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Abbreviations and Constants

AO - Atomic Orbital
AT - Alkanethiol
BE -Binding Energy
CPS - Counts Per Second
EAL – Effective Attenuated Length
EM - Electromagnetic
FTIR - Fourier Transformation Infrared Spectroscopy
KE -Kinetic Energy
IMFP -Inelastic Mean Free Path
M1 - 1-SH-meta-carborane
M9 - 9-SH-meta-carborane
M1-COOH - 1-COOH-7-SH-meta-carborane
M9-COOH - 1-COOH-9-SH-meta-carborane
MO - Molecular Orbital
n.n.d. - nearest neighbor distance
O1,2 - 1,2-(SH)2-ortho-carborane
O9,12 - 9,12-(SH)2-ortho-carborane
P1-COOH - 
PE - Photoelectron
RSF - Relative Sensitivity Factor
SAM - Self Assembled Monolayers
STM - Scanning Tunneling Microscopy
TF - Transmission Function
UHV - Ultra High Vacuum
VdW - Van der Waals
XPS - X-ray Photoelectron Spectroscopy

NA = 6.022140857 · 1023 [mol−1]

ε0 = 8.854187817 · 10−12 [F m⋅ −1] 

h = 6.626070040 · 10−34 [J · s]

Van der Waals atomic radii:
r(hydrogen) = 1.20 Å
r(carbon) = 1.70 Å
r(oxygen) = 1.52 Å
r(sulfur) = 1.80 Å
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Abstract

This work aimed at the utilization of chemical principles for stabilization of self-as-

sembled monolayers (SAMs) of carboranethiol derivatives on a flat gold surface. Ideas 

employing surface confined coordination complex formation and dipole-dipole inter-

molecular interactions were outlined and the respective literature survey was compiled. 

Preliminary experiments were carried out to test for their feasibility and surfaces modi-

fied with self assembled monolayers proved very sensitive to reaction conditions ordin-

arily used for bulk synthesis. The chemical sensitivity of the studied surfaces, the neces-

sity of using appropriate surface-sensitive analytical techniques and the depth of the 

problem initially defined made this task both advanced and challenging. The formation 

of intermolecular coordination complexes with  ω-carboxylated  SAMs of meta-carbor-

ane-9-thiol was chosen to answer those issues, extending the previous work of the au-

thor on carboxylated carboranethiol isomers presented in his bachelor thesis. Concepts 

different of those based on coordination chemistry are briefly discussed as well,  but 

more as prospects for future work and to present this work in a broader context to which 

it belongs.

Characterization of molecules assembled on a surface in a single layer requires surface 

sensitive techniques, for the number of molecules per surface area is relatively small. 

For example a SAM of 1-carboxy-meta-carborane-9-thiol on gold flat surface contains 

less than a nanomole per cm2. X-ray photoelectron spectroscopy (XPS) was used as a 

convenient method for this study, not only as a tool for qualitative analysis as is com-

mon in the literature on SAMs, but also to asses some quantitative information on the 

formation of surface confined metal complexes. Discussion on some specific difficulties 

stemming from quantitative XPS analysis of SAMs is provided in this thesis. Dynamic 

contact angle measurements were used as means of probing the qualitative changes in 

the preliminary experiments.
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Introduction

Self assembled monolayers

First report of a SAM on a solid surface was published by Zisman et al. in 1946, who 

observed reversible adsorption of polar amphiphilic compounds on metal and glass sur-

faces and investigated the monolayer formation by contact angle measurements. The 

phenomenon was examined for molecules containing either −OH, −NH2 or −COOH an-

choring groups and an aliphatic tail, the anchor interacting with the bare surface and the 

tail pointing away from the substrate, determining its wetting properties.[1]

SAM is a spontaneously formed, structurally ordered molecular assembly of a surfact-

ant adsorbed on a surface.  The adsorption is primarily driven by the affinity of an an-

choring group to a substrate surface and additionally by lateral intermolecular interac-

tions between the SAM constituents, together governing the density of molecules on the 

surface and the structure of the adsorbed monolayer.

Depending on the nature of the anchor-substrate interaction, molecules may be classi-

fied either as chemisorbed, when covalently bonded to the substrate, or physisorbed, 

when bound to the surface only through weak electrostatic forces, Van der Walls inter-

molecular forces or hydrogen bonding. The difference between chemisorbed and phys-

isorbed  molecules  may  also  be  roughly  expressed  by  interaction  enthalpy, 

as ΔH < 42 kJ/mol for physisorbed molecules and ΔH > 42 kJ/mol for chemisorbed mo-

lecules.

The range of applicable anchoring groups and complementary surfaces has been ex-

tended since the opening studies, some of the known systems available for chemisorp-

tion of SAMs are listed in Table 1. The list presents selected examples to demonstrate 

the possibilities for surface binding of molecules into structures with a certain degree of 

order midst the adsorbed molecules.

Almost any molecule may bear an appropriate anchor and be used as a SAM constitu-

ent. The range of applicable molecules thus spans over aliphatic as well as aromatic mo-

lecules containing cycles,  heteroatoms and additional functional  groups.  The surface 

structure of a monolayer is driven by both the density of substrate binding sites suitable 

for substrate-anchor interaction and the lateral intermolecular interactions between the 

SAM constituents, making the surface structure dependent on the nature of the molecu-

lar backbone.
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Substrate Anchoring group Anchor bonding Notes

Au1,2
thiol, disulfide

(analogously selenols)

−S−Mt−

(−Se−Mt−)

thiolates on Au are usually stable, well 

defined, densely packed SAMs; physisorbed 

species my coexist alongside chemisorbed

other substrates (transition metals1, 

GaAs1,2, InP1,2, CdSe2 , ZnSe2 , ITO2 ...)
thiol, disulfide −S−Mt− −

usually Au and other coinage metals1
other sulfur containing species 

(dialkylsulfide, xanthate, thiocarbamate...)
− −

Ag1,2, AgO1, CuO1, Al2O3
1,2, TiO2

2, ITO2... carboxylic acid −C(O)O−Mt− −

TiO2
5, Nb2O5

5, Al2O3
5 phosphoric acid

the SAM structure appears similar to the Au-thiol system, 

physisorbed species my coexist alongside chemisorbed

activated (−COOH terminated) carbon3 amine −NH−OC(O)−

graphite and activated carbon electrodes3 amine, carboxylic acid, alcohol

the bonding is mediated through further functionalization of 

the surface, for example with with cyarunate chloride, 

carbodiimide etc.

−OH terminated surfaces: Al2O3 1, SiO2
1,2, 

ITO2, ZnSe1, Au (with Au2O3 overlayer)1...
chloro-, oxy-, amino- silanes −Si−O−Si−

usually ill-defined, durable but prone to 

hydrolysis

H−terminated Si4 (p−doped, n−doped, or 

intrinsic)
alkene, alkyne −C−Si−

very durable, deposited by various 

hydrosilylation techniques, with and without 

surface functionalization prior to deposition

H−terminated Ge4 alkene, alkyne −C−Ge− −//−

1) reviewed by Ulman in 1996[2], 2) reviewed by Smith et al. in 2004[3], 3) reviewed by Chaki et al. in 2002[4], 4) reviewed by Buriak in 2002 
and  Yan et al. in 2011[5], 5) as reported by Hähner et al. in 2001[6]



Self assembled monolayers have been employed in a vast number of various applica-

tions such as surface passivation,[7], [8] surface hydrophobization,[9] study of water 

films,[10] tribology,[11]–[13] patterning, nanolitography, printing,[14]–[16] functional-

ization of microcantilevers for metal ion sensing,[17], [18] surface modification for bio-

materials,[19]–[21] for example drug delivery,[22], [23] bioactivation of implant ceram-

ics for bone binding,[24] modification of teeth and dental materials,[25]–[27] further-

more application of SAMs as a substrate for nucleation and growth of inorganic mater-

ial crystals,[28] means for the study of lipid membranes,[29] means for the study of 

electron transfer,[30] immobilization of enzymes and proteins on electrode surfaces for 

selective  biosensing  and  electrochemical  analysis,[4],  [31]–[33] molecular  photo-

devices  and  photo-sensors,[34] organic  electronics,[35]–[37] selective  heterogeneous 

catalyses,[38] preparation of freestanding carbon nanomembranes,[39] preparation of 

graphene.[40] This is by far not a complete list and more applications were reviewed by 

Bishop  et al. in 1996,[41] Tam-Chang et al. in 1999,[42] Gooding  et al. in 2003,[43] 

Love et al. in 2005[44] and Ariga et al. in 2008.[45]
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Periodic Surface Structures and Their Notation

The notation of adlayer structures is  needed for the understanding of literature on 

SAMs. It is briefly presented here, although not necessary for the understanding of this 

thesis.

Unreconstructed surface structure of a single crystal is a cut of the crystal through one 

of its crystallographic planes. Crystallographic planes may be noted by Miller's indices 

and these, together with the knowledge of parameters of the unit cell of the crystal, 

provide all the information needed for the virtual reconstruction of the whole surface. 

Once the unreconstructed surface has been defined, it is possible to use Wood's notation 

to describe the structures of planar periodic adlayers that have the same symmetry as the 

original surface. The notation has been established in 1964.[46]

In Wood's notation, a planar primitive unit cell is introduced to allow for a truncation 

of the surface to the simplest periodically repeating unit which can be identified in an 

ordered array, the cell is defined by 2 vectors, a1 and a2, as seen in Fig. 1 A where an ex-

ample of a face-centered cubic (111) surface and its 2 possible planar primitive unit 

cells are shown. Periodically ordered surface adlayers are then described by two new 

vectors,  b1 and  b2 and  the  structure  of  the  adlayer  is  noted  as  (C1xC2)Rα,  where 

C1 = |b1| / |a1|, C2 = |b2| / |a2| and α it the angle of rotation between b1 and a1, as seen in 

Fig.  1  B where  an  example  of  adlayer  with  (√3x√3)R30º  structure  is  shown.  The 

(√3x√3)R30º structure is common for SAMs of alkanethiols (ATs) on Au(111) surface.
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SAM of Thiols on Gold

Thiol-based SAMs on Au substrate, first reported by Nuzzo  et al. in 1983 and spe-

cially reviewed by a number of authors during the years,[47],[44], [48]–[51] are prob-

ably the most often used SAMs for model studies. The Au-thiol system offers an excel-

lent reproducibility for experiments under ambient conditions and being intensively ex-

plored, a relatively understood environment for experimentation.

Deposition of the monolayer is done from either a gas phase, usually under ultra high 

vacuum (UHV) conditions or from a solution. It is usually possible to obtain identical 

monolayers using thiols and homologous disulfides. Both species give a dense coverage 

with the molecules standing up and being chemisorbed as thiolates when deposited from 

a solution.[52] On the other hand, deposition from a gas phase provides additional con-

trol over the monolayer formation. Monolayer of a structure identical to the one ob-

tained by deposition from a solution is usually produced with sufficient deposition time 

under lab. temperature. Monolayers with different structures may be obtained by vari-

ation of the deposition conditions. For example a "striped phase" with lower density of 

molecules and the molecules laying flat on the surface may be obtained by early termin-

ation of the deposition. A monolayer with only physisorbed species in their thiol form 

may be acquired by sufficient cooling during the deposition.[44], [53]  It is also possible 

to obtain different SAM structures for deposition from a solution, by making changes in 

deposition temperature or by thermal annealing carried out after  the deposition.[54], 

[55]

SAM is a dynamic system which may be noted with the following simplified chemical 

equilibrium equation: surface + adsorbate ↔ SAM. This implies that once the sample is 

removed from the solution of the adsorbate, the monolayer is thermodynamically un-

stable. The stability of the monolayer arises from a relatively high activation barrier for 

desorption, which may be attributed to bonding of the molecules to a surface and to lat-

eral intermolecular interactions within the monolayer. SAMs of ATs usually desorb from 

the surface at approximately 200 ºC, with the desorption starting at much lower temper-

atures, for example for octadecanethiol at around 100 ºC.[56]

The thiolate-gold bond enthalpy is approximately 180 kJ/mol,[2] the exact bonding 

strength depends on the adsorbed specie and on the surface binding site. Possible posi-

tioning of sulfur atoms relative to the nearest Au atoms introduce differences of approx-

imately up to ~25 kJ/mol for various binding sites,  i.e. the difference between two ex-
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tremes, the least favorable position, where the S atom is atop of an Au atom and the 

most favorable position, where the S atom is in a hollow site between 3 Au atoms.[2]  It 

is not yet resolved, what is the exact structure of the thiolate-Au interface for any of the 

known SAM systems and the aforesaid bond enthalpy difference is obtained merely 

from a  computational  study  made  for  an  unreconstructed  Au(111)  surface.  A clean 

Au(111) surface exhibits a (22x√3) "herringbone" reconstruction, leading to an extra 

density of Au atoms in the surface layer.[57] Deposition of a SAM can lift this recon-

struction, while possibly introducing additional surface reconstructions, like ejection of 

Au adatoms, to accommodate for the demands of the SAM structure and anchoring.[58] 

Au(111) is the most commonly used Au surface orientation for studies of SAM struc-

tures, as it is the thermodynamically preferred orientation. It is important to point out, 

that different surface orientations may yield different SAM structures,  while hosting 

identical molecules.[59]

Lateral intermolecular forces introduce stabilizing or destabilizing effects, having im-

pact on the final SAM structure. An example are Van der Waals (VdW) forces between 

aliphatic  chains  in  AT SAMs,  where  the  interaction enthalpy is  about  7  kJ/mol per 

methylene group,[60] thus for long alkyl chains the lateral VdW interactions may yield 

a strong stabilization. Alkanethiols, like many other thiols with a small molecular back-

bone, form a hexagonal close-packed structure on the surface, getting as much contact 

with their neighbors to maximize the interaction enthalpy and simultaneously host as 

many molecules on the surface as possible. Other packing structures might be enforced 

through molecular symmetry or through more directional intermolecular interactions, 

those are discussed later in the text. It's worth noting that differently ordered phases may 

be also observed for one SAM at different temperatures while exhibiting identical sur-

face density,  as  observed for  hexa(ethylene glycol)-terminated  SAMs.[61] Some AT 

SAMs were also reported to loose their ordering and "melt" with the rising temperature,

[62] although not all vibrational and rotational states are accessible for all parts of a mo-

lecule as it is still bound to the surface.

SAMs exhibit many defects in their periodic structures just like 3-dimensional crys-

tals. The defects may relate to extrinsic factors, like the flatness of the substrate, depos-

ition method, temperature during and after the deposition, solvent used for the depos-

ition and its purity, and may be optimized to prepare monolayers with lower number of 

defects and defect types. Some of the defects arise from the fact, that SAMs are non-

equilibrium systems unless they are immersed in a solution of the respective adsorbate 
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and thus are prone to loose molecules over time. Defects in SAMs of thiols on gold 

were reviewed in 2005 by Love and Vericat.[44], [49]

The surface of a polycrystalline Au film contains inter-grain boundaries, varied repres-

entation of different surface orientations, occlusions and crystal twinning, all affecting 

the structure and the uniformity of the monolayer. Features occurring on both polycrys-

talline and monocrystalline surfaces are atomic steps or atomic vacancies. Atomic Au 

vacancies may lead to a reconstruction of the surface during the deposition and sub-

sequently yield vacancy islands, i.e. 1 or 2 Au atoms deep depressions in the monolayer. 

Defects independent on the surface quality are impurities adsorbed on the surface, re-

gions with absent or not well organized molecules and domain boundaries. Some of the 

defects are shown in Fig. 2.
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Self Assembled Monolayers of Carboranethiols

Thiolated  dicarba-closo-dodecaborane  isomers  are  thermally  and chemically  stable 

molecules suited for self assemblies. The molecules have the geometry close to icosa-

hedral with the dimensions comparable to a rotating benzene ring. Their isomerism of-

fers a number of molecules with different chemical and physical properties while retain-

ing the overall shape of the molecule, giving means to alter the properties of monolayers 

while retaining the surface pattern. The parental isomers together with the system of 

notation of the atom positions within a carborane cluster and with some examples of thi-

olated species are schematically shown in Fig. 3.

The derivatives of carboranethiols were applied to Cu, Ag and Au surfaces, forming 

self assembled monolayers similar to those of alkanethiols. Carborane derivatives ad-

sorbed or grafted onto other substrates are not discussed here.[63]–[65] Carboranethiols 

in SAMs obey hexagonal close packing and thus resemble the pacing of solid spheres. 

The differences between AT and carboranethiol SAMs are as follows. Greater spatial re-

quirements of carborane units over ATs. The nearest neighbor distance (n.n.d.) for un-

substituted carboranethiol isomers on Au substrate is approximately 7.2  Å, the n.n.d. 

commonly found for plain AT SAMs is about 5.0 Å. The larger n.n.d. might be em-

ployed for creation of free volume on the surface, allowing for spatially demanding re-
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actions confined to the surface to occur.[66] Carboranethiols offer a greater thermal sta-

bility. Chemisorbed AT SAMs start desorbing at temperatures of around 100 ºC,  lower-

ing the activation energy need for the desorption through formation of surface bound di-

sulfides. Single alkanethiolate molecules leave the surface at the temperature of about 

200  ºC,[67] the temperature at which carboranethiolates desorb from gold surface as 

well.[68] The spatial separation of sulfur atoms within the carboranethiolate monolayers 

probably prevents from the disulfide formation. Carboranethiolate SAMs are more res-

istant to soft X-Ray irradiation than AT SAMs, a feature advantageous for example in 

long XPS measurements. [69] Importantly, carboranethiol SAMs tend to have less pro-

nounced defects. The defects as observed in STM images are small  ~ 1 Å protrusions 

and depressions, changes in the directionality of molecular rows,  i.e. rotation domain 

boundaries, and shifts of the molecular rows, i.e. translation domain boundaries, leaving 

out stacking faults, anti-phase boundaries, twin boundaries, tilt boundaries and vacancy 

islands that are observed for AT SAM.[70] Defects arising from the substrate surface are 

of course unaltered.

Some carboranethiols were prepared with the thiol moiety attached to the cluster with 

a flexible aliphatic link. Those molecules give monolayers with a lower long-distance 

ordering (smaller domains) but similar packing to carboranes with a thiol group attached 

directly to any of the cluster vertices.[71], [72]

Molecules adsorbed on metal surfaces alter the surface work function, the effect de-

pendent on the notional dipole moment of the molecules. The change of the work func-

tion  can  be  best  demonstrated  for  SAMs  of  dithiolated  1,2-(SH)2-ortho-carborane 

(O1,2) and 9,12-(SH)2-ortho-carborane (O9,12), two isomers with the dipole moments 

of about 3.7 D and 5.5 D respectively.[73] The two isomers adsorb on the surface in a 

way that the molecular dipoles are practically perpendicular to the surface but point in 

opposite directions for the two isomers, for O1,2 the direction of the dipole points to-

wards the surface and it lowers the surface potential, for example of silver by 700 mV, 

the molecular dipole of O9,12 is pointing away from the surface and rises the surface 

potential of silver by 300 mV.[74] The two isomers may be also deposited simultan-

eously to yield a mixed SAM with the work function adjusted in the interval given by 

the pristine monolayers. The effect of the other isomers is less intensive for their mo-

lecular dipoles are either weaker or pointing in a direction which is not perpendicular to 

the surface.
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The molecular dipoles in SAMs of various carborane thiols were utilized also for ex-

ample to direct the alignment of liquid crystals,[75] or for the creation a model systems 

for the study of dipole-dipole molecular interactions as discussed in the next section.

Most of the carboranethiol molecules on Au substrates are adsorbed as thiolates and 

only a minority may be bonded as thiols. The ratio of the thiolate/thiol form of binding 

has been explored for para-carborane derivatives, where the molecules bound as thiols 

could be removed by heating of the sample.[76] A study of dithiolated species O1,2 and 

O9,12 shed light on to the nature of the thiol-thiolate binding, showing that more acidic 

thiols tend to adsorb rather as thiolates and that the thiolate/thiol ratio may be shifted by 

changes in the acid-base conditions used for deposition or even after deposition, where 

the latter may be utilized to induce molecular motion on the surface.[77]

SAMs of carboranethiols were also used for protection of metal clusters, namely gold 

nanoparticles in 2005 by Base et al. and gold clusters by Cioran in 2012 and 2014.[68], 

[78], [79] Carboranethiol SAMs were also analysed for protection of flat silver and cop-

per surfaces, for their superior surface passivation properties.[80], [81]

To mention some more work on carboranethiol adsorbed on gold, the SAMs of M1 

and M9 and their mixed SAMs on gold have been characterized by scanning tunneling 

microscopy (STM) and surface sensitive Fourier Transformation Infrared Spectroscopy 

(FTIR) by Hohman et al. in 2009,[70] those isomers were also characterized by contact 

angle measurements and ellipsometry and analysed in a computational study by Yavuh 

et al. in 2017,[82] Mete et al. did a computational study on various carboranethiols on a 

flat (111) gold in 2016,[83] Scholz et al. published a study on permethylated para-car-

borane on gold in 2011,[72] Some of carboranethiol SAMs have been also reviewed to-

gether with adamantanethiols by Hohman et al. in 2010.[15] Adamantane is an organic 

molecule of a diamondoid shape, which has similar spatial requirements as carborane 

clusters.  Its  stability  on  metal  surfaces  has  been proved smaller  as  the  metal-sulfur 

bonding is weaker in comparison to carboranethiols on gold. This may be observed for 

example with the relatively easy substitution of the monolayer constituents in a solution 

of ATs. The substitution is much slower for carboranethiols than for adamantanethiol 

SAMs.
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Lateral Interactions within SAMs

Lateral interactions within self assembled monolayers, like π-π stacking, dipole-dipole 

interaction, hydrogen bonding, Van der Walls forces, ionic forces and metal-ligand co-

ordination are usually somewhat difficult to address, for the structure and stability of a 

SAM is the result of an interplay of the forces between the substrate and the adsorbed 

molecules and of all of the interactions between the molecules themselves. This may be 

well demonstrated with aromatic thiols adsorbed on gold. Aromatic molecules with the 

thiol group attached through a flexible aliphatic chain tend to form SAMs with a struc-

ture similar to aliphatic ATs, that is the commensurate (√3x√3)R30º structure which has 

been observed for example for benzyl mercaptan or 4-biphenylmethanethiol.[55], [84] 

Aromatic molecules with the thiol anchor attached directly to the rigid body of the mo-

lecule, like for thiophenyl, biphenylthiol or 2-thiophenathrene, form SAMs that either 

lack any periodic structure at all, the ordered domains are very small or the density of 

molecules on the surface is reduced.[84]–[87] The difference between the structural pat-

terns for  SAMs of flexible and rigid molecules may be assigned to the competition 

between the  π-π stacking of the aromatic cores and the preference of sulfur atoms to 

bind onto specific biding sites on the surface. An experiment of comparing the structure 

of chemisorbed thiophenol  and benzeneselenol  on flat  gold surfaces by Kafer  et al. 

shows, that the less strongly bound benzeneselenol forms a well  ordered long range 

structure similar to the one of benzene in its crystalline phase and the thiophenol SAM 

is loosely packed in very small domains,[87] implying that π-π stackings dominates for 

the less strongly binded benzeneselenol and the sulfur-gold binding sites preference is 

dominating for thiophenol. Strong π-π interaction has been observed in fluorescence 

spectroscopy by Reese et al. for aromatic structures attached to a gold surface through a 

flexible aliphatic link.[88]

The dipole-dipole interactions have been usually addressed through introduction of an 

aromatic system with electron donating or withdrawing substituents.  It has been ob-

served by Evans et al. that aliphatic ATs with incorporated vertically polarized aromatic 

groups exhibit altered structures in regard to plain AT SAMs.[89] On the other hand, it 

is difficult to distinguish whereas the driving force of the change is the introduction of a 

dipole or of a bulky substituent. Kang et al. studied the effects of oppositely aligned di-

poles in mixed monolayers, they used ω-substituted biphenyl-4-thiols as molecular di-

poles perpendicular to the surface.[90], [91] The observed ratios of the adsorbed SAM 

17/62



constituents corresponded to the magnitude of the molecular dipoles. Stabilization of 

monolayers through horizontally aligned dipoles has been explored by Hohman et al. in 

a study of M1 and M9 on flat gold surfaces. The two isomers give identical SAM struc-

tures, but their dipoles adsorbed on a surface are almost perpendicular,  i.e. parallel to 

the surface for M1 and perpendicular to the surface for M9. The M1 monolayer is more 

stable compared to its isomeric M9 SAM.[92] Another study from the same laboratory 

was able to show the orientation of the surface confined dipoles of M1 adsorbed on 

gold,  revealing long distance ordering of  the dipoles.[93] A computational  study by 

Mete  et al. demonstrates that a single M9 molecule binds to Au (111) surface more 

strongly than a M1 molecule, underlying the dipole-dipole lateral stabilization of the 

M1 monolayer.[83]

Hydrogen bonding was shown to introduce a strongly directional control over  SAM 

structures. For example ω-carboxylated 3-mercaptopropionic acid adsorbs on gold in a 

3 × 3 over-layer structure with a triangular superstructure of trimers stabilized by inter-

actions between the carboxyl groups.[94] SAMs of AT molecules with an internal amide 

functionality tend to form linear networks with hydrogen bonding as reviewed by Mul-

len et al.[95]

Van der Waals forces were already discussed in the section on AT SAMs on gold.

Metal-ligand and ionic interactions  confined to  SAMs are promising tools  for  ion 

sensing. The advantage of an electrode modified with ω-functionalized SAM is the en-

hanced sensitivity for electrochemical analysis by selective binding of ions, rising the 

concentration of the analysed species close to the electrode surface. A relatively novel 

approach for ion sensing is the use of SAMs adsorbed on a flexible substrate. The sub-

sequent binding of ions onto the monolayer induces lateral stress which leads to macro-

scopic bending of the substrate. The surface stress may be attributed to the formation of 

strained intermolecular complexes within a monolayer.[96] Although the sensing meth-

ods were studied for a number of metal-ligand systems and substrates as reviewed by 

Hsu et al in 2011,[97] not much work has been directed at the quantification of the ob-

served effects and the density of metal ions adsorbed onto the functionalized surfaces is 

not often determined or the quantification is inaccurate. The studies of palladium ions 

adsorbed on a terpyridine-functionalysed Au surface by Poppenberg et al. from 2012 il-

lustrate the difficulties encountered.[98], [99] This thesis aims at surpassing this particu-

lar gap.
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X–ray Photoelectron Spectroscopy

The method is based on the photoelectric effect, the sample is irradiated by high en-

ergy electromagnetic (EM) radiation, which is able to excite electrons from their atomic 

and molecular orbitals (AOs and MOs) to the energy continuum. The electrons ejected 

from their parental atoms are called photoelectrons (PEs). They travel in all directions 

inside the sample and are subsequently scattered due to elastic and inelastic collisions, 

only a part of them leaves the sample. The PEs, once they escape, are focused with elec-

tron optics into a hemispherical analyser which, based on their kinetic energies, separ-

ates their trajectories through the use of a magnetic field. They then reach a detector 

which counts their numbers in respect to the position, i.e. in respect to the correspond-

ing kinetic energy (KE). A schematic drawing is depicted in Fig. 4. The setting of the 

electron optics defines the acceptance angle, the largest angle in respect to the mean dir-

ection from the sample to the analyser under which a relevant number of PEs is still de-

tected.

Figure 4: A schematic depiction of a XPS instrument,  
the picture is  taken from the  CasaXPS Guidebook.
[132]
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Each element has a unique set of orbital binding energies (BEs) and although some of 

the BEs for various elements may overlap, it is possible to identify the elements present 

in the sample through the detection of the other elemental lines as shown in  Fig. 5, 

where a spectrum obtained for the sample of Tb2(SO4)3 · 8 H2O is shown. The peaks in 

the spectrum correspond to PEs emitted from the notated AOs, the peak noted as O KLL 

corresponds to  Auger electrons emitted from oxygen,  electrons  of  this  type are dis-

cussed later in the text.

Figure 5: Plot of BE (eV) versus counts of electrons per second (CPS) for the sample of  
Tb2(SO4)3. The signal of Tb 4f, S 3p and O 2p as well as Tb 5p and O 2s or the signal of  
Tb 4p and C 1s are overlapping and cannot be used alone for the identification of the  
chemical composition. 

The data in the Fig. 5 are plotted as binding energy (BE) versus CPS. A simple rela-

tion is used to convert the KE in to the BE of the detected electrons:

BE=hν – KE – W s (1)

where hυ is the energy of the X-ray radiation and Ws is the spectrometer work function, 

the work function of the sample is not necessary as the Fermi levels of the sample and 

the analyser are aligned, for they are in electrical contact. This equation gives the BE 

referenced to the Fermi level. The electrical contact is naturally established only for 

conductive samples, the energy scale has to be calibrated for insulating samples in order 

to obtain the correct BEs.

The  BE does  not  represent  the  orbital  energy  directly,  it  is  the  energy  difference 

between the initial state, i.e. before the electron emission, and the final state formed dir-

ectly after the emission. Both the initial and final states are influenced by the chemical 

environment experienced by the atoms from which the electrons are emitted, this can be 
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observed for example for PEs emitted from the S 2p orbital in sulfates in regard to the  

S 2p electrons from sulfides, the electrons from sulfates are shifted in regard to the latter 

to higher BE by about + 7 eV.

The distribution of the remaining electrons in the final state is different from the initial 

state, as the electric field of the nuclei is less shielded since an electron from a core level 

orbital is missing now. The electrons from orbitals with the quantum number higher 

than of the emitted electron experience a stronger electric field and consequently their 

contribution to lowering the over-all energy of the system is greater than in the initial 

state, rising the measured BE of the emitted PE. The BE can be thus thought of as con-

sisting of the negative energy of the orbital from which the PE is emitted and the relaxa-

tion  energy  attributed  to  changes  in  orbital  energies  after  the  emission.  Theoretical 

omission of the relaxation energy is called the Koopman's approximation. The relaxa-

tion energy always increases the BE and arises due to changes in AOs, MOs and the dis-

tribution of charge in the crystal, this means that its magnitude is dependent not only on 

the particular element, but also on its chemical state. Moreover, the electron left in the 

half-vacant core orbital has an unpaired spin which interacts with the unpaired spins 

from the valence sphere, giving rise to signal splitting in case of an open valence state 

configuration. Additional signal splitting may be observed in spectra of coordination 

compounds, for the changes in the orbital energies may lead to ligand-to-metal charge 

transfer, yielding states with and without the transfer. The resulting PE signals, shifted 

from the line corresponding to the lowest BE to higher BEs, are called the shake-up 

structures.

Changes in the BE are also introduced in case the material is not conductive and be-

comes charged due to the emission of PEs. Insulating samples are often neutralized with 

an electron gun, however, the neutralization of the surface may hardly be quantitative 

and thus a calibration of the energy scale is necessary. This is usually done by compar-

ison of an elemental line corresponding to a known chemical specie in the obtained 

spectra with a reference containing the same compound and a calibrated energy scale.
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The electron vacancy formed in a core shell orbital after the ejection of an electron is 

quickly filled with an electron from an orbital with lower BE. The energy difference is 

usually released in the form of EM radiation, but may be also transferred to another 

electron, leading to its ejection when the energy is adequate to excite the electron to the 

energy continuum. Electrons ejected in this manner are called the Auger electrons and 

their KE is:

KE=BEcore – BE 1 – BE2 – W S (2)

where BEcore is the binding energy of the primarily ejected electron, BE1 is the binding 

energy of the electron filling the inner orbital vacancy and BE2 is the binding energy of 

the subsequently ejected electron. The notation of Auger electrons is: the 1st letter de-

notes the electron shell of the primarily ejected electron, the 2nd letter denotes the elec-

tron shell of the electron that filled the vacancy and the 3rd letter stands for the electron 

shell of the secondarily ejected electron. The KE of Auger electrons is independent of 

the energy of the used incident radiation.

XPS is a qualitative as well as a quantitative method and the intensities of the meas-

ured peaks can be converted in to the relative atomic concentrations. The peak intensity 

is taken to be the integrated area beneath the peak after a background subtraction. The 

background comprises of secondary electrons, i.e. the electrons which were scattered in 

elastic and inelastic collisions during their travel through the sample but have escaped 

the sample. For a homogeneous sample the relative atomic concentration can be simpli-

fied as:

[Atomic ]%=
nA

∑
A

nA

⋅100=

I A i

SA i

∑
A

I Ai

S Ai

⋅100 (3)

where nA is the molar amount of atoms A in the sample, IAi is the measured intensity of a 

peak corresponding to  photoelectrons  ejected  from orbitals  of  the  energy level  i  of 

atoms of the element A and SAi is the relative sensitivity factor (RSF). The RSF is de-

pendent on the spectrometer, the experimental setup, material of the sample, energy of 

the incident X-ray radiation and the characteristics of the orbitals involved. Terms in the 

RSF have undergone many changes as for the understanding of their  physical back-

ground as well as in the nomenclature used since the acknowledgment of the method as 
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a tool for quantitative analyses in the 1960s, a good care has to be taken not to confuse 

the terms arising for different models as is discussed later.

The signal intensity IAi can be broken down as:

I A i
=J σ Ai

(hν )⋅λ (KE)⋅Q(KE)⋅f Ai
⋅M⋅xA⋅T (KE)⋅K (KE) (4)

where J is the flux of the X-ray radiation, σAi(hν) is the photoionization cross–section 

for electrons from the particular orbitals and for X-ray radiation of energy hν, λ(KE) is 

the effective attenuation length and depends on the KE of the PEs and the sample mater-

ial,  Q(KE) is  a parameter  describing the reduction of photoelectron intensity due to 

elastic scattering and is dependent on the photoelectron KE, fAi is the fraction of photo-

electrons that are ejected from the corresponding orbitals without the loss of energy due 

to extrinsic excitation and the term is dependent on the chemical state of the atom, as 

will be discussed later,  M is the atomic density taking in account all the atoms in the 

sample, xA is the fraction of atoms of the element A in the sample, T(KE) is the value of 

photoelectron transmission function for photoelectrons of the given KE, it is dependent 

upon the experimental setup of the spectrometer and is periodically updated and stored 

on serviced machines,  K(KE) is another term arising from the spectrometer and com-

prises all the instrument-based factors which are not included in T(KE), it is dependent 

on the KE of the analysed photoelectrons. The signal intensity as described above is 

freed of the asymmetry parameter, which takes in to account the anisotropy of photoe-

mission. The asymmetry parameter falls out when the incident X-ray radiation and the 

mean direction towards the analyser form the so called magic angle of approximately 

54,7º. The majority of commercial instruments are installed this way today. The values 

of σAi(hν) have been calculated by Scofield in 1976 and are used to date,[100] although 

several new calculations have been made.[101]–[103]

The T(KE) and K(KE) terms arise from the effect of stray magnetic fields, design tol-

erances, electrons scattered in the analyser, electron-optical transmission of the spectro-

meter, the efficiency of the electron detection system and the efficiency of the electronic 

system between the detector and the recording system. The signal intensity is usually di-

vided by the value of the transmission function, T(KE) corresponding to the given pho-

toelectron KE prior to application of the RSF, however, the terms T(KE) and K(KE) are 

entwined and their exact definition usually lies on the instrument manufacturer. It is un-

feasible to use RSFs based on the underlying physics of photoemission when the exact 

knowledge of both of these functions is not available. An empirically derived RSF lib-
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rary is then usually employed. On the other hand, the National Physical Laboratory in 

the UK offers a commercially available software which is able to compensate for all of 

the instrument dependent effects by comparison of spectra of selected elements meas-

ured on the instrument of interest and the Metrology Spectrometer II, a precisely calib-

rated instrument from the NPL in UK, to yield a calibration function.[104], [105] The 

obtained calibration function compensates for the instrumental influences, thus spectra 

obtained and conditioned in this manner are referred to as the true spectra which are 

comparable between various instruments and manufactures. The use of RSFs based on 

theory is then feasible. Three types of RSFs are offered by Powell and Jablonski.[106]

The elemental RSF:

S Ai

E =
I A i

ref

x A
ref⋅I std (5)

where I A i

ref is the signal intensity of photoelectrons from orbitals of the energy level i of 

the element A in the sample used as the reference, most often pure elements are used as 

the  reference  samples, x A
ref is  the  atomic  fraction  of  the  element A in  the  reference 

sample and I std is the peak intensity for a selected element and energy level, this ele-

mental line is used as a normalization constant for all RSFs in the given RSF library,  

usually C 1s or F 1s elemental lines are used. The elemental RSF does not take into ac-

count any corrections arising from the measured material.

The atomic RSF:

S Ai

A =( M std

M A
ref )⋅SA i

E
(6)

where M A
ref and M std are the atomic densities of the reference sample and the elemental 

solid used for the normalization, respectively.

And the average–matrix RSF:

S Ai

av=( M av⋅f A i

av⋅λ Ai

av

M ref⋅f Ai

ref⋅λ Ai

ref )⋅SA i

E
(7)
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where the terms are defined as before, the superscripts ref and av meaning the reference 

sample and an average–matrix sample respectively. The values for the average–matrix 

sample were calculated by Seah et al.[107]–[109]

Powell and Jablonski discuss, which RSF type is the one most suited for use. It is pos-

sible to calculate the RSF values from their defining equations, the calculation requires 

knowledge of the elastic and inelastic scattering processes and the processes affecting 

the final state structure, the first having impact on the way background correction is ap-

plied and the latter demanding a separate calculation of fi for each photoelectron line for 

every analysed compound.[106] Those requirements are not encountered in databases 

based on experimental data. Many RSF databases available for commercial XPS instru-

ments are based on the work of Wagner et al.,[110] with the original database usually 

modified to compensate for some of the instrumental effects. Yet this makes the use of 

XPS very experience-based, the RSFs from the original database of Wagner et al. were 

not obtained from well defined surfaces,  i.e. the samples were not ion-sputtered to re-

move the surface contaminants, nor were the data corrected for this contamination, the 

instrumental terms T(KE) and K(KE) were not well understood, the effect of anisotropy 

of photoemission was not included in the study and the final state structure effects were 

not accounted for. Those inaccuracies were of course imported to the new Wagner-based 

RSF libraries. This problem can be either solved by experience-based changes in the 

processing of acquired data, i.e. the background subtraction as shown in Fig. 6, or cre-

ation of a custom RSF library based on well defined reference samples. The latter, how-

ever, disregards the fi term again, that is in case when the obtained RSF is used for ana-

lysis of different chemical specie different from the reference itself.
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Figure  6:  The  spectra  of  a  clean  Au  surface  with  the  straight  line  background  
subtraction method used. Identical way to subtract the background is used for all the  
PE lines in the A spectra. The background subtraction in the B spectra is used in a way  
to obtain approximately identical contribution from all the present PE lines. The blued  
areas were converted to atomic concentration by the use of equation 3, where the RSFs  
used  were  based  on  the  Wagner's  database  and  a  correction  for  the  transmission  
function  as  provided by  the manufacturer  was used.  The atomic concentrations  are  
shown in the column denoted as At%.

The mentioned problem of surface contamination is present for samples regardless of 

their purity. The surface gets quickly contaminated by species adsorbed from its sur-

rounding environment during the preparation of the samples and during the transfer of 

the sample into the spectrometer. This problem may be bypassed by preparation of fresh 

sample surface or cleaning of the sample surface under ultra high vacuum (UHV) condi-

tions inside the spectrometer. However, even though the preparation might be done un-

der UHV conditions, the sample surface is still going to get contaminated over time, 

with the pace depending on the nature of the surface and the vacuum achieved. The ex-

posure  of  a  surface  to  molecules  in  a  gas  phase  is  described  by  Langmuir  units, 

L = 10-6 · torr · second. The probability of a molecule adsorbing on a surface after colli-

sion is relatively low for most surfaces and working in the range of 1 L is often reason-

able. The contamination of the surface often comprises of carbonaceous species gener-

ally referred to as adventitious carbon. The adventitious carbon signal with the lowest 

BE is often used as a reference for the spectra, its BE value is 284.8 or 285 eV corres-

ponding to aliphatic carbon.

The soft X–ray radiation usually used, penetrates 1 – 10 micrometers deep into the 

sample. The electrons ejected in such depths are unable to reach the surface due to elec-

tron scattering, limiting the analysis to the order of nanometers below the surface. The 

photoelectrons which undergo inelastic scattering before leaving the sample are referred 

to as secondary electrons and are responsible for the background signal in the spectra. 
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Each inelastic collision deprives electrons of KE and subsequently the KEs of secondary 

electrons range from their original KE,  i.e. the KE of electrons as they were emitted 

from the corresponding AOs, to zero, i.e. for electrons which lost all their KE and thus 

were unable to leave the sample. Elastic scattering also plays a role in the energy loss 

events, but only indirectly, as it changes the distance traveled through the sample. The 

acquisition of the theoretical distribution of the secondary electrons in respect to KE is a 

fairly complex problem which cannot be easily addressed by quantum mechanics due to 

too  many particles  involved.  Semi-classical  models  can  be employed to resolve  the 

question with a good accuracy as reviewed by Tougaard in 2010.[111] Accurate quantit-

ative analysis  is  difficult  without  the knowledge of  the distribution,  i.e. without  the 

knowledge of how to separate the background signal from the signal of primary elec-

trons which didn't undergo inelastic scattering. Models like the straight line method or 

the Shirley's method which are usually adopted for the background subtraction are not 

based on the understanding of the physical phenomena and thus limit the analysis to the 

need of having good reference samples, i.e. samples with similar composition and sur-

face structures, otherwise a great deviation from the real value may be introduced as 

was shown in the Fig. 6 A. So far only homogeneous samples were discussed, a method 

developed for the background separation by Tougaard has been shown to accommodate 

for the underlying physics and to give results close to the values expected from theoret-

ical predictions for those samples.[112] Samples inhomogeneous in depth pose another 

problem as can be seen in Fig. 7, those are most often addressed through modeling of 

the expected spectra. To model such spectra requires additional analytical methods or 

more XPS related experiments, as unknown is not only the chemical composition but 

also the distribution of elements throughout the surface layers of the sample and the 

number of variables may become easily overwhelming.
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The intensity of primary PEs emitted from a sample with an overlaying layer of thick-

ness d obeys the Lambert-Beer's law:

Ii=I i
∞⋅e

− z
λ⋅cosθ (8)

where I i
∞ is the intensity of PEs originating from AOs of the energy level i, emitted from 

a sample with practically infinite thickness and without any overlaying material, λ is the 

effective attenuation length dependent on both the overlaying material and the KE of the 

PEs and θ is the angle between the mean direction towards the analyser and the surface 

normal. This relation can be used to obtain the intensity of electrons emitted from a vir-

tual infinitesimally thin layer:

(dI
dz)=I 0⋅

−1
λ ⋅e

− z
λ⋅cosθ (9)

Consequently the intensity of a homogeneous surface layer of thickness d may be ob-

tained by simple integration:

I=∫
d

0

I0⋅
−1
λ ⋅e

−z
λ⋅cosθ⋅dz=I 0⋅(1−e

−d
λ⋅cosθ ) (10)
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Those equations were used by Marel  et al. to create a calculation method based on 

EXCEL software with a SOLVER option to provide a means for quantitative analysis of 

materials with structure composed of homogeneous layers parallel to the surface.[113] 

The method is described in detail in the above cited article. Marel et al. demonstrated 

the use of the method by determination of the thickness and composition of system 

based on Si with a SiO2 over-layer and a carbonaceous surface contamination and of al-

kanethiol SAMs on gold. The obtained results were in a good agreement with theoret-

ical predictions and with ellipsometry measurements.

The effective attenuation length used in equations 4 and 8-10 is based on the average 

distance an electron with the corresponding KE travels between inelastic collisions and 

on the prolongation of the overall distance traveled through the medium due to elastic 

collision. It is defined as:

λ ( KE,d )=IMFP(KE)⋅Q(KE ,d) (11)

where  IMFP(KE) is the inelastic mean free path of an electron with energy KE in a 

given material and Q(KE, d) is the term arising from elastic scattering of the electron 

with energy KE in a given material of thickness d. Various models and methods have 

been developed to predict or to measure the attenuation length of materials.[114]
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Concepts, Results and Discussion

Intermolecular bonding via Metal Coordination

Monocarboxylated  meta-carborane  thiols  1-COOH-7-SH-meta-carborane  (M1-

COOH) and 1-COOH-9-SH-meta-carborane (M9-COOH) are suitable constituents for 

the formation of intermolecular surface-bound metal coordination complexes. Obeying 

hexagonal  close-packed  structure  and  bearing  one  metal  ion-interacting  functional 

group, the molecules may form complexes with metal cations in the ratio of 1:1, 2:1 or 

3:1 as depicted in the  Fig. 8 A, B and C respectively. The combinations of the ratios 

might be present on the modified surface as schematically shown in  Fig. 8 D. Defect 

sites  with  molecules  having  pentagonal  neighborhood  instead  of  hexagonal  can  be 

found in STM images of M1-COOH and M9-COOH SAMs, but those are rather excep-

tional and rare, and thus without any significant effect on the overall composition. It 

seemed feasible to direct the attention to only one of the isomers and due to planned 

work  with  dicarboxylated  1,7-(COOH)2-9-SH-meta-carborane  isomer  the  SAM  of 

M9-COOH was chosen to be used in this  study for the subsequent modification by 

metal cations.

 
 
 
 

A simple geometrical model of the molecules on the surface has been proposed to of-

fer a means to evaluate the possibilities of surface bound carboxyl-cation geometries 

and so to help with choosing the most promising cations based on their ionic radius and 

preferred coordination geometry. It proved too many possible conformations and thus 
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was not used for the cation choosing, however, it is still a useful way to visualize the 

simplified surface architecture and thus is covered below.

The results of a quantitative XPS analysis based on the Marel's model are presented 

together with the discussion of their accuracy and then summarized in brief conclusions.

Model of the Surface Geometry

The nearest neighbor distance of both M1-COOH and M9-COOH molecules in their 

SAMs is estimated from the respective STM images and their evaluation by Fourier 

transformation as 8.4   ± 0.4  Å.[115] In comparison, the nearest neighbor distance of 

1-SH-meta-carborane (M1) and 9-SH-meta-carborane (M9) in their SAMs has been de-

termined as 7.2 ± 0.4 Å.[93] It has been shown that a carboxyl group attached to the car-

borane skelet through a carbon apex changes the electron density on the sulfur atom 

only negligibly,[116] thus the bonding of m-carboranethiols and their carboxylated de-

rivatives to Au surface proceeds similarly and the change in the nearest neighbor dis-

tance can be attributed solely to either the raise of spatial demands or to introduction of 

a new lateral intermolecular interaction. The carboxyl moiety introduces the possibility 

of an orientation dependent hydrogen bonding, yet the changes in the surface structure 

seem not to bring any anisotropy, i.e. the SAM structure seems to be directionally inde-

pendent. Thus the spatial demands seem more likely to be held responsible. On this 

basis the molecules were approximated as hard objects without the accommodation of 

any interactions.

The positioning of the molecules was set periodic in three directions inclining 60º, the 

sulfur atoms were confined in a plane. The structure of the hardened molecules was de-

rived from the structure of M1-COOH and Van der Waals atom radii. The model aimed 

at finding the closest packing structures for molecules being arranged both isotropically 

and anisotropically.

The structure obtained for anisotropic packing of M1-COOH assumes domains with a 

38º tilt of the molecules opposite to the direction of the carboxyl group and with the 

n.n.d. of 7.8 Å in the direction of the tilt, the n.n.d. in the other two directions being 7.4 

Å. The surface structure obtained for M9-COOH is assumed to be similar. The tilt angle 

is measured between the surface normal and an axis of the molecule passing through the 

sulfur atom and its antipodal boron atom as shown in Fig. 9 A. The model for isotropic 

packing stems from the idea of unhindered molecular rotation around a surface normal, 
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while the axis of the molecule as defined above is tilted by 13º from the surface normal 

to minimize the rotating molecule radius. The n.n.d. for this setting was obtained as 8.6 

Å, again the model for both M1-COOH and M9-COOH was presumed to be identical.

 The model of a SAM with restriction on molecular rotation proves unrealistic when 

compared with the n.n.d. of 8.4  ± 0.4 Å as observed experimentally in STM, whereas 

the model with unhindered molecular rotation around the surface normal seems plaus-

ible. The largest experimentally validated n.n.d. of 8.8 Å may be accommodated for in a 

model where the molecular tilt is between 15º and 12º, the molecules with these surface 

geometries are schematically visualized atop in Fig. 9 B and C respectively.

 
 
 
 

Carboxyl moiety is able to bind metal cations in various ways, most commonly the 

metal resides in the plane of the carboxyl group and may be coordinated in a syn, anti or 

direct conformation as shown in Fig. 10. 

Figure  3: A) syn, B) anti, C) direct conformations of  
carboxyl group and metal cation.

The work of Carrell et al. based on crystallographic data processing shows that although 

this simplified classification may be used as guidance, real systems offer a wide range 

of O−Mt distances, C−O−Mt angles and out-of-plane deflections when subjected to dif-
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ferent carboxylate counter-ions.[117] This implies any geometrical model for the forma-

tion of dimers and trimers, as there are too many possibilities. Nevertheless,  Fig. 11 

shows a schematic depiction of two molecules facing each other with the nearest neigh-

bor spacing of 8.6 Å, 13º tilt and their carboxyl moieties in plane to give the reader an 

idea about the surface distances. It is apparent that the variability of the structure of a 

trimer is greatly enhanced and the tilt of the molecules would be governed by the nature 

of the cation.

The the metal cations were chosen on the basis of their XPS PE lines to avoid overlaps 

with B, C, O, S and Au PE lines. The most stable oxidation states were used, as oxida-

tion-reduction reactions were expected to proceed effortlessly on a surface. The geomet-

rical model was not taken into account when choosing the cations.

X-ray Photoelectron Spectroscopy

The method of Marel et al. was used to process the acquired XPS data.[113] Obtained 

compositions, based on Au 4f, S 2p, O 1s, C 1s, B 1s PE lines and one or two core level 

PE lines of the particular metal,  are presented in  Table 2 together  with the derived 

thicknesses of the layers. The approximations made alongside with other sources of un-

certainty are discussed. Other observed phenomenons are presented and discussed to-

gether with the metal ions/adsorbed molecules ratios.

The XPS method was tested to prove nondestructive to a SAM of a carborane thiol de-

rivative adsorbed on gold. A monolayer of M9-COOH modified with Ba(II) cation was 
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analysed for quantitative composition in 1 hour intervals while the sample was unceas-

ingly irradiated by X-ray radiation of power as used for acquisition for 4 hours. No dif-

ferences  were  observed  in  the  obtained  spectra  apart  of  small  scatter  of  the  data 

by ± 10 %, the scatter was not correlated to a loss of atoms from the surface, neither 

were observed any changes in the structure of the acquired spectra.

Table 2

TF Cation rionic / Å Mt:S Mt:S B:S d / Å D / Å

1

plain [Na(I)] 1.0 − 1.4 0.6 (415) − 11.1 11.5 10.0

H3O+ [Na(I)] 1.0 − 1.4 0.7 (415) − 10 8.3 13.4

Na(I) 6 1.0 − 1.4 0.3 (415) 0.2 (990) 8.4 13.5 6.6

Na(I) 6 1.0 − 1.4 0.4 (415) − 8.8 14.0 7.2

Mg(II) 5,6 0.6 − 0.9 0.2 (1180) 0.2 (182) 9.0 13.6 5.2

Mg(II) 5,6 0.6 − 0.9 0.4 (1180) 0.5 (182) 9.0 13.8 11.8

Ba(II) 1.4 − 1.6 0.3 (706) − 8.0 12.5 13.0

Cr(III) 0.6 − − − − −

2

Ca(II) 2,3,7 1.0 −1.3 0.6 (1047) 0.7 (291) 13.5 7.5 11.1

Fe(II) 2,3 0.6 − 0.9 0.9 (775) − 10.9 7.6 11.4

Fe(III) 2,3,4 0.5 − 0.8 2.3 (775) − 13.7 7.5 12.6

Cu(II) 2,3 0.6 − 0.7 1.1 (554) − 10.8 8.8 9.9

Zn(II) 2,3 0.6 − 0.9 1.7 (464) − 13.5 8.2 9.1

Pb(II) 2,3 1.0 − 1.5 0.9 (1072) 1.0 (1347) 9.3 8.4 11.6

Tb(III) 2,3,4 0.9 − 1.1 1.9 (1335) 1.2 (244) 8 12.5 8.0 12.5

La(III) 1,2,3 1.0 − 1.4 0.7 (650) − 13.3 8.1 10.4

Sm(III) 1,2,3 1.0 − 1.2 2.1 (402) − 16.7 7.6 10.2

3

Ni(II) 1,2,4 0.6 − 0.7 1.0 (631) − 7.3 10.7 14.2

Sr(II) 1,2 1.2 − 1.4 0.6 (1353) − 10.8 18.4 10.9

Tl(I) 1,2,3 1.5 − 1.7 0.3 (1369) − 6.7 17.8 9.1

Co(II) 1,2,3 0.6 − 0.9 0.8 (705) − 8.7 15.1 7.1

The column of "TF" highlights the samples which were measured under identical 
transmission function and in a separate batch for the preparation of the samples, 
the  "Cation" column depicts  the cation  used for  the  monolayer  modification, 
where "plain" refers to unmodified SAM and "H3O+" to a monolayer treated with 
diluted HCl, both exhibited intrinsic sodium signal. The "rionic" column refers to 
ionic  radii  of  the  cations,  the  range  of  values  being  given  for  various 
coordination numbers,[118] the columns of "Mt:S" are the ratios of metal cation 
PE signal to the signal of sulfur, with the KE corresponding to the measured PE 
line of the metal indicated in the parenthesis in eV, the "B:S" column gives the 
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ratio of the boron PE signal in regard to the signal of sulfur,  d and  D are the 
thicknesses of the SAM and the adventitious over-layer respectively, as derived 
from the multi-layer model;
1) the raw data were processed with uncorrected RSF of the metal PE lines; 2) the 
transmission  function  was  not  derived  properly  for  this  experiment  and 
consequently the obtained results are subjected to a greater error; 3) the thickness 
of  the  layers  are  subjected  to  a  greater  error  as  the  signal  of  Au  has  been 
imported from a less precise survey spectrum 4) a sulfate signal originating from 
the  salt  used for  the  SAM modification was present  on the  surface  and was 
observed  in  XPS,  it's  stoichiometry  in  regard  to  the  thiolate  sulfur,  that  is 
sulfate:thiolate,  is  ranging  between  0.1  and  0.3;  5) a  sodium signal  was  also 
observed, however, the concentration of sodium was less than 1/20 in regard to 
the deposited cation;  6) more experiments were conducted for this setup under 
identical transmission function, with about 1 month in between the experiments, 
the results are presented in separate rows;  7) The PE line of Ca 2s as well as 
Ca LMM are very broad and featureless, however, they are easily extracted from 
the background, because the background is almost linear in the corresponding 
region; 8) the signal at 244 eV measured for Tb(III) has been artificially altered to 
account for an overlap with Au Auger line and thus is subjected to a larger error, 
which  is  most  likely  responsible  for  the  difference  between the  two PE line 
intensities; The rows are ordered in way such that the more credible results are 
positioned higher in the table.

The homogeneity of the distribution of the molecules within a monolayer may play a 

role  in  the  stoichiometries  obtained.  A polycrystalline  gold  surface  with  root  mean 

square average of the profile height deviations from the mean line of 3.6 Å has been 

used as the substrate for the SAM deposition. The polycrystalline nature of the substrate 

might have an effect on the structure of the monolayer formed. The number of mo-

lecules that are subjected to substrate grain boundaries in respect to the number of mo-

lecules on flat facets can be very roughly approximated in a model of honeycomb lattice 

with uniform monocrystalline grains that are positioned in a commensurate, not rotated 

overlaying pattern as: 

N facet

N boundary

≈C (12)

where C= |b| / |a|, b is one of the lattice vectors of the overlaying unit cell, that is of the 

Au facet and a is one of the lattice vectors of the underlaying pattern and its size is the 

nearest  neighbor distance between the adsorbed molecules.  The polycrystallinity can 

then be seen to become negligible only for surfaces composed of larger facets, for ex-

ample the ratio of molecules experiencing flat surface in regard to molecules confined 

to a grain boundary is 10 to 1 on a surface with facets of 183 nm2, when the n.n.d. of 8.4 
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Å is used. The distribution of the grain size as well as of the crystal orientation was not 

determined, however, a majority of facets is expected to be (111) oriented and with large 

facet areas.

Accuracy of the XPS evaluation

The values of the thickness of the monolayers are consistent over the samples with 

identical  transmission functions  (TFs).The difference in  the  thicknesses  between the 

samples with different TFs is not much important in regard to the elemental composi-

tions as is discussed later. It can be seen from those values, how great the TF induced 

error may be.

Experimental RSF corrections, C(i) were obtained to compensate for the incorrect TFs 

and unsatisfactory Wagner-based RSFs: 

RSFnew(i)=C(i)⋅RSFWagner−based(i) (13)

The corrections, based on sulfates with known stoichiometries, give the means of how 

to obtain the sulfur to metal ratios with better accuracy. The magnitude of the correc-

tions used has been in the range from 0.6 to 1.8. Attempts to obtain corrections for the 

RSFs of other elemental lines, like B 1s, C 1s and O 1s were not successful due to the 

difficulty of preparing samples with pure and non-volatile surfaces. Therefore only the 

cation:sulfur ratios are referenced and the stoichiometries of the other elements are sub-

jected to a greater error, leading to errors in both the thickness of the monolayer and the 

thickness of the adventitious over-layer, possibly introducing an error of factor up to 2 

for the intensity of low KE PEs.

The factor fAi, defined in the equation 4 as the fraction of photoelectrons that are ejec-

ted from the corresponding orbitals without the loss of energy due to extrinsic excita-

tions,  is  intrinsically  different  for the metal  ions presented within the SAM and the 

sulfate reference sample, leading to an error in the composition determination even for 

data processed with the corrected RSFs. The fAi factor has been noted to be dependent 

on the element, the AO and the chemical neighborhood of the emitting atom.[106] Yet 

the magnitude of the last mentioned source of variation has not been adequately charac-

terized in the literature. It is not expected to be great, based on the author's personal ex-

perience.
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The multi-layer method developed by Marel et al. is based on a model where the dis-

tribution of atoms in the layers is homogeneous.[113]  The real distribution is, neverthe-

less, often discrete, as is in the SAM of M9-COOH, where the distribution of atoms in 

the monolayer obeys the structural  motive of the molecules as well  as their  nearest 

neighbor spacing. This has such effect, that the Lambert-Beer law as used in the model 

is only an approximation to the real system, with the accuracy of the model dependent 

on the atomic homogeneity of the monolayer. This affects the attenuation of electrons 

from the substrate Au, as the signal then seem as passing through an apprently thinner 

homogeneous over-layer. This leads to exaggeration of PEs with higher KEs over the 

ones with lower KEs emitted from the over-layer in respect to the real thickness. Atomic 

concentrations deduced from a signal of PEs with high KE might thus appear larger than 

atomic concentrations based on PE of lower KE. A simple example of this problem can 

be thought of as a surface obstructed with discs with a diameter of 7.4 Å that are ar-

ranged with the 8.6 nearest neighbor spacing, i.e. about 67 % of the electrons escaping 

only in the direction of the surface normal from the substrate is attenuated and the rest 

passes without change which leads to an increase of the apparent disc height by about 

25 % in comparison to a homogeneous monolayer with the thickness of 10 Å. The dif-

ference in the thickness which is used in the equation 10 for the computation of the stoi-

chiometry of elements in the SAM has a visible effect only for signals of electrons with 

very  low KE (bout  200 eV and lower),  where the change can  be seen on the  first  

decimal place. The difference becomes quickly negligible for electrons with higher KEs. 

Moreover, the scatter of thickness values of modified SAMs as seen in Table 2, which 

is probably introduced through imprecise transmission function in the region of Au 4f 

(1402 eV), is of greater magnitude than the one just discussed. The observed thickness 

differences do not impose a big effect on most of the stoichiometries, for example the 

change of thickness d from 15 to 8 Å in SAM modified with Co(II) leads to a decrease 

by 5 % in the apparent cobalt content in the monolayer (determination of cobalt by 

Co 2p PEs with KE of 705 eV). A greater difference can be seen for a monolayer modi-

fied with Mg2+ (determination of magnesium by Mg 1s PEs with KE of 182 eV), the 

change of the monolayer thickness from 13 to 8 Å leads to a decrease of the Mg content 

by  almost  20  %.  Yet  the  magnesium  content  based  on  Mg  KLL Auger  electrons 

(1180 eV) remains constant after the change,  i.e. because the KE of Mg KLL is quite 

similar to the KEs of B 1s (1297 eV), S 2p (1325 eV), C 1s (1201 eV), the main com-

ponents of the monolayer.
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The uncertainty of the exact SAM structure and the inhomogeneous distribution of 

atoms within the monolayer doesn't enable to separate parts of the SAM into distin-

guishable layers, which would be beneficial, as the position of metal cations is expected 

to be in the upper half of the monolayer and the model used,  i.e. the model in which 

atoms are distributed homogeneously within the layer,  overstates the species located 

closer to the surface in the real system. However, the exact position and thickness of the 

virtual layers, is not accessible with enough accuracy and so the correction for signal at-

tenuation by additionally separated over-layers was not used. Thus the concentration of 

boron appears slightly lower in relation to the concentration of metal ions, the concen-

tration of sulfur atoms has been accommodated for in the same way as in the work of 

Marel et. al.,[113]:

I Sulfur=I 0⋅(e
−d

λ⋅cosθ −e
−2

d
λ⋅cosθ ) (14)

This adjustment makes the apparent sulfur concentration slightly overestimated, yet this 

overestimation of both metal cations and sulfur is negligible compared to the inaccuracy 

of the method introduced by the use of incorrect transmission function and RSFs.

Reaction of the monolayer to acidic conditions

The samples measured under identical conditions of the spectrometer, that is samples 

marked under the same TF, embody comparable thickness values of the monolayer. This 

trend is broken only for the sample of Zn(II), for which the Au 4f signal has been ob-

tained differently from the other samples in the group, and for samples treated with di-

luted acid. The lower thickness of the samples exposed to acidic conditions is attributed 

to  partial  desorption  of  the monolayer  and has  been verified  for  SAMs of  M9 and 

1-COOH-12-SH-para-carborane (P1-COOH) as can be seen in Table 3.

Table 3

SAM d of pristine SAM / Å d of SAM treated with acid / Å

M9 10.5 9.2

M9-COOH 11.5 8.3

P1-COOH 13.1 7.1

The thickness  d of pristine  SAMs and the identical  SAMs treated with diluted 
hydrochloric acid. All the data has been acquired under identical instrumental 
setting.
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The acid-base reaction of the monolayers is puzzling because although the thiolate 

moiety clearly responds to the changed conditions, the carboxyl group seems to be unaf-

fected, as the ratio of sodium to sulfur is not decreased, on the contrary, it is increased 

after the acid treatment, as recapitulated in Table 4.

Table 4

Sample Mt:S Au:S Au:Mt d / Å

M9-COOH 0.6 74.9 44.34 11.5

M9-COOH + H3O+ 0.7 88.5 48.3 8.3

M9-COOH + NaCl 0.4 50.5 48.1 14.0

The metal to sulfur ratios,  gold to metal ratios and monolayer thicknesses of 
pristine M9-COOH SAM and identical monolayers treated with diluted HCl or 
aqueous NaCl solution, all  the samples were measured on the same day. The 
metal to sulfur ratios are based on the intensity of Na 1s PE line at 415 eV and S 
2p PE lines at 1324 eV and were processed with the Marel  et al.'s model, the 
ratios with gold are based on he intensity of Au 4f PE lines at 1403 eV, Na 1s PE 
line and S 2p PE lines and only a correction for adventitious adlayer was used.

Bare gold has been treated with aqueous solutions of EtOH, NaCl and BaCl2 in the 

same way as the adsorbed monolayers to characterize the affinity of the ions to unmodi-

fied Au surface. The resulting sodium and barium contents related to Au signal in re-

spect to the samples with adsorbed monolayers were ~ 15 %, ~ 7 % and < 5% of the 

same ion present within the monolayers respectively. No over-layer correction for the 

bare gold samples as well as for the samples with monolayers was used for the above 

mentioned percentage, this should not make much difference in case the ions are located 

mainly in the upper parts of the monolayer. This means that the ratio of ions to sulfur 

should be lowered upon desorption of the M9-COOH monolayer, i.e. in case the adsorp-

tion sites formerly occupied with the constituents of the monolayer and consequently 

freed due to the acidic conditions are equivalent in the affinity of ions to unmodified Au 

surface. The freed sites may actually be prone to enhanced adsorption of ions due to sur-

face reconstruction of the substrate, this study unfortunately offers no means to account 

for such process.

The unexpected response of the system to acidic conditions may be explained through 

spatial demands or electrostatic repulsion of the surface bound ions, i.e. the lowering of 

the  density  of  carboxylated  molecules  alias  binding sites  for  the  metal  ions  on  the 

carboxyl-functionalised surface may lead to more favorable binding between the ions 
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and the carboxyl groups. This is supported by the observation that the sodium content in 

relation to Au signal remains approximately constant after the partial desorption of the 

monolayer, which may be observed in the Au:Mt and Au:S ratios in Table 4.

The ratios obtained for the unmodified M9-COOH SAMs in regard to the monolayers 

modified with a solution of NaCl has not been adequately rationalized.

One of the possible explanations may be the solvent effects. The monolayers were de-

posited from 96% ethanol solutions and the cations were deposited from aqueous solu-

tions. The plain M9-COOH SAM was not treated with water to account for this differ-

ence and thus makes the difference in the structure of the monolayer possible. The ac-

curacy of the instrument is less likely to be the cause, for reproducibility of the measure-

ments were not a concern based on previous work done on the instrument by the author.

Metal to sulfur ratios

The pristine M9-COOH SAM as well as the M9-COOH SAM exposed to acidic con-

ditions contained sodium ions on the surface and all of the cations, except for Cr(III),  

proved to displace the sodium ions quantitatively. No ion exchange was observed for the 

Cr(III) specie.

SAMs of pristine M9 and of M9 subsequently exposed to a source of Na(I) ions in the 

same way as M9-COOH SAM samples were analysed for sodium on the surface. The 

presence of sodium implies that the metal ions may be trapped on the gold-sulfur inter-

face. No traces of sodium were observed on the surface of the samples lacking carboxyl 

groups.

The  behavior  of  the  carboxylate  moiety  makes  it  difficult  to  decide  whether  the 

carboxyl groups are present in their protonated or deprotonated forms and consequently 

if the measured ratios of sulfur to cation, alias adsorbed molecules to cation, reflect the 

formation of intermolecular complexes on the surface or simply the affinity of the sur-

face bound carboxyl groups to the particular cation in regard to their affinity to a proton 

or whereas the spatial demands of cations or electrostatic repulsion between carboxylate 

groups or cations are the driving forces.

The low correlation between the ionic radii accessible for the cations and their surface 

concentration in regard to the concentration of the adsorbed molecules make the spatial 

demands less likely to be a ruling factor. The other effects may be subjected to various 

hypothesis based on the obtained data. It would be unwise to draw any generalizing 
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conclusions without additional experimental work focused on the comparison of more 

similar systems in which the number of differences, i.e. unknown factors, is smaller.

This study can be thus viewed as laying the first necessary basis for more detailed fu-

ture work, pointing at interesting directions. For example a study which would utilize 

the obtained cation:carborane unit ratios to be explored with a surface imagining tech-

nique, or a study to explore the cation:carborane ratio in respect to the oxidation number 

of the same element, as can be seen for SAMs modified with Fe(II) and Fe(III) species. 

The detailed Fe 2p spectra of both monolayers show slightly different features and it is 

thus  expected  that  iron is  indeed bound in different  states  in  those samples  and no 

quantitative oxidation or reduction occurred upon adsorption of the cations on the sur-

face from the solutions.
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Dipole-dipole interaction

Isomers  of  dithiolated  o-carborane,  1,2-(SH)2-ortho-carborane  (O1,2)  and 

9,12-(SH)2-ortho-carborane (O9,12) possess relatively large dipole moments, calculated 

as 3.7 D and 5.5 D respectively.[73] Both isomers form SAMs with identical packing 

and 7.6 ± 0.5 Å nearest neighbor spacing, with their dipoles being approximately nor-

mal to the surface[77]. The dipoles of O1,2 and O9,12 adsorbed on a surface point in 

the opposite directions, which makes them excellent constituents for the study of dipole-

dipole interactions within SAMs. The molecules as adsorbed on the surface together 

with their dipole moments are schematically depicted in figure 12.

 
 

Dipole-dipole interaction is a long range interaction, the adsorbed molecule doesn't in-

teract only with the nearest molecules but also with the more distant ones. It is possible 

to calculate the interaction enthalpy per molecular dipole of such a system. It is import-

ant to note that the molecular dipole represents only an approximation of the electron 

density distribution within the molecule.

The interaction enthalpy for densely packed dipoles in SAMs of pristine O1,2 and 

O9,12 as well as in the mixed SAMs of both isomers with their mutual ratios of 1:1 and 

2:1 (surface concentrations) were calculated in this study as 22 kJ/mol, 48 kJ/mol, −4 

kJ/mol and −2 kJ/mol respectively. The small interaction enthalpy for the mixed SAMs 

demonstrates that the dipole−dipole interaction does not offer much help for the forma-

tion of the monolayer in respect to a free Au surface. On the other hand, the decrease in 

the interaction enthalpy for mixed SAMs in respect to the pristine O1,2 or O9,12 mono-

layers is non-negligible.
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The difference in stability of the mixed monolayers and the pristine SAMs of O1,2 

and O9,12 might be possibly observed in Thermal Desorption Spectroscopy. Visualiza-

tion of the distribution of the dipole carriers within the mixed SAMs might be also pos-

sible, that is through marking of one of the isomers after deposition prior to an STM 

analysis. The O9,12 isomer adsorbed on a metal substrate has the carbon vertices facing 

away from the substrate. The exposed C vertices might be utilized for after-deposition 

modifications as is discussed bellow. Another method for visualization of the distribu-

tion might be through the comparison of simultaneously acquired maps of surface topo-

graphy and local barrier heights, as has been done for visualization of lateral molecular 

dipoles in M1 and M9 isomers assembled on Au.[93] The lateral distribution of the iso-

mers within a monolayer and methods for their selective modification is of interest par-

ticularly for spatially favorable immobilization of enzymes on an electrode surface, that 

is without the loss of their function.[119]

Attempts to modify O9,12 monolayers had been done via metallation-based reactions. 

The goal was to introduce carboxyl groups or alkyl chains on to the surface as schemat-

ically shown in Fig. 13.

XPS analysis of the obtained products shown that the resultant surfaces were contam-

inated with undesired chemical species. Contact angle measurements gave more prom-

ising results, the samples used for carboxylation became more hydrophilic and the al-

kylated  ones  were  more  hydrophobic  than  the  parental  surface.  Nevertheless,  the 

concept of modification of the surface confined molecules was left out from the scope 

of this study.
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Figure 6: A schematic depiction of O9,12 monolayer on gold is depicted on the left and  
a schematic depiction of the desired products is on the right. All the experiments begin  
with the lithiation of the monolayer with n-butyllithium, followed by the introduction of  
dibromoalkane, bromoalkane or CO2 reagents.
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Conclusions

A literature survey applicable as an introduction to the field of SAMs has been presen-

ted. Formation of intermolecular metal coordination complexes within a SAM of M9-

COOH has been proposed and presented together with a simple geometrical model of 

carboxylated meta-carboranethiol molecules confined to a surface.

Formation of metal coordination complexes within the monolayer of M9-COOH has 

been addressed and analysed with XPS for 17 metal ions. Corrections for RSFs were ac-

quired  experimentally  and the  method  for  determination  of  multi-layer  composition 

elaborated by Marel  et al.  was used to obtain quantitative information on the surface 

composition.[113] The sources of uncertainty in the obtained XPS data were discussed. 

Quantitative composition was determined for three sets of samples. One of the sets was 

analysed in a way which eliminates most of the error sources.

The metal ion/M9-COOH surfactant ratios obtained from the XPS analysis for Na(I), 

Mg(II), Ca(II), Sr(II), Ba(II), La(III) and Tl(I) species evidence for the possible inter-

molecular  coordination  complex  formation  within  the  adsorbed monolayers.  On the 

other hand, unexpected response of the M9-COOH monolayer to acidic conditions was 

observed. The acidification led to a partial desorption of the monolayer and did not 

seem to have a decreasing effect on the metal ion/M9-COOH ratio. This means that the 

observed ratios alone do not provide a convincing evidence on the formation of inter-

molecular complexes as was expected. A combination of the measured XPS data with 

results from other surface sensitive techniques such as STM and ToF-SIMS, which is 

beyond the range and scope of this thesis, might provide a comprehensive picture of 

metal ions binding to the  ω-carboxylated SAMs. From this point of view this thesis 

provides the first necessary step towards that goal but also represents a limited view on 

this complex issue.

Sodium ions were intrinsically present on the M9-COOH modified surface, originat-

ing from the surrounding environment. The other metal ions, which were experiment-

ally introduced, showed successful in displacement of the naturally occurring sodium 

ions. The displacement was not always quantitative, as demonstrated with Mg2+ ions. 

The solution of Cr2(SO4)3 did not have any proven effect on the monolayer and chro-

mium(III) was the only specie which did not adsorb on the surface at all. Iron in both 

common oxidation states,  i.e. iron(II) and iron(III), has been deposited on M9-COOH 
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modified surface. The iron content within the modified monolayers was largely different 

between the two species.  This observation implies that a metal ion adsorbed on the 

carboxyl-functionalized surface does not undergo oxidation/reduction reactions on its 

own easily.

Dipole-dipole stabilization of a mixed SAM of O1,2 and O9,12 isomers was proposed 

together  with  the means to  determine  the  ratio  and spatial  distribution of  O1,2 and 

O9,12 molecules on the surface  via surface confined chemical reactions followed by 

XPS and STM analyses. Experiments on a pristine O9,12 monolayer proved the ad-

sorbed monolayer to be very sensitive to reaction conditions. Further experiments on the 

aforementioned mixed SAM were left out of the scope of this study.
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Methods

Chemicals

Diethyl ether was refluxed over sodium with benzophenon until blue or dark purple in 

color and then distilled under Ar, ethanol 96% p.a. was used as purchased from Lachner, 

ethanol absolute p.a. was used as received from Penta, HCl 35% p.a. was used received 

from  Lachner,  9,12-(SH)2-ortho-carborane  was  purified  by  repetitive  crystallization 

from pentane with chloroform, the purity of 9,12-(SH)2-ortho-carborane, 1,2-(SH)2-or-

tho-carborane and 9-SH-meta-carborane used was confirmed by 11B and 1H NMR spec-

troscopy,  n-butyllithium solution  2.5 M in hexanes was used as received from Sigma-

Aldrich, 1-bromoctane of >98 % purity was used as received from Fluka, 1,3-dibromop-

ropane of >98 % purity was used as received from Merc,  NaOH p.a. was used as re-

ceived from Penta, the container with NaOH pelets was opened a long time ago and thus 

the water content  was not negligible,  crystalline Na2SO4 · x H2O  of white  color was 

used as received from Lachema, crystalline Cr2(SO4)3 · x H2O of dark green color was 

used without purity affirmation, crystalline FeSO4 · 7 H2O p.a. of blue-green color was 

used as received from Penta, crystalline exsiccated Fe2(SO4)3 · x H2O p.a.  of yellow-

brown color was used as received from Riedel-de Häen, deliquescent Co(NO3)2 · x H2O 

p.a. of brick red color was used without purity affiramtion, deliquescent Ni(NO3)2 · 6 

H2O  of  transparent  green  color  was  used  without  purity  affirmation,  crystalline 

NiSO4 · 7 H2O p.a.  of  green color  was used as  received from Chemapol,  crystalline 

CuSO4 · 5 H2O of blue color  was used without purity affirmation,  ZnSO4 · 7 H2O of 

99.995 % trace metal basis purity was used as received from Sigma Aldrich, crystalline 

Pb(NO3)2 p.a. of white color was used as received from Lachner, PbSO4 of 99.995 % 

trace metal basis purity was used as received from Sigma Aldrich, anhydrous MgSO4 

p.a. was used as received from Penta, CaCl2 · x H2O of white color was used without 

purity affirmation, CaSO4 of 99.993 % trace metal basis purity was used as received 

from Alfa Aesar, crystalline SrCl2 · x H2O of white color was used without purity af-

firmation, BaSO4 of 99.998 % trace metal basis purity was used as received from Sigma 

Aldrich, La2(SO4)3 · x H2O of 99.99 % trace metal basis purity was used as received 

from Sigma Aldrich, Sm2(SO4)3 · x H2O of 99.9 % trace metal basis purity was used as 

received from Sigma Aldrich, Tb2(SO4)3 · x H2O of 99.9 % trace metal basis purity was 

used as received from Sigma Aldrich.
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Synthesis of 1–COOH–9–SH–1,7–dicarba–closo–dodecaborane

The M9-COOH isomer was synthesized according to the literature.[116]

Deposition of the monolayers

Platypus Temple-Stripped Gold Chips were used as the substrate for all the experi-

ments. The Platypus chips were cleaved just before use to minimize their exposure to 

air.

For the deposition of meta-carborane derivatives, the substrate was immersed in to a 

96% ethanol solution (from 1 to 4 mmol · dm−3) of the corresponding carborane com-

pound for 50 to 70 minutes, then rinsed with 96% ethanol and dried in a stream of argon 

or nitrogen. The samples were then stored under inert  atmosphere and subsequently 

used for further modification or measurements within the next 30 minutes. Absolute eth-

anol was used as the solvent for the preparation of samples subsequently modified with 

Ni(II) ions.

For the deposition of 9,12-(SH)2-ortho-carborane, the substrate was immersed in to a 

96% ethanol solution (from 0.5 to 1 mmol · dm−3) of O9,12 with 2.2 molar equivalent of 

NaOH for 50 to 70 minutes, then rinsed with 96% ethanol and dried in a stream of argon 

or nitrogen. The samples were then stored under inert atmosphere and immediately used 

for further modification. The same procedure was tested with deposition on sputtered 

gold film on glass wafer, but the film started to peel off.

It is important to note, that the ethanolic solutions of the used carboranethiol derivat-

ives were prone to turn opaque several hours after their preparation, thus fresh solutions 

had to be prepared every time.

Introduction of metal coordination centers to the M9-COOH monolayer

The samples with deposited SAM were immersed in to an aqueous solution of the cor-

responding salt of 7 ± 3 mmol · dm−3 concentration, that is for NaCl, MgSO4, CaCl2, 

SrCl2,  BaCl2,  Pb(NO3)2,  Fe2(SO4)3,  Ni(NO3)2,  Co(NO3)2,  CuSO4,  ZnSO4,  La2(SO4)3, 

Sm2(SO4)3 and  Tb2(SO4)3.  The  FeSO4 and  Cr2(SO4)3 were  deposited  from  acidified 

aqueous solutions with 2.8 μmol · dm−3 and 28 μmol · dm−3 H3O+ ion concentration re-

spectively. The solution of Cr2(SO4)3 was prepared by boiling of the sulfate in acidified 

distilled water for 1 hour. All the solutions but that of Na2SO4, FeSO4, Fe2(SO4)3 and 

MgSO4 were generally prepared two days in advance.  The samples were immersed into 
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the solutions for 50 to 70 minutes, then rinsed with 96% ethanol and dried with argon or 

nitrogen and stored under inert  atmosphere until  analysed,  that  is  for 30 minutes  at 

most.

Modification of the O9,12 monolayer

Handling of the reactants was done with care to avoid contact with air, syringes with 

needles and rubber septa were used for the transport 

of solvent and reactants. The reactions were done in 

an  installation  as  depicted  on  Fig.  14,  which  was 

mounted from preheated pieces. A sample modified 

with O9,12 was placed on the fritted glass C while 

the installation was still warm and it was flushed for 

several minutes with Ar from valve A to valve B and 

with a needle penetrating septum D.  The needle was 

then removed and the valves were closed. All the re-

agents were added through septum D with a simul-

taneously inserted needle to minimize the over-pres-

sure. About 40 ml of diethyl ether were added first, it 

stayed above the fritted glass C and bubbled for the 

whole  duration  of  the  experiment.  N-butyllithium, 

0.5 ml was added drop wise over about 5 minutes 

and the reaction was allowed to bubble for the next 8 

minutes.  A stream of  diethyl  ether  was introduced 

through septum D and the valve B was opened to flush. The sample was washed with 

ether and then the valves were closed to submerge the sample again. Samples prepared 

in this manner were then used for subsequent modification.  The following scenarios 

were: A) Two drops of 1,3-dibromopropane were added and the mixture was allowed to 

bubble for 20 minutes. B) 1-Bromoctane, 0.13 g was added dissolved in 5 ml of ether. 

C) A source of CO2 from dry ice was connected to valve B and the valves A and B were 

opened simultaneously, CO2 was allowed to bubble through for about 20 minutes. The 

samples were then flushed with ether and dried in Ar and stored under inert atmosphere 

until analysed, i.e. in 1 day for the contact angle measurements and in about a week for 

the XPS measurements.
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Determination of the C(i) parameter in equation 13 for correction of RSFs 
for metal PE lines in regard to S 2p line

The sulfates were freshly ground to fine dust, stick on a double side conductive sticky 

tape,  blown over  with a  stream of  nitrogen and immediately transferred to  vacuum 

chamber in the spectrometer. Some of the samples underwent partial loss of hydrate wa-

ter  when  under  vacuum,  this  has  been  observed  through  the  change  of  color.  The 

samples were measured as described in the next item. The measured PE intensities were 

corrected with the Marel et al. model for an over-layer of adventitious carbon and oxy-

gen and the C(i) parameters for the metal RSFs were generated to account for the cor-

rect metal to sulfur ratios. 

X–ray photoelectron spectroscopy

XPS analysis was performed on a XPS Kratos Axis Supra instrument, using ESCApe 

software. Aluminum anode with 15 mA emission current was used, charge compensa-

tion electron gun was used with filament current of 0.43 A, filament bias of 1.05 V and 

charge balance of 4.6 V for all the samples but bare gold, for which the electron gun 

was turned off. The charge compensation was, however,  not necessary for the SAM 

samples as they behaved as conductors. The hybrid lenses and a slot or 110 μm aper-

tures were used in electron optics, giving the acceptance angle of about 20º. The ana-

lysis  was  done  under  vacuum  of  10−8 to  10−9 torr,  the  measurements  of  reference 

samples of freshly powdered sulfates were done under less favorable vacuum, but not 

dropping under 10−7 torr.

The spectra were processed in CasaXPS software. The Shirley-type background was 

used for the reference sulfate samples and Au 4f PE lines for all the samples, the lin-

ear-type background was used for all the PE lines but the Au 4f PE line in the SAM 

samples and bare gold samples. The RSFs supplied in Kratos Axis library were used for 

all the PE lines but the ones mentioned in the Table 2, those were derived from the ref-

erence samples.

The Marel et al. model

The model was implemented to EXCEL software and used as described in the work of 

Marel et al.[113] For SAMs, the Au 4f PE lines were assigned to the substrate, the S 2p 

and B 1s PE lines and the PE lines corresponding to the deposited metal ions were as-
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signed to the monolayer, the C 1s and O 1s PE lines were divided to give the correct  

carbon and oxygen content in the monolayer, that is 3 parts of carbon and 2 parts of 

oxygen to 10 parts of boron and the rest was assigned to an adventitious over-layer. For 

sulfates, the S 2p PE lines and the metal PE lines were assigned to the substrate together 

with a stoichiometric ratio of oxygen, the rest of the O 1s PE intensity was assigned to 

an adventitious over-layer together with C 1s PE line intensity. The oxygen present in 

the form of water hydrate was not taken into account, for its content after the dehydra-

tion induced under vacuum was uncertain. This probably led to a slight overestimation 

of the amount of oxygen present within the adventitious over-layer, making it's apparent 

thickness larger.

The effective attenuation length (EAL) values used in the multi-layer method were ob-

tained from the NIST Electron Effective-Attenuation-Length Database software.[120] 

They proved to give results differing only by up to 10 % in the determination of chem-

ical composition of the monolayer and by 5 % in the determination of the monolayer 

thickness when compared with results obtained for data to which the inelastic mean free 

path (IMFP) was applied instead of EAL. The IMFP values were obtained from the 

NIST Electron Inelastic-Mean-Free-Path Database software.[121] Consequently IMFPs 

were used in place of EALs, with regards to the uncertainty of correct density of the 

monolayer and it's band-gap energy.

The TPP-2M equation in the NIST Electron Inelastic-Mean-Free-Path Database was 

used to calculate the IMFP values. The equation was screened for changes induced by 

the input data, i.e. the band-gap energy, density of the material, number of valence elec-

trons of the atoms and chemical composition. All the input was chosen to test the ex-

treme values obtained by earlier calculations of the IMFPs and the resulting composi-

tions obtained from the Marel's method for quantitative analysis of SAMs modified with 

Na(I), Fe(II), Fe(III) and Pb(II). The results yielded differences no larger than 10 % in 

the monolayer thickness as well as its composition in comparison to the primary calcu-

lation. Consequently the original input was used for all of the SAMs regardless of their 

composition,  that  is  ρ  =  0.8  g  ·  cm−3, band-gap  energy  =  5.6  eV,  stoichiometry: 

H10B10C3O2SFe and the band-gap energy was approximated by 5.6 eV based on the UV 

absorption spectra of M9-COOH. The band-gap energy of the carborane cluster in M9 

lies several eV higher and thus was not taken into account and the thiol group was ap-

proximated by that of organic thiols with the band-gap energy being close to 5.6 eV 

again.[122]–[125]
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Geometric model of densely packed molecules confined on a surface

Computed structure of M1-COOH has been used, for the X-ray structures of either 

M1-COOH or M9-COOH were not available at the time. The X-ray structures were ob-

tained later and proved well in the error of the model used. The M1-COOH structure 

was used as a set of atomic coordinates in a .xyz file from which the data have been im-

ported to EXCEL software, the .xyz files of M1-COOH and M9-COOH structures ob-

tained by quantum computation as well as from X-ray crystallography are presented in 

the supporting information. Translation and rotation transformation matrices were then 

used to move the molecule such that the S atom is in the beginning of the coordination 

system, the molecular axis intersecting the S atom and the antipodal B atom is in the z 

coordinate axis and the plane intersecting the S atom, the antipodal B atom and the C 

atom, to which the −COOH group is bonded, are in the yz plane.

Rotation transformation matrix together with Van der Waals atomic radii were used to 

find the most dense packing of molecules on the surface. For isotropic packing the mo-

lecule was rotated around the x axis to scan for the tilt in which the distance of the most 

distant component (atom coordinates + VdW atomic radii) from the z axis acquires the 

smallest value, this distance is the nearest neighbor distance. The method was easily re-

versed to find the tilt for isotropic packing with the nearest neighbor distance of 8.6 Å. 

To find the most dense anisotropic packing the molecule was rotated in the same fashion 

but the value scanned was the sum of the distances of the two most distant components 

(atom coordinates + VdW atomic radii) from the z axis in the yz plane in the positive 

and negative directions on the y axis, yielding the nearest neighbor distance in the direc-

tion of the tilt, the molecule was then rotated around the z axis by 60º and again the sum 

of the distances of the two most distant components from the z axis in the yz plane in the 

positive and negative directions on the y axis yielded the nearest neighbor distance for 

the next direction with translation periodicity. The molecule was then rotated by 60º 

again and the process was repeated to yield the nearest neighbor distance for the last rel-

evant direction.

The method doesn't take in to account the vertical profile of the molecule. This might 

lead to more dense packing in the direction of the tilt for the model with anisotropic 

packing, but the problem was not addressed since the model proved to yield too dense 

packing anyway. This doesn't affect the results for the model with isotropic packing.
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Calculation of the molecular structure of M1-COOH

Quantum chemistry calculations were performed by the NWChem package.[126] The 

geometries were optimized by the means of the density functional theory with the hy-

brid exchange–correlation functional PBE0.[127]–[130] Jensen's triple–zeta polarization 

consistent basis set pc-2 was used.[131]

Calculation of the dipole-dipole interaction enthalpy

Dipole-dipole interaction enthalpy was calculated as interaction energy of molecular 

dipole, p⃗m  in electric field E⃗ :

Δ H int=ΔU int=− p⃗m⋅⃗E⋅N A (15)

where NA is the Avogadro's number and E⃗  is the sum of contributions from neighboring 

molecular dipoles to the local electric field:

E⃗= 1
4⋅π⋅ε 0

∑
n [ p⃗n

r n
3 ] (16)

where ε0 is the permittivity of vacuum, p⃗n  is the molecular dipole of neighboring mo-

lecule n and rn is the distance of the molecule n from the molecule m. The second term 

normally occurring in the dipole induced electric field equation is disregarded as the 

molecular dipole is perpendicular to the surface, making the term equal to 0.

The summation of the local electric field of pristine O1,2 and O9,12 SAMs was calcu-

lated for up to 7 concentric hexagonal rings and then approximated by a power function. 

The summation of the local electric field of mixed SAMs was calculated up to 6 con-

centric hexagonal rings and then truncated as the higher terms were becoming negli-

gible. Two sites with different contribution and weight were calculated and averaged for 

the mixed SAM with 2:1 ratio. Periodic patterns with unit cells as depicted in Fig. 15 A 

and B, were used for the 1:1 and 2:1 ratios respectively.
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The effect of Au-S bonding on the magnitude of the molecular dipoles as well as the 

effect of electrostatic induction in the substrate and in the molecules has been neglected.
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