumaki'>* and since then has
been under active research.”®!*>"1>

Dioxygen coordination is an electron-seeking oxidative attack and its reversibility
and rate depend significantly on the steric and electronic properties of the ligand
substituents.'”>'** For example, in bridged Schiff bases an ethylene-bridge between the
imine moieties results in complexes that coordinate dioxygen more easily than complexes
with a phenylene-bridge or a tetramethylated ethylene-bridge."”* In addition, the more
planar the geometry of the complex is, the higher is its affinity for dioxygen.'” The
electron density donating substituents, such as alkoxy and halides, increase the

coordination rate whereas substituents withdrawing electron density, such as alkyl and

nitro groups, decrease it because they induce a lower charge density of the central ion
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which in turn results in more difficult oxidation of the ion.""'>>'** However, Co salen-type
complexes with zerz-butyl groups in the salicylidene moieties have been reported to have a
good affinity for dioxygen when the cyclohexyl-bridge between the imine moieties is
functionalised with OH-groups hydrogen bonded to the coordinated dioxygen.’

The dioxygen coordination can occur via different modes, the preferred mode in
each particular case depends on the ligand, and the species present in the solution if the
complex is studied in solution.'® For example Co(salen) and salophen complexes can
form monomeric (superoxo) or dimeric (pu—peroxo) adducts with dioxygen in neutral
solution or in a solid form.”?"!3¥ 153161153 The presence of a suitable donor solvent, such
as DMF or DMSO, or of a monodentate base, all of which act as an axial ligand, facilitates
the dioxygen coordination.”"""**'>> The base can be an aliphatic or aromatic amine, but
pyridine and substituted pyridines are mostly used.””* The axial base provides an
additional stabilisation of the Co—O, bond through increase in electron density.'>*'%*

In the salen and salophen complexes, which prefer square-planar geometry (Chapter
3.2.2), dioxygen is coordinated in one axial position and the other axial position is
occupied by a base or solvent molecule.'**'** The coordinated dioxygen is easily removed
from the complex by heating, both in solution and solid state, in a stream of inert
gas.”>""*V Though numerous Co(salen) complexes activate dioxygen reversibly, there
are still complexes, for instance (bis(salicylaldehyde)methylene-p,p -

diphenylenediaminato)-Co(1I),"> -

(di(salicylal)-3,3’-diimino-di-n-propylamine)-Co(II)
and rac- and meso-butane-2,3-diylbis(salicylideneiminato)Co(Il), that have an irreversible
dioxygen coordination.””” In addition, for example di(o-hydroxyacetophenone)-
ethylenediimine Co(II) has not shown any affinity for dioxygen.'>

Dioxygen coordination properties of synthesised Co(salen) complexes 21 and 45,
and binuclear complexes 50-52 were studied by UV-Vis spectroscopy and the observed
properties were compared with that of traditional unsubstituted Co(salen), 49 (Figures 11
and 12). Complexes 21, 45, 49, and binuclear Co complex S0 coordinate dioxygen
reversibly, but significant differences in their coordination rates were observed. Activity
of 49 is considerably higher than that of 50; it coordinates dioxygen within minutes when
air is bubbled through the solution, whereas 50 must be in air contact overnight before
similar changes can be seen in the spectrum. However, complex 51 showed an irreversible
coordination, and the binuclear Mn complex 52 no coordination at all even when its

solution was exposed to air for four days.""
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Figure 11. UV-Vis spectra of complexes a) 21, b) 49 and c) 45 in DMF with pyridine as an axial

base. Spectra (1) have been obtained under Ar atmosphere, spectra (2) after further storage in air
v

for 30 min, and spectra (3) after 480 min storage in air.
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Figure 12. UV-Vis spectrum of DMF solution (pyridine as an axial base) of binuclear salen-type
complex a) 51 and b) 50. Spectrum (1) has been recorded from a cooled solution that has been
heated at 100°C for 15 min with continuous Ar flow, spectrum (2) recorded after overnight
exposure to air, spectrum (3) after second Ar treatment, and spectrum (4) after another overnight
exposure to air.

The different affinities of the Co complexes studied for dioxygen
(21>49>50>45>51>52) can partly be explained by their electronic and geometric

properties. Complexes 21 and 45 are fairly planar, but the former has electron density
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donating alkoxy substituents, whereas the latter has electron density withdrawing fert-
butyl substituents. In 50-52 the geometry around the metal ion is not as planar as in the
other complexes studied and thus their ability to coordinate dioxygen is reduced. When
more than two carbon atoms are added to the bridge between imino nitrogens, the planar

: : ILI
conformation around Co ion changes towards tetrahedral.™"

3.2.3.2 Binuclear complexes and their catalytic activity in oxidation reactions

This chapter is dedicated to a short introduction of binuclear, more specifically
homobinuclear, Schiff base complexes and to their use as catalysts in oxidation reactions.
The existence of such a large number of binuclear complexes and reactions hinders a
representative review here.

Complexes capable of reversible dioxygen coordination are commonly used as
catalysts in oxidation reactions and Schiff base metal complexes have been studied for
example in oxidation of phenols,g’g’17 sulfides,'*'?* alcohols,'® alkenes,” and lignin model
compounds, such as 3,4-dimethoxybenzyl alcohol (veratryl alcohol)."”" In the catalytic
redox chemistry with Schiff bases, it is important to control the deactivation of the system
and possible dimerisation that can occur via coupling of the imino group. Imine bonds of
the Schiff bases are quite vulnerable to reduction or nucleophilic attack and therefore
reduction or alkylation must be considered as possible pathways for the deactivation of the
catalyst when the Schiff base is used as a ligand.” The oxidation capability of the metal
complex can be improved by changing the ligand substitution or by altering the ligand
framework so that two metal centres are brought in a close proximity to form a binuclear
complex. 1%

Even though binuclear complexes have been prepared for decades, they are still
extensively studied because their physico-chemical properties and performances, such as
magnetic properties and catalytic activities, can differ greatly from the analogous
mononuclear species.'*'""' In many cases the activity of the binuclear complex is
significantly greater compared with an equivalent mononuclear catalyst, but different
reaction pathways and transformations specific to binuclear species have been reported.'’*
"7 In general, weak magnetic exchange coupling interactions between the metal centres
are possible in binuclear complexes and the enhanced activities may be due to them.'”*!”®

The distance between the metal ions, the nature of the coordinating ligand and of the
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bridging unit between the two metal centres, and the ligand orientation in ligand-bridged
binuclear complexes, are crucial factors in creating and defining the character of the
metal-metal interaction. The bridging unit should be able to mediate the interactions.'”'®!
When two metal ions are coordinated at a suitable predetermined distance, they may have
a tendency to coordinate and activate small molecules, such as dioxygen, between the
metal centres,'’*!7%182-186

Catalytic activities of the synthesised binuclear Co and Mn(salen) complexes 50-52
(Figure 7, page 21) vs. analogous mononuclear complexes 48 and 49 were studied in the
oxidation reaction of 3,4-dimethoxybenzyl alcohol by using dioxygen as an oxidant. The
unsubstituted Co(salen) 49 gave a significantly greater aldehyde conversion (93%) than
the binuclear complexes (0-13%) or 48 (7%), and it was concluded to be due to the bridge
structure between the imino nitrogens. All complexes having more than two carbon atoms
in the bridge had low activities, presumably due to the change from a planar geometry

around the metal centre towards a tetrahedral one.!>>!3!!

4 Surface characterisation techniques used

Nowadays there is a wide variety of techniques available for surface characterisation
and they can be classified under spectroscopic, microscopic, and other methods. The
spectroscopic method is the most numerous and includes Fourier transform infrared
(FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy (UPS), secondary ion mass spectrometry (SIMS), Auger electron
spectroscopy (AES) and low energy ion scattering (LEIS). The microscopic includes
atomic force microscopy (AFM) and scanning tunnelling microscopy (STM) and the other
low energy electron diffraction (LEED), reflection high energy electron diffraction
(RHEED), and X-ray reflectivity (XRR). All these can be considered as surface sensitive
techniques.'®”"* Nonetheless, finally the properties of the surface to be characterised
define the best method for each particular case. For instance, STM requires a conducting
surface, AFM and STM smooth surfaces, and XPS, LEED and AES operate under UHV
conditions. From the methods listed above, only FTIR and XPS (or electron spectroscopy
for chemical analysis, ESCA, as it is also called), provide easily interpretable chemical

data on the composition of surfaces. XPS is commonly used for SAM characterisation as it
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provides information on the chemical bonding and oxidation state of all elements except
hydrogen. The microscopic techniques allow structural imaging of SAMs but the chemical
composition remains undetermined."®”"®

Characterisation of SAMs requires sophisticated techniques as their thicknesses are
up to a few nanometres. This means that the technique applied should be extremely
surface sensitive, but equally important is the non-destructiveness of the technique. Three
characterisation methods which were available for this study are described in more detail

in Chapter 4.

4.1 X-Ray reflectivity

X-Ray reflectivity (XRR) is a surface-sensitive method for characterisation of thin-
layer thickness, density, and surface and interface roughness. Samples can be made up of
mono- or multilayers of different materials, but they must be less than 150 nm thick and
rather smooth. In the measurement, a monochromatic X-ray beam is focused on the
sample surface at a small angle of incidence. The scattering intensity of reflected X-rays is
then recorded, and after normalisation plotted against the angle of incidence. By
comparing critical angles and the number of interference fringes of the XRR curves,
information on densities and thicknesses, respectively, of the samples can be obtained,

whereas amplitude difference indicates total roughness (Figure 13).'"°
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Figure 13. (a) X-Ray reflectivity curves for plain Si/SiO,/Au substrate, the substrate treated with
4-PS and the substrate treated with 4-PS and complex 21. (b) Area of critical angles. (c) Area of
amplitude differences. After 4-PS adsorption the total roughness of the substrate has increased and
after the successive treatment with 21 the surface is smoother than in the previous stage. The
surface treated with 4-PS and 21 is denser than the untreated and 4-PS treated surfaces.”
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4.2 Atomic force microscopy

Atomic force microscopy (AFM) was introduced by Binnig ef al. in 1986."" It is a
non-destructive technique that can be applied for construction of 3D topographic images
of conducting, semiconducting, and insulating surfaces.'®® Besides surface imaging, AFM
enables surface manipulation at an atomic level when a particularly stiff cantilever is
used.”'”* With this method and scanning tunnelling microscopy (STM), large surface
areas in a range of 250 um laterally and 15 pm vertically can be also studied, having
importance for applications in surface sciences. Typically, during a measurement several
atoms of the AFM tip interact with the surface. An atomic lateral resolution, compared
with the typical resolution of ca. 1 nm, is achieved only with an unconventionally sharp
tip and flat sample surface. The lateral resolution depends on the scan range since for
scans up to 130 pm the resolution is a few nanometers but for smaller ranges it can be at
the atomic scale. Because the photodiode used to track the position of the tip is very
sensitive (ca. 0.01 nm), the depth resolution of AFM is at the sub-angstrom level.'®

AFM can operate in a constant-height or a constant-force mode, which are further
divided into contact, non-contact, and tapping (also known as intermittent-contact) modes.
In the contact mode, the tip touches the surface applying a continuous force on the sample,
while in non-contact mode the tip vibrates near the surface. In the tapping mode, the
vibrating tip taps across the surface.'”® During AFM measurement, a sharp ceramic or
semiconductor tip mounted on a flexible cantilever scans over the surface. A piezoelectric
transducer is used to scan the tip across the sample and a feedback loop ensures a constant
separation between the tip and the sample. The force between the sample surface and the
tip can be measured if it has a spring constant of about 0.1-1.0 N/m. This is more than an
order of magnitude lower than typical spring constants between two atoms.'™®

The surface topography image is generated when the force between the sample and
the tip is determined as a function of the position of the tip in three dimensions. When the
tip approaches a distance of a few angstroms from the surface, repulsive van der Waals
forces between the atoms of the tip and the surface cause the cantilever to deflect. The
degree of the deflection depends on the tip-to-sample distance. To maintain a constant
separation between the tip and the sample, the deflection of the cantilever from the
reference line when the tip is repelled by or attracted by the surface must be measured
accurately. The magnitude of the deflection is monitored most commonly by a laser diode

that reflects at an oblique angle from the end of the cantilever into a position-sensitive
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photodiode. A given cantilever deflection will then correspond to a specific position of the
laser beam on the position-sensitive photodiode. Finally, when the laser deflection is
plotted against the tip position on the surface, a topographic image of the surface is
reproduced.'**!%?

A phenomenon known as tip imaging causes the main artefacts in AFM (and in
STM). As long as the tip is much sharper than the feature imaged, the true edge profile is
obtained. However, when the feature is sharper than the tip, the image will be dominated
by the tip edges. Another type of artefact arises from the sensitivity of AFM to the rigidity
of the sample surface. Soft surfaces can deform under the pressure of the AFM tip as in

the contact mode there is a strong interaction between the tip and the surface.'**'*

4.3 Scanning tunnelling microscopy

Scanning tunnelling microscopy (STM), invented in 1982,'* is a non-destructive
technique that can be operated under UHV conditions, in air and in liquid. Similarly to
AFM, the best resolution is obtained under UHV."®” The measurement principle is based
on the quantum-mechanical tunnelling effect due to the wave nature of electrons, limiting
the method for conductive samples. Electrons can penetrate through the potential barrier
between the sample and the probe tip, introducing an electron tunnelling current. STM
uses this effect to obtain a surface topography image by raster scanning over the sample
while measuring the tunnelling current. Due to distance dependency of the tunnelling
process, only very thin layers, typically monomolecular, can be probed. Individual atoms
and atomic-scale surface structures can be measured with a scan size usually smaller than
1 pmx1 um. STM can provide higher resolution than AFM as the typical lateral resolution
is 0.1 nm and a depth resolution of 0.001 nm can be achieved."®”'® Besides surface
topography imaging, STM is used for surface lithography and manipulation.'**'*>'%

STM operates in a constant-current or a constant-height mode. In the former, the
topography is defined by a constant tunnelling current at a given voltage bias, and in the
latter the distance between the tip and the sample is kept constant. The use of constant-
height mode enables faster measurement than the constant-current mode as the tip-to-
sample distance stays constant, but it can be employed only for locally smooth surfaces.

However, the constant-current mode can be used for rougher surfaces but the lateral
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resolution is normally poorer because of the required feedback loop and the noise it
induces in the data obtained.'*?

Tunnelling current (/;) is induced between the metal tip and the conducting surface
when the tip end, which in an ideal case consists of one atom, is brought to a distance of a
few angstroms from the surface and a bias voltage (V;, <1.5 V) is applied. /, depends
exponentially on the tip-to-sample distance (d), and linearly on the electronic local density
of states at the Fermi level, evaluated at the location of the tip. Similarly to AFM, in its
most common operation mode STM employs a piezoelectric transducer to scan the tip
across the sample. Because of the precision of the piezoelectric scanning elements and the
exponential dependence of I, upon d, STM can provide images of individual atoms
assuming that a single atom of the tip is imaging a single atom on the sample surface. 8192

Mechanical and electronic structure of the tip has considerable influence on the
quality of an STM image. Tungsten tips, which are sharpened by electrochemical etching,
can be used for a few hours in air until they oxidise. Alternatively, Pt-Ir tips can be
prepared by cutting a wire with wire cutters. The latter tips are easy to make and they
oxidise slowly, but their aspect ratio is not as high as that of tungsten tips and therefore
tungsten tips are normally used for imaging large structures.'®”'

Besides the tip imaging mentioned in Chapter 4.2, artefacts can arise from the
sensitivity of STM to local electronic structure. Regions of variable conductivity will be
convolved with topographic features; for instance an area of lower conductivity will show
as a pit in the image. Distinguishing topographic and electronic effects can be difficult if
the surface studied is not well known. An obvious drawback of STM is its requirement for

. 1
conducting surfaces.'*®

5 Surfaces functionalised with self-assembled
monolayers

5.1 Self-assembled monolayers

Self-assembly can be defined as “a spontaneous association of molecules under
equilibrium conditions into stable, structurally well-defined aggregates joined by non-

covalent bonds”.*” Self-assembled monolayers (SAMs) on substrate surfaces were first
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demonstrated by Zisman et al. in 1946 with various compounds on platinum.”*' The SAM
methodology is a bottom-up approach which is widely used because large surface areas
with well-defined composition, structure, and thickness can be easily formed.****** In
addition, head and anchoring groups of the adsorbate molecule can be varied to control the
properties of the SAM formed and in fact for many applications an amphifunctional
adsorbate is required.”*>*"’

The thickness and composition of a SAM are defined by the SAM forming
compound, assuming that the compound does not decompose. However, the structure
formed can be dependent on the solvent used.***” The self-assembly on the surface can
occur from liquid or gas phase,”’”** but here only the liquid phase is considered as the

SAM s of this study were prepared from solutions.""V"""

The formation of monolayers at
the liquid-solid interface can also be induced under electric potential. The electrochemical
method utilises an electric potential to increase the affinity of the adsorbate for conductive
substrates.”” In addition, molecule assemblies can be stabilised by co-adsorption with
other compounds.?'**"!

Self-organisation into ordered and highly packed 2D polycrystalline films requires
that the molecules upon deposition on a substrate surface are mobile to allow them to form
the most stable assembly.”>*"?*'*2!* The SAMs must be kinetically and
thermodynamically stable in the long-term in order to maintain the desired applicational
function. Adsorbate—adsorbate interactions, for example hydrogen bonds and van der
Waals interactions, within the 2D arrays and adsorbate—substrate interactions exhibit
strong driving forces for the formation of highly-ordered surface structures,2’¢2!%->!1215-218
Besides providing stabilisation and mutual recognition of the SAMs, long alkyl chains act
as easily variable spacers.®”*'" The adsorbate—substrate interactions of metal complex
SAMs are due to the electrostatic interactions between the metal ion and the substrate, as
well as to the alkane chain—substrate interaction."’

The focus of SAMs is nowadays on possible functional applications and therefore
this methodology is used for constructing nanostructures.®*'*2!>*1922! |t has been stated
that SAM formation is the first step in all assembly and interface engineering.””? The
SAMs most often studied on transition metal surfaces all have a thiol-functionality but
there are other functionalities that react with the substrate surfaces. Reactive functional
group/surface —pairs are for example SH/Au,”'**"> S—S/Au,*"* COOH/Au,***** SH/Ag,*"?

COOH/Ag,*"” SH/Cu,?" SH/Pt,*"> OH/Si**® and OH/Si0,.**
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5.2 Surfaces

In the studies included in this thesis, the substrates used consisted of transition
metal™"" and graphite surfaces.""""" Therefore, only these are discussed in this chapter,
even though for instance hydroxylated silica substrates’>**® have been studied

extensively.

5.2.1 Gold

Metal surfaces can be either polycrystalline or single crystalline, the latter being
smoother. The commonly used transition metal substrates for construction of SAMs are
Cu, Ag, Au, Pt, and Pd but Au is used most often. When compared to Cu and Ag, Au is
chemically more stable as it does not oxidise under ambient conditions and therefore its
handling is easier.””” In this chapter focus is put on thiol SAMs on Au, which have been
prepared both under inert gas and in air, as these constitute the systems studied.™"V High
affinity of gold to sulphur can be explained by the Hard-Soft Acid Base (HSAB)
principle. According to this principle soft acids, such as metal surfaces, prefer to react
with soft bases (e.g. RSH and RS") rather than with hard bases (e.g. RNH,, ROH, and RO
). 228229

Analogous alkanethiols and alkyl disulfides adsorb on Au surfaces as gold thiolate
(Au'RS") species via the cleavage of S—H or S—S bonds, respectively, and the successive
formation of a strong S—Au bond (ca. 40 kcal mol™).204206:213216230-236 The bonding
proceeds basically in two phases. First, the thiol is adsorbed on the surface in a matter of
seconds and then, during the following hours, the molecules in the formed SAM are
rearranged in a more ordered way. The adsorption kinetics of the first phase is suggested
to be a mixture of inseparable physical and chemical processes governed by
surface—headgroup interactions in contrast to the orientation/ordering step that is governed
by intermolecular interactions.*®*'®*'® Typically, with longer immersion times more
ordered SAMs are achieved.”'® Aromatic thiol SAMs are less extensively studied and their
formation is not so well understood than those of alkanethiols, but they are still highly
interesting, for example for molecular electronics applications. Electrons in the benzene
rings are more delocalised than in alkyl chains causing a better electrical conductivity

through the aromatic thiols.*'®*’
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Organothiols have been reported to produce vacancy islands, one (maximum three)
gold atom deep, on gold surfaces (Figure 14). The thiol adsorption causes an enhanced
mobility of the gold atoms in the topmost layer leading to surface reconstruction. The
lateral mobility takes place via hole migration and coalescence and it might be an
intermediate step in the formation of gold thiolate complexes.”*>**** The vacancy
islands, i.e. etch pits, were first observed on surfaces treated with alkanethiols and later on
surfaces treated with partially or fully aromatic thiols.”* In a theoretical study, adsorption
of methylthiolate on Au(111) surface was studied by calculations based on the density
functional theory, and showed that adsorbate-induced reconstruction enhanced the

adsorption of molecules at the defected surface.*

4.0 nm/Div

0 200 400 nm

Figure 14. AFM-micrograph showing the etch pits formed in polycrystalline gold by 4-
pyridinethiol adsorption (8 mM alcohol solution, 1 h)."

The formation of vacancy islands, which are filled with an ordered thiol SAM, can
be affected by the choice of the experimental conditions even though the thiol alkyl chain
length has no effect on the etch pit depth and dioxygen has no significant effect on the pit
formation in general. >****** By extending the immersion time of the gold substrate in the
thiol solution, the surface coverage of monoatomic deep etch pits is increased. However,
when the SAM formation is carried out at elevated temperatures, fewer depression pits

result on the surface but the average size of the pits is considerably increased.**'**

Moreover, it has been reported that thermal annealing revokes these defects.**2%3-2*
Besides producing vacancy islands on gold surfaces, thiol SAMs have been

observed to result in protruding gold islands. It has been also suggested that the protruding
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islands are caused by the increased mobility of surface gold atoms which then aggregate
and form the islands. The mobility is due to the strong Au—S bond that loosens the gold
atom adhesion within the two topmost layers.*'®

In the present study using AFM," it was noticed with polycrystalline gold surfaces
prepared by vapour deposition that several factors affect the gold thin film surface
structure and roughness. Glass as a substrate did not provide sufficiently smooth surfaces
and therefore the gold thin films were prepared on Si(100) wafers. In addition, if a thin
titanium layer was evaporated between the substrate (glass or silicon) and the gold film in
order to obtain better adhesion, the resulting gold thin films were not the smoothest
possible. The smoothest gold thin layer was obtained when the wafer was first oxidised
thermally at 1000°C to form an approximately 150 nm thick SiO, layer. After evaporation
of ca. 30 nm thick gold layer at room temperature, the wafer was annealed in air at 250°C
for 3 h to increase the grain size, which resulted in locally smoother surfaces. Similarly,
the Si/SiO,/Ti/Au structures were prepared at room temperature by first evaporating about
35 nm of Ti on the native SiO, layer of a Si(100) wafer after which about 100 nm thick
gold layer was evaporated. These structures have a slightly rougher surface than the

Si/Si0,/Au structures.””

5.2.1.1 Dissolution of elemental gold

Elemental gold is chemically dissolved in aqua regia and halogen containing
solutions, or in the presence of air or hydrogen peroxide, in thiocyanate and cyanide
solutions.””’ In addition, recently solid gold has been dissolved in chloroform solution of
cetyltrimethylammonium bromide when dioxygen was used as an oxidant.** During our
studies,” a new method to oxidise and fully dissolve solid gold was discovered. The
dissolution occurs selectively in methanol and ethanol solutions of 4-PS and 2-PS (Table
3). In this system, dioxygen has an essential role as an oxidant: Au thin films were
dissolved only in the presence of air, not under argon. A dominating side-reaction was the

decomposition of 4-PS and the formation of elemental sulphur®*

and previously
unreported formation of 4,4’-dipyridyl sulfide. The dissolution of gold did not occur in
water solution, at least not during the period of several months, possibly because of the
low solubility of the Au complex in aqueous media. Gold was etched also in THF solution

of 4-PS at ambient conditions, but this process was slow and was not studied in detail. The
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role of possible existing impurities on the Au surfaces for gold dissolution was fully

excluded experimentally."

Table 3. Oxidation of Au thin films. Reaction conditions: film area ca. 1 cm?, 8 mM solutions of
4-PS, 2-pyridinethiol (2-PS) and 4,4’-dipyridyl disulfide (4,4’-PSSP), ambient conditions.”

Entry Solvent Thiol Atmosphere Substrate Immersion time Effect on Au
1 EtOH 4-PS air Si/SiOy/Au 1h etch pits

2 EtOH 4-PS air glass/Ti/Au 2d dissolution

3 MeOH 4-PS air Si/Si0y/Au  2d dissolution
4 H,O 4-PS air glass/Ti/Au several weeks etch pits

5 EtOH 4-PS Ar glass/Ti/Au several months etch pits

6 EtOH 4,4-PSSP  air Si/Si0,/Au  several months etch pits

7 EtOH 2-PS air glass/Ti/Au 41 days etch pits

The oxidation kinetics of elemental Au in a solution of 4-PS was studied in detail by
varying temperature, dioxygen pressure, and 4-PS concentration. The resulting Au
concentrations in solutions (determined by atomic absorption spectroscopy, AAS) from
samples treated in different conditions were recorded as a function of time (Figure 15).
Dissolution rate of the reaction increases considerably as a function of 4-PS concentration,
whereas O-pressure has no clear effect. Temperature influenced the dissolution rate, and
reactions performed at 80°C showed that the Au(I) complex is thermally unstable and

v
decomposes.
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Figure 15. Effect of 4-PS concentration (a), temperature (b), O,-pressure (c), and additional 4-PS
(d) on the dissolution of Au nanoparticles. Experimental conditions: Au nanopowder (1 mg,
particle size 30-130 nm), MeOH solution of 4-PS (15 ml). 1: O,-pressure 10 bar, ¢(4-PS)=8 mM, t
22°C. 2: Op-pressure 10 bar, c(4-PS)=16 mM, t 22°C. 3: O,-pressure 10 bar, c(4-PS)=40 mM, t
22°C. 4: O,-pressure 10 bar, c(4-PS)=16 mM, t 80°C. 5: O,-pressure 3 bar, c(4-PS)=8 mM, t 22°C.
6: O,-pressure 10 bar, the initial c(4-PS)=8 mM and after addition of extra 4-PS 16 mM, t 22°C.Y

When gold thin films were treated in the presence of air in 8 mM EtOH solutions of
thiophenol, pyridine or 4,4’-pyridyl disulfide (4,4’-PSSP), film dissolution did not occur
within the monitored time periods. Since 4,4’-PSSP adsorbs on Au surface as thiolate and
is inactive in the gold dissolution, it is suggested that the differing etching properties of 4-
PS and 4,4’-PSSP are due to the zwitterionic form of 4-PS." The thiol-thione tautomery
distinguishes pyridinethiols also from thiophenol. The proposed reaction mechanism for
gold oxidation is presented in Scheme 2. Based on the analysis used, it is suggested that
the product is bis(pyridinium-4-thiolato)Au(I). Despite prominent efforts, the
unambiguous structure of the labile counter ion remained unresolved. However, it is most
probably to be methoxide or ethoxide depending on the solvent in which the reaction was

carried out.”
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Scheme 2. Proposed oxidation reaction mechanism for Au’ in methanol solution of excess of 4-
PS.”

Tendency of pyridinethiols to coordinate with gold(I) in their zwitterionic form was
noticed also during the synthesis of bis(pyridinium-2-thiolato)gold(I) chloride and
bis(pyridinium-4-thiolato)gold(I) chloride. In these reactions, Au(Ill) is reduced to Au(I)
when excess of 2- and 4-pyridinethiol is used and disulfide of the thiol is formed as a side-

product."!

5.2.1.2 Self-supporting thin gold foils

Traditionally gold thin films have been detached from substrates by pre-depositing a
parting agent on the substrate prior to gold evaporation and finally dissolving the parting
agent. The parting agent is a compound that does not react with gold, such as NaCl, KBr,
KI, KCl, FeCl, plastic packing, or a sugar or soap solution.”***° Thin gold foils can be
also prepared by pounding and in this case the foils are usually called gold leaves. Typical
lower limit for foil thickness prepared by pounding is 100 nm.**’

In this study, the dissolution of elemental gold was observed with 4-PS and later the
dissolution ability of 2-PS was tested. Unexpectedly, by treating the gold film deposited
on a Si/Si0; substrate in methanol or ethanol solution of 2-PS, the film was detached from

the substrate and dissolved weeks later (Figure 16). Closer studies showed that thin films
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(30 nm thick) are detached from the Si/SiO, substrate when treated in alcohol solution
containing a mixture of 4-PS and 2,2,6,6-tetramethylpiperidine N-oxyl (TEMPO). The
detaching was faster in the methanol solution of 4-PS/TEMPO than in the ethanol solution
of 2-PS (ca. 14 hvs. 43 h)."

Figure 16. a) SEM image of a Au sample plate on Si substrate after 26 h 35 min treatment in the
ethanol solution of 2-PS (8 mM). The beginning of the detaching process can be observed at the
upper left-hand corner of the sample. b) Magnification of the upper left-hand corner of image a
showing the polycrystalline Au structure similar to the one prior to any treatments. ¢) Photograph
of the ca. 30 nm thick self-supporting gold foil after detaching it from the substrate by ethanol
solution of 2-PS."
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5.2.2 Graphite

Graphite can have hexagonal or rhombohedral forms which both consist of planar
layers of hexagonal nets of carbon atoms. The layers of these forms are arranged in
different vertical positions. The distance between the layers is 335.4 pm and the C—C
distances within the layers 141.5 pm.*>* Highly oriented pyrolytic graphite (HOPG) is the
most popular substrate for liquid-solid interface studies under ambient conditions, since it
is electrically conductive, flat, inert and easy to clean.’’® HOPG consists of polycrystals
with a lateral grain size typically between 30 nm and 3 mm. The grain size depends on the
graphite grade but is large enough to ensure atomically flat surfaces for AFM and STM
studies.”® Therefore, HOPG was selected as the substrate for the 2D metal salophen

complex assemblies (Chapter 6.2.3).""

6 Applications of functionalised surfaces

In general, SAMs can be used in a variety of applications, such as chemical
sensors, " electrochemistry,”’ catalysis,”® and corrosion protection (see Chapter 3.1.2
for examples). In electrochemistry, functionalised SAMs provide fast electron transfer,
good selectivity, and high sensitivity to the electrode. In addition, the electrodes are stable
with controlled chemical features and well-defined structures.”>® With SAMs the interface

260,261 262,263 . 264-266
and wetting, of the

and surface properties, such as lubrication, adhesion,
devices can be modified.

However, immobilised metallomacrocycles have been developed for fuel cell
applications®®” and a monolayer of bipyridine derivative on Au(111) acts as an effective
host to coordinate Pd(II) chloride.””* The complexation/decomplexation of metal ions on
solid surfaces is important for technological applications, such as construction of sensitive,

selective, and cost-effective chemical sensors and memories.>%?

6.1 Metal complexes on gold

The motivation for the formation of metal complex SAMs on metal surfaces is their

potential technological applications. Thereby, electroactive, chromophoric, and
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fluorescent metal complexes are studied extensively, especially on gold surfaces.”®® In this
chapter, focus is especially put on the metal complexes suitable for such applications.
Efficient film preparation for a specific application requires the use of appropriate
molecular functionalities on the metal substrates and in many cases amphifunctional
adsorbed molecules are required. One part of such molecules has a strong affinity for
metallic surfaces and another part has either weak or no affinity towards the surface. In
addition, the terminal functional group of the adsorbate must often have certain specific
chemical characteristics.?*>*" Importantly, adsorption of the metal complex on a surfaces
does not significantly change the properties of the complex.*®’

Metal complexes can be self-assembled on a gold surface by two different
procedures: using a linker molecule or via direct assembly (Figure 17). The linker
molecule is applied on the surface, the metal complex added and reacts with the linker. In
the direct assembly the ligand must have appropriate functional groups for the attachment
and thus this approach normally requires more synthetic work than the linker molecule
procedure.””>?%2" Both these approaches are extensively used and as many different
types of metal complexes have been self-assembled on gold surfaces, only some of them
can be introduced and discussed in this study. Very often metal complex SAMs on gold
surface have been used for electrochemical purposes (see for example ref. 259, 271 and

272 ) and these are discussed very briefly in this chapter.

(a)
Q . Q Q
X X X
molecule with a m

functional group X
1. The molecule forms a SAM via a
reaction between the functional group X
and the surface

(b)

X
linker molecule with a
functional group X \ [T——]QQ @ 2. g ;]
X X X X X X X X
; ; surface; / ; ; surface; /

2. Another compound is applied on the
surface forming a SAM by reacting
with the linker molecules on the surface

1. The linker molecule forms a SAM by reacting
with the surface via a functional group

Figure 17. Direct self-assembly (a) and linker molecule (b) approaches for SAM formation.
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Metallophthalocyanines have been often arranged on metal surfaces since they have
interesting photophysical, electronic, and electrochemical properties. The functionalised
surfaces have been used for example as catalysts, photoconductors, gas sensors and in
optoelectronic and microelectronic devices.”?'*”" Zn(Il) phthalocyanines are excellent
photosensitisers and they have also been reported as gas sensors. Peripherally with
alkanethiols and phenylthiols substituted metallophthalocyanine complexes have
promising electrochemical and photochemical properties as electrocatalysts and

photocatalysts.””’

Porphyrin SAMs, which are stable and have interesting optical and
electronic properties, can be used in catalysis, sensors, and molecular and electronic
devices.”** Thiol-derivatised metalloporphyrin has been reported to chemisorb on a gold
surface mostly as a tightly bound, well-defined monolayer but also weak multilayer

adsorption has been observed.”’

Besides the above applications, self-assembled structures
of porphyrins are attractive in obtaining better understanding of light-energy conversion
mechanisms of ordered porphyrins.”** Yet significant efforts are required in order to
obtain organised supramolecular scaffolds with optimum light-harvesting efficiency and
transfer rates at the practical level.””

In materials research, thin organic, organometallic, and polymer films exhibiting
nonlinear optical properties are of prominent current interest. They possess a variety of
interesting applications such as polymers with improved nonlinear optical properties and
use of single molecules in multilayer systems for thin-film optical devices.”™ So far
relatively few nonlinear organometallic materials have been studied. Since many
organometallic compounds have conjugated z-electron systems or low-lying charge-
transfer states, they possibly have large nonlinear polarisabilities, just as metal salen,
salophen, pyridine, and bipyridine complexes have.””**’” Molecular-based materials in
general have many properties, such as faster response time, lower dielectric constant, and
better processability as thin-film devices, superior to the properties of inorganic solids that
have traditionally been used as nonlinear optical materials.””

Besides the most common applications discussed above, metal complex SAMs on
gold surfaces have other more rare uses. For example, a gold surface treated with
poly(acrylic)acid and iron(IIl) nitrilotriacetate complex has been used in immobilised
metal affinity chromatography to assist mass spectrometric analysis of phosphorylated

: 2
proteins.*’®
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6.1.1 Linker molecule approach

Many chromophores, such as metalloporphyrins, phthalocyanines, and salophens,
have been chemisorpted on a gold surface by using thiols as linkers. 4-pyridinethiol (4-PS)
is a commonly employed linker and is very often used as a surface
modifier. 2206234279280V The yse of modifiers in general is an effective approach for
promoting direct electron transfer of redox metalloproteins. The modifier must be
bifunctional so that it can adsorb on the surface and interact with the protein.**

For example, coordination of Co(Il) and Fe(Ill) porphyrins, as well as Co(II)
phthalocyanine on SAMs of 4-PS, 4-aminothiophenol, and diimidazole derivative linker
molecules, has been studied by transmission UV-Vis spectroscopy.””” Ru(IV) porphyrins
have also formed SAMs by coordinating to a nitrogen headgroup of thiol SAM. These
SAMs were characterised by optical ellipsometry, XPS, STM, grazing-angle FTIR
spectroscopy, and visible spectroscopy.?*®

Furthermore, Fe(II) and Ru(Il) cyano complexes’” and substituted Co(salen)
complexes (21 and 45)" have been assembled on gold via 4-PS linker molecule. The
cyano complex SAMs were studied by surface-enhanced Raman spectroscopy (SERS) and
electrochemical techniques.”® In the present studies, unsubstituted Co(salen) was first
self-assembled on Au, but this turned out to be impractical due to its rather low solubility.
Thus, complex 45 was prepared and its solubility is higher than that of the unsubstituted
complex, as intended. However, the introduction of fert-butyl substituents changed the
dioxygen activation properties more than expected (Figure 11, page 27). The affinity of
the new complex for dioxygen was rather poor. Therefore, 21 was prepared and as early as
during the synthesis its high affinity for dioxygen was noticed. This complex is soluble for
instance in CHCl;, CH,Cl,, TCB and DMF but insoluble in alcohols. The Co(salen) 21
and 45 functionalised surfaces were characterised primarily by AFM but the surface with
21 also by XRR."Y

Gold surfaces modified with metal complexes can act as sensors, as demonstrated by
Co(Il) phthalocyanine, which gives linear response to l-cysteine over a fairly wide
concentration range (0.28-20 uM). The sensor was prepared by first forming a 2-
mercaptoethanol SAM and then attaching a Co complex covalently on it (Figure 18). It is
suggested that the Co complex is most probably attached to 2-mercaptoethanol SAM
using one of the peripheral substituents, leaving the other three unattached. The surfaces

were studied by electrochemical methods.*™
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Figure 18. SAM of Co(Il) phthalocyanine complex on a gold surface.
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6.1.2 Direct self-assembly

An obvious drawback of the direct self-assembly of molecules on surfaces via thiol
appendages is the often difficult compound synthesis. In addition, with large, more
complex, or charged SAM-forming compounds, the monolayer formation can be poor or
totally obstructed. The large systems might not form ordered monolayers due to the
covalently attached linker molecule that does not provide a close-packing. Problems with
the charged species originate often from the disparity of intermolecular forces present.
With some charged systems, molecules do not self-assemble on surfaces despite several
free thiol functionalities.”®*>*

Chiral Mn(IIl), Co(Ill), and Fe(Ill) salen complexes have been prepared by
complexation of the metal chlorides with ligands which were immobilised on a gold
surface. The ligands were functionalised with thio(phenylacetylene), substituents (n=1 or
2) and were adsorbed on gold via thiol functionality (Figure 19, page 49). In case of all
complexes, the surface coverages were better with the longer thio(phenylacetylene)
spacer. The electron-transfer reactions in the monolayers studied by cyclic voltammetry
showed reversible redox reactions between M(III) and M(II) for all immobilised
complexes.58 However, Ni(II), Cu(Il), and Co(Il) salophen complexes with functional
sulphur substituents were adsorbed on the surfaces and the ad-layers formed were studied
by XPS, SIMS, and grazing-angle FTIR spectroscopy techniques. The results suggest that
the alkyl chains are disordered and liquid-like. On the average the molecules are adsorbed

on gold via one sulphur group of the molecule.*
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Several complexes on a gold surface have been tested as sensors. Ni(Il) macrocyclic
complex having a tetraamine ligand was substituted by a thiol functionality (E, Figure 19)
after which it self-organised on a gold surface. Sensor activity of the formed SAM was
demonstrated for thiocyanate anions and soybean inhibitor trypsin protein molecules by
using the surface plasmon resonance (SPR) technique.281 Fe(Il), Ni(II), and Zn(II)
porphyrins have been self-assembled on gold via the thiol group (F, Figure 19) in order to
study by electrochemical measurements the electron transport through the SAM and the
influence of the metal ion on the transport.”**

Bilayered Zr(IV), Ce(IV), and Ti(IV) complexes with hydroxamate groups for metal
coordination and disulfide moieties for adsorption on gold, have been prepared and
characterised by XPS, ellipsometry, and contact angle techniques.”> In Co(II), Cu(Il),
Fe(I), Ni(Il), and Zn(II) thiocyanate complexes, two thiocyanate groups out of four were
converted to thiolates upon chemisorption on a gold surface (Figure 19). By using
different metal ions, the metal ion originating electronic effects in the junction can be
distinguished, and the effect of different spin states on molecular conductance can be
studied. The functionalised surfaces were characterised by XPS, ellipsometry, and IR
reflection spectroscopy.%9 The SAM of Re(I) complex with a bipyridine derivative ligand
(Figure 19) was characterised by using SPR spectroscopy, SERS,** FTIR spectroscopy,
ellipsometry, and contact angle measurements.”’*

Quite intricate structures have been also assembled on gold via direct self-assembly.
For example, multilayered thin films consisting of multiple components, one of them
being a Cu(Il) complex, have been fabricated by repeated sequential depositions. First, an
alkanethiol with a functionalised headgroup has been assembled, then a carboxylic acid
ligand followed by Cu(Il) ion and finally by another molecule of the carboxylic acid
ligand having a covalently bonded pyrene. These films are photocurrent-generating and
the light absorbing group, pyrene, is noncovalently coupled to a gold surface via metal—
ligand complexation (Figure 19). The systems have been characterised by conductivity,
impedance, contact angle, and IR measurements.*”

Even though most of the complexes have been assembled on gold via the thiol head
group, one differing example exists showing interesting new prospects for complex
assembling on gold and other metal surfaces. In that study, the ligand of Zn(II) porphyrin
was functionalised with two COOH-groups (Figure 19). The complex formed a stable

SAM so that one of the acid groups was bound to gold and the other one formed a
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hydrogen bond with an adjacent complex molecule. It is suggested that the porphyrin
plane is tilted relative to the gold surface. The interaction between the surface and the
assembled molecule is rather weak, and similar interactions could be achieved by

employing for example polar COOH or NH,-groups.”**
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Figure 19. Schematic presentations of the metal(II) complexes self-assembled on gold surface via

the thiol functionality of the ligand 3°%6%222:224.269.273.274.281
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6.2 Metal complexes on graphite

Typically, compounds must have long alkyl chains for lateral immobilisation of the
molecules on HOPG which further facilitates their imaging.*'' Alkyl chains aid in
stabilising the SAM since they have high affinity for graphite and the van der Waals
interactions between the alkyl chains provide additional stabilisation.”'**"* Assemblies of
organic compounds on a liquid-graphite interface or on HOPG (this acronym refers
hereafter also to liquid-HOPG interface) have been studied intensively by STM over a
decade. The aim has been to understand their formation and thus provide industrial and
technological applications such as molecular electronic devices and corrosion
protection.”®® In the case of SAMs of metal complexes on HOPG the situation is just the
opposite; research has begun only recently to raise interest, and much basic research is
needed for understanding all the phenomena governing the formation of the structures.
The 2D structures of metal complexes on graphite provide a platform for highly ordered
metal decorated surfaces which are needed e.g. in functional nanodevices and for data
storage. With minor modifications to the ligands, variation of the alkyl chain length, the
distances between the metal centres and hence the metal ion density on the surface can be

60,61,284,VII
fine-tuned.

6.2.1 General considerations

STM is used to study 2D structures of compounds on HOPG because it provides
submolecular resolution and can operate in solutions. Aromatic parts of the molecules
appear in STM images brighter than alkyl chains due to their higher electron
density.®"19%3286 A typical physisorbed molecule is highly insulating: the energy
difference between the highest occupied molecular orbital HOMO and the lowest
unoccupied molecular orbital LUMO is in the range of 10-12 eV (Figure 20). Therefore,
the adsorbate film must be thin enough to allow electrons to tunnel between the tip and the
substrate.”®” However, it has also been claimed that the film thickness is not critical since
the tip penetrates through the excess insulating organic compound.®'® As the diameter of
the adsorbed molecules increases, a loss in the resolution follows. Typical tunnelling
parameters used in imaging adsorbates are selected so that the gap resistance is in the

order of 10°-10"° Q ensuring that the images are dominated by the features of the adsorbed
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molecules and not by the features of the substrate. This also helps to avoid disturbance of

the molecules physisorbed at the liquid-solid interface by the tip.2*’

A A
vacuum level
LUMO, cpq
57 eV LUMO .y oace vacuum level

Fermi level 47 eV
bias voltage
(typically 1.5 eV)
Y .Fermilevel
Pt tip HOMO, ¢ _ HOPG surface

adsorbate states

Figure 20. A qualitative energy level diagram of a molecular adsorbate on HOPG with a typical
HOMO-LUMO gap of 10-12 eV. Organic molecules are normally insulators and the location of
the HOMO and LUMO in the tunnel junction is not well defined. However, the adsorbate energy
levels should be several electron volts above the HOPG substrate and Pt tip Fermi levels.”’

Typical adsorbate molecules are large enough to produce only slow thermal motion
within the film at room temperature, so they remain on the surface a sufficient length of
time to be imaged. Energetics favour molecule migration to the liquid-solid interface, yet
evidence of dynamic motion has been observed, suggesting that the molecules move
freely, though slowly, between the surface and the solution. The presence of solvent has a
significant effect on the adsorption/desorption dynarnics.287

Sample preparation in general for STM studies on liquid-HOPG interfaces is
straightforward but few requirements for the solvent exist. First, the solvent must be
nonpolar so that the tunnelling current can be measured while the tip is under solution. In

polar solvents, the ionic current caused by the dissolved ions can be sufficiently large to

prevent detection of the tunnelling current. In addition, the solvent must have sufficiently
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low vapour pressure to not evaporate during image acquisition. Finally, the solvent must
have lower affinity for the surface than the adsorbate of interest thus preventing adsorbate
displacement from the surface by the solvent molecules.**’

A saturated solution of the studied compound is prepared in a non-conducting
solvent and then a drop of this solution is introduced on a freshly cleaved HOPG. Good
solvents for such purposes are trichlorobenzene, dichlorobenzene, phenyloctane, and 1-
octanol. During STM measurements, various types of artefacts can appear (Chapter 4.3)
and therefore it is always crucial to repeat the measurements using different HOPGs and

tips.

6.2.2 Literature survey of complexes used

Lamellar structures are so far the most common 2D structures reported for metal
complexes on HOPG. There are several STM studies where the 2D assemblies of
phthalocyanine metal complexes on HOPG have been studied (for applications see
Chapter 6.1). For example, Pr(IV) bis-octakis(octyloxy) phthalocyanine forms two
different adlayer structures, four-fold and six-fold domains, four-fold being the
dominating structure. In both structures, it is proposed that the alkyl chains interdigitate
between the neighbouring molecules.”?' Cu(Il) phthalocyanine (Figure 21, page 54) has
the same octaalkoxyl-substituted phthalocyanine ligand as the aforementioned Pr complex,
and it forms the four-fold and six-fold structures coexisting on the surface. It has been
suggested that in the four-fold symmetrical structure the molecule—substrate interactions
are relatively weak but in the six-fold structure strong molecule—substrate interactions
dominate.”!' In addition to plain complexes, co-adsorption of Cu(Il) and Pr(IV)
phthalocyanines with different organic compounds on HOPG have been studied.”!’**!2%%
290

Many unbridged Schiff base complexes (Figure 21, page 54), mostly with Cu(Il),
have been studied on HOPG but mainly by one research group. Rieger et al.®*®' have
prepared a systematic series of Cu(Il) and Pd(II) aldiminato complexes, where the position
and length of the alkoxy or alkyl chains have been changed. Variations in the ligand

structure provided fine-tuning of the thirteen, virtually lamellar, structures.’*®!

Qian et al.
have determined 2D structure of in situ complexed bis(N-octadecylsalicylaldimine)Cu(II).

The complex took a frans-configuration and arranged in a lamellar structure where the
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alkyl chains of the molecules from neighbouring lamellae were fully interdigitating. The
structure obtained was similar to the structure of synthesised pure Cu complex thus
confirming successful in situ complexation.®® Prior to these studies,”” only one bridged
Schiff base complex, (bis(5-dodecylsalicylidene)ethylene-diaminato)Ni(II) (Figure 21),
had been imaged on HOPG by STM. It had been suggested that the complex formed
dimers, and that the alkyl chains showed no apparent interaction with other parts of the
molecule but that they seemed to lie over the HOPG surface.*®

Zn(IT), Ni(II), and Rh(III) porphyrin complexes (Figure 21) have been studied on
HOPG for the same reasons as on a gold surface (Chapter 6.1).*'* With Zn and Ni
porphyrin complexes, it has been shown that such surfaces can be imaged by chemically
modified STM tips. First, the STM images were obtained with unmodified tips and Zn and
Ni centres appeared as dark depressions. When the 4-PS modified gold tip was used, the
metal centres occurred as bright spots. This is suggested to be due to metal coordination
interactions between the central metal and the pyridyl group of the 4-PS on the gold tip.
These interactions probably modify the overlap of the local density of states of the sample
and tip, resulting in increased tunnelling current.”’

To further demonstrate the improved contrast variations achieved in STM images
with 4-PS modified tips, the mixture of pure ligand and Zn porphyrin as well as the
mixture of Zn and Ni porphyrin complexes were studied. In the former case, two kinds of
bright spots were observed. The moderately bright spots were suggested to be the centres
of the pure ligand and the very bright spots the metal centres. In the case of the mixture of
Zn and Ni complexes moderately and very bright spots were obtained. By changing the
ratio of the complexes, the very bright spots could be assigned to Zn centres and the other
spots to Ni centres.””!

The effect of the tip-to-sample distance on the contrast variations of the STM
images was examined with bis[1,3-di(p-n-tetradecyloxyphenyl)propane-1,3-dionato]Cu(II)
(Figure 21). The STM image was obtained with a high resolution showing the separation
between the alkyl chains and the metal-containing core. With various tunnelling currents
(bias voltage was kept constant), the image features of the core parts of the molecules
differed remarkably whereas the appearances of the alkane chains were almost the same.
The molecular core contribution was suggested to dominate the image contrast.***

Alkyl chain length change alone can affect imaging of the structure, as was found

for two porphyrin Rh(IIT) chloride complexes having coordinated pyridine (Figure 21).
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The complex with triacontyl groups, Rh(Cs;yOPP)(Cl)(py), was imaged from pure solvent,
whereas the complex with octadecyl groups could be imaged clearly only from a solution
containing a mixture of the complex and a free ligand. However, even in the best case the
images were only molecularly resolved and therefore molecular structures were not
proposed for the 2D assemblies. It was suggested that the longer alkyl chains leading to
higher adsorption energy contributed to the formation of the Rh(Cs;yOPP)(Cl)(py) SAMs
from plain solvent. Furthermore, the high adsorption energy of Rh(Cs;,OPP)(Cl)(py)

should hinder the molecular exchange between the SAM and the supernatant.””
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Figure 21. Selection of metal complexes studied on HOPG.®-632!1291.292.294
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An interesting aspect was noted in the studies of two ferrocene (Fc) complexes
having long alkyl chains, when comparing their adlayers on HOPG with their single
crystal structures.”®>*° Oligomethylene bridged diferrocenes with the structure Fc—
(CHy),—Fc or Fc—(CH,;),~CH=CH-(CH,;),—Fc formed lamellar structures. The lamellae
consisted of parallel double rows of closely neighbouring Fc end groups separated by
maximally extending parallel oligomethylene (—CH,-), spacers.””® In the 2D pattern of
tetradecylferrocene, Fc(CH;)3CHj3, the Cj4-sidechain was in the maximally extended form
with all saturated hydrocarbyl subunits and alkyl chains fully interdigitating.”

Besides the complexes described above, many grid-type metal complexes with four
metal centres have been studied and some of them have shown different morphologies on
HOPG.2"?#°297 Cy(1I) and Pd(Il) complexes with modified 2,2 -bipyridine ligands have
been also studied together with Pd(IT) bis(B-diketonate) complexes.”'******® Even though
for the bis(B-diketonate) complexes no images with submolecular resolution have been

attained, it is suggested that the alkyl chains of the adjacent molecules interdigitate.”'**%*

6.2.3 Metal salophen complexes

The aim of this study was to obtain understanding on formation of 2D structures of
metal complexes on HOPG. For such studies, a series of metal salen and salophen
complexes were prepared (Figure 6, page 20). Complexes with different metal centres and
alkyl chain lengths that were substituted symmetrically or unsymmetrically were
synthesised. Possible differences in the assembling of ligands and metal complexes were
also of interest.""

From the measurements carried out in the constant-current mode, several important
features were observed. Most importantly, even relatively small changes in the ligand or
change of the metal ion can significantly affect the SAM formation and the 2D patterns.
As an example, STM images were obtained only for salophen (phenylene-bridge between
the imino nitrogens) complexes, not for salen (ethylene-bridge or tetramethylated

ethylene-bridge) complexes.”

Attempts to study the effect of symmetrical alkyl chain
substitution vs. unsymmetrical substitution also failed, since STM images were only
obtained for one symmetrically substituted salen complex with ester chains, though not

with high resolution (Figure 22).
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Figure 22. STM-image of Cu(Il) complex 46 and the proposed structure. Due to the low image
resolution, it is not possible to provide the detailed molecular arrangement.

A clear difference in the imaging of salophen complexes and ligands was also
observed. All prepared complexes except those of Fe(Il) formed reproducible SAMs

within minutes after introducing the sample solution on HOPG, but the images were
obtained only for the salophen C,,-ligand (Figure 23).
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Figure 23. High-resolution STM image (left) and the proposed molecular model (right) of the

salophen Cj,-ligand on HOPG. Image area 203 Ax203 A, Ug=-259 mV, I=18.2 pA. Unit cell
dimensions: a=7.6£0.2 A; b=21+0.2 A, angle 101+2°. The hydrogen bonding of molecules is
shown by the dotted lines and the grey overlay.
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It was attempted to image salophen complexes with hexyloxy side chains but
without success. In addition, images were not obtained for Fe(Il) salophen complexes as
for equivalent Cu, Co, and Ni complexes. It is proposed that Fe complexes and complexes
with Ce-chains, as well as salophen ligands with shorter alkyl chains (Cj¢ or less) and
salen complexes are too mobile on HOPG for successful STM imaging. It has been
previously reported that even if the molecules are easily adsorbed on the surface, obtaining
high-resolution images may be difficult due to mobility of the molecules within the basal
plane. Furthermore, the scanning tip may introduce perturbance that interferes with
imaging.”"' In the case of Fe(I) complexes, it is likely that they form rather fast p-oxo
complexes when in contact with air and thus they are not sufficiently planar for STM-
imaging.”’ Salen complexes also seem to be too non-planar, as they often favour umbrella
or stepped conformation instead of planar which is common for salophen complexes
(Chapter 3.2.2).

6.2.3.1 Parallelogram-like structure

The Cu complex with Cg alkyl chains (37) formed a parallelogram-like structure
(Figure 24). In this assembly, every second complex molecule within a lamella is twisted
by 18° with respect to the preceding molecule. As a consequence, this kind of assembly
can be visualised as an array of almost individual parallelograms. The periodicity of the
lamella is reflected by the metal-metal distance along the b-axis (17+0.2 A). The
intermolecular metal-metal distances within a lamella alternate between 12+0.2 A (b-axis)
and 17+0.2 A (a-axis). Interdigitation of the alkyl chains varies in the assembly and one
molecule within a parallelogram acts like a glue between the individual parallelograms.
Three other molecules within a parallelogram have relatively weak van der Waals forces.
Additional CaH-*Oaioxy hydrogen bonds*® with a distance of 2.7+0.2 A provide
stabilisation for the structure.""!

The parallelogram-like structure was obtained also for Co and Ni complexes 29, 30,
33, and 34 with Cg and C) alkyl chains (Table 4). Although the image resolution of these
complexes does not facilitate interpretation of the 2D fine-structure, it is clear that an alkyl

chain length and metal ion interplay exists in the formation of these structures.""
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Figure 24. a) High resolution STM image of complex 37, area 161 A x 161 A, Uy=-630
mV, I,,=29.3 pA. b) Proposed molecular model. Unit cell dimensions: a=28.5+0.2 A, b=34.0+0.2
A, angle 104+2°, The hydrogen bonding in a parallelogram is shown by the dotted lines and the

grey overlay.""

Table 4. Unit cell dimensions of salophen complexes 29, 30, 33, 34 and 37.

Complex Unit cell

a(A) b (A) angle (°)
CuCs (37) 28.5+0.2 34.0+0.2 104+2
NiC;o(34) 28.0+0.2 28.0+0.2 90+2
NiCsg (33) 25.0+0.2 27.0+0.2 95+2
CoCi (30) 28.0+0.2 33.5+0.2 92+2
CoCs (29) 22.0+0.2 34.0+0.2 100£2

6.2.3.2 Honeycomb structure

Co(II) and Ni(IT) complexes (31 and 35) bearing the same Cj,-ligand as 39, formed
honeycomb-type network patterns consisting of hexagons of six molecules (Figure 25). A
structural model where each molecule has three nearest neighbours within a range of 12-
15+0.2 A is proposed. The alkyl chains of each molecule are parallel to the bisector of the
salophen complex and perfectly interdigitate with those of the opposite molecule within a
hexagon. Besides the van der Waals forces between the alkyl chains, the pattern is
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stabilised by intermolecular CaH*Oj,ioxy hydrogen bonds (ca. 2.6+0.2 A) and every
VIL300

molecule has two of these.

Figure 25. a) High resolution STM image of complex 31 with an image area of 104 Ax104 A,
Uge=-180 mV and I=12.8 pA. b) Proposed 2D structural model. Unit cell dimensions:
a=19.5+0.2 A, b=46.0+£0.2 A, angle=86+2°. The hydrogen bonding in a honeycomb is shown by
the dotted lines and the grey overlay.""

6.2.3.3 Twisted structure

Cu complexes 38 and 39 with long alkyl chains, C;o and C,, respectively, formed
reproducibly twisted structures (Figure 26). Even though the STM image of 38 was
obtained with a high resolution, the resolution in some parts of the image is not high
enough to allow a fully unambiguous structural characterisation. In the model suggested,
the molecules are arranged in a way that the alkyl chains and aromatic parts of the
molecules alternate, which can be illustrated as kind of lamellae. Here, the lamellae
constitute of a repeating unit of two molecules, and the neighbouring lamellae are
dissimilar. The measured lamellar periodicities for 38, 22.0+0.2 and 27.5+0.2 A, suggest
interdigitation between the alkyl chains of neighbouring lamellae.*®' The observed
distances between the alkyl chains vary rather much (3.7+0.2 A, 4.1+0.2 A, 4.3£0.2 A and
6.3+£0.2 A) within the ordered structure and all distances, except the longest, are rather

01,302

typical of close-packed alkyl chains.? Besides the van der Waals interactions between

the alkyl chains, the CaH:*-Oaioxy hydrogen bonds (2.4+0.2 A and 2.6+0.2 A) stabilise the
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pattern.*”® The shortest metal-metal distances (10£0.2 A) in the pattern are the distances
within a lamella. When the alkyl chain length is increased from Cyo (38) to Ciz (39), the

periodicity of the lamellae is augmented to coincide with the longer alkyl chain length.*"'

This augmentation was expected and facilitates fine-tuning of the 2D structure.*

Figure 26. High-resolution images of complex 38 with an image area of a) 146 Ax146 A, Ug=-
880 mV, I=9.21 pA and b) 170 Ax170 A, Uy,=-108 mV, I.=32.2 pA. c) Proposed molecular
model. Unit cell dimensions: a=20.0+0.2 A, b=49.5+0.2 A, angle=81+2°. STM image of 39 at the
liquid-HOPG interface shows the same features as 38 but with a longer periodical distance.””’
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6.2.3.4 Origin of different 2D structures

As shown above, the 2D structures of complexes on HOPG can be affected by the
choice of the metal ion and the alkyl chain length (Figure 27). It is suggested that the
driving force for the assemblies is a subtle interplay between a maximum amount of
attractive van der Waals interaction of the alkyl chains and weak hydrogen bonds on the
other side. In each particular case, the global energetic minimum is reached by a
compromise between these interactions."" "

In the twisted structures of Cu(salophen) complexes 38 and 39 (alkyl chain length
Cy; and Cj, respectively), van der Waals interactions between the alkyl chains and
CarH +*Oaioxy hydrogen bonds are the stabilising forces. In the parallelogram-like pattern
of the CuCs complex (37), the van der Waals interactions are weaker than in 38 and 39 but
this is compensated by CaH-+*Oaikoxy hydrogen bonds. Co and Ni complexes with C;; alkyl
chains seem to favour the maximum possible number of hydrogen bonds to stabilise their
honeycomb assemblies, taking into account that there is always a compromise between the
van der Waals forces and hydrogen bonds. The observed structural differences in the 2D
morphologies could be due to electronic effects that may influence the intermolecular

interactions, such as hydrogen bonds, and therefore the packing.""*"!

Number of C-atoms
in alkyl chain
12 H T
11
10 P T
9
8 P P

2+

coINE cu

Figure 27. A diagram showing the effects of alkyl chain and metal ion on the 2D pattern. H =
honeycomb, P = parallelogram-like and T = twisted structure."™*"!

Average metal ion coverage on the surface, and therefore the metal-metal
distances, are important for the metal-ion patterning of the surface. From the three
structures obtained, the twisted assembly provides the shortest (10+0.2 A) metal-metal

distances. However, due to more separated aromatic and alkyl chain parts compared with
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the other two structures, the average metal ion coverage is only ca. 0.40 metal ions/nm’
(estimated from 5 nmx5 nm area). For honeycomb and parallelogram-type structures the

equivalent value is slightly higher, ca. 0.48 and 0.52 metal ions/nm’, respectively."'">"!

6.2.3.5 Comparison of 2D and 3D structures

Comparison of 2D and 3D structures of compounds is important as it helps to gain
understanding of self-assembly processes in crystals and on surfaces.’* This, on the other
hand, is of utmost importance as the prediction and design of 3D crystal structures still
remains challenging.*** Furthermore, knowledge of the real surface structure of compound
is crucial from the application point of view as orientation and relative position of the
molecules are important for tailoring desired properties.®” High resolution STM images
with visible sub-molecular features require often much efforts whereas in other cases
single crystals suitable for X-ray crystallography are difficult to obtain. Therefore,
depending on the compound, it would be very convenient if the 2D pattern could be
deduced from the 3D structure or vice versa.

Several studies on 2D vs. 3D packing of different organic compounds suggest
similarity of these packings®”~*>* but also opposing studies exists.””*>'* On the contrary
to organic compounds, studies combining the 2D and 3D structures of metal complexes
are rare. Only very recently Wedeking er al.”*>**° have compared the 2D adlayers of two
ferrocene (Fc) complexes, namely Fc—(CHz)4—Fc and Fc(CH»)3CHs, on HOPG to their
single crystal structures. In both 2D/3D systems, the characteristics of the physisorbed
patterns on HOPG could be deduced from their 3D packing diagrams.*”*"°

As already mentioned in Chapter 3.2.2, single crystals of salophen complexes with
long alkyl chains (Cs-Cj2) could not be obtained despite numerous efforts. However,
crystal structures of equivalent Cu(salen) complexes were obtained relatively easily,
whereas their 2D patterns remained unattained. However, it can be assumed that single
crystal structures of analogous salen and salophen complexes are not significantly
different in terms of the molecular packing. Therefore, we compared molecular packings
of Cu(Il) salen complexes (25-27 and 27-MeOH) bearing long (Cs-Ci») alkyl chains to the
2D patterns of equivalent Cu(IT) salophen complexes (37-39).""-V!1301
In the 3D structures of 25-27 (Figure 28, page 64), the minimum C—C distances

between the alkyl chains were in the range of van der Waals interactions, ca. 3.80-4.46 A,
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and besides these interactions, numerous CH--O hydrogen bonds provided stabilisation.
When the 3D structures are compared to the 2D assemblies of 37-39, it can be noticed that
they provide closer packings and have more stabilising forces than the 2D patterns
(Chapters 6.2.3.1-6.2.3.4). Furthermore, it is very important to notice different effects that
possible axially coordinated solvent molecules induce on 2D and 3D structures. As the
structures of complexes 27 and 27:-MeOH show, the solvent molecule can change the
packing in 3D structures significantly.">V"*°! On the contrary, in 2D assemblies the axial
solvent molecule would be most likely to point into the solution and it would not have any
effect on the pattern formation.

Two different 2D structures, both with interdigitating alkyl chains, can be
constructed from the 3D structures of 25-27 (Figure 29, page 65). They would appear with
equal probability on the substrate and it cannot be predicted which one of them would be
actually formed. Furthermore, alkyl chain length has no influence on the resulting
structures in contrast to the imaged 2D patterns of 37-39. Finally, the derived structures
are not the same as imaged with 37-39. Thus, it is suggested that in the case of the
complexes studied, 2D assemblies cannot be derived in detail from the molecular crystal
packing of the complexes. Presumably, the adsorbate—substrate and van der Waals
interactions together with possible hydrogen bonds create such a complex system in which

the pattern formed on HOPG is a compromise between all these forces."""">!

64



Salen moiety layer Alkyl chain layer
S L—

Plane 1

Cu-Cu 8.63

N\’\N\ Cu-Cu 8.63

\

Cu-Cu 8.63
Plane 2

Plane 1
25.25

Plane 2

Figure 28. a) Crystal packing of complex 27 viewed from the angle showing the “lamellar”
structure. The alternating structure of the alkyl chains and salen moieties is visible. b) Crystal
packing of 27 from another angle showing more clearly that the molecules within the “lamella” are
in different planes. The distances between the alkyl chains and Cu ions are in dngstroms and the
hydrogen atoms have been omitted for clarity. Complexes 25 and 26 are packed similarly to 27. In
25 the corresponding Cu—Cu distances as shown in Figures a and b are 8.412, 14.936, and 22.023
A, and in 26 8.245, 14.662, and 24.908 A."'
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Figure 29. Construction of 2D patterns from the 3D structure of complex 27 assuming that in the
2D structure the molecules are planar and the closest possible packing results. a) The two different
planes are shown in black and grey. When all molecules shown in black are moved into the
analogous positions, indicated by the black arrows, a lamellar structure with fully interdigitating
alkyl chains is achieved. b) Schematic model of the 2D lamellar structure with interdigitating alkyl
chains of the neighbouring lamellae. ¢) Schematic model of another pattern which can be derived
from the 3D structure. For complexes 25 and 26 the 2D patterns are obtained similarly.™

7 Concluding remarks

In this study, two-dimensional assemblies of cobalt, copper, iron, and nickel salen
and salophen complexes were of interest. In order to study the patterns they form on
liquid-graphite interface and on polycrystalline gold surface, the ligand precursors and
metal complexes were synthesised and fully characterised. In addition, several new solid
state structures were obtained and the dioxygen coordination properties of different cobalt
complexes were studied by UV-Vis spectroscopy. The imaging of self-assembled
monolayers by AFM and STM techniques requires smooth surfaces, and therefore
significant efforts were made to find the proper structures for gold thin film substrates.

Co(salen) complexes were arranged on a gold surface by using 4-pyridinethiol as a
linker molecule. As a side-product of these studies, a new thiol-assisted procedure for

oxidation of solid gold was found and by altering the reaction conditions preparation of
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thin gold foils (30 nm thick) became feasible. In addition, coordination of pyridinethiols
on Au(l) was studied in more detail.

The STM studies of cobalt, copper, and nickel salophen complexes revealed three
new 2D patterns illustrating the previously unreported interplay between the alkyl chain
length and metal ion and showing its effect on the formation of these patterns.
Furthermore, the specific requirements that the studied complexes and ligand precursors
must fulfil prior to successful imaging on liquid-graphite interface could be illustrated. As
the three different 2D patterns obtained and their comparison to single crystal structures of
analogous Cu(salen) complexes hint, in this particular case it is not likely that the 2D
structures can be derived from the 3D single crystal structures. This is due to the relatively
complex system where the optimum pattern is formed as a compromise between van der
Waals interactions, intermolecular hydrogen bonds and adsorbate-substrate interactions.

Further studies could be to continue examination of the 2D structures of metal
complexes on different substrates but more importantly to examine applications such as
catalysis or molecular level sensors. The substrates of main interest would be both gold
and liquid-graphite interface but also silicon. It would be beneficial to study whether the
highly-ordered 2D patterns of salophen complexes formed on liquid-graphite interface
survive on graphite after removal of the solvent. If they survive, the organic parts of the
complex molecules could be removed and the sites of the metal centres formed could be

located.
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