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Preface

The aim of this PhD thesis is the fabrication and study of nanostructures showing
optical, electrical or catalytic properties in the perspective of applications in different
fields of the nanotechnology. An important aspect is represented by the method we
used to manufacture these nanostructures. In fact, all synthesized systems are based on
the covalent assembly of discrete molecules (organic molecules or inorganic
complexes) on inorganic surfaces. The present molecules (building blocks) show
interesting properties e.g. optical or catalytic activity, while the substrate materials are
appropriate for applications of the final structures in the optoelectronic,
microelectronic or catalytic industries.

Often, by changing just the inorganic substrate the same covalently assembled
building blocks exhibit different properties and this is an evidence of the fact that
single-molecules properties can be affected by the substrate nature upon anchoring.
For example, anchoring of optically active molecules such as porphyrins to Si(100)
substrates allows to exploit optoelectronic properties while the same porphyrin
molecules on SnO, and TiO, nanocrystals provide electron injection on the
semiconducting surfaces useful for photovoltaics.

Moreover, we also investigated optical active surfaces upon the self-assembly of
porphyrin molecules functionalised with luminescent Eu(Ill) complexes in order to
exploit the mutual interaction of systems whose luminescence is based on different
mechanisms. In the same context, we functionalised a covalent polystirene film on a
quartz substrates with an Eu(IIl) complex to examine the possibility to obtain tunable
light emitting properties useful to transfer optical information.

The covalent assembly of porphyrins and Eu(IIl) complexes can be applied also to
electroactive substrates as CdO, ITO, ZnO, etc. in the perspective of microelectronic
applications. For this reason we optimized the deposition of high conducting CdO thin

films by a metallorganic chemical vapour deposition route.



Preface

Finally, we studied the activity of some (salen)Mn(IIl) molecules covalently
assembled on glass beads in the epoxidation of unfunctionalised prochiral olefins with
the aim of increasing the catalytic behaviour upon heterogeneization thus obtaining
huge turnover numbers.

In summary the most important achievement of this thesis is to have demonstrated
that the covalent assembly of suitable molecules on appropriate inorganic surfaces
allows the synthesis of molecular architectures showing unique properties appealing

for future technologies.



Chapter 1

Nanotechnology and Nanomaterials

Nanotechnology refers to the research and technology development at atomic,
molecular and macromolecular scales, which leads to the controlled manipulation and
study of structures and devices with length scales in the range of 1-100 nanometers
(nanostructures). In the last two decades, the research of nanotechnology has grown
explosively thanks to the possibility to observe phenomena by far different than those
observable studying similar systems of larger dimensions.' In fact, nanostructured
materials show properties of exceptional interest such as unique architectures, tailored
physicochemical characteristics, central roles in fabricating nanoelectronics, potential
applications in bionanotechnology, etc. In recent years, a vast array of novel
nanostructures has been manufactured and studied in the interdisciplinary fields of
nanoscience, material science, biological science, etc..

Nanodevices can be synthesized through two main approaches. The fop-down
method involves the construction of nanostructures starting from the miniaturization of
macroscopic materials. These are generally based on lithography in which a scheme
previously drawn is significantly shrunken and reported on the matrix of interest.
Examples of such methodology are the fabrication of integrated circuits and the ion
implantation.” Otherwise, the bottom-up approach involves the synthesis of
nanomaterials and nanoobjects, using atoms and/or molecules as “molecular building
blocks”, which are assembled together by weak interactions (self-assembly).*”

Actually the bottom-up approach appears to be the most promising for the
fabrication of hybrid inorganic /organic systems constituted from organic molecules
covalently bound to inorganic substrates such as silicon, quartz, metals and metal

.89
oxides.
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As a consequence, in this thesis it has been chosen to use the bottom-up method to

anchor molecules on inorganic substrates (Si(100), quartz, glass beads, SnO;, TiO5).

1.1 Self-Assembled Monolayers (SAMs)

The self-assembly is a chemical process in which molecular systems self-
assemble, that is form ordered structures. It has attracted significant attention since its
introduction in 1980 by Sagiv.'’ Self-assembled monolayers (SAMs) are convenient
and simple systems useful to tailor the interfacial properties of metals, metal oxides,
and semiconductors. They are assemblies formed by the adsorption of molecular
constituents from solution or gas phase onto solid surfaces or in regular arrays on the
surface of liquids. Molecules that form SAMs have chemical functionalities, or
“headgroups”, with a specific affinity for the substrate surface and, once adsorbed,

organize spontaneously in ordered structures (Figure 1.1).""

Functional
B mar 2 3
S P ¥
>>>>m
Head group

Figure 1.1. Representation of a SAM structure.

An important aspect of the SAM is that the structure and properties of assemblies
are neither easily controlled nor governed by self-evident set of rules since they are
governed from weak interactions such as n—mn stacking, electrostatic, dipole—dipole or
Van der Waals interactions, and other more complex forces.'> Fabrication of SAMs
with a controlled surface chemistry, high molecular organization and defined
stoichiometry over relatively large areas have facilitated the study of molecular and
cellular interactions, surface energetic, surface charge, or other interface properties.

For example, SAMs can be used to obtain information on biological mechanisms such
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as cell signalling, cell adhesion, protein interactions and to build molecular biosensors,

13-14
etc..?

Moreover, the ability to grow ordered organic materials directly on
appropriate substrates has permitted their integration into semiconductor-based

technologies'” and electronic devices.'®

1.2 Functionalization of Substrates

One of the techniques to create mono- or multilayers on surfaces is the Langmuir-
Blodgett process.!” In this method amphiphilic molecules, composed of a hydrophobic
TAIL and a hydrophilic HEAD-GROUP, are dissolved in an easily evaporating solvent
and placed at the air-water interphase (subphase). After solvent evaporation and upon
compression of movable barriers, molecules interact each other and form a monolayer
at the aqueous interface that causes a decrease of the surface tension at the subphase.
This monolayer, if compressed to a chosen surface pressure, can be transferred onto an
solid substrate (hydrophobic or hydrophilic) by immersing (or emersion) the solid
substrate into (or from) the liquid (Figure 1.2). Depending on the nature of the used
substrate, molecules orient differently on the solid surface. Performing the same
procedure it is possible to transfer more monolayers onto the same solid surface. The
transfer of successive layers does not depend on substrate-molecule interactions but on
interactions between hydrophobic and hydrophilic parts of the amphiphile.

Despite the Langmuir-Blodgett technique allows to obtain easily monolayers on
solid substrate, the final system could be not stable. In fact, molecules are bound to the
substrate by means of weak electrostatic interactions easily destructible under the
effect of mechanical action or by the dissolution in a solvent with greater affinity for
the monolayer. As a consequence, nowadays different immobilization approaches exist
to anchor covalently molecules to solid surfaces that can be planar or curved
(nanoparticles).

Many surfaces can be used as substrates to fabricate monolayers and about a half
of the published papers on this subject deals with thiol headgroups anchored to noble
metals (Au, Pt, Pd) (Figure 1.3).
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R

Figure 1.2. Schematic representation of the Langmuir-Blodgett technique.

il

Figure 1.3. SAMs of alkanethiolates on Au. X= terminal functional group.

Despite the importance of the concerned theoretical aspects, these systems are of
little practical application because of the poor temporal stability of the related metal-S
bond.

One class of molecules, which attracted significant attention during the past

decades, are silanes self-assembled on hydroxyl terminated substrates, e.g. silicon,
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ITO, glass etc.. These systems are physically and chemically robust and can be applied
in various fields of technology, e.g., electronics, sensors, optic, and others.

Excellent substrates to fabricate, through covalent bonding, mono- and multilayers
are high purity crystal silicon surfaces, commercially available and relatively
inexpensive due to their wide use in microelectronics. Upon exposure to air, single
crystal silicon becomes rapidly coated with a thin, native oxide that can be chemically
removed with HF or thermally under UHV conditions. In this thesis, substrates chosen
are represented by Si(100), high quality fused silica (quartz), glass beads, and
conducting metal oxides such as ITO (Sn-doped In203),18 CdO, TiO,, SnO,.

Specifically, it was chosen to functionalize Si(100), high quality silica fused
(quartz) and glass bead substrates with a covalent 4-CICH,C¢H4SiCl; coupling agent
(CA) that binds to the surface using the —SiCl; group and leaves a —CH,Cl group

unreacted (Figure 1.4).""%°
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Figure 1. 4 Reaction between the coupling agent 4-CICH,CgH4SiCls and the
hydroxilated substrate surface. The unreacted —CH,Cl group allows a further
functionalization.

S1(100) substrates, 2 x 0.8 cm, were first cleaned with “piranha” solution (conc.
H,SO4 : 35% H0, 70 : 30 v/v) at room temperature for 10 min, rinsed in double
distilled water for 4 min, etched in 2.5% hydrofluoric acid for 100 s, washed with
double distilled water and accurately dried with pre-purified N,. Subsequently, they
were treated for 5 min with ozone using an Ozon-Generator (Fisher 500) system in
order to obtain a SiO, thin (about 10 A) layer.”'** Freshly cleaned substrates were
transferred to a glove box (system with a N, controlled atmosphere where H,O and O,
levels are less than 1ppm) and immersed, at room temperature for 20 min, in a 0.5 :

100 (v/v) n-pentane solution of 4-CICH,C¢H4SiCl; silane to afford a monolayer of this
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coupling agent. Subsequently, the chlorobenzyl-functionalised substrates were washed
and sonicated in n-pentane for 10 min to remove any physisorbed CA.

A similar procedure was performed with quartz substrates which after treatment
with “piranha” solution were immersed in a H,O : 30% H,O, : NHs3, 5:1:1 v/v/v
solution at room temperature for 1 h.>** Then after washing in double distilled water
they underwent the previous glove box treatment.

In both cases the obtained structures are more stable than those obtained using
alcanethiolate as coupling agent on metals surfaces. In fact, they strongly adhere to the
substrates and it is not possible to remove them neither with prolonged sonication

while heating in organic solvents nor using the Scotch-tape decohesion test.*

1.3 Properties of SAMs

SAMg are often used for the development of memory devices, sensors, switches
and, in general, as stimuli-responsive materials (SRMs). SRMs ideally undergo
reversible changes in one or more properties (structure, phase morphology, electrical,
magnetic and mechanical response, etc.) upon application/removal of an external
stimulus, such as a change in temperature, ionic strength, pH, electric, magnetic or
mechanical fields or by chemical, optical, or biological analytes (Figure 1.5). Such
materials have potential smart applications in sensors, actuators, electro-optic devices,
etc.. As a consequence, the control of molecular structure and dynamics is of major
importance from the perspective of designing SRM-based devices. The combination of
optically responsive materials and monolayer assembly is a rapidly emerging field
because these materials are inexpensive, miniature, robust and easy to fabricate.*®

A large variety of assemblies has been reported. As an example, diazonium salts
have been wused as coupling agents as initiators for surface-confined
photopolymerization reactions.””® Other systems have been based on silane-based
chemistry or on metal-ligand coordination, where stimuli responsive molecules have
been used as sensors for information processing, to generate assemblies that behave

according to various logic schemes for molecular logics.
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Variable Chemical/Physical/Mechanical Inputs

seny

s Outputs

Si or SiO, F=Functional molecule

Figure 1.5. Schematic representation of Stimuli Responsive Materials (SRMs). The
functional molecule (F) depending on particular stimuli (inputs) changes its properties
giving measurable responses (outputs).

E. g., M. E. van der Boom and co-workers reported on a highly ordered molecular
nanostructure, based on Os or Ru polypyridyl complexes of the type [Os (bpy).(mbpy-
py)1[(PFs)2], covalently anchored to both quartz and ITO substrates ( Figure 1.6) and

- . 29-30
useful to generate various logic gates.
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Figure 1.6. (A) Osmium complex object of study. (B) Representative absorption
spectra of 0s>"/0s*" -based monolayers: a) Os2+, red line; b) Os3+, blue line; ¢)
baseline, black line. The absorption intensities at A=317 and 516 nm were used as
output. Inset: Truth table for the Boolean logic function upon the wavelength and
metal oxidation state. (C) Logic circuit related to Osz+/0s3+system operating with two
inputs (IN).

In addition to inorganic compounds, even largely flexible molecules as fullerenes,

porphyrins, polymers, etc. covalently anchored to silicon or other conducting
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substrates, can be pursued to build molecularly based responsive materials in the
perspective of fabricating opto-electronic devices.”' For instance it has been reported
on the ability of fullerene monolayers covalently bound to functionalised SiO,
substrates to act as photoluminescence sensor to oxygen.>

In this thesis porphyrins, metalloporphyrins, Eu(IIl) complexes, polymers such as
polystyrene and (salen)Mn(Ill) molecules were used to fabricate nanostructured

systems and investigate their stimuli responsive properties.



Chapter 1 - Nanotechnology and Nanomaterials

References

. Gao, B. Xu, Nano Today, 2009, 4, 37-51.

2 a) C. Bae, H. Yoo, S. Kim, K. Lee, J. Kim, M. M. Sung, H. Shin, Chem. Mater. 2008,
20, 756-767. b) G. R. Patzke, F. Krumeich, R. Nesper, Angew. Chem., Int. Ed., 2002,
41, 2446-2461. ¢) S. J. Hurst, E. K. Payne, L. Qin, C. A. Mirkin, Angew. Chem., Int.
Ed. 2006, 45, 2672-2692. d) B. Tian, T. J. Kempa, C. M. Lieber, Chem. Soc. Rev.,
2009, 38, 16-24.

3de Ruiter, G.; van der Boom, M. E. Acc. Chem. Res. 2011, 44, 563-573.

4 Mahouche-Chergui, S.; Gam-Derouich, S.; Mangeney, C.; Chehimi, M. M Chem.
Soc. Rev. 2011, 40, 4143-4166.

5 (a)Orski, S. V.; Poloukhtine, A. A.; Arumugam, S.; Mao, L.; Popik, V. V.; Locklin,
J.; J. Am. Chem. Soc. 2010, 132, 11024-11026; (b) Palomaki, P. K. B.; Dinolfo, P. H.
Langmuir 2010, 26, 9677-9685; (c) Lupo, F.; Gentile, S.; Ballistreri, F. P.; Tomaselli,
G. A; Fragala, M. E.; Gulino, A. Analyst, 2010, 135, 2273-2279; (d) Chen, R.; Zhu,
S.; Maclaughlin, S. Langmuir 2008, 24, 6889-6896; (¢) Shi, F. N.; Cunha-Silva, L.; S&
Ferreira, R. A.; Mafra, L.; Trindade, T.; Carlos, L. D.; Almeida Paz, F. A.; Rocha, J. J.
Am. Chem. Soc. 2008, 130, 150; (f) Massue, J.; Quinn, S. J.; Gunnlaugsson, T. J. Am.
Chem. Soc. 2008, 130, 6900; (g) Yan, B.; Lu, H.-F. Inorg. Chem. 2008, 47, 5601; (h)
Su, Y.; Li, L.; Li, G. Chem. Commun. 2008, 4004; Altman, M.; Zenkina, O.;
Evmenenko, G.; Dutta, P.; van der Boom, M. E. J. Am. Chem. Soc. 2008, 130, 5040.

6 Gomar-Nadal, E.; Puigmarti-Luis, J.; Amabilino, D.B.; Chem. Soc. Rev. 2008, 37,
490-504.

" Crivillers, N.; Mas-Torrent. M.; Perruchas. S.; Roques, N.; Vidal-Gancedo, J.;
Veciana, J.; Rovira, C.;Basabe-Desmonts, L.; Ravoo, B. J.; Crego-Calama, M.;
Reinhoudt, D.N. Angew. Chem. Int. Ed. 2007, 46, 2215-2219.

8 Mannini, M.; Pineider, F.; Danieli, C.; Totti, F.; Sorace, L.; Sainctavit, P.; Arrio, M.
A.; Otero, E.; Joly, L.; Cezar, J. C.; Cornia, A.; Sessoli, R. Nature 2010, 468, 417-421.
? Wachowiak, A.; Yamachika, R.; Khoo, K. H.; Wang, Y.; Grobis, M.; Lee, D.-H.;
Louie, S. G.; Cromie, M. F. Science 2005, 310, 468-470.

107 Sagiv, J. Am. Chem. Soc., 1980, 102, 92-98.

1y C. Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo, G. M. Whitesides, Chem. Rev.
2005, 705, 1103-1169.



Chapter 1 - Nanotechnology and Nanomaterials

12 Shi, Y.; Zhang, C.; Zhang, H.; Bechtel, J. H.; Dalton, L. R.; Robinson, B. H.; Steier,
W. H. Science 2000, 288, 119-122.

13 Ciampi, S.; James, M.; Le Saux, G.; Gaus, K.; Justin, G.J. J. Am. Chem. Soc. 2012,
134, 844-847.

4.0 Gooding, F. Mearns, W. Yang, J. Liu, Electroanal., 2003, 15, 81-96.

15 (a) Kim, C.; Facchetti, A.; Marks, T. J. Science 2007, 318, 76-80. (b) Burtman, V.;
Hukic, G.; Ndobe, A. S.; Drori, T.; Vardeny, Z. V. J. Appl. Phys. 2007, 101, 054502—
054507.

16 Q. Y. Sun, L. C. P. M. de Smet, B. van Lagen, M. Giesbers, P. C. Thuene, J. van
Engelenburg, F. A. de Wolf, H. Zuilhof, E. J. R. Sudhoelter, J. Am. Chem. Soc., 20085,
127,2514.

'7 Chen, X.; Lenhert, S.; Hirtz, M.; Lu, N.; Fuchs, H.; Chi, L. Acc. Chem. Res., 2007,
40,393-401.

'® A. Gulino. Anal Bioanal Chem. 2013, 405, 1479-1495.

¥s. L. Brandow, M. S. Chen, C. S. Dulcey, W. J. Dressick, Langmuir, 2008, 24, 3888.
**W. Lin, W. Lin, G. K. Wong and T. J. Marks, J. Am. Chem. Soc., 1996, 118, 8034.

>l A. Gulino, F. Lupo, M. E. Fragala, S. L. Schiavo, J. Phys. Chem. C, 2009, 113,
13558.

2 F, Lupo, M. E. Fragala, T. Gupta, A. Mamo, A. Aureliano, M. Bettinelli, A.
Speghini, A. Gulino, J. Phys. Chem. C, 2010, 114, 13459.

3 A, Facchetti, L. Beverina, M. E. van der Boom, P. Dutta, G. Evmenenko, A. D.
Shukla, C. E. Stern, G. A. Pagani, T. J. Marks, J. Am. Chem. Soc. 2006, 128, 2142.

24 (a) R. Yerushalmi, A. Scherz, M. E. van der Boom,. J. Am. Chem. Soc. 2004, 126,
2700. (b) C. Haensch, S. Hoeppener, U. S. Schubert, Chem. Soc. Rev., 2010, 39, 2323.
» A.D. Shukla, A. Das, M. E. van der Boom, Angew. Chem., Int. Ed., 2005, 44, 3237.
26 (a) G. Wen, J. Yan, Y. Zhou, D. Zhang, L. Mao, D. Zhu, Chem. Commun., 2006,
3016; (b) A. M. Moore, A. A. Dameron, B. A. Mantooth, R. K. Smith, D. J. Fuchs, J.
W. Ciszek, F. Maya,Y. Yao, J. M. Tour, P. S. Weiss, J. Am. Chem. Soc., 2006, 128,
1959; (c) P. A. Lewis, C. E. Inman, F. Maya, J. M. Tour, J. E. Hutchison, P. S. Weiss,
J. Am. Chem. Soc., 2005, 127, 17421; (d) Y. Liu, L. Mu, B. Liu, J. Kong, Chem. Eur.
J., 2005, 11, 2622; (e) Y. S. Chi, S. Hwang, B. S. Lee, J. Kwak, 1. S. Choi, S.-g. Lee,
Langmuir, 2005, 21, 4268; (f) K. Critchley, J. P. Jeyadevan, H. Fukushima, M. Ishida,

10



Chapter 1 - Nanotechnology and Nanomaterials

T. Shimoda, R. J. Bushby, S. D. Evans, Langmuir, 2005, 21, 4554; (g) S. Jiang, M.
Liu, Chem. Mater., 2004, 16, 3985; (h)

M. L. Bushey, T.-Q. Nguyen, C. Nuckolls, J. Am. Chem. Soc., 2003, 125, 8264; (i) K.
Tamada, H. Akiyama, T. X. Wei, Langmuir, 2002, 18, 5239; (j) E. W. Wong, C. P.
CollierM. Be hloradsky” , F. M. Raymo, J. F. Stoddart, J. R. Heath, J. Am. Chem. Soc.,
2000, 722, 5831; (k) I. Willner, B. Willner, J. Mater. Chem., 1998, 8, 2543.

273 M. Chergui, A Ledebt, F. Mammeri, F. Herbst, B. Carbonnier, H. B. Romdhane,
M. Delamar, M. M. Chehimi Langmuir 2010, 26, 16115-16121.

SN Gam-Derouich, B. Carbonnier, M. Turmine, P. Lang, M. Jouini, D. B. Hassen-
Chehimi, M. M. Chehimi Langmuir 2010, 26, 11830-11840.

* T. Gupta, M. E. van der Boom, Angew. Chem., Int. Ed., 2008, 47, 5322-5326.

30 Altman, M.; Zenkina, O.; Evmenenko, G.; Dutta, P.; van der Boom, M. E. J. Am.
Chem. Soc. 2008, 130, 5040.

LA, Gulino, T. Gupta, P. G. Mineo, M. E. van der Boom, Chem. Commun., 2007,
4878.

32 A. Gulino, S. Bazzano, G. Condorelli, S. Giuffrida, P. Mineo, C. Satriano, E.
Scamporrino, G.Ventimiglia, D.Vitalini, 1. Fragala , Chem. Mater., 2005 17, 1079-
1084.

11



Chapter 2

Porphyrin Nanostructures

Porphyrins exhibit several properties such as photo- and redox-chemistry, electron
transfer reactions, luminescence, sensing capabilities, non-linear optical behaviours,
biological roles, magnetic properties,' etc. Moreover they can be smartly modified by
adding/changing the macrocycle peripheral substituents and/or by changing the
oxidation state of the metal center. They show important redox characteristics as
formation of m-cation radicals that are relatively stable under ambient conditions and
exhibit multiple cationic states that are accessible at relatively low potentials. One
important application of porphyrin nanostructures is that, when attached to an
electroactive surface, information can be stored in the discrete redox states of these
molecules and porphyrin properties afford the possibility of increased memory density
(via multi-bit information storage) with decreased power consumption (low potentials
and long charge-retention times), and thus molecular-based information storage
materials.’

In addition well organized porphyrin molecules, covalently anchored to
transparent substrates, act as highly sensitive systems to ppm levels of different
analytes and then can be used as well-suited, fast and reversible optical sensors.”

Therefore we firstly studied the fabrication of well-ordered and densely packed
porphyrin nanostructures on Si(100) surfaces.

The second study focused on the ability of nanostructured systems to chemically
communicate with the surrounding environment. In particular, it was studied the
ability of porphyrin molecules assembled on quartz substrates (hardware) to change
chemical information with copper (II) solutions, representing external chemical
stimuli. This study falls within the production of molecular based information storage

materials.

12



Chapter 2 — Porphyrin Nanostructures

Finally it was pursued the fabrication of some nanostructures based on the
covalent bonding of a porphyrin or its copper complex on the surface of two metal
oxides (SnO; and TiO;) for the Dye Sensitised Solar Cells (DSSC) technology. In fact,
it is well known that porphyrins and/or metallo-porphyrins assembled on
nanostructured semiconducting metal oxides such as TiO; or SnO; play a fundamental
role for the conversion of solar energy to electricity and for other optical applications,*
' as a consequence of an electron injection effect from the pophyrin levels to the metal
oxide. The specific aim was to demonstrate how the electron injection property results
increased if molecules are covalently bound (not physisorbed) to the inorganic oxide

surfaces.
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Chapter 2 — Porphyrin Nanostructures

2.1 Ordered Porphyrin Nanostructures on Si(100)

Engineering of Si(100) with ordered porphyrin nanostructures represents an
advanced method to manufacture hybrid organic/inorganic systems useful for different
applications. To achieve a long range order it is important to control location, growth
and shape of the forming nanostructures. The porphyrin used in this study is the
5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine, P, (Figure 2.1.1) that possesses four

pyridine groups available for surface grafting."’

Figure 2.1.1 Structure of the 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine.

2.1.1 Synthesis of Porphyrin Nanostructures on Si(100)

Silanized Si(100) substrates, were loaded into glass pressure vessels under N,
immersed in a freshly prepared 1.5 x 10> M toluene solution of 5,10,15,20-tetra(4-
pyridyl)-21H,23H-porphine (Aldrich) and heated up to 90 °C for 75 h. Pyridil
porphyrin molecules graft to the -CH,Cl group of the silanized substrate through a
quaternization reaction of the pyridine nitrogen. Then, the functionalised substrates
bearing the covalently self-assembled porphyrin nanostructures (Scheme 2.1.1) were
left to cool to room temperature and repeatedly washed and sonicated with toluene and
dichloromethane to remove any residual physisorbed material. After the washing

procedures, the porphyrin molecules are chemically bound to the substrate surface

14
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through covalent bonds (Si(100) CA_P).
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Scheme 2.1.1. Synthesis pathway for nanoscale covalent porphyrin structures on
Si(100).

2.1.2 Characterization of Porphyrin Nanostructures on

Si(100)

The system was firstly characterized by FT-IR spectra (Figure 2.1.2) using a Jasco
FT-IR-430 spectrometer. Four hundred scans (scan range 400—4000 cm™', resolution 4
cm™) were collected.

The spectrum shows the N-H out-of-plane peak at 816 cm™, the C—H bending at
896 cm™, the pyrrole breathing and the pyridine C—H out-of-plane at 960 cm™, the
pyrrole symmetric half-ring stretching at 1296 cm™, the pyrrole symmetric quarter-ring

stretching at 1376 and 1396 cm™, and the pyridine CH wagging mode at 1448 cm™.

15
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These peaks are typical of the pyridil porphyrin used for the synthesis of the system

and confirm the presence of this molecule on the Si(100) CA substrate.

Pyr v_half-ring

- Pyr v_quarter-ring N-H oop
—
_ Pyr breath
Py C-H wagging t Py C-I oop
v Si-0 ‘Sﬂ-\wIC'”
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Figure 2.1.2. FTIR spectrum of the Si(100) CA_P in the 750—1550 cm™ range.

X-Ray photoelectron spectroscopy (XPS) was used to describe the surface
elemental composition and the bonding state of the grafted molecules. Angle Resolved
X-ray Photoelectron Spectra (AR-XPS) were measured at different (5°, 15°, 30°, 45°
and 80°) take-off angles. High resolution spectra were acquired in the range of binding
energies (B.E.) related to: C 1s, Si 2p, N 1s, and ClI 2p. Figure 2.1.3 shows the high-
resolution N 1s XP spectrum of the Si(100) CA_P. The fitting of the N 1s signal
reveals the presence of two components in a 1 : 7 ratio. These two peaks lie at 399.9
and 402.2 eV. As a consequence, the component at 399.9 eV is assigned as a whole to
the four pyrrole nitrogens of the porphyrin core and to three of the four pyridine
nitrogens.'® This assignment is in tune with already reported XPS data on
porphyrins.'”® The higher energy component is consistent with a quaternised nitrogen

19-23

of a pyridine moiety (Scheme 2.1.1). It emerges that the porphyrin molecule grafts

onto the silanized Si(100) substrate using only one pyridine moiety.
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Figure 2.1.3. Monochromatized Al-Ko excited AR-XPS of a representative
Si(100)_CA P in the N Is binding energy region at a 45° take-off angle.

Using the following equation:

1 (4 /monotayer)
TIN(atom per cm3)ON AN/monolayer T(En)|1- e/N/monolayer <05
IN
I_Si - _ dN,fmonolayer
Msi(atom per cm?)TsiAsiysi 1 (Esi) [ 1 — e”si/monolayer 059
where:

- Irepresents the XPS peak intensity;

- ny represents the number of N-containing molecules per cm” in the monolayer;
- o is the photoelectron cross-section;

- M\ is the inelastic mean free path;

- T(E) is the analyser transmission function of the XPS instrument;

- d 1s the monolayer thickness (ca. 2.4 nm from morphology characterisation);

- 0 is the photoelectron take-off angle

it was possible to estimate ny corresponding to the surface coverage of the

17
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Si(100) CA_P. Taking into account 8 nitrogen atoms per porphyrin molecule, values
of 2.4 to 3.6 x 10" (mean value 3.0 x 10') porphyrin molecules per cm® were
obtained. These values are totally consistent with already reported results on similar
systems.16

Surface morphology studies were carried out by Atomic Force Microscopy (AFM)
and the images were obtained by an instrument manufactured by NT-MTD. The noise
level before and after each measurement was 0.01 nm. AFM characterizations were
performed in a high-amplitude mode (tapping mode) to avoid any possible
modification of the grafted organic layer on the surfaces, caused by the interactions
with the tip whose nominal curvature radius is 10 nm. Figure 2.1.4 (left) shows a

representative AFM micrograph for a Si(100) CA_P functionalised substrate.
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Figure 2.1.4. AFM image (left) for the representative Si(100) CA_ P monolayer and
related cross-section profile (right).

The micrograph for the Si(100) CA P sample shows a relevant number of long
structures having a linear arrangement that nucleated and grew-up on the substrate
surface. The cross-section analysis (Fig. 2.1.4, right) shows structures whose height
(peak-to-peak) is ca. 2.4 nm and widths of 40-60 nm. This structure height is
consistent with the size of the CA_P since the silane unit length is 7.2 A and the
porphyrin size obtained by quantum mechanical calculations resulted to be 16.7 A.** A

few other shorter structures are also apparent because the monolayer set-up is not
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perfectly homogenous on the molecular scale.”> In fact, the mean height value
observed in the AFM cross-section, evaluated across the entire area of Figure 2.1.4, is
1.2 nm (see Density Fuctional Theory, DFT, results). These surface structures
evidence a long range order of more than 10 um. Moreover, all the observed structures
are parallel to each other thus showing the same direction. This suggests the presence
of well-defined porphyrin nanostructures in an upright configuration.

Figure 2.1.5 shows a higher magnification AFM for the representative
Si(100) CA P monolayer that gives a better idea of the density and size of porphyrin

“crystallites” along the linear arrangement.
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Figure 2.1.5. High magnification AFM image for the representative Si(100) CA P
monolayer showing widths of single domains in the 40—60 nm range.

Finally, to have an idea about the 3D geometrical disposition of the porphyrins in
the space after the anchoring to the substrate, accurate DFT quantum mechanical
calculations were performed on a single porphyrin—silane system, adopting the closed
shell PBE formalism (from Perdew, Burke and Ernzerhof) for both exchange and
correlation functionals.”® The standard all-electron 6-31G** basis set was used for all
atoms.”” Molecular geometry optimization of stationary points was carried out without

symmetry constraints and analytical gradient techniques were used. All calculations
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were performed using G09 code on linux cluster systems.”® Results indicated that
porphyrin molecules are tilted by 67° with respect to the normal to the substrate
surface (Figure 2.1.6).

In fact, the pseudo-tetrahedral angle of the benzyl carbon with the quaternized
nitrogen is 113° instead of 109°. By taking into account this tilting angle, many
structure heights observed with AFM seem to be somewhat larger (ca. 2.4 nm) than
those evaluated by DFT (ca. 1.2 nm). But, the mean height value observed in the AFM
cross-section, evaluated across the entire area of Figure 2.1.4, is 1.2 nm, consistent

with the value estimated on the basis of the DFT results.

Figure 2.1.6. DF'T optimization of the Si(100) CA_P grafting geometry.

We already anticipated that the monolayer set-up is not perfectly homogenous on
the molecular scale therefore, it is likely that in this monolayer there are porphyrin
molecules either tilted or in the up-right grafting geometry. Both tilted and up-right
arrangements should continue to promote good stacking between rings of vicinal
porphyrins. The computed footprint of a single porphyrin molecule of 210 A? is
broadly compatible with its XPS evaluation (330 A% obtained from 3.0 x 10"
porphyrin molecules per cm”) when, according to the AFM cross-section profile, about

60% surface coverage is taken into account.
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In order to verify whether porphyirins covalently bound to the substrates hold the
luminescence properties, fluorescence measurements were carried out using a Varian
Cary Eclipse Fluorescence spectrophotometer with a Aee of 420 nm and at 1 nm
resolution, at room temperature. The emission was recorded at 90° with respect to the
exciting line beam wusing 10:10 slit-widths. Spectra were collected at room
temperature. Particularly, Figure 2.1.7 shows two strong emissions at A = 663 and 718
nm. These results are in agreement with already reported measurements on porphyrin
monolayers assembled on solid substrates and confirm that the observed packing due
to directional m—m stacking and other more complex forces does not quench the

. .20
photoluminescence properties.*”
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Figure 2.1.7. Photoluminescence spectrum of Si(100) CA _P.

2.1.3 Results and Discussion

From the overall data analysis it results evident that a quite ordered monolayer of
porphyrins on silanized Si(100) was grown. Since no discrete bonds are expected
between the porphyrin single molecules, probably vicinal porphyrin molecules interact
to align the rings and allow n—n stacking. This interaction leads to an overlap between

the electronic states of individual porphyrin units. Moreover, the width of these
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nanostructures could be due to inter-chain van der Waals and/or additional lateral m—n
stacking interactions between the pyridine moieties. These lines are similar to styrene
structures on the order of nm observed on Si(111) engineered substrates and reported
in literature.’' In fact, Lopinski et al. reported on the growth of straight molecular
styrene lines and proposed that the crystalline silicon substrate determines both the
orientation of the lines and the molecular spacing within them.*” The method described
for self-directed growth of molecular nanostructures on silicon should allow parallel
fabrication of identical complex functional structures and could be sufficiently
controllable to be useful in forming and/or connecting nanostructures.*>

According to recent published works, ordered structures of polystyrene, in the um
range, on Si(111) engineered substrates have been also observed.”>* Other studies
reported on the self-assembly properties of particular porphyrins, thus demonstrating
that the strong porphyrin—substrate interaction enables a broader variety of structures™
and that, the occurrence of porphyrins, assembled into patterns, depends on the
interplay between directional hydrogen-bonding interactions and packing forces,
including molecule—molecule and molecule—substrate interactions.’® Taking into
account the crosslinking ability of the trichloro[4-(chloromethyl)phenyl]silane
molecules during the surface grafting it seems that the silane functionalised Si(100)
template monolayer may encourage this order to the present porphyrin
nanostructures.”’ "

The most important result obtained from this study is that Si(100) CA P shows
porphyrin nanostructures with a longer order range, more than 10 um , than that
observed in other systems and, despite molecule-molecule interaction, porphyrins
preserve single molecule properties, such as their luminescence. Therefore such a

system could be useful in the optoelectronic field.
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2.2 Dynamics of the Chemical Communication
between a Solid Nanoarchitecture and Cu(Il)

solutions

Chemical communication may comprise very intricate processes that allow
biological organisms and inorganic systems to transfer information.”> An interesting
aspect of SRMs is the ability to communicate with the surrounding environment and
produce outputs that can be read-out in a fast and precise way. In this context the
optical read-out is one of the most reliable procedures. There exist many recent studies
of intermolecular communication within thin films.*** An example of chemical
communication between metal-complex based monolayers is represented by the study
of van der Boom.” Moreover some attention has been paid to the transfer of
information between self-assembled organic or polymeric surfaces.***® Additional
examples refer to the electrochemical reaction along the solid-liquid—gas interface,®
binary logic with synthetic molecular and supramolecular species,”’ integration of

1- . . 4
213 surface reactions of self-assembled silane monolayers,™* and

chemical logic gates,
molecular computing. >

In this context it was studied the communication between a porphyrin monolayer
and different amounts of dilute copper(Il) solutions to find out the involved dynamics.
This is an example of a stimuli responsive porphyrin monolayer (hardware) subjected
to the Cu(Il) stimulus (input). The optical readout (output) was indicative of the degree
of the communication (reaction) that it was possible to control. It was assembled a
covalent monolayer of 5,10,15,20-tetrakis(4-hydroxyphenyl)-21H,23H-porphine
(H2THPP) (Figure 2.2.1) on a previously silanized quartz substrate in order to get the

H2THPP_SAM system. >’
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OH

Figure 2.2.8. Structure of the 5,10,15,20-tetrakis(4-hydroxyphenyl)-21H,23H-
porphine.

2.2.1 Synthesis of a SAM of Porphyrin

Freshly silanized substrates were immersed in an acetonitrile H2THPP 6.5 x 10™
M solution and kept at 70 °C for 70 h while stirring. The H2THPP_SAM formed was
left to cool to room temperature and then sonicated 15 min with CH3CN to remove any

residual unreacted porphyrin (Scheme 2.2.1, left).
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Scheme 2.2.1. Grafting arrangement in H2THPP_SAM and CuTHPP_SAM.
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2.2.2 Characterization of a SAM of Porphyrin

The system was widely characterised by AR-XPS (5°, 15°, 45° and 80° take-off
angles).

Figure 2.2.2 shows the fitting of the XP spectrum in the O Is B.E. region of the
H2THPP_SAM. Apart the main peak, due to the oxygen of the SiO, (quartz) substrate,
two other additional peaks at 533.0 and 532.1 eV were essential for the fit. Moreover,

the fit revealed identical intensity for these two peaks.

o = T l T
525 530 535 540
Binding Energy / eV
Figure 2.2.2. Monochromatized Al-Ka excited XPS of a representative
H2THPP SAM in the O 1s binding energy region at 45° take-off angle. The
experimental spectral data points (open circles) are fitted with three dominant
gaussians at 532.1 eV (cyan line), 533.0 eV (magenta line) and 533.2 eV (blue line).

The red line superimposed to the experimental profile refers to the sum of the Gaussian
components.

On the basis of previously reported data, these two peaks are consistent with the
presence of phenol and ether functions. Therefore it emerges that the tetra-
hydroxyphenyl-porphine on the H2THPP SAM shows two phenol and two ether
functions thus suggesting a grafting geometry involving two by four phenol groups
(Scheme 2.2.1). This result is totally in agreement with already reported data on

similar studies.?
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Figure 2.2.3 (black line) shows the XP spectrum of the H2Z2THPP_SAM in the N 1s

binding energy region and it is evident the broad 1 + 3 band convolution with signals

at 398.5 and 400.1 eV, typical of unmetalled porphyrins.>>°

T

395 400 405
Binding Energy / eV
Figure 2.2.3. Al-Ka excited XPS of the as synthesized H2THPP_SAM (black line)

and CuTHPP_SAM (red line) in the N 1s binding energy region at a 45 degree take-off
angle.

Figure 2.2.4 shows the AR-XPS angular dependence of the I¢/Is; intensity ratios
(Ic and Ig; are the total intensities of carbon and silicon, respectively) vs. the
photoelectron take-off angle for the H2THPP SAM.** *>% The ratios exponentially
decrease with the take-off angle, 6, consistently with the presence of a carbon
overlayer on Si0O,. The I¢/Ig; intensity ratio can be modelled as follows:

—d
C
]C ~ ]og (1 . e/lassenH)

[Si —d

I Si lgizpsené?
o e

where Xcsi 2p and XCC]S are the mean free paths of Si 2p and C s photoelectrons in a
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carbon overlayer and the I°o/I>' is the ratio of the Wagner sensitivity factors. The
obtained d value is 27.4 + 1.5 A and is highly consistent with the presence of a

monolayer of porphyrin molecules perpendicularly grafted on SiO».
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Figure 2.2.4. AR-XPS I¢/Is; ratios vs the photoelectron take-off angle of the
H2THPP_SAM. The R* value of the fit is 0.998.

The value of the thickness is also confirmed by the AFM measurements. In fact
from morphology measurements of a representative H2Z2THPP SAM it emerges that the
surface is rather homogeneous with a 2.61 + 0.15 nm average height and a rootmean-
square roughness of 0.72 nm (Figure. 2.2.5).

The H2THPP _SAM surface coverage was obtained by UV-Vis measurements.

Acetonitrile H2THPP solutions in the 10710 M range, with absorbances in the order
of 107, (similar to those observed for the present H2THPP_SAM) were used for a
correct evaluation of the molar extinction coefficient, € (Figure 2.2.6, black line). The
same procedure was carried out for diluted (107-10”M) acetonitrile CuTHPP solutions
(Figure 2.2.6, red line). All UV-Vis measurements were carried out with a 0.2 nm
resolution at 25 °C using a diode-array Agilent 8453 spectrophotometer and the optical

spectra were simulated using the ReactLab and Hyperquad software packages.””®

27



Chapter 2.2 - Dynamics of the Chemical Communication between a Solid Nanoarchitecture and Cu(Il) solutions

um
1,0 30 40 50

0

20

um

3.0

Counts / a. u.

40 50

2 4 6 8 10
nm

Figure 2.2.5. AFM image of the representative H2ZTHPP_SAM (left) and related
cross-sectional profile (right).
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Figure 2.2.6. UV-Vis absorption spectra of acetonitrile H2XTHPP 1.37 x 10”M (black
line) and CuTHPP 1.19 x 10”"M (red line) solutions.

The obtained ¢ value for H2THPP is 572200 M'cm™ (at 418 nm) and 155500 M~

'em™ (at 416 nm) for CuTHPP. The ¢ value found for H2THPP was used for

calculating the porphyrin density by means of the Beer—Lambert law A =¢ Ic, where A

is the absorbance and €, | and ¢ are the extinction coefficient, the thickness of the film
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and the concentration of the molecules in the film, respectively. The obtained surface
coverage, dgwt = A €' (number of molecules per cm?), in H2THPP_SAM is 8.6 x 10"
molecules/cm®.®" This means 2.75 x 10" molecules or 4.57 x 10" mol per substrate.
This value is highly consistent with others reported on similar porphyrin monolayer
systems.®® In fact the resulting footprint of each porphyrin molecule (1160 A?) is three
times larger than that estimated using the ChemBio3D program (360 A?) for a compact
surface arrangement and this indicates the absence of significant aggregation

phenomena and that the monolayer can be enough permeable.

2.2.3 Chemical Communication between a SAM of

Porphyrin and Cu(II) solutions

The ability of H2THPP SAM to chemically communicate with the surrounding
environment was investigated by a complexation reaction between the present
H2THPP_SAM and Cu(ll) (Scheme 2.2.1), using aliquots of two acetonitrile
Cu(AcO); solutions having concentrations of the order of 10° and 10* M. Acetonitrile
is a solvent that shows high affinity for both porphyrin and Cu(Il) acetate. This
experiment allowed to go deep inside the chemical reactivity of a system that differs
from both classical homogenous and not-homogeneous reactants. In fact, it is known
that a molecular monolayer cannot be envisaged as a solid bulk system, since single
molecules possess a good degree of freedom, nor as a gaseous system since the grafted
molecules are bound to the substrate surface. As a consequence the involved chemical
reactivity can be rather different with respect to that of the typical chemical reaction
media.

During the UV-Vis measurements the substrate (2 x 0.8 cm) bearing on both sides
the porphyrin monolayer (whole area = 3.2 cm?) was set inside a quartz cuvette using
an appropriate Teflon substrate holder, (Figure 2.2.6), and 2.5 mL of acetonitrile were
added to cover the substrate. The reference cuvette contained a silane functionalised
quartz substrate on another Teflon substrate holder and 2.5 mL of acetonitrile. Then,

increasing amounts of copper(Il) acetate acetonitrile solutions (Table 2.2.1) were
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added in both cuvettes using a precision burette (Hamilton, 1000 mL). After each
addition, the system was allowed to equilibrate for 4 min prior to UV-Vis
measurements. In particular, two 2.5 x 10° and 2.5 x 10* M copper acetonitrile
solutions were used and 28 spectra were recorded for this experiment. The data,
corrected for the volume variation, were subsequently analysed by using two different
software packages namely ReactLab35 and Hyperquad36 that make use of a

multiwavelength and multivariate treatment of spectral data.””

H =

Figure 2.2.6. Set-up for UV-Vis measurements of the quartz substrate bearing a
porphyrin monolayer.

Table 2.2.1. Additions of copper(Il) acetate acetonitrile solutions for the conversion of
the H2THPP_SAM in CuTHPP_SAM.

Additio | Mol of porphyrinin | pL of Cu(AcO), [Cu(AcO),] Mol of Cu(AcO), / Mol of
n H2THPP_SAM 25x10°M (mol/L) porphyrin in H2THPP_SAM
0 4.57E-11 0 0 0
1 4.57E-11 5 5.00E-9 0.27
2 4.57E-11 10 1.00E-8 0.54
3 4.57E-11 20 2.00E-8 1.09
4 4.57E-11 40 4.00E-8 2.19
5 4.57E-11 60 6.00E-8 3.28
6 4.57E-11 100 1.00E-7 5.47
7 4.57E-11 140 1.40E-7 7.66

Mol of porphyrinin | pL of (CuAcO), [Cu(AcO),] Mol of Cu(AcO), / Mol of
H2THPP_SAM 25x10°M (mol/L) porphyrin in H2THPP _SAM
8 4.57E-11 16.4 1.63E-6 89.72
4.57E-11 31.4 3.10E-6 171.77
10 4.57E-11 46.4 4.55E-6 253.83
4.57E-11 61.4 5.99E-6 335.89

30



Chapter 2.2 - Dynamics of the Chemical Communication between a Solid Nanoarchitecture and Cu(Il) solutions

12 4.57E-11 76.4 7.41E-6 417.94
13 4.57E-11 91.4 8.82E-6 500.00
14 4.57E-11 106.4 1.05E-5 582.05
15 4.57E-11 121.4 1.16E-5 664.11
16 4.57E-11 136.4 1.29E-5 746.17
17 4.57E-11 151.4 1.43E-5 828.23
18 4.57E-11 166.4 1.56E-5 910.28
19 4.57E-11 181.4 1.69E-5 992.34
20 4.57E-11 196.4 1.82E-5 1074.40
21 4.57E-11 2114 1.95E-5 1156.45
22 4.57E-11 226.4 2.07E-5 1238.51
23 4.57E-11 241.4 2.20E-5 1320.57
24 4.57E-11 256.4 2.32E-5 1402.62
25 4.57E-11 2714 2.45E-5 1484.68
26 4.57E-11 286.4 2.57E-5 1566.74
27 4.57E-11 301.4 2.69E-5 1648.80
28 4.57E-11 3164 2.81E-5 1730.85

Finally, the system was characterized by XPS measurements. In particular, Figure.
2.2.2 (red line) shows a narrow and symmetric N 1s signal at 400.3 eV that is due to
the equivalence of the porphyrin nitrogens upon the CuTHPP SAM formation in
which the copper complex has a local Dy, symmetry. The XPS atomic concentration
analysis of the CuUTHPP_SAM shows a N/Cu atomic ratio of 4.5 consistent with the
9% of the starting H2THPP_SAM and the 91% of the CaTHPP_SAM.

Figure. 2.2.7 describes the optical behaviour of the H2THPP _SAM upon three
selected Cu(AcQO), additions. The starting Soret band at 427.6 nm shows a 9.6 nm red
shift upon the porphyrin grafting with respect to the solution measurement. Moreover,
the most dilute solution allowed to investigate the reaction pathway up to 50.0% of the
total Abs variation (AAbs = 0.012) observed in experiments. In fact, after the addition
of 3.5 x 10"° mol of Cu(AcO), (Table 1.1, [Cu(Il)] = 1.40 x 107) it was noted that the
absorbance decreased to 0.01 (Absso) (Figure 2.2.7, red line) and this corresponds to
the 61% of its initial intensity value (Abs;oo = 0.016) (Figure 2.2.7, black line) and to
the 50.0% of the total Abs variation. After the addition of 7.9 x 10™® mol of Cu(AcO),
(Table 2.2.1, [Cu(I)] = 2.81 x 10”) the Abs value was 0.004 (Abs,) (Figure 2.2.7, blue
line) and this corresponds to the 25.0% of its initial intensity value. No other Abs
variation was observed upon further Cu(AcO), addition.

Therefore, it was obtained an optical ternary system whose readout procedure is

31



Chapter 2.2 - Dynamics of the Chemical Communication between a Solid Nanoarchitecture and Cu(Il) solutions

related to three absorbance values (0.016, 0.010 and 0.004) that can be used as
thresholds and correspond to three different (mol of porphyrin in H2THPP_SAM) /
(mol of the porphyrin Cu(Il) complex in CuTHPP_SAM) ratios. Thus the present
H2THPP_SAM may find potential interest for permanent memory storage. In fact, the
observation of three distinct optical states Abs;go, Abssg, and Absy, as a function of the
[Cu(AcO);] concentration, can be exploited for integration of this ternary memory

state system in optical devices.
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Figure 2.2.7. UV-Vis spectra H2THPP SAM upon three selected Cu(AcO), additions.

Figure 2.2.8 shows the overall optical variation of the H2THPP_SAM upon the
Cu(AcO), additions (Table 2.2.1). Therefore, the Soret (B-band) suffers a monotonic
hypochromic effect consistent with the formation of the CuTHPP_SAM. The spectral
changes, evident upon the Cu(AcO), additions, can be interpreted in terms of the
convolution of two Soret bands belonging to the H2THPP_SAM and CuTHPP_SAM
whose € values are significantly different (572200 and 155500 M™' cm™, respectively).

The optical spectra in the Q-band region of the H2THPP SAM upon the
Cu(AcO), additions show a decreased number of Q-bands (Figure 2.2.9, blue line).
The starting bands for the H2THPP_SAM at 523.6, 563.6, 600.0, 656.8 nm reduce to
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the 545.4 and 587.4 nm new bands. This observation is in agreement with the

formation of the CuTHPP (Scheme 2.2.1, right).
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Figure 2.2.8. UV-Vis spectra of the H2THPP_SAM during the Cu(AcO); additions.
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Figure 2.2.9. UV-Vis spectra of the starting H2THPP_SAM (black line) and upon
2.81 x 10™ mol/L of Cu(AcO), addition (blue line).

Figure 2.2.10 shows the relative absorbance variation during the Cu(AcO),
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additions. In particular, Figure 2.2.10a shows the relative variations upon the addition
of the most dilute 2.5 x 10° M Cu(AcO), solution and Figure 2.2.10b shows the
relative variations upon the addition of the 2.5 x 10* M Cu(AcO), solution. In both
cases almost linear behaviours are evident. These optical trends are highly desired. In
fact, to exploit the ability of the present H2THPP SAM nanoarchitecture to
communicate with the solution, linear behaviour (outputs) upon external stimuli
(inputs) easily allows the signal transduction to process the information and thus the

development of devices useful in many important technological fields.
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Figure 2.2.10. Relative absorbance variations during the 2.5 x 10° M (a) and 2.5 x 10"
* M (b) Cu(AcO), additions. The R values of the fits are (a) 0.96 and (b) 0.97.

It was also determined the stability constant of CuTHPP_SAM using the

spectrophotometric experiment related to the following dynamic equilibrium reaction:
H2THPP_SAM + Cu(AcO); <> CuTHPP_SAM +2AcOH log K=5.80

and it was found that the system shows a fairly high stability constant value (631000).

This indicates the involvement of the four nitrogen atoms of the porphyrin ring in the
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copper(Il) coordination sphere. Interestingly, this value is in good agreement with
already reported stability constants for similar solution reactions.®

Figure 2.2.11 shows the distribution diagram of the H2THPP_SAM and
CuTHPP _SAM species obtained with the HYSS software package by simulating
different additions of a unique 2.5 x 10*M Cu(AcO), solution.®* It can be noticed that
the system forms only one complex species and the [H2THPP SAM] /
[CuTHPP SAM] ratio = 1 at o = 0.5 can be obtained when the concentration of the
[Cu(AcO),] is 1.63 x 10°. Indeed, this corresponds to the experimental cumulative
Cu(AcO), concentration reached after the first addition of the more concentrated
solution in the reaction media (16.4 uL of Cu(AcO), 2.5 x 10™* M, Table 2.2.1). After
271.4 pL of Cu(AcO),, when the [Cu(AcO),] is 2.45 x 107, only the 6% of the starting

H2THPP SAM remained and the CuTHPP SAM is now the 94% of the starting

concentration.
Absorbance at 427.6 nm
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Figure 2.2.11. Distribution diagram of the [H2THPP _SAM] and [CuTHPP_ SAM]
calculated with the HYSS software package. Abscissa (bottom) shows both the
[Cu(AcO);] concentration and the corresponding volume addition of the 2.5 x 10" M

Cu(AcO), solution. The top abscissa shows the experimental absorbance
corresponding to the [Cu(AcO),] concentration reported in Table 2.2.1.
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These calculated values are in close agreement with the experimental XPS
evaluation based on the atomic concentration analysis. It emerges that each optical
absorbance corresponds to a particular [H2THPP _SAM] / [CuTHPP_SAM] ratio.

In addition, the speciation study for this porphyrin and copper(Il) was also carried

out for acetonitrile H2THPP solutions (Figure 2.2.12).
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Figure 2.2.12. UV-Vis measurements of the acetonitrile H2THPP 1.37 x 107 M
solution (2 mL) during the additions (5-200 uL) of the 3.62 x 10™* M acetonitrile
solution of Cu(AcO);.

In particular, Figure 2.2.13 shows three UV-Vis spectra registered during the
solution H2THPP titration experiment: the starting spectrum (black line), the
intermediate (blue line) and the final (red line). It is possible to note Abs variations in
the Soret and in the Q-bands region. In detail, the initial 4 Q-bands at 515.6, 556.2,
594.0 and 648.6 nm respectively, reduce to two new bands at 544.2 and 581.6 nm upon
Cu(Il) additions, as similarly observed for the H2ZTHPP_SAM.

From the AAbs data obtained during the solution titration it was calculated the log
K value for such reaction and it was obtained a log K of 5.21 (stability constant =
162181), significantly smaller than that obtained for the H2THPP_SAM (log K =

5.80). This result suggests that the grafted complex is more stable than that formed in
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solution probably owing to the lower ability of the cofacial molecules in
CuTHPP_SAM to dissociate, and also because the preformed cofacial arrangement of

the molecules facilitates the binding of the metal ion.%?
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Figure 2.2.13. UV-Vis measurements of the acetonitrile H2THPP 1.37 x 107 M (2
mL) before (black line) and after the additions of 24 (blue line) and 200 (red line) uL
of the 3.62 x 10 M acetonitrile solution of Cu(AcO).

In summary H2THPP_SAM is a robust and stable SRM system that produces
readable optical output upon external chemical stimuli. Each optical output
corresponds to a precise chemical composition, namely a precise stable physical state.
Therefore, such nanostructured system could have potential application for multi-bit

information storage devices.
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Chapter 2 - Porphyrin Nanostructures

2.3 Porphyrins Functionalised TiO; and SnO:

Nanocrystals

Nowadays the production of energy that satisfies the worldwide requirement is a
need of the modern society. Renewable sources, as biofuels, biomasses, isothermal,
geothermal, hydropower and solar energies are eco-friendly thus preferable. The solar
energy impinging on the earth corresponds to 2.9 x 10'2 TJ/year and that value
overwhelms about 6.000 times the actual world annual need. Therefore it is not
surprising that during the last decade attention was focused on the solar energy as
major source for the energy production for the worldwide consumption.

In this context, photovoltaic devices, such as the dye sensitised solar cells, convert

65-72

visible light to electrical energy. In this technology the most used anode inorganic

substrates are the transparent conducting oxides (TCOs) such as SnO, and TiO,. s
SnO; is a prototype oxide that adopts the tetragonal rutile structure (lattice parameters
a= 4.737A, c= 3.369 A), belongs to the D'%;, space group and contains two formula
units per cell. In the SnO, there is a good level of metal-oxygen covalency that
involves the diffuse Sn 5s and 5p atomic orbitals.”® This covalency, in turn, causes a
band-gap of 3.6 eV and a large O 2p valence band width (10 ¢V).” In TiO, the band-
gap is 3.1 eV and the O 2p valence band width is 6.3 eV.” These differences are due
to the fact that the conduction band states in TiO, are Ti 3d in nature whilst in SnO,
involve the more diffuse Sn 5s and 5p levels. The attractive properties displayed by
these nanostructures are based on their atomic scale structures and can be tailored for
appropriate physico-chemical properties.”® For example, low dimensional SnO,
nanowires and nanobelts are highly sensitive and efficient transducers of surface
chemical processes into electrical signals.””® As anticipated above, porphyrins
assembled on TiO; or SnO, play a leading role in the DSSC technology. If these dyes
are physisorbed on the oxide surfaces, through-space electron interactions dominate.”

80-82

In contrast, if the dyes are covalently assembled on the oxide surfaces, through-

bond electron interactions dominate thus increasing the device efficiency.” In fact,
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these covalent systems overcome the problem of loss of efficiency during the electron
injection since the dye layer is directly in contact (covalent) with the semiconductor
surface.” Therefore well-organized porphyrin molecules, covalently anchored to
appropriate nanosized conducting inorganic oxides, are promising materials for the
next generation of molecular-based DSSC devices. In this perspective, the synthesis,
characterization and optical properties of the free-base porphyrin H2THPP or its
copper complex CuTHPP covalently assembled on TiO, and SnO, (hereafter,
H2THPP_TiO,, H2THPP_SnO, CuTHPP_TiO, and CuTHPP_SnO,, respectively)
were studied. To investigate the donor—acceptor effect between the porphyrin
monolayers and the metal oxide the luminescence spectra of the different functional
nanostructures presently synthesized were compared and it is announced that
covalency between dye and semiconducting nanocrystals plays a fundamental role in
the electron injection and in all cases the SnO, functionalised nanocrystals disclose the

best donor—acceptor behaviour.'

2.3.1 Synthesis of Porphyrin Nanostructures on TiOz and

Sn0O:

The synthetic strategy already used for the covalent functionalization of flat
substrates was adopted also in this case (Scheme 2.3.1). In detail, TiO, and SnO, white
powders (Aldrich) were annealed overnight to 600°C in a furnace using recrystallised
alumina crucibles and then, left to cool to room temperature and transferred in a glove-
box under a N, atmosphere (1ppm H>O, 1 ppm O,). At that point, the single TiO, and
SnO, powders were dispersed at room temperature in two n-pentane solutions (100 mL
per each) 0.2 : 100 v/v of the silane coupling agent, soon removed from the glove-box
in sealed flasks and sonicated for 60 min (25°C) to afford a CA monolayer on each
crystal grain.’® Afterward, the powder-containing flasks were moved back into the
glove-box and the powders were decanted and washed with n-pentane 10 times while
stirring. Then, they were removed from the glovebox and heated up to 135 °C for 15

min in an oven to complete the CA grafting. Subsequently, the powders were sonicated
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twice in pentane for 5 min (25°C) to remove any eventual remaining physisorbed CA,
decanted and transferred again in the glovebox. Then they were immersed into stirred
3.5 x 10* M CH5CN 100 mL solutions of H2THPP, removed from the glovebox in
sealed flasks, and sonicated for 7 h while heating at 50 °C. Then, the flasks were
removed from the sonicator and heated-up to 70°C while stirring on an IKA RCT
hotplate for 120 h. Similarly, some silanized TiO, and SnO, powders were left also to

react with a 4.6 x 10* M CH;CN solution of CuTHPP.
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Scheme 2.3.1. Reaction pathway for TiO, and SnO, nanoparticles functionalised with
a monolayer of H2THPP or CuTHPP.

Lastly, each suspension of the porphyrin (or CiTHPP) functionalised TiO, and
SnO, was cooled to room temperature and subjected to multiple cycles of
sonication/centrifugation-filtration until there was no UV-Vis evidence of any residual
porphyrin in the remaining solutions. Each sonication (10 min) was performed in
CH3;CN and the related centrifugation-filtration was achieved using a column

(Sartorius Stedim Biotech) containing a molecular membrane having a 3000 MWCO
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molecular weight cut-off, to remove any residual unreacted porphyrin. The filtration
column was positioned at a fixed 25° angle in the centrifuge and, when subjected to
5000 rpm, the internal membrane restrains particles having a MWCO > 3000. Pale
yellow-green or pink nanocrystals were obtained for H2THPP or CuTHPP
functionalised oxides, respectively.

The adopted synthetic procedure involves the sonication of the solutions during the
powder silanization process since this reduces the presence of grain agglomerates. In
addition, the sonication during the first 7 hours of reaction of the silanized grains with
the porphyrin solutions is helpful in avoiding the formation of silanized oxide grain
aggregates. Moreover, the sonication should partially prevent also some porphyrin
aggregation due to the well-known stacking effect. Finally, the reaction time for the

porphyrin grafting was much larger (120 h) than that typically used (Scheme 2.3.1).”°

2.3.2 Characterization of Porphyrin Nanostructures on

TiO2 and SnO2

The functionalised oxides were characterised by XPS, IR, UV-Vis, luminescence
and Transmission Electron Microscopy (TEM) measurements.

Figure 2.3.1 shows the XP spectrum of the TiO, after the H2THPP grafting in the
Ti 2p binding energy region. The two well resolved peaks at 459.3 and 465.1 eV
represent the spin-orbit components of the Ti 2psp, 12 states, respectively. These values
are about 0.8 eV at higher B.E. with respect to those measured for pure TiO, annealed
overnight at 600°C under a continuous 100 sccm (standard cubic centimetres per
minute) flux of oxygen and that are typical of pure titania: Ti 2p3, = 458.5, 2pip =
464.3 eV.

Figure 2.3.2 shows the XP spectrum of the SnO, after the H2THPP grafting in the
Sn 3d binding energy region. The two well resolved peaks at 487.1 and 495.5 eV
represent the spin-orbit components of the Sn 3ds,3 states.’® Also in this case the
observed values are at 0.8 eV higher B.E. with respect to those we measured for pure

SnO; annealed overnight at 600°C under a continuous 100 sccm flux of oxygen (Sn
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3d5/2 = 486.3, 3d3/2 =494.7 eV).
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Figure 2.3.1. Al-Ka excited XPS of the H2THPP_TiO; in the Ti 2p binding energy
region.
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Figure 2.3.2. Al-Ka excited XPS of the H2THPP_SnO; in the Sn 3d binding energy
region.

In contrast to these observations, the XPS N 1s main peak of both the

H2THPP_TiO; and H2THPP_SnO, (Figure 2.3.3) lies at 400.1-400.2 eV that is at
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lower B.E. with respect to that of the pure H2THPP (400.4 eV). In agreement with
many previous reported data on similar systems, a peak shape consisting of two
components in a 1 : 3 ratio is evident (~398 and ~400 eV). The observed B.E. is

consistent with a system that has received some electron density.

395 400 405
Binding Energy / eV

Figure 2.3.3. Al-Ka excited XPS of the H2THPP SnO, (black line) and
H2THPP TiO; (red line) in the N 1s binding energy region.

A similar behaviour can be observed for both CaTHPP_TiO, and CuTHPP_SnO,
systems that show Cu 2p states at 934.8 = 0.1 (Cu 2ps2) and 954.6 = 0.1 eV (Cu 2py2)
(Figure 2.3.4), whilst these states in the CuTHPP itself lie at 935.1 and 954.9 eV.

In addition, two well resolved shake-up satellites peaked at 944.0 and 963.8 eV
confirm the presence of the different final states upon the ionization of the 2p levels in
the open-shell Cu(I) d° system. In fact the main peaks correspond to 2p°3d'°H final
states, whereas the satellite structures correspond to 2p53d9 final states (H denotes a
hole on the ligand after a charge-transfer processes). Furthermore, the XPS atomic
concentration analyses confirmed for both systems a Cu/N atomic ratio of 0.25 thus
excluding any presence of unmetallated porphyrin.

All these observations indicate that both TiO, and SnO,; release electrons to the

tetrapyrrole porphyrin core regardless of the fact that it is free base or Cu-complexed.
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Figure 2.3.4. Al-Ka excited XPS of the CuTHPP_TiO; in the Cu 2p binding energy
region.

If stoichiometric, both TiO; and SnO, have filled O 2p-based valence bands and
empty Ti 3d or Sn 5s conduction bands. In contrast, native donor defects arising from
nonstoichiometry, which in turn are strongly dependent on the synthetic procedure
adopted, introduce carriers in the conduction bands.” It is recognized that oxygen
vacancies (V,) represent the main kind of defect in both oxides. When any of these n-
type semiconductor is exposed to porphyrin molecules, some surface electrons are
transferred to the porphyrin molecules as it occurs for oxygen molecules that are
captured by the surface electrons and become adsorbed oxygen ions (0%, O” and O5).
Obviously, the electron affinity of the porphyrin has to be higher than the work
function of the oxide.* In this case the adsorbed molecules create an electron depletion
layer on the oxide grain surface that continues to grow until the Fermi energy of the
bands of the porphyrin equals that of the given oxide. Since the depletion layer
increases the energy barrier and hence increases the electrical resistance of the given
oxide, it is possible to use these semiconductors for sensing by electrical

measurements.”> It is important to note that all the above description applies to

44



Chapter 2.3 - Porphyrins Functionalised TiO, and SnO, Nanocrystals

porphyrin molecules in their electronic ground states deposited on semiconducting
surfaces.

The FTIR spectra of H2THPP TiO, (Figure 2.3.5a), CuTHPP_ TiO, (Figure
2.3.5b) and CuTHPP_ SnO, (Figure 2.3.5c¢) show the characteristic aromatic stretching
(vcn) at 2856 and 2923-2929 cm™! due to the silane coupling layer, and the Vasym Si-
CH, mode at 1122-1128 cm™'. Moreover they show all the expected porphyrin bands.
In particular, the whole 1100-1230 cm™ region is typical of phenyl and pyrrole group
“ring breathings”. At 1260-1285 cm™ there is a band due to the C-O-C ether group
mode, absent in the H2THPP, that confirms the porphyrin grafting on the substrate
surface.”® The weak signal at 1200 cm™ is typical of the phenolic C-O stretching.
Furthermore the C-N stretching mode appears at 1381-1385 c¢m™. The weak band in
the 1466-1472 cm™ region is assigned to conjugated C-C symmetric stretching, while

! is consistent with the aromatic O-H

the intense band observed at 1400-1402 cm’
stretching. Finally, the band at 1635-1640 cm™ is due to ring stretching of benzene

derivatives.
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Figure 2.3.5. FTIR spectra of the H2THPP TiO, (a), CuTHPP TiO, (b) and
H2THPP_SnO; (c) systems.

46



Chapter 2.3 - Porphyrins Functionalised TiO, and SnO, Nanocrystals

2.3.3 Properties of Porphyrin Nanostructures on TiO:

and Sn0O2

The optical properties of the synthesized systems were investigated through
UV-Vis and luminescence measurements.

All sample weighing for UV-Vis and luminescence measurements were
performed using a Mettler Toledo M3 microbalance with 1 pg precision.

Figure 2.3.6 shows the UV-Vis spectra of 0.12 mg (£ 1ug) of H2ZTHPP_ SnO,
(black line) and of 0.12 mg of H2THPP_TiO; (red line) in 25 mL of N-methyl-2-
pyrrolidone (NMP). The Soret bands appear at 425.4 nm for both SnO; and TiO,
oxides with an evident red shift (7.4 nm) with respect to the porphyrin free-base
indicative of interactions between the metal oxide and the porphyrin.”® No UV-Vis
evidence of any residual porphyrin was observed in the solutions after the last
centrifugation/filtration cycle thus confirming that no unreacted porphyrin was

physisorbed on the investigated systems.
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Figure 2.3.6. UV-Vis spectra of 0.12 mg of H2THPP_SnO, (black line) and 0.12 mg
of H2THPP_TiO; (red line) in 25 mL of NMP.

The Brunauer, Emmett, Teller (BET) surface area of SnO; (6.9 mz/g) is smaller
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than that of TiO, (9 m?®g) nevertheless it was observed at 425.4 nm a larger
absorbance (1.5 x 107%) for the H2THPP_SnO, (vs. 1.3 10 for the H2THPP TiO,). As
a consequence, 3.4 x 10" porphyrin molecules/g have been grafted on the
H2THPP_SnO, (¢ of H2THPP = 572200 M cm™ at 418.0 nm) while only 3.0 x 10"
molecules/g have been grafted on the H2ZTHPP TiO, being their density ratio (3.4 x
10'%/3.0 x 10'®) = 1.1 (Table 2.3.1).

In order to understand the reason why for the H2THPP SnO, is observed an
absorbance larger than that for the H2THPP TiO,, nevertheless the surface area of
SnO, is smaller than that of TiO,, the powders were microscopically characterised by
TEM investigations. TEM micrographs of bare SnO, nanoparticles, annealed at 600°C
in recrystallised alumina crucibles and sonicated in CH3CN, reveal a large quantity of
spherical particles having a grain size distribution in the 30-60 nm range (Figure

2.3.7A-B)"*** and only a few particles show bigger size of about 90 nm.

A @ B

o

100 nm 100 nm »

Figure 2.3.7. TEM images of the SnO, nanoparticles annealed overnight at 600°C.

The spherical particles are joined each other forming quite linear aggregates
having lengths in the 150-300 nm (Figure 2.3.7C). Also the grain surface seems very
smooth. Single annealed and sonicated TiO, nanoparticles show similar mean sizes of
about 30 nm, however in this case they form no linear but bigger and more rounded

aggregates, of about 200-400 nm range (Figure 2.3.8A-B).”% %

These TiO, aggregates
are consistent with the anatase phase, as demonstrated by the electron diffraction
(Figure 2.3.8C). In particular, the electron diffraction pattern shows several spots lying
in circles related to the following plane distances and reflection typical of the anatase

phase: 3.52 A (101), 2.37 A (004), 2.33 A (112), 1.89 A (200), 1.70 A (105) and 1.67
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A (211).

100 nm

Figure 2.3.8. TEM images (A and B) of the TiO, nanoparticles annealed overnight at
600°C. Electron diffraction pattern (C) indicates the presence of the anatase phase.

Therefore, TEM analysis can give a rationale for the UV-Vis results. In fact, the TiO,
grains tend to agglomerate in a more pronounced way with respect to SnO, crystal
grains thus reducing the surface available for porphyrin functionalization.

Figure 2.3.9 shows the UV-Vis spectra of 0.12 mg of CuTHPP_ SnO, (black line)
and of 0.12 mg of CuTHPP_TiO, (red line) in 25 mL of NMP.* The Soret bands
appear at 424.0 and 423.4 nm for the SnO;, and TiO, systems, respectively with
evident red shifts (6.0 and 5.4 nm, respectively) with respect to the Cu-porphyrin
complex. Also in this case it was observed for the CaTHPP_SnQO,; an absorbance (4.1 x
10°) (¢ of CuTHPP = 155500 M cm™ at 418 nm) larger than that for the
CuTHPP_TiO, (3.0 x 107). As a consequence, 3.2 x 10'® molecules/g have been
grafted on the CuTHPP_SnO, while only 2.4 x 10'® molecules/g have been grafted on
the CuTHPP_TiO,. From these observation it emerges that the ratio between the
number of porphyrin molecules/g and the number of Cu-complexed porphyrin
molecules/g grafted on TiO; is 3.0 x 10'%/2.4 x 10'® = 1.3. Noteworthy, also the ratio
between the number of porphyrin molecules/g and the number of Cu-complexed
porphyrin molecules/g grafted on SnO; is similar to the above value being 3.4 x
10"/3.2 x 10" = 1.1. It is clear that there must be a mechanism that increases the
footprint of the Cu-complexed porphyrin molecules on oxide surfaces and, in a very

close system; this behaviour was interpreted in terms of increased face-to-face
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repulsions between porphyrin molecules due to the presence of Cu'' ions in the
porphyrin core. In this case the ratio of the CuTHPP molecules/g grafted on SnO,; / the
CuTHPP molecules/g grafted on TiO, (3.2 x 10'8 molecules/g) / ( 2.4 x 10'8
molecules/g) is 1.4 and this is justified by a tendency of TiO, grains to agglomerate

more than the SnO; crystal grains.
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Figure 2.3.9. UV-Vis spectra of 0.12 mg of CaTHPP_SnQO, (black line) and of 0.12
mg of CuTHPP_TiO, (red line) in 25 mL of NMP.

Figure 2.3.10 shows the luminescence spectra of H2THPP SnO, and of
H2THPP_TiO,. The H2THPP_SnO, luminescence (black line) is less intense than that
observed for the H2THPP_ TiO, (red line) (Iti/Is, = 1.2, where Iy and Is, refer to the
luminescence intensity observed at 654.0 nm for 0.12 mg of H2THPP_TiO, and 0.12
mg of H2THPP_SnO.,, respectively in 25 mL of CH3;CN), whilst the absorbances
showed an opposite trend (Figure 2.3.6). In practice there is a larger number of
porphyrin molecules/g grafted on SnO,, as evidenced by the UV-Vis measurements,
but in the same time there is a less intense porphyrin luminescence.

This behaviour is further evident in the case of CuTHPP SnO, and of
CuTHPP_TiO;, being the Iri/ls, = 1.9 (Figure 2.3.11) and reveals the role of central

metal ions, that affect the overall porphyrin energetics, in the electron transfer
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Figure 2.3.10. Luminescence spectra of 0.12 mg of H2ZTHPP_ SnO, (black line), of
0.12 mg of H2THPP_TiO; (red line) in 25 mL of CH3CN (Aexe = 418 nm) and of a

CH;CN solution of H2THPP (blue line) containing a number of porphyrin molecules
identical to that found in H2THPP_TiO; (2.39 x 10" M, Table 2.3.1).
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Figure 2.3.11. Luminescence spectra of 0.12 mg of CuTHPP_SnO, (black line), of
0.12 mg of CuTHPP_TiO; (red line) in 25 mL of CH3CN (A = 418 nm) and of a
CH;CN solution of CuTHPP (blue line) containing a number of Cu-porphyrin
molecules identical to that found in CuTHPP_TiO, (1.91 x 10® M, Table 2.3.1).
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In fact there is a relevant decrease in the luminescence intensity of the
CuTHPP SnO, as compared with the TiO, analogue or, even better, with the
luminescence observed for a CuTHPP solution having the same concentration in
porphyrin molecules. This is an evidence of the fact that Cu modifies the oxidation
potential (or LUMO) of the dye. It was already noted that XPS had excluded any
presence of unmetallated porphyrin on these systems.

In this context, the observed less intense porphyrin or Cu(ll) porphyrin
luminescence on the SnO, substrate cannot be ascribed to a quenching effect due to
porphyrin stacking interaction since in all cases the observed porphyrin or Cu-

porphyrin footprints (Table 2.3.1) are large enough to rule out stacking effects.

Table 2.3.1. Number of grafted molecules/g and molecule footprint.

Svstem N®molecules /g Mol /L Footprint Al
H2THPP TiO: 3.0x 1018 2.39x 108 300
H2THPP S5n0: 3.4 x 1018 2.71x 108 205
CuTHPP_TiO2 2.4 x 1018 191x10%8 375
CuTHPP_Sn0O: 3.2x 1018 2.55x 108 219

The observed luminescence intensity trend can find an explanation by considering
that the conduction band of the SnO; is mainly Sn 5s in character and that of TiO, is
represented by the Ti 3d levels. In the simple metals the B.E. of the Sn 5s states is
about 12 eV while the B.E. of the Ti 3d states is about 8 eV. In addition, also the
Pauling electronegativity of Sn (1.8) is larger than that of Ti (1.5). Therefore, simple
native chemical intuition suggests that the Sn 5s levels lie at lower (more negative)
energy than the Ti 3d and, as a consequence, electron injection should be easier
towards SnO, than towards TiO; This observation finds a support in the recent study
of Brudvig and Schmuttenmaer who, using time resolved terahertz spectroscopy,
investigated the energy levels and the photoexcited electron injection dynamics of
some porphyrins and Cu-porphyrins bound to TiO, and SnO; nanoparticles and arrived

at the same conclusion.™ Generally, inclusion of copper into the porphyrin structure
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enhances intersystem crossing into the triplet state thus lowering the singlet emission.
A triplet state is unlikely to lead to electron injection into the TiO,/SnO, nanoparticles.
In fact there is a definite decrease in the emission intensity on going from the
porphyrin free-base to the copper complex. In the studied systems it was evidenced a
significant decrease in the luminescence intensity on passing from the porphyrin free
base or Cu-porphyrin complex to their related covalently assembled monolayers on
TiO, or SnO,. This is an evidence of how important may be that the first layer of the
dye is covalently assembled on the semiconducting oxide surfaces instead of to simple
be physisorbed.®”™ To resume, porphyrins in the excited states inject electrons into
conduction bands of the TiO, and SnO, nanoparticles and, the larger electron injection
the lower luminescence intensity.

As a control check of the above observation it was measured the luminescence
spectrum of a sample of CaTHPP physisorbed on SnO, (CuTHPP-SnO,) in absence of
the coupling agent, obtained using the same treatments and reaction conditions
reported above for the covalent assembly, apart the experiments involving the

formation of a silane coupling layer (Figure 2.3.12).

I T [ T [ ' 1
600 650 700 750
Wavelength / nm
Figure 2.3.12. Luminescence spectra of 0.14 mg of CuTHPP-SnO, (black line) in 25
mL of CH3CN (Aexe = 418 nm) and of a CH3;CN solution of CuTHPP (blue line)

containing a number of Cu-porphyrin molecules identical to that found in CuTHPP-
Sn0, (2.96 x 10 M).
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This final suspension was subjected to cycles of sonication/centrifugation-filtration
until the UV-Vis absorbance of 0.14 mg of CuTHPP-SnO, in 25 mL of NMP was
similar to that obtained for the covalent parent system. The related luminescence
spectrum (Figure 2.3.12, black line) was compared with a CH3CN solution of CuTHPP
(Figure 2.3.12, blue line) containing a number of Cu-porphyrin molecules identical to
that found in CuTHPP-SnO,. It emerged that the luminescence intensity decrease of
CuTHPP-SnO, is much less pronounced with respect to the covalent system indicative
of a smaller electron-injection effect. This is a further indication of the importance of
the covalently assembly for the electron injection.

All the above observation confirm that electron injection is more efficient in
systems where the molecular dye is covalently anchored to the TCO with respect to

those where the dye is just physisorbed.
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Conclusions

In this chapter it was shown how the bottom-up approach is useful to synthesise
nanomaterials using discrete molecules as building blocks. Moreover, the silane
coupling agent allowed obtaining stable and robust covalent assemblies with high
degree of order useful for their integration in devices.

In particular, the functionalization of the Si(100) surface allowed the generation of
ordered porphyrin assemblies in the micrometre range, covalently bound to the silicon
surfaces.

Then it was exploited the ability of a porphyrin monolayer to communicate with
copper(Il) solutions. In fact this porphyrin architecture exhibits many optically active
states that can be optically readout. By coupling the optical output with the calculated
distribution diagram it was possible to detect the physical states of the overall system
that, in turn, represent the answer (output) to the chemical Cu(Il) stimulus. At least
three different states have been safely distinguished. The response time of the setup is
short (4 min) and this archetypal could represent the platform for the development of
advanced interfacial communication systems based on optically active monolayers. In
fact the distinct optical states of the present system are of interest for permanent
memory storage devices. Worthy of note this study also reported on the first evaluation
of the stability constant for the complexation reaction between a covalent porphyrin
monolayer and Cu(Il).

In the third part of the study the donor—acceptor properties between the porphyrin
monolayers and some metal oxides were investigated by means of their optical
properties. Specifically monolayers of a free-base porphyrin or its copper complex
covalently assembled on TiO, and SnO, nanocrystals were fabricated. The electron
injection from these dyes into the conduction bands of the semiconducting metal
oxides resulted in an evident decrease of the related luminescence. Indeed the electron

injection occurs mainly via chemical bonds since porphyrins are covalently assembled
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on the oxide surfaces and through-bond electron interactions dominate. The overall
results are consistent with the convenience of the present systems for the DSSC
technology.

In summary we have demonstrated the large flexibility of porphyrin-based

nanostructures that can be useful for different applications in nanotechnology.
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Chapter 3

Interacting Luminescent Nanostructures

The combination of particular properties of different chemical entities is a
methodological challenge that often generates enhanced effects useful to enlarge the
range of applications in material science.' Excellent examples are represented by some
magnetic nanoparticles covered with organic monolayers useful for active drug
targeting, hyper thermic treatment, bio-separation, diagnosis and detoxification of
biological fluids;” proteins and carbon nanotube hybrids for medical, nanotechnology,
and materials science applications;’ graphene materials for electronic transport;”
DNA/nanoparticle hybrid systems for controlled delivery of drugs;’ fluorescent,
magnetic and plasmonic-hybrid multifunctional colloidal nano objects for advances
properties, etc.."

In the previous chapter we focused the attention on porphyrin nanostructures
useful for optoelectronic applications. Other important luminescent systems are
lanthanide complexes. In fact, lanthanides have exceptional luminescent characteristics
such as high luminous intensity, long fluorescence lifetime, large Stokes shifts and
sharp emission profiles from the f—f electron transitions which make them useful in
fluorescence, DNA hybridization, cell activity, bioimaging assays etc..®'? Moreover,
taking into account that lanthanide complexes conjugated to polymers matrices

P15 and that photoluminescence of

improve their thermal and mechanical stabilities
lanthanide ions upon ultraviolet light irradiation is strongly influenced by their
chemical environment,'® we implemented on solid surfaces different luminescent

nanostructures all of them covalently bound on appropriated substrates.
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Specifically we performed the implementation of an europium(IIl) complex
monolayer on polystyrene films, in turn covalently bound on Si(100). Afterward, we
studied the mutual interaction of a porphyrin monolayer combined with a Eu-complex.
Finally, it was synthesized an Y-complex as a new potential building-block for

application in luminescent nanostructures.
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3.1 Europium(Ill) on Si(100) Engineered with

Covalent Polystyrene Nanostructures

Lanthanide complexes embedded in polymeric matrices have unique luminescent
properties and polymers are regarded as appropriate hosts for flexible, large area
displays and light-emitting diodes.'” The polymers typically used in this field are
polymethylmetacrylate (PMMA), polyvinylalcohol (PVA), polyethylene (PE),
polystyrene (PS) and fluorinated polymers (for IR luminescence). Polymer matrices
(photoactive and photoinert) play different roles in photoluminescence.'® E.g., the
presence of benzene substituents in the polymer chains influences the
photoluminescence intensity of lanthanides, and values three times larger than those
observed for lanthanides embedded in polymer matrices with no benzene groups have
been observed.'® Thus, the polystyrene seems one of the best polymers to conjugate
lanthanides. Moreover, covalent-assembled polymeric films, grown perpendicular to
the silicon surface by a bottom-up approach, offer significant advantages to control
both chain length and concentration of functional groups.'*?!

In this context, we fabricated a monolayer of the tris(dibenzoylmethane) mono(5-

amino-1,10-phenanthroline)europium(Ill) complex molecules, Eu(dbm)s-phen, (Figure

3.1.1) bound to a polymeric film, in turn grown on a flat substrate.

Figure 3.1.1. Structure of the tris(dibenzoylmethane) mono(5-amino-1,10-
phenanthroline)europium(II) complex.
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In particular, silanized Si(100) and quartz substrates were chosen for the growth of
a film of self-assembled polystyrene (SA_PSS). The surface bound styrene chloride
serves for anchoring of the Eu(III) complex (SA_PSS_Eu).”

3.1.1 Synthesis of an Eu(IlI) Complex on Polystyrene

Nanostructures

After silanization of Si(100), an atom transfer radical polymerization (ATRP)
reaction of PS, mediated by a Cu" catalyst, was performed on the Si(100) surface
(Scheme 3.1.1). In particular, polystyrene structures were obtained by an optimized
redox reaction between the benzyl chloride functionality of the silane and the Cu"
catalyst to produce Cu'", reduction of the CI* radical to CI" anion (due to homolytic
fragmentation of the C-Cl bond) and formation of the surface-bound benzyl radical.*>
** Afterward, the benzyl radical reacts with the styrene monomer to form the surface-
bound styrene radical that, in turn, reacted with the Cu'" to return the starting Cu"

catalyst and the surface bound styrene chloride (Scheme 3.1.1).%%*

With the cycling of
this reaction pathway, polystyrene structures grow-up covalently bound to the Si(100).
After two hours of reaction, SA_ PSS systems were washed and sonicated in NMP and
THF to remove any residual physisorbed material, loaded into glass pressure vessels
under Ny, immersed in a fresh prepared 1.5 x 10 M toluene solution of the Eu(dbm)s-
phen and heated-up to 90°C for 72 h. During this step the surface bound styrene
chloride reacts with the amine substituent of the phenanthroline ligand thus allowing
additional functionalization with the Eu complex to give Eu(dbm);-phen monolayer
bound to the silanized surface. The functionalised substrates, bearing the covalently
self-assembled Eu(dbm);-phen molecules, were left to cool to room temperature and
repeatedly washed and sonicated with toluene and dichloromethane to remove any
residual physisorbed metal complex. The films strongly adhere to the substrates since

they cannot be removed by abrasion with toluene wetted wipes and were stable for

more than six months, as evidenced by X-ray photoelectron spectra.
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Scheme 3.1.1. Reaction pathway for the europium B-diketonate complex, covalently
bound to nanoscale, surface-confined polystyrene assemblies.

3.1.2 Characterization of an Eu(Ill) Complex on

Polystyrene Nanostructures

Infrared attenuated total reflectance (FTIR-ATR) spectra of the silicon-based
monolayers were recorded using a Jasco FT/IR-430 spectrometer equipped with a
Harrick GATR germanium single reflection ATR accessory, in the 4000-400 cm™'
range, with a resolution of 4 cm™. One hundred scans per spectrum were collected.

FTIR-ATR measurements of the SA PSS Eu confirmed the grafting of the
Eu(dbm);phen complex on the substrate with v,(CH;) and v{(CH,) stretching modes
at 2920 and 2854 cm™, respectively (Figure 3.1.2).** Furthermore, modes at 1536
and 1504 cm™” are due to the C=0O and C=C stretching, respectively for B-
diketonate complexes. Finally, at 1648 and 1632 cm™ there is evidence of the C-N
group.

UV-Vis measurements were performed on quartz-based SA PSS Eu systems
(Figure 3.1.3, red line) and on a Eu(dbm)s-phen 1.6 x-10° M CH,Cl, solution
(Figure 3.1.3, black line), used as reference to verify wheter the molecular system

had modified its optical properties. Spectra show a close correspondence, in fact, in
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both cases two bands are apparent whose positions for the Eu solution are at 287.5

and 348.6 nm and for the SA PSS Eu are at 290.8 and 358.6 nm.
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Figure 3.1.2. FTIR-ATR of SA PSS Eu on Si(100).
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Figure 3.1.3. UV-Vis spectra of the Eu(dbm)s;-phen 1.6 x 10° M CH,Cl, solution
(black line) whose absorbance values were divided by 30; SA PSS Eu on quartz (red
line).

Taking into account the & value of 63000 M'ecm™ for the band at 358.6 nm of
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Eu(dbm);-phen in CH,Cl,, the calculated density value for SA PSS Eu is 3.6 x 10"
molecules/cm” with a footprint of 278 A? per molecule.”” This value is in agreement
with a full surface coverage once the Eu molecule cross-section area (201 A? estimated
with the Gaussian 03 code) was taken into account.?

The XPS structural characterization of SA PSS Eu shows in the Eu 3d energy
region a well resolved spin-orbit doublet at 1134.8 and 1164.5 eV, with a 29.7 eV

spin-orbit separation, consistent with Eu(III) states (Figure 3.1.4).
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Figure 3.1.4. Monochromatized Al Ka excited XPS for the SA PSS Eu on Si(100) in
the Eu 3d binding energy region at 45° take-off angle.

The N 1s spectrum shows a symmetric peak at 399.6 eV (Figure 3.1.5). This signal
accounts for the three nitrogen atoms of the amino-phenanthroline ligand.”” The N/Eu
XPS atomic concentration ratio of 2.7 is largely compatible with the expected
theoretical value of 3. Observing the C 1s region of the SA PSS Eu system it is
possible to notice that the peak is asymmetric as a consequence of the presence of
carbon atoms with different oxidation states. Through an accurate fitting of the

experimental profile, three components were revealed (Figure 3.1.6).

69



Chapter 3.1 - Europium(Ill) on Si(100) Engineered with Covalent Polystyrene Nanostructures

T

I g X T ¥ T r 1
396 398 400 402 404
Binding Energy / eV

Figure 3.1.5. Monochromatized Al Ka excited XPS for the SA_ PSS _Eu on Si(100) in
the N 1s binding energy region at 45° take-off angle.
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Figure 3.1.6. Monochromatized Al Ka excited XPS for the SA PSS Eu on Si(100) in
the C 1s binding energy region at 45° take-off angle. The black empty dots refer to the
experimental profile, the cyan and magenta lines refer to the Gaussian at 286.8 and
288.2, respectively; the red line superimposed to the experimental profile refers to the
sum of the Gaussian components.

The first component at 285.0 eV is due to the aliphatic and aromatic carbon atoms.

The second component at 286.8 eV is due to the not reacted C-ClI functionalities of the
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SA PSS Eu (Scheme 3.1.1), and to the C-N groups of the amino-phenanthroline; the
component at 288.2 eV is consistent with the C=0 groups of the B diketonate anions.
The intensity ratio between the 286.8 and 288.2 eV components is 2.66:1. Since in the
Eu complex there are 6 C-N and 6 C=0O groups, the expected C-N/C=0 intensity ratio
is 1. The extra intensity of the 286.8 component is due to the C-CI functionalities. It
emerges that the 2.66:1 intensity ratio is consistent with 10 not reacted C-ClI plus 6
C=N and 6 C=0 groups in the 16:6 ratio. This result is in total agreement with the UV-
Vis footprint of 278 A* per Eu molecule that corresponds to the footprint of 11 silane
moieties, each of which has a 24 A? footprint. Moreover, AFM studies for the
SA PSS Eu shows an average height of these features of 6.7 nm (Figure 3.1.7, right),
in total agreement with the thickness (of about 6.5 nm) expected on the basis of
previously reported data related to the increase of the polystyrene thickness vs. the
reaction time.” This means that XPS technique is able to probe the whole present

thickness.
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Figure 3.1.7. AFM of SA_ PSS Eu on Si(100) (left); Average height (right).

In fact, the spectrum in the Si 2p binding energy region shows the two peaks at
99.9 and 103.1 eV, typical of the Si and SiO, phases respectively (Figure 3.1.8).
Moeover, quantum mechanical calculations indicate a footprint for each polystyrene
chain of about 100 A? (Figure 3.1.9) corresponding to the footprint of 4 silane

moieties.
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Figure 3.1.8. Monochromatized Al Ka excited XPS for the SA_ PSS _Eu on Si(100) in
the Si 2p binding energy region at 45° take-off angle.

Figure 3.1.9. Polystyrene chain size (footprint) obtained by quantum mechanical
calculations.

Therefore, each Eu complex substitute for one by three polystyrene C-Cl groups
and this corresponds to one Eu complex by 11-12 silane benzyl chloride
functionalities. From these consideration, it appears that the coupling of UV-Vis and
XPS techniques is very useful to study monolayers since provides unique information.

Luminescence measurements were carried out using different Acx in the 220-
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380 nm range, (step 10 nm), at room temperature (Figure 3.1.10).
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Figure 3.1.10. a) Luminescence spectra of the SA PSS Eu on Si(100) at different
excitation wavelengths: 340 (black line), 350 (blue line) and 360 nm (red line); b)
Behaviour of the PL intensity of the SA PSS Eu on Si(100) at different excitation
wavelengths: 593 nm emission (black histograms) and 616 nm emission (red
histograms); the two blue lines represent arbitrary thresholds.

In Eu(dbm);phen the fluorescence is governed by the Free Resonance Energy
Transfer (FRET) effect. In fact, 1,10-phenanthroline (Phen) acts as a synergic
shielding ligand, which can reduce the rate of nonradiative decays and strongly
enhance the fluorescence intensity of the complex.*® Eu(IIl) has five narrow emission
bands corresponding to the 5D097Fj transitions, where j = 0, 1, 2, 3, 4 and the cross-
section for the °Dj (lowest excited state) > "Fy.¢ (ground states) transitions depends on
the Eu site symmetry.'>*’ Moreover, Eu(IIl) in sites with inversion symmetry shows
the magnetic-dipole *Dy>'F; transition at about 590 nm, whilst, Eu(III) in sites with
no inversion symmetry undergoes the electric-dipole >Dy>'F, strong transition with
emissions in the 610-620 nm range.

The SA PSS Eu exhibits photoluminescence with a strong, sharp and well
resolved emission at 616 nm (Figure 3.1.10a) that can be ascribed to the electric-dipole
°Dy>’F, transition of the Eu®" ions located at the sites without inversion symmetry.30'

32 A less intense emission peak for the 5D097F1 is also evident at 593 nm.>*° Other
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very weak PL signals are present at higher wavelength, out of the range of Figure
3.2.9a. Therefore, in the present Eu(Ill)-monolayer’’ both electric- and magnetic-
dipole transitions are evident even though with different intensities.

In fact, 4f levels in lanthanide compounds have been generally considered
essentially atomic in nature and simple spectators with respect to the chemical bond,
because filled 5s® and 5p°® levels shield 4f orbitals from ligand field effects.”*>> In
practice, the various states arising from f" configurations are split by external fields
only to a small extent (~100 cm_l).33'35 Therefore, even though with different
intensities, both electric- and magnetic-dipole transitions are expected and evident in
Eu(II)-containing materials.

In order to use the SA_ PSS Eu as a tunable luminescent device, PL. measurements
were carried out using different excitation wavelengths (Figure 3.1.10b). It turned out
that the highest PL intensity values for both emission bands (at 593 and 616 nm) were
observed using a Aeye = 340 nm while the lowest values were observed using a Aexe =
360, thus showing that the luminescence intensity is strongly dependent on the
excitation radiation. From these results it emerges that the cross-section of the two
magnetic-dipole and electric-dipole mechanisms are significantly and differently
affected by the excitation radiations, being the emission at 593 nm that which suffers
the stronger variation.” In fact, the PL intensity ratio of the two bands (at 616 nm /at
593 nm) seems rather constant (1.4-1.3) on passing from Aexe = 340 to 350 nm whilst it
strongly increases to 3.1 using a Ae. = 360 nm. Comparing these results with those
obtained from a monolayer of the same Eu complex covalently assembled on a quartz
substrate (Eu-SAM) some relevant differences can be noticed. In fact, at Ay = 340 nm
the relative intensities of the two observed (593 and 616 nm) emissions are
significantly different in the two systems. Indeed, the intensity ratio of the 616/593
emissions is 8.8 for the Eu-SAM while is only 1.4 for the present SA PSS Eu on
Si(100). At Aexe = 360 nm this ratio decreases from 8.8 to 1.7 for the Eu-SAM while
increases from 1.4 to 3.1 for the SA_ PSS Eu on Si(100). High ratios correspond to the

predominance of the electric-dipole *Dy=>"F, transition of the Eu’" ions located at the

74



Chapter 3.1 - Europium(Ill) on Si(100) Engineered with Covalent Polystyrene Nanostructures

sites without inversion symmetry. As a consequence, the low intensity ratio value (1.4)
observed for the Eu-complex in the present SA PSS Eu on Si(100) during the
transition at Ae. = 340 nm suggests that the Eu®" ions reach a symmetry higher than
that in their ground state, if compared to the Eu-SAM. Conversely, at Aexc = 360 nm the
larger intensity ratio value (3.1) suggests that the excited Eu’" ions experience a
symmetry lower than that in their ground state (with some inversion symmetry) since
magnetic-dipole *Dy=>F, transition intensity at ~593 nm increases. As a consequence,
this strong luminescence variation, upon the excitation wavelength, can be used as
on/off controls. Concerning the emission at 616 nm, it is possible to choose an
arbitrary high intensity threshold (Figure 3.1.10b) in order to get it ON (above the
threshold) only at Ay = 340 nm and OFF (below the threshold) at Aex. = 350 and 360
nm, being the emission at 593 always OFF. Alternatively, one can choose a lower
intensity threshold (Figure 3.1.10b) in order to get both emissions ON at Acxc = 340 or
350 nm. The emission at 593 nm can be now OFF and that at 616 nm ON at Ae. = 360
nm. Therefore, the obtained emission values can be triggered at will simply by
choosing one or more arbitrary thresholds. These measurements were performed many
times and outputs proved to be highly repeatable. The emission intensity can be
alternated between different low and high intensity values.

Therefore, also this SA PSS Eu represents a system able to give optical outputs
upon excitation input applications. The read-out procedure is fast and highly reliable
and the system can be used as a tunable light emitting device for optical applications

although it does not represent a switch.
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3.2 Porphyrin_Eu-B-Diketonate Supramolecular

Nanostructures

After demonstrating the effect of an aromatic polymeric environment on the
luminescence properties of the lanthanide complexes now we show how the same
properties can be modified also upon interaction with different luminescent aromatic
molecules. In fact, in this study we show a superior combination of luminescent
properties of a silica surface engineered with a porphyrin monolayer on which an
Eu(Ill) complex was after assembled to obtain a supramolecular architecture. In
particular, it was fabricated a covalent monolayer of the 5,10,15,20-tetrakis(4-
hydroxyphenyl)-21H,23H-porphine (H2THPP_SAM) on which, Eu(dbm)s;-phen

molecules were then anchored to obtain the H2THPP_Eu_SAM system.'

3.2.1 Synthesis of Porphyrin_Eu-B-Diketonate

Nanostructures

Freshly prepared H2THPP SAM (Chapter 2, paragraph 2.2.1) were transferred
into the glove box and immersed in a dry toluene 8.3 x 10 M solution of Eu(dbm)s-
phen (Aldrich) for 24 h while stirring at room temperature. The remaining not-reacted
porphyrin phenolic -OH groups reacted with the amino group of the phenanthroline
thus giving an ammonium phenate salt (Scheme 3.2.1). The final H2THPP Eu SAM
system was repeatedly washed/sonicated with toluene at ambient temperature.

H2THPP_Eu SAM demonstrated to be high temporally stable and thermally robust.
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Scheme 3.2.2. Synthesis pathway for porphyrin-Eu-f3-diketonate nanostructures.
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3.2.2 Characterization of Porphyrin_Eu-B-Diketonate

Nanostructures

The synthesized systems were characterized by AR-XPS measurements (5°, 15°,
45° and 80° take-off angles). The characterization of H2THPP SAM is reported in
Chapter 2, paragraph 2.2.2).

Figure 3.2.1 shows the XP spectrum of the H2THPP Eu SAM in the Eu 3d
energy region. The spin-orbit doublet at 1135.4 — 1165.2 eV is consistent with Eu(III)
states. It is important to note that these values are about 1.3 eV at lower binding energy
with respect to those previously observed for a simple covalent Eu monolayer on
silica.®”” This shift is in agreement with the electron donating capability of the
porphyrin ring that decreases the binding energy of the Eu states and confirms a strong

interaction between these two entities.
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Figure 3.2.1. Monochromatized Al-Ka excited XPS of a representative
H2THPP_Eu SAM in the Eu 3d binding energy region at 45° take-off angle.

Figure 3.2.2 shows the high-resolution N 1s XP spectrum of the
H2THPP _Eu SAM and the fitting of the N 1s signal reveals the presence of two

evident components in the 6:1 ratio. These two peaks lie at 399.8 and 402.0 eV. The
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first component (399.8 eV) is assigned as a whole to the four pyrrole nitrogens of the
porphyrin core and to the two nitrogens of the phenanthroline.”>>° In contrast the peak
at 402.0, already evident also in the experimental spectrum, is consistent with a

protonated nitrogen due to the formation of the ammonium group.
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Figure 3.2.2. Monochromatized Al-Ka excited XPS of a representative
H2THPP _Eu SAM in the N 1s binding energy region at 45° take-off angle. The
experimental spectral data points (open circles) are fitted with two dominant gaussians

at 399.8 eV (green line) and 402.0 eV (red line). The blue line superimposed to the
experimental profile refers to the sum of the Gaussian components.

This experimental observation is a strong evidence of the formation of the
ammonium phenate salt between the porphyrin phenolic -OH groups and the amino
group of the phenanthroline (Scheme 3.2.1). In addition, the XPS atomic concentration
analysis revealed a N/Eu ratio of 4.8 + 0.4 and this result is almost coincident with that
expected on the basis of the overall grafting mechanism: two Eu-complexes per
porphyrin molecule.

The morphology was studied by AFM technique and Figure 3.2.3 shows a
micrograph for a representative H2THPP Eu SAM functionalised substrate that

indicates the formation of a homogeneous surface layer.
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Figure 3.2.3. AFM image for a representative H2ZTHPP Eu SAM.

3.2.3 Optical properties of Porphyrin_Eu-B-Diketonate

Nanostructures

Figure 3.2.4 shows the UV-Vis absorption spectra of H2THPP _SAM (red line)
and H2THPP_Eu SAM (black line).

The UV/Vis of the H2THPP_SAM (Figure 3.2.4, red line) exhibits high quality
signals and identifies the presence of H2THPP. In fact it shows a sharp characteristic
Soret band at 428.6 nm and four satellite Q-bands at 528, 564, 596 and 657 nm (Figure
3.2.4 Inset). Figure 3.1.5, black line, shows the absorbance spectrum of the
H2THPP Eu SAM. There is a 1.4 nm red shift in the Soret band that now appears at
430.0 nm. This shift towards lower energy values can be attributed to a consistent
electron level reorganization of the frontier orbitals of the porphyrin (those responsible
of the so-called B-band) upon interaction with the Eu complex. Moreover, the two
evident absorption intensity increases at about 362 and 282 nm (black line) are

diagnostic of Eu(dbm);-phen.”
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Figure 3.2.4. UV-Vis absorption spectra (0.2 nm resolution) of the H2THPP SAM
(red line) and H2THPP Eu SAM (black line). Inset: expanded scale of the 500-700
nm range.

In both spectra there are four evident Q-bands due to the electronic transitions
from the two topmost filled molecular orbitals (HOMO’s), a,, (J) and a;y (9), to the
two degenerate lowest empty molecular orbitals (LUMO’s), (0*) of the porphyrin
base. These four Q-bands reduce to two in porphyrin metal complexes. As a
consequence, it is possible to safely affirm that the H2Z2THPP Eu SAM is composed by
the porphyrin base and the Eu metal complex thus excluding any formation of Eu-
porphyrin metal complex.

Taking into account the ¢ value of H2THPP in CH;CN, the surface coverage
calculated in H2THPP_SAM is 1.9:10"° molecules/cm”. This value is in agreement
with already reported results on similar systems and confirms the presence of a
compact porphyrin monolayer. In analogy, using the intensity difference between the
two spectra at 362 nm, (Abs = 0.008) and the € = 62400 in toluene, the obtained Eu
complex coverage is 3.7-10"* molecules/cm?. This value is close to the double of that
of the porphyrin molecules/cm® and suggests that two Eu-complex molecules are

bound per each porphyrin molecule in the H2THPP Eu SAM, according to the
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Scheme 3.2.1. This result is in tune with the results of the XPS atomic concentration
analysis.

The emission properties were investigated using a fluorescence spectrophotometer
with Aexe of 360, 380, 400, 420 and 440 nm (£ 0.2 nm wavelength reproducibility) at
room temperature. Figure 3.2.5 shows photoluminescence emission measurements at
different excitation wavelengths of the H2THPP Eu SAM sample. Four PL emissions
at 1=592.8, 613.0, 656.8 and at 721.8 nm are present. The first two emission bands at
592.8, 613.0 can be ascribed to the magnetic-dipole “Dy=>’F; and electric-dipole
D> F, transitions between the Eu states, respectively.

The other two emissions at 656.8 and 721.8 nm are well tuned with already
reported measurements on porphyrin monolayers assembled on solid substrates, and it
is interesting to note some relative intensity variations among all these bands (Figure
3.2.6).

90

60

Intensity/ a. u.

L¥8]
(=)
1

550 600 650 700 750 800

Wavelength/ nm

Figure 3.2.5. Photoluminescence spectra of H2THPP Eu SAM; A = 360 (black),
380 (red), 400 (blue), 420 (dark cyan) and 440 (magenta) nm.

The first important observation is represented by the trend to level off of the 592.8
and 613.0 nm bands with the increasing of the excitation wavelength up to 420 nm. In

fact, almost identical intensities of the two Eu emissions (592.8 and 613.0 nm) at Aexc =
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420 nm are observed (Figure 3.2.6). As already discussed these intensities are strongly
related to the existence of a symmetry centre element in the Eu molecule. This element
is absent in the ground state geometry of the present Eu(dbm)s-phen and therefore, in
principle the band at 592.8 nm should be absent. It is noted that PL spectra of Eu(III)
complexes show both electric and magnetic-dipole bands with diverse cross-sections.
Then, some geometrical distortions in the excited state apparently further stress this

behaviour and almost equalize the intensities of these two emissions.
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Figure 3.2.6. Relative intensity variations of the photoemission bands of the
H2THPP_Eu SAM at A = 360, 380, 400, 420 and 440 nm. Black bar = band at
592.8 nm of Eu; red bar = band at 613.0 nm of Eu; blue bar = band at 656.8 nm of
H2THPP; green bar = band at 721.8 nm of H2THPP.

This observation was never previously reported. At Ay = 360 nm the 592.8 nm
emission of Eu and that at 721.8 nm of H2THPP also show almost identical intensities.
At both Aey. = 360 and 380 nm the 613.0 nm emission band of Eu is the most intense.
The 656.8 nm emission of H2THPP dominate the PL spectra at Aexe > 400 nm. At Acxc

=440 nm no Eu emission is observed.

It has been noted a previous significant change in the intensity ratio of the
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613.0/592.8 nm emissions that increased from 1.7, for a simple covalent monolayer of
this Eu complex on quartz,” to 3.1 for a Eu monolayer covalently bound to these
polystyrene nanostructures.” Now, the observed intensity ratio of the 613.0/592.8 nm
emissions is 7.5. This high ratio is certainly due to the Eu complex interacting with the
porphyrin system. In addition, the 656.8/721.8 nm intensity ratio is 3.6, 1.9, 3.5, 2.7
and 2.4 at Aee = 360, 380, 400, 420 and 440 nm, respectively. From this overall view it
emerges a delicate balance between porphyrin and Eu-complex electronic states that
results in unprecedented optical properties.’” Therefore, it arises an interesting way to
compare/contrast selected emissions at different excitations and these can be safely
used as discriminants. Indeed, it is possible to choose appropriate and different
thresholds to transform emission intensities (or even better emission intensity ratios) in
optical ON/OFF actions.

In Figure 3.2.7 an example of arbitrary thresholds is showed and it is clear that
these can allow using the 656.8/721.8 nm and the 613.0/592.8 nn emission ratios for
ON/OFF actions.
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Figure 3.2.7. Emission intensity ratios vs. A : red squares refer to the 656.8/721.8
nm ratios, black circles refer to the 613.0/592.8 ratios; red and black solid lines refer to
the arbitrary thresholds for the 656.8/721.8 nm and the 613.0/592.8 nm emission
ratios, respectively. The bar errors refer to the experimental uncertainty in the data
points observed during 10 different measurements.
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More interesting, the system allows to read a couple of outputs (two ratio values)
using just one input (excitation wavelength). As a consequence, there are four ON/OFF
combinations associated to the four excitation wavelengths as reported in Table 3.2.1.
These measurements were performed many times and outputs proved to be highly
repeatable. The emission intensity can be alternated above and below the thresholds.
Therefore, this H2THPP Eu SAM represents a new system that responds to excitation

inputs by luminescence emission intensity variations (output).

Table 3.2.1 Optical outputs vs Aey for the H2THPP _Eu SAM.

656.8/721.8 nm | 613.0/592.8 nm Aexc/ NM
ON ON 360
OFF ON 380
ON OFF 400
OFF OFF 420

It seems that covalent and ionic electronic interactions play a fundamental role on
the variation of photoluminescence relative intensities and, eventual inter-molecular
interactions between adjacent molecules can also contribute to some extent. The read-
out procedure is fast and highly reliable and the system can be used as a tunable light
emitting device for photonic applications. All the above measurements proved to be
high repeatable and these supramolecular nanostructures were stable for at least five
months after the synthesis.

Nevertheless, it is fair to say that this system does not represent a switch since the
different luminescence intensity of any of the emission bands at any excitation

wavelengths are not due to different and stable physical states of the system.*®
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3.3 An Y-complex for SAM application

Yttrium strongly resembles lanthanides, it is found in Nature along with the
lanthanides and is usually considered beside them.’ Nevertheless, the
yttrium(III) centre does not show d-d nor f-f transitions.

In the present study we synthesized a new molecular Y-system, the
tris(1,1,1,5,5,5-hexafluoro-2,4-pentanedionate) mono(5-amino-1,10-
phenanthroline)yttrium (III) complex, Y(hfa);-phen, and studied its optical

40-41

outputs upon the excitation input, in the future perspective of using it as new

luminescent molecule for SAM-based nanostructures.

3.3.1 Synthesis of Y(hfa)s-phen

The Y (hfa);-phen (Scheme 3.3.1) was synthesized using a procedure already
reported for similar B-diketonate metal complexes of zinc, cadmium and cobalt,

saturated with polydentate glymes as ancillary ligands.***’

HoN

FaC = N— CFs

PPN

F3C H CF3

Scheme 3.3.1. Schematic representation of the synthesized Y (hfa)s;-phen complex.

In the present case, 5-amino-1,10-phenanthroline was used instead of

polyethers. The Y(hfa);-phen was synthesized by adding, under vigorous
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stirring, 0. 2107 mol ) o 3)3:6H>,0O and 0.93 ml (6.57-10" mo
irring, 0.8550 g (2.2-10” mol ) of Y(NO3);-6H,0 and 0.93 ml (6.57-10~ mol)

of hexafluoroacetylacetone, Hhfa, (mol ratio 1:3) in 50 ml of CH,Cl,.

3.3.2 Characterization of Y(hfa)s-phen

The chemical characterization of the Y(hfa);-phen complex was performed by
elemental analysis, MALDI-TOF mass spectra, IR, lH-NMR, XPS, UV-Vis, and
photoluminescence measurements.

The XPS of the synthesized Y(hfa);-phen complex in the C Is binding energy

region is shown in Figure 3.3.1.

I 5 ! 2 | ! | ' | : I b
275 280 285 290 295 300
Binding Energy / eV

Figure 3.3.1. Al-Ka excited XPS of Y(hfa);-phen in the C Is binding energy region.
The black line refers to the experimental spectrum, the green line refers to the
Gaussian at 285.0 eV, the dark yellow line refers to the Gaussian at 286.0 eV, the
magenta line refers to the Gaussian at 286.6 eV, the cyan line refers to the Gaussian at
287.5 eV, the navy line refers to the Gaussian at 289.7 eV, the red line refers to the
Gaussian at 292.5 eV, the blue line superimposed to the experimental profile refers to
the sum of the Gaussians components.

In detail, the C 1s band consists of six components: the first centered at 285.0 eV
is due to the aliphatic and aromatic backbones; the second at 286.0 eV is due to the
carbon of the C-NH, group; the third at 286.6 eV is due to the carbon of the C=N

functions; the fourth at 287.5 eV is due to the carbon of the C=0O groups; the fifth at
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289.7 eV, in tune with literature data, is due to the m-n* shake up satellites of
conjugated and aromatic carbon systems. Finally, the sixth and the highest binding
energy component at 292.5 eV is due to the carbon of the CF3 groups. Note that the
relative intensity of the Gaussian components at 286.0, 286.6, 287.5 and 292.5 eV is 1
: 4 : 6 : 6 consistent with the formula of the Y (hfa);-phen complex.

Figure 3.3.2 shows the XPS of Y(hfa);-phen in the Y 3d binding energy region

I L I L I L I

1
150 155 160 165 170
Binding Energy / eV

Figure 3.3.2. Al-Ka excited XPS of the Y(hfa)s;-phen in the Y 3d binding energy
region.

Two spin-orbit peaks at 158.4 (3ds») and 160.3 (3ds,) eV are evident. These
values are between the highest observed for Y compounds and are justified by the
presence of the three hfa anions in which there is a total of six -CF; withdrawing
groups that significantly increase the Y(III) 3d binding energies. Also the spin-orbit
separation of 1.9 eV is somewhat larger than that usually observed. In the YI;
molecule the 3d;/; level was reported at 160.40 eV while in the YF; molecule the same
level is reported at 161.20 eV.*® B.E. values of 158.2, 158.3 and 159.7 eV for the 3ds,
levels, similar to those observed for the present Y(hfa);-phen complex, have been
reported for the yttrium arachidate,*” for the yttrium(III) oxalate nonohydrate®® and for

the yttrium(III) trioxalate, °' respectively. All these values are surprising larger than

88



Chapter 3.3 - An Y-complex for SAM application

those observed for Y(III) in oxide matrices (e.g. 157.8 (3ds;) and 159.1 (3d3p) eV).” >

Figure 3.3.3 shows the XPS of the Y(hfa);-phen in the N 1s binding energy region.
The signal was fitted using two symmetric Gaussians at 399.1 and 399.7 eV and the
obtained 1:2 intensity ratio is consistent with ionization of the —NH and the 2 -N=C

groups of the 5-amino-1,10-phenanthroline ligand, respectively.

ﬂ

.
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Figure 3.3.3. Al-Ka excited XPS of the: Y(hfa)s;-phen in the N 1Is binding energy
region. The black line refers to the experimental spectrum, the green line refers to the
Gaussian at 399.1 eV, the red line refers to the Gaussian at 399.7 eV, the blue line
superimposed to the experimental profile refers to the sum of the Gaussians
components.

The UV-Vis spectrum of a CH,Cl, Y(hfa)s-phen 1.8 x-10” M solution (Figure
3.3.4) shows an intense absorption band ranging from 225 nm to 550 nm that contains
a strong band at 286.0 nm (¢ = 43900) with two right hand asymmetries at 316.7 and
345.5 nm. Moreover, two left hand bands at 257.3 and 236.7 nm are also evident. The
two absorption peaks at 286.0 and 345.5 nm are attributed to n-n and n-* transition of
the B diketonate ligand.

Figure.3.3.5 shows the photoluminescence emission spectra for a CH,Cl, Y(hfa);-

phen 1.8 x-10™ M solution, using different excitation wavelengths.
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Figure 3.3.4. UV-Vis spectrum of a CH,Cl, Y(hfa)s;-phen 1.8 x-10” M solution.

Typical stability constants in the range of 10° M have been reported for these
adduct in anhydrous organic solvents.”*” Therefore, we are confident that the adduct
remains intact in the 1.8 x-10° M CH,Cl, solution since no significant ligand
dissociation is expected. An emission band at 509 nm is always present in the PL
spectra, which mainly originates from the ligand-centred m-n* transition of the
hexafluoro-2,4-pentanedionate ligand. Important, the emission intensity is strongly
dependent on the excitation wavelength. In fact, normalized to 100 % the emission
observed at Aexc = 255 nm, it reduces to 14.6 % and to 49.2 % at Aexc = 225 and Aexe =
285 nm, respectively. As a consequence, it is possible to set one arbitrary intensity

17,22
722 For

threshold to use the emission of the Y(hfa);-phen as an ON/OFF output.
example, if the threshold is set to 49.2 %, the system will return the OFF value using
Aexe = 225 nm and the ON value using Aex. = 255.

In particular, we tried to find a chemical way to encode the optical emissions of

this new luminescent and simple molecular architecture in a modified Morse Code

whose output can be optically read.
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Figure 3.3.5. A: Normalized luminescence spectra of the Y(hfa)s-phen 1.8 x-10° M
CH,Cl, solution at three different excitation wavelengths: 225, 255 and 285 nm; B:

Bar histogram representation of the intensity emission upon the excitation
wavelengths.

The Morse code is widespread among radio operators, pilots, sailors, air traffic
controllers, etc.. The most popular Morse code is the standard internationally
recognized emergency signal, SOS, which is encoded in three dots, three dashes and
three dots. One of the limits of the Morse Code is represented by the length of the dot
whose duration has to be calibrated on the ability of the “reader/listeners”. Using
Y (hfa)s-phen as system to transfer information the duration of the dot is as short as the

typical photoluminescence events.
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The optical signal transduction of Y(hfa);-phen can be easily performed by
assigning to the dot the intensity emission upon the 225 nm excitation, and to the dash

the intensity emission upon the 255 nm excitation (Table 3.3.1).

Table 3.3.1 Transduction of the photoluminescence intensity of the Y(hfa)s;-phen in
the International Morse Code.

Symbol  Excitation A IMC Symbol  Excitation A IMC

A Ea25 Eass 5 Ez25 E225 Eazs v

B Ez55 Ez2s Enas Exas T Eass

C E255 Ex25 E2ss Eazs u Ea75 Ex25 Eass

D Ezs5 Ezas Enas v Ea2s5 Eaas Eaas Eass

E Ens . W E215Ezss Eass

.- -
F Ez25 Ezas Eass Exas X Eass Eaas Eaas Eass

*re = @ -.re—-
G Ezss Ezss Enas Y Ezs5 Ez225 Eas5 Ezss

- — — .= =
H Ezz5 Ez25 E2zsEaas seee Z Ezs5 Ezs5 Ea25 Ez25 — e

I Ez25 Ens . 1 E225Ezs5 E2ssEzssEass

I Ez25 Ezs5 Ez55 Ezss 2 Ez25 Ez25 E255E255 Eass

K Ezs5 Ez25 Eass 3 E225Ez25 E2sEzssEass

(-

E225 E255 Ez25 Ezas 4 E225Ez25 E2sEz25Eass

Ezss Eass 3 E:25E225 E235E125E725 wene

Ezss Eazs 6 E2ssEzzs EzasEzasEans

o =z =z

Ez55E2ssEass 7 E2s5Ezs5s EzsEz25Eans

o

E225 Ez255 E255 Enas 8 E2ssEzssEzssEzasEans

Ez55 Ez55 Ezas Eass 9 E2ssEzss EzssEzssEans

QO

R Ez25 Ez55 Enas 0 E255Ezss EzssEzssEass

In addition, the intensity emission upon the 285 nm excitation (threshold) can be
used as a space for letters and words. In this way there are three different emission

intensities that largely improve the Morse Code.

92



Chapter 3 - Interacting Luminescent Nanostructures

Conclusions

The bottom-up approach was used for the fabrication of multiple self-assembled
nanostructures having unique optical properties that may be advantageous in many
fields of nanotechnology.

In fact, a Eu-B-diketonate monolayer was implemented on polystyrene films thus
obtaining a new chemical platform that responds to lights inputs by luminescence
intensity variations and that may be useful in optoelectronic devices.

Furthermore, the functionalization of quartz substrates with a covalent porphyrin
monolayer and then with an additional Eu-B-diketonate monolayer provided a
supramolecular architecture with unique optical applications.

Finally, it was exploited the luminescence of a simple yttrium complex whose
emissions were easily "keyed" ON and OFF and adapted for a versatile method for

optical telecommunication as the Morse Code.
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Chapter 4

Electroactive Inorganic Substrates

In the previous chapters of this thesis it has been shown how the properties of
molecular monolayers covalently assembled on inorganic substrates are strongly
dependent on the inherent properties of the substrate itself. For example, we
demonstrated that porphyrin molecules inject electrons on the surface of conducting
oxides thus resulting systems suitable for the DSSC technology.

It is well known that TCOs (ITO, ZnO, CdO, etc.) combine optical transparency in the
visible region with a high electrical conductivity and as a consequence they are key
components in flat panel liquid crystal displays, organic light-emitting diodes,
photovoltaics, solar cells, optical waveguides, and other optoelectronic devices.'®

In this context, we tried to synthesise CdO thin films as potential electroactive

substrates for SAM application.
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4.1 CdO Thin Films

Although Sn-doped In,0; is currently the most important TCO, thin films of CdO,
the first TCO to be discovered,”® show electrical and optical properties which are still
of interest, with potential applications as photosensitive anode materials for
photochemical cells, phototransistors, photodiodes, window electrodes in liquid crystal
displays, IR detectors, antireflection coatings, gas sensors and in other solar energy
applications.”'? They also show a high reflectivity in the infrared region and this
behaviour renders them useful as heat reflectors.”” CdO adopts face centred cubic
rocksalt structure. The different parities of p and d orbitals within this centrosymmetric
system prevents mixing of the shallow core Cd 4d states with O 2p valence band states
at the I" point, but mixing is allowed away from the zone centre. This results in upward
dispersion of the top of the valence band along I'-L and I'-K directions. The
conduction band is of dominant Cd 5s atomic character and has a minimum at the I'
point. The lowest bandgap is therefore indirect. A fundamental indirect gap as low as
0.55 eV at room temperature has been suggested, although a value of around 0.89-0.99

1 14-16
eV now seems more plausible.

1718 Both direct and

The direct allowed optical onset is found at about 2.18 eV.
indirect absorption edges show a very strong blue shift with degenerate n-type doping
due to the occupation of states at the bottom of the conduction band which blocks off
the lowest energy transitions. This ensures that despite the relatively low values of the
indirect and direct electronic gaps for undoped CdO, the highly doped material
remains essentially transparent throughout the visible region. At the same time the
very low value for the fundamental indirect gap coupled with strong dispersion in the
conduction band ensures that the mid gap level integrated over all k-space — the so-
called charge neutrality level (CNL) - lies well above the conduction band minimum.
The position of the CNL provides a rough guideline as to the intrinsic dopability. CdO

has a much lower fundamental gap than alternative TCO host materials In,O3 and

Sn0,, where the direct forbidden gaps are respectively 2.9 eV'*?’ and 3.6 eV.*!
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Therefore the CNL lies less high above the conduction band minimum than in
CdO. In addition, undoped CdO has a high refractive index (no = 2.49) and a large
third-order optical nonlinearity in the non-resonant region.'' > As the particle size
decreases down to the nanometre scale, its nonlinear optical response is further
enhanced due to the quantum size effect.”

The properties of CdO are strongly influenced by native donor defects arising from
non-stoichiometry, which is in turn strongly dependent on the synthetic procedure
adopted. In fact native donors can take CdO through a transition from a semiconductor
to a degenerate metallic material.'*** There has been on-going debate about the nature
of native donors. Recent Density Functional Theory calculations of Scanlon and
Watson have shown that the formation energy of oxygen vacancies (V,) is much lower
than the formation energy of the Cd interstitials (Cd;) under all growth conditions."
Moreover, both V, and Cd; were found to act as shallow donors in CdO, meaning that
the behaviour of V, in CdO is very different from that reported for V, in other wide
band gap n-type TCOs, i.e., ZnO, SnO,, Ga,0s, and In,05.2**" In these n-type TCOs,
V, was found stable only in the 0 and +2 charge states, meaning it is a negative-U
defect (U is the Hubbard correlation energy). In CdO however, V, is stable only in the
+ 2 state and does not display negative-U character.'” In addition, H-related (hydrogen)
impurities have been found to have very low formation energies in CdO under all
growth conditions and to also act as shallow donors."” These theoretical results are in
tune with the recent experiments of King et al. who found that both intrinsic defects
and H-related impurities act as shallow donors in CdO.*® These properties have
stimulated the synthesis of CdO films using different chemical as well as physical
methods.”>® As part of this activity, the doping of CdO with different trivalent cations
has been explored.'** For example, thin CdO films grown on glass and MgO (100)
with 1.2 - 1.3 % Y doping were shown to exhibit maximum conductivities of 8540 and
17800 Q'ecm™ respectively.'”

Therefore, in our study we fabricated CdO films through an optimized metal

organic  chemical vapour deposition (MOCVD) method wusing the
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Cd(CsF¢HO,),-CH3(OCH,CH,;),OCHj (hereafter referred to as Cd(hfa),-diglyme)
liquid precursor (Figure 4.1.1) that assures constant evaporation rates for fixed

temperatures.33

Figure 4.1.1. Structure of the Cd(hfa),-diglyme precursor.

4.1.1 Synthesis of CdO Thin Films

The Cd(hfa),-diglyme, (mp = 45 °C) precursor was synthesized from
stoichiometric amounts of CdO, CsF¢H,0,; (1,1,1,5,5,5,-hexafluoro-2,4-pentanedione,
abbreviated H-hfa) and diglyme (bis(2-methoxyethyl)ether).”> MOCVD experiments
were performed using a horizontal hot-wall reactor under reduced pressure. In brief,
the reactor system consists of a gas-handling line, a tube furnace, a quartz reactor tube
(total length = 80 cm and inner diameter = 2.4 cm), two quartz inlet tubes for Ar and
O; and a vacuum system. The precursor was contained in an alumina boat and
maintained at 90 °C. Fused SiO; plates mounted in the centre of the heated zone (400
°C) were used as substrates after cleaning in an ultra-sonic bath with isopropyl alcohol.
100 standard cubic centimetres per minute (sccm) of pure Ar carrier gas was used to
transport the precursor to the substrate. The reactant gas consisted of water-saturated

oxygen (100 sccm) introduced directly into the reactor close to the substrate. The

101



Chapetr 4.1 — CdO Thin Films

deposition time was 135 min. The total pressure was kept in the 2-4 Torr range. The
CdO, formed during the deposition time settled on the quartz substrate, appears as a

pale-yellow film.

4.1.2 Characterization of CdO Thin Films

The crystal structure of the synthesized CdO film was studied by X-ray Diffraction
(XRD) measurements using a Bruker D-5005 diffractometer operating in a 0-20
geometry ( Cu Ka radiation, 30 mA and 40 kV ) over an angular range 20° < 26 < 80°
(0.05° step-size) with a 10 s/channel dwell time. The XRD crystal parameter was

obtained using the UNIT CELL programm.™*

Figure 4.1.2 shows the XRD pattern for a representative CdO film. Only the (002)
reflection is evident thus indicating a film oriented along the (001) direction and
confirming that CdO is in a single cubic phase.

100- (200
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Figure 4.1.2. 0 - 20 x-ray diffraction profile for a CdO film.

The a value is 0.46983 nm for the as-synthesized CdO in good agreement with
the ASTM=5-0640 data. Domain sizes of 21 nm for this CdO films were obtained

from XRD data using the Debye Scherrer equation:
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S=0.9L/(Bcos 0p)

where:

-A =0.154056 nm;

-0 is Bragg angle of the (200) reflection;

-B is the full width at half maximum (FWHM) obtained as follows:

B=B%- B

B2f refers to the FWHM line broadening of the film and st refers to the FWHM
line broadening of the standard (a-Al,O3).

The surface morphology investigated by AFM revealed that the surface mainly
consists of grains joined each other with lateral dimensions of order 80 nm - 400 nm
(Figure 4.1.3). The root mean square roughness of the films is typically around 6.2 +

0.7 nm and with a total range of 16.9 + 0.8 nm in the images.

30 35 40

5 10 15 20 25
nm

0

Figure 4.1.3. AFM image of a representative CdO film in a 5 x 5 um area range.

The monochromatized Al Ka XPS spectrum for a typical CdO film in the Cd 3d

binding energy region shows the well resolved Cd 3d spin-orbit doublet (Figure
4.1.4(a)) with peaks maxima at 404.6 (3ds;) and 411.3 (3ds5) eV.> Figure 4.1.4(b)

shows the fitting of the asymmetric experimental Cd 3ds, peak by means of two
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pseudo-Voigt functions whose characteristics are listed in Table 4.1.1.

(a)

Cd 3d

32

416 414 412 410 408 406 404 402

408 406 404 402
Binding energy (eV)

Figure 4.1.4. (a) Monochromatized Al-Ka excited XPS at 45° photoelectron take-off
angle of the CdO film in the Cd 3d binding energy region. (b) Curve fit to the
experimental data (open circles) is performed using two pseudo-Voigt functions.

Table 4.1.1. Parameters derived from curve fits to Cd 3ds, and O 1s core lines in XPS
of CdO thin film. S, U and C refer to screened, unscreened and contaminant
components and G and L to Gaussian/Lorentzian contributions to the lineshape.

Binding ener FWHM Relative .
Peal: (eg‘.?') ¥ (V) Area (L ratio
Cd3dsz () 40423 1.26 0.51 0.63:0.37
Cd 3dsn (1) 404 98 1.46 0.49 0.55:045
O 1s (5) 529.04 1.28 (.56 0.74:0.26
O 1s (1) 52975 1.63 0.42 0.26:0.74
0 1s (C) 532.06 1.42 0.02 0.50:0.50

Table 4.1.1 also lists the parameters related to the fitting of the O 1s spectrum

(Figure 4.1.5). Even the O 1s spectral profile of the CdO thin film is dominated by two
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Voigt components although in this case it is necessary to add a third very weak

component to high binding energy of the two dominant components.

Binding energy (eV)

Figure 4.1.5. Monochromatized Al-Ka excited XPS at 45° photoelectron take-off
angle for a CdO film in the O Is binding energy region. The experimental spectral data
points (open circles) are fitted with two dominant pseudo-Voigt components, with a
third much weaker component at higher binding energy.

Two different models have been proposed to account for core photoemission
spectra in so-called narrow-band metallic oxides of the sort studied here.”> The first
model, introduced by Wertheim to account for core the sodium tungsten bronzes
Na,WOj; recognises that when the Coulomb lineshapes in interaction between a core
hole and an orbital contributing to the conduction band exceeds the occupied
conduction bandwidth, the potential associated with the core hole will create a
localised state on the ionised atom.>**° Two different finals states are then accessible,
depending on whether the localised state becomes occupied to give a screened final
state or remains empty to give an unscreened final state. Within this model the
probability of finals state screening should increase with increasing carrier density.
The alternative model treats the low binding energy component as the “main” peak,

413 For a number of

while the higher binding energy peak is a strong plasmon satellite.
systems closely related to that under investigation such as Sb-doped SnO,,* PbO,.,*

and Sn-doped In,05°% it has been shown that satellite energies are indeed close to
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plasmon energies measured by infrared reflectance spectroscopy or electron energy
loss spectroscopy.'*!¢1%4

These two apparently distinct models produce rather similar qualitative
conclusions 1i.e. increased intensity of the low binding energy component with
increasing carrier density, and a lifetime broadened and dominantly Lorentzian
lineshape for the high binding energy component. Therefore, the curve fit of Figure
4.1.4(b) indicates that the two components in the curve fit for the Cd 3ds, region at
404.23 eV and 404.98 eV are due to the screened (or main peak) and unscreened
(plasmon satellite) states, respectively. A plasmon energy of 0.75 eV derived from the
parameters in Table 4.1.1 for the Cd 3ds,, curve fit may be used to estimate the carrier
density n by reference to plasmon energies measured in earlier work by electron
energy loss spectroscopy.*’ Taking account of linear variation in the electron effective

mass with carrier density we obtained n = 7 x 10*° cm™

, in qualitative agreement with
carrier densities derived from Hall effect measurements to be discussed below. Similar

carrier densities have been found for In-doped CdO films.°

4.1.3 Optical and Electrical properties of CdO thin films

The optical characterization of the film was performed by recording transmission
spectra of the samples (Figure 4.1.6(a)). The film has optimal transparency in the 75-
85% range in the visible region and the transmission spectrum shows interference
fringes typical of films with thicknesses of same order as the wavelength of visible
light. The data in the region of the band edge were replotted in Figure 4.1.6(b) in the
form (ohv)® versus photon energy hv, where o is the absorption coefficient
(transmittance % / thickness). From this plot it was possible to estimate a direct
allowed optical absorption onset of about 2.91 eV. This is strongly blue shifted from
the direct allowed onset found at about 2.18 eV in CdO with very low carrier
densities.'** The shift is due to occupation of states at the bottom of the conduction
band which block the direct allowed transitions at lowest energy, partially offset by

shrinkage or renormalization of the fundamental gap. In addition, by taking into
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account the eventual contribution of the reflectance, the measured optical bandgap of
the CdO thin films could further increase. Comparison with measurements of direct
onsets in a series of films with different doping levels let to estimate a carrier density
of about 6 x 10 cm™, in reasonable agreement with the estimate from core satellite

structure discussed earlier.'®
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Figure 4.1.6. (a) Transmittance spectrum of a representative CdO thin film; (b) Tauc
plot of (ahv)” versus photon energy hv, where o is the absorption coefficient in the
region of the direct allowed optical absorption onset.

Further investigations were carried out to study photoluminescence properties of
the CdO films. Indeed, CdO films exhibit a broad photoluminescence peak (Figure
4.1.7) extending from about 560 nm (2.21 eV) to 435 nm (2.85 eV), with a peak at 493
nm (2.51 eV) and a shoulder which develops into a second peak at 521 nm (2.38 eV)

upon decrease of exciting photon energy. The low energy onset at 2.21 eV corresponds

107



Chapetr 4.1 — CdO Thin Films

roughly to the direct allowed optical gap in undoped CdO and therefore corresponds to

transitions from the bottom of the conduction band into a hole in the valence band at

the I" point.
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Figure 4.1.7. Photolominescence spectrum of the CdO thin film, in the 400-600 nm
range or 3.1 - 2.1 eV range, as a function of excitation wavelength reported in the
inset.

These transitions can arise if initial excitation is from the downward dispersing
valence band states found along the I'-X into empty conduction band states above the
Fermi energy. Phonon-assisted relaxation will allow the valence band hole to move
upwards within the valence band, eventually reaching the I point. The two peak
structure is most likely to be associated with lifting of the degeneracy of the topmost
valence band states in moving along the I'-X direction.'>°

The electrical characterization was carried out in the dark by means of four-point
probe resistivity and Hall effect measurements in the temperature range between 80 K
and 460 K using a BioRad HL5560 rig.”>*' The applied magnetic field was 0.322 T.
Samples with dimensions 1 cm % 1 cm were simply contacted by four Au tips in a Van

der Pauw geometry. This technique allows the determination of the resistivity, the

carrier concentration and the mobility (the latter determined by the first two
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quantities). The electrical measurements were repeatable to within 5% on independent
samples. Temperature dependence of resistivity, carrier concentrations and Hall
mobility are shown in Figure 4.1.8. The data show that the resistivity and mobility
vary slightly with the temperature whereas the carrier concentration is temperature
invariant, indicative of a degenerate semiconductor. In fact, transport measurements
confirm that these films are n-type material with free-electron concentrations in the

range between 7.4 x 107 - 8.5 x 10 c¢cm™ provided by native donors (Figure

4.1.8).34%
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Figure 4.1.8. Resistivity (a), carrier concentration (b) and mobility (c) as a function of
the temperature for CdO films.
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Remarkably these values are interestingly larger than those recently estimated by
Scanlon et al. in a density functional study. The procedure adopted was to use the
calculated maximum Moss-Burstein shift and the effective mass at the conduction
band minimum, to predict that the maximum carrier concentration would be ~4.34 x
10 and ~5.25 x 10* em™ for Cd-poor/O-rich and Cd-rich/O-poor conditions,
respectively.”” However these estimates assumed parabolic dispersion in the
conduction band and ignored the effects of bandgap renormalization. The variation of
the effective mass within the conduction band leads to a placement of the Fermi level
at a lower value than expected from extrapolation from the behaviour at the bottom of
the band for a given carrier density, so that both effects will lead to an underestimation
of the limiting native carrier density.*°

The carrier concentration is also much higher than the large majority of
experimental values reported in literature'"* this is probably due to both the MOCVD
technique and to the particular Cd(hfa),-diglyme precursor that is liquid at 45°C and
guarantees this carrier concentration at the chosen deposition conditions. Worthy of
note, our results are in tune with data obtained by Marks et al. for other MOCVD of
CdO thin films.”® Therefore, it can be stressed that the MOCVD technique is well
suited to obtain CdO films with such high carrier concentrations.

The mobility values range from 2.3 to 6.2 cm” / Vs, increasing with increasing
temperature above 100 K. The values are considerably lower than those reported for
CdO samples with lower carrier densities. This can be due to the high carrier
concentration responsible for an increased scattering from ionized impurities and/or
grain boundaries.”*> The best fit of the experimental data in the high temperature

1.04 . .
% These results, in terms of carrier

regime showed that the mobility trend is oc T
concentration and mobility, are somewhat different to those observed by Farahani et
al."” who found that the mobility decreased with increasing temperature above 100 K.
It was found that the resistivity of the CdO film slightly decreases from 3.3 x 10~ to

1.4 x 107 Q cm as the temperature increases from 80 to 460 K due to the increased

mobility.”
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In order to evaluate the electron transport character of these CdO films, we
investigated the temperature dependence of the conductivity, o, calculated from the
resistivity measurements. Figure 4.1.9 shows the Arrhenius plot of the conductivity
(o versus 1 / kT). It can be noticed that ¢ remains rather constant up to a critical

temperature, T, beyond which it increases with increasing temperature.
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Figure 4.1.9. Dark conductivity vs. temperature for the CdO film. The solid line
represents the best-fit analysis (Eq. 1) for temperatures above T.. The corresponding
extracted oo and E, values are 1693 Q' cm™ and 0.033 eV, respectively.

This variation of the conductivity upon the temperature suggests that more than
one conduction mechanisms are involved in CdO. In the low temperature regime CdO
behaves as a degenerate semiconductor and the conductivity is almost temperature
independent. Above T., CdO shows semiconducting properties and the conduction

takes place with an activated process described by the following relation:

O'(T)zaoexp(—f—;j

where k denotes the Boltzmann’s constant, T is the absolute temperature, E, is the
activation energy, and o, represents the pre-exponential factor. Following this relation,
E, and oy values of 0.033 eV and 1693 Q'cm’, respectively, were obtained. This

rather low activation energy can be associated with hopping of carriers between quasi-

111



Chapetr 4.1 — CdO Thin Films

localized states at grain boundaries.”

It is important to point out that this study does not really allow us to identify the
nature of compensating defects as cation vacancies, interstitial oxygen or more
complex defect clusters. In addition, it is not possible to exclude the role of defects at
the grain boundaries as partially responsible for the high carrier concentration found in
the present CdO films.

Nowadays sensing and treatment of toxic and harmful compounds is of primary
importance. In this context, different procedures have been experimented for water

57-60

treatment, and among them, the photocatalytic method seems the most promising

technique to remove contaminants from aqueous solutions. In this field semiconductor

6162 The most

nanomaterials already demonstrated to be effective for water treatment.
used semiconductor materials are based on ZnO and TiO, metal oxides.®*® Much
lower data have been reported for the CdO system.®’° Thus, after synthesizing
conducting CdO thin films, we exploited their ability to act as photocatalysts for water

treatments.”!

4.1.4 CdO Thin Films as Photocalysts for Water

Treatments

The potential photocatalytic activity of the CdO thin films was evaluated towards the

selected methyl orange model dye (Figure 4.1.10).”

/

o)
< > ‘20
d

Figure 4.1.10. Methyl orange.

Photocatalytic experiments were carried out in a photoreactor of 50 mL using two
365 nm lamps of 8 W per each (Helios Italquartz). A CdO film of 0.8 cm?” was used as
catalyst. All the experiments were performed using the methyl orange model dye with

an initial concentration of 4.2 x 10° M. The solution was prepared by dissolving the
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dye in water CHROMASOLV Plus (Aldrich). The total solution volume was 20 mL
and the duration of each irradiation experiment was 20 min. 3.5 x 10 mol of H,0,
was added in the starting solution and no pH adjustment was performed. UV-vis
measurements of the reacting solution were performed every 5-20 min.** During the
irradiation the solution was stirred using a Vortex VELP SCIENTIFICA 50 rpm. The
overall irradiation time needed to totally decolorize the solution was 380 min (Figure

4.1.11).
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Figure 4.1.11. UV-vis spectra of the starting 20 mL 4.2 x 10° M methyl orange water
solution and after cycles of 20 min irradiation, in presence of a CdO film of 0.8 cm?,
followed by UV-vis measurement. The total irradiation time was 380 min.

Figure 4.1.12 shows the absorbance variation of the band maximum at 463 nm vs.
the irradiation time. After 1 h irradiation the absorbance was the 54% of its initial
value. This result demonstrates a good performance of the CdO photocatalyst to
remove the methyl orange dyes by illumination.

The decolorizing efficiency can be defined as follows: [(C; — C,)/Ci] x 100 where
C; represents the starting solution concentration and C; represents the dye
concentration at the time t.”’ After 380 min irradiation the remaining dye was only the

3.8 % (Figure 4.1.13).
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Figure 4.1.12. Absorbance variation of the 20 mL 4.2 x 10” M methyl orange water
solution, in presence of a CdO film of 0.8 cmz, vs the irradiation time.
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Figure 4.1.13. Decolorizing efficiency of the 20 mL 4.2 x 10 M methyl orange water
solution, in presence of a CdO film of 0.8 cm?, vs the irradiation time.

It emerges that the CdO thin film catalyzes the almost total decomposition of the
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methyl orange solution after 4 h light irradiation. It is important to bear in mind that
these experiments have been performed using a CdO film having an area of just 0.8
cm®. As a consequence the required time to decolorize the starting methyl orange water
solution is due to this small reacting surface-solution interface. The reactivity of the
CdO photocatalysts depends on the number of electron/hole pairs generated in the
conduction/valance bands respectively when the catalyst surface is irradiated.
Therefore the reactive species are the superoxide anion O, and the hydroxyl radical
OH- obtained on the surface of the CdO film.

Figure 4.1.14 shows the behaviour of In(Ciy/C;) vs. the irradiation time. A first

order kinetics was observed and the evaluated rate constant was found 0.0079 min'.”°
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Figure 4.1.14. Decolorizing efficiency of the 20 mL 4.2 x 10” M methyl orange water
solution vs the irradiation time. R? of the fit = 0.99.

In order to check on the photolysis of the methyl orange without catalyst in the
same experimental conditions, we irradiated with a 365 nm lamp 20 mL of a 4.2 x 10
M methyl orange water solution (pH = 4.43) containing 14 pL H,O, 30%.

Experimental evidences no doubt indicate that after 20 min irradiation the
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photocatalytic activity of the CdO film results in a 100 % increase in the decolorizing

efficiency (Figure 4.1.15).
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Figure 4.1.15. Difference of the decolorizing efficiency, in presence and absence of
catalyst, of 20 mL 4.2 x 10"® M methyl orange water solution vs the irradiation time.

In the light of the obtained results it is possible to state that these synthesized CdO
thin films could have considerable potential for application as materials for water

treatment.
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Conclusions

We exploited the properties of CdO thin films that show both good transparency in
the visible region with a transmittance that reaches over 85% and a high free-electron
concentration. XRD measurements confirmed the presence of a single cubic rocksalt
phase, although a grain structure with typical lateral dimensions of order 80—400 nm
was found in AFM. Electrical characterization and the direct allowed optical
absorption onset evaluated from the optical spectra both indicate that these CdO films
behave as highly degenerate semiconductors, with a Fermi level well above the bottom
of the conduction band. The carrier density is estimated to be about 7-8 x 10** cm™.
This is further confirmed by the presence of very strong satellite structure associated
with conduction electron plasmon satellite excitation in core XPS. The presently found
carrier concentration, according to other previously reported data, is larger than the
maximum carrier concentration predicted by recent quantum mechanical calculations,
and we gave a rationale for this. All the present results were highly repeatable. The
films studied in the present work are suitable for self-assembly of molecular building-
blocks for solar cells applications.

Finally, CdO thin films also showed interesting properties as catalyst in the field of

water treatment.
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Chapter 5

SAMs for Catalytic Applications

The methodology of the covalent assembly can be adopted also for molecular
entities showing catalytic properties thus obtaining heterogeneous catalytic materials.
In fact, often the catalyst heterogenization enhances the catalytic performance as a
consequence of the major acquired stability, activity, selectivity, recover and recycle,"
" In this chapter we show the synthesis of a nanostructured system based on the

covalent bonding of some (salen)Mn(IIl) molecules on the surface of glass beads.
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5.1 Synthesis and Characterization of a

(salen)Mn(III) Complex

The asymmetric epoxidation of unfunctionalized prochiral olefins, catalysed by
homogeneous chiral (salen)Mn(IIl) complexes, is an important viable route to obtain
chiral epoxides.'? In fact, the obtained chiral epoxides contain two new stereocentres
and can be easily transformed into a large variety of compounds active in many other
technological fields.®'**

A recent paper showed that the trend in the catalytic performance in the
asymmetric epoxidation of some alkenes using some (salen)Mn catalysts immobilized
inside nanopores was dependent on the different rigidity of the catalyst-substrate
linkage.” In fact, it seems that for immobilised (salen)Mn catalysts, a rigid linkage
connecting active centres to the support is essential to obtain activity and
enantioselectivity as high as those obtained in homogeneous systems. It emerges that
the immobilisation strategy plays a fundamental role in this field.** In the same
context, it has been reported that a covalent monolayer of (salen)Mn(III) molecules
with two pendant amino functionalities on flat silica substrates acts as an active
heterogeneous catalyst for enantioselective epoxidation of a selected alkene with huge
turnover values.”> Moreover, the experimental photoelectron evidences confirmed the
formation of the surface confined O=Mn "(salen) oxene active species for the substrate
epoxidation reaction.”’

In this context, a new (salen)Mn(Ill) complex (Scheme 5.1.1) with only one
pendant amino group was grafted on the surface of some glass beads (Scheme 5.1.2)

with the aim to test the catalytic activity upon grafting on a large surface area.
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Scheme 5.1.1. Synthetic pathway for the (salen)Mn(IIl) catalyst.

5.1.1 Synthesis of SAMs of (salen)Mn(III) Complex

Glass beads having a 3 mm diametre, underwent the typical silanization. After

silanization these were immersed in a freshly prepared 9.5 x10™* M toluene solution of

the (salen)Mn(Ill) and kept at 90 °C for 72 h while stirring to obtain the covalent

grafting of the (salen)Mn(III) molecules on the substrate surface. The (salen)Mn(III)

monolayers on glass beads (hereafter Mn_MGB) thus formed were left to cool to room

temperature and then sonicated (two times) 10 min with toluene to remove any

residual unreacted Mn complex (Scheme 5.1.2). The final systems resulted robust and

the grafted molecules were found to be insoluble in toluene, MeCN, THF and EtOH.
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Scheme 5.1.2 Schematic representation of the Mn_ MGB

5.1.2 Characterization of the (salen)Mn(III) Complex
SAMs

The Mn_MGB system was characterised by UV-Vis measurements and Figure
5.1.1 shows the absorption spectra of a toluene (salen)Mn(III) 5.7 x 10° M solution
(black line) and of a representative Mn_MGB (red line).

The solution UV-Vis shows two bands: the first centred at 296.4 nm with two
weak bands at 286.2 and 306.4 nm and the second at 374.2 nm with a shoulder at
393.0 nm. These two bands are consistent with the n=2>n* and n—>7* transitions of the
(salen)Mn(III) complex, 1respectively.25 The Mn MGB UV-Vis spectrum closely
resembles that of the solution with two features at 287.4 and 302.8 and another band at
366.1 nm with a shoulder at 388.6 nm. The calculated molecule surface coverage is 7.8

x 10" molecules/cm®* This value is almost two times larger than that already
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reported for its parent system with two pendant groups and confirms the main
objective of this new synthetic design.'> The resulting footprint is 128 A? per

molecule.
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Figure 5.1.1. UV-Vis spectra of a 5.7 x 10® M toluene solution (black line) of
(salen)Mn(III) complex and of a representative Mn_MGB (red line).

The electronic structure of the Mn_MGB, stacked on an appropriate double side

scotch tape (Figure 5.1.2), was investigated by XPS technique.

Figure 5.1.2. Set-up for XPS measurements of Mn_MGB.
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XPS measurements were acquired at 45° take-off angle and spectra were excited
with monochromatized Mg-Ka radiation. Figure 5.1.3 shows the XP spectrum of the
Mn_MGB system in the Mn 2p binding energy region and the presence of the two
spin-orbit components at 641.8 and 653.7 eV, partially overlapped with the high

energy shake-up satellites, is typical of Mn(III) species.”>’

640 650 660

Binding Energy / eV

Figure 5.1.3. Monochromatised Mg Ka excited XPS of a representative Mn_MGB in
the Mn 2p binding energy region.

Figure 5.1.4 shows the XPS of Mn_MGB in the N 1s binding energy region. On
the basis of a localized bonding scheme, the (salen)Mn(IIl) shows two imine and one
amine nitrogens in the formula unit. The photoelectron spectrum of the grafted
complex shows a rather symmetric N 1s signal at 400.0 eV as a consequence of some
electronic level reorganization of the imine functionalities upon the Mn(III)
complexation.”> On the basis of the XPS atomic concentration analysis a surface
coverage of 5.7 x 10" was estimated and this value is rather close to that obtained by
UV-Vis measurements.®

Moreover the molecular size of (salen)Mn(III) on the surface was estimated
using an MM calculation (HyperChem 7.5) and Figure 5.1.5 shows the geometry

arrangement.

127



Chapter 5.1 - Synthesis and Characterization of a (salen)Mn(1lI) Complex

T T 1
390 (M) 410

Binding Encrgy / ¢V

Figure 5.1.4. Mg Ka excited XPS of the Mn_MGB in the N 1s binding energy region.

Figure 5.1.5. MM optimization of the size of (salen)Mn(III) complex.

On the basis of these calculations the occupied area on the substrate is of 134.7
A? per molecule. This value is strongly reminiscent of that obtained with UV-Vis
measurements and confirms the high density of (salen)Mn(IIl) on the bead

surfaces.
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Finally, the surface morphology of the functionalised glass beads was
investigated by AFM measurements. Figure 5.1.6 shows Mn_MGB system surfaces
mainly consisting of grains with lateral dimensions of order 300-700 nm. The
average roughness of the films is typically around 13.9 nm and with a total range of

97.0 nm in the images.

18 20
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Figure 5.1.6. AFM micrograph of a representative Mn_MGB.

5.1.3 Catalytic Properties of the (salen)Mn(III) Complex
SAMs for Olefin Epoxidation

In order to test the activity of the Mn MGB system as catalyst in epoxidation
reactions the following four alkenes 6-cyano-2,2-dimethylchromene, cis-f-
ethylstyrene, 1,2-dihydronapthalene and indene were selected. Moreover, the
epoxidation measurements were carried out both in solution and with the Mn_ MGB
system. In particular, for solution experiments (Table 5.1.1) the (salen)Mn(III) catalyst
shows a naphthylamide group to protect the amino functionality (catalyst 5 in Scheme
5.1.1). Results indicate that for Mn_MGB the reaction time for the total conversion
decreases as the number of glass beads used in the reaction media increases. The

enantiomeric excess values (85-91%) are slightly higher than the corresponding ones
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(80%) obtained in solution. As expected, TON and TOF values are in the range 10* —
10° and 10> — 10° respectively. Table 5.1.2 also shows that the addition of 4-
phenylpyridine n-oxide (PPNO) does not significantly influence the e. e. and conv.

values.

Table 5.1.1. Results obtained for the solution epoxidation of selected alkenes using the
catalyst 5 at 25°C. In all these experiments 0.081 mmol of alkene and 5% of catalyst 5
were dissolved in 1 mL of CH,Cl,; NaClO was 0.81 mmol and the total volume of the
reacting solutions, buffered with 1 mL 0.05 M Na,HPO, at pH = 11.2, was 3 mL.
“determined by GC on a specific chiral column. "TON= mmol of the overall
products/mmol of the catalyst. * TOF = TON/reaction time (h).dcis/trans =5.

Alkene Time (h) Conv (%)* e.e.(%)* | TON® | TOF®
6-cyano-2,2-dimethylchromene 2 100 80 20 10
70 (cis)
Cis-B-ethylstyrene 7 100 80 (trans)’ 18 3
1,2-dihydronapthalene 2 100 78 20 10
Indene 2 100 95 20 10

Table 5.1.2. Results for the epoxidation of the 6-cyano-2,2-dimethylchromene into 3,4
epoxy-6-cyano-2,2,-dimethylchromene using the Mn_MGB. In all these experiments
0.081 mmol of 6-cyano-2,2-dimethylchromene were dissolved in 1 mL of CH,Cly;
NaClO was 0.81 mmol and the total volume of the reacting solutions, buffered with 1
mL 0.05 M Na,HPO, at pH = 11.2, was 3 mL. “determined by GC on a dimethyl-
Eentyl—beta (DIMEPEBETA-086) chiral column, (25 m x 0.25 mm ID, 0.25 pm film).

TON = mmol of the overall products/mmol of the catalyst. © TOF = TON/reaction
time (h).

Number of glass Reaction 04 C 04 TONP TOF*
bead Catalyst Time / h -7 onv. 7o (")
7 88 5 6202 886

24 86 15 18606 775

10 48 85 35 43415 904

72 87 55 68224 948

96 85 75 93032 969

130 86 100 124043 982

30 7 89 12 5036 719

24 88 25 10492 437
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48 87 50 20984 437
7 88 75 31477 437

9% 87 100 41969 437

7 87 30 6183 883

0 24 89 45 9275 386

48 87 77 15870 331

7 85 100 20611 286

7 90 29 5977 854

24 91 47 9687 404

60+ PPNO 48 91 78 16076 335
7 90 100 20611 286

In order to check on the robustness of the Mn MGB the above epoxidation process
was repeated 7 times for 24 h. After each cycle, the beads were washed with water and
dichloromethane and then reused for the next cycle. Figure 5.1.7 shows that both
enantiomeric excess values and conversion % remained almost unaltered thus
confirming the high stability of the present heterogeneous catalyst.

+ 8.8

100 - —8— Conv.
— -, = a0
80
60
£ ] W\.
40
20 -
D T T T T ¥ T T T ¥ T i
1 P 3 4 5 G T
Cycles

Figure 5.1.7. Variations of e.e. and conv. after reusing of 60 spheres (beads) in the
epoxidation of 6-cyano-2,2-dimethylchromene for 24 h with the Mn_MGB.

Table 5.1.3 shows the epoxidation data obtained using the cis-f-ethylstyrene as
substrate. Reaction times are similar to those previously observed for the 6-cyano-2,2-
dimethylchromene, and also in this case the detected enantiomeric excesses are higher

with respect to those observed in solution (Table 5.1.1). However, an inversion of the
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cis/trans ratio was observed: in solution, the catalyst leads mainly to the cis isomer

cis/trans = 5), while Mn MGB predominantly generates the frans isomer (90%).
( )> _ p yg (90%)

Table 5.1.3. Results for the epoxidation of cis-B-ethylstyrene at 25°C using the
Mn 1 MGB.In all these experiments 0.081 mmol of cis-B-ethylstyrene were dissolved
in 1 mL of CH,Cl,; NaCIO was 0.81 mmol and the total volume of the reacting
solutions, buffered with 1 mL 0.05 M Na,HPO, at pH = 11.2, was 3 mL. *determined
by GC on a DiAcTBuSiliBETA-ov-1701 chiral column, (25 m x 0.25 mm ID, 0.25 pm
film), [trans]/[cis] = 7. "TON = mmol of the overall products/mmol of the catalyst. ©
TOF = TON/reaction time (h).

Number of Reaction €. e Cis €. €. trans a TON® TOF*
glass bead Time / h 0 0 Conv. % (h'l)
Catalyst

7 80 89 17 20958 2994
24 80 90 29 35556 1482

10 48 83 89 56 69275 1443

72 84 90 73 91095 1265
96 84 91 100 124043 1292
7 80 88 29 12106 1729

30 24 81 90 54 22798 950

48 83 91 89 37454 780

72 84 88 100 41969 583
7 72 88 40 8310 1187

60 24 81 86 70 14433 601

48 85 88 94 19355 403

72 85 87 100 20611 286
7 89 91 49 10051 1436

24 88 92 77 15951 665

60 +PPNO 48 88 91 93 19245 401
72 89 91 100 20611 286

Very recently Zhang and Wang reported that for immobilized (salen)Mn catalysts,
a rigid linkage connecting active centres to the support is essential to obtain activity
and enantioselectivity as high as obtained in homogeneous systems.” In fact, the
immobilised catalyst with a flexible linkage gave lower chemical selectivity,
enantioselectivity and inverted cis/trans ratio compared to the homogeneous Jacobsen
catalyst and to the immobilized catalyst with a rigid linkage. This is possible because
of the rotation of the C-C bond in radical intermediates that affects the cis/trans ratio.
In our case as well as in the Zhang’s and Wang’s case, the linkages are connected to
the 6-position in the salen ligand, which is far from the Mn(IIl) atoms. Moreover, the

only difference between the catalyst we used for homogeneous solution reactions and
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the catalyst anchored onto the glass beads (Mn MGB) is the naphthylamide group
used to protect the amino group and this is unlikely to result in the different chemical
selectivity to epoxides, cis/trans ratio and e. e. values. Therefore, the inversion of the
cis/trans ratio we observed from homogeneous to heterogeneous media must be due to
the rigid silane linker used to functionalize the glass bead surfaces for the successive
grafting of the (salen)Mn(IIT) molecules.”® Noteworthy, it was also observed a better e.
e. excess with Mn_MGB than in solution.

Similar epoxidation reactions have been performed with the Mn_ MGB using the
1,2-dihydronaphtalene and indene as substrates and Tables 5.1.4 and 5.1.5 show

relevant results, respectively.

Table 5.1.4. Results for the epoxidation of 1,2-dihydronapthalene using the Mn_MGB.
In all these experiments 0.081 mmol of 1,2-dihydronapthalene were dissolved in 1 mL
of CH,Cl,; NaClO was 0.81 mmol and the total volume of the reacting solutions,
buffered with 1 mL 0.05 M Na,HPO, at pH = 11.2, was 3 mL. “determined by GC on a
dimethyl-pentyl-beta (DMePeBETACDX) chiral column, (25 m x 0.25 mm ID, 0.25
um film). "TON= mmol of the overall products/mmol of the catalyst. ¢ TOF =
TON/reaction time (h).

Number of

: b c
glass bead I}F?Elc;l/og e.e %’ Conv. % TON 1;}?11;
Catalyst
7 80 23 33108 4730
10 24 78 49 61073 2545
48 80 77 103718 2161
72 80 100 124043 1723
7 81 27 9640 1377
30 24 80 55 20664 861
48 79 84 32209 671
72 80 100 41969 583
7 79 31 6363 909
60 24 81 84 17293 721
48 80 100 20611 429
7 80 38 7790 1113
60 + PPNO 24 79 93 19222 801
48 81 100 20611 429

Table 5.1.5. Results for the epoxidation of indene using the Mn_MGB. “In all these
experiments 0.081 mmol of indene were dissolved in 1 mL of CH,Cl,; NaClO was
0.81 mmol and the total volume of the reacting solutions, buffered with 1 mL 0.05 M
Na,HPO4 at pH = 11.2, was 3 mL. “determined by GC on a dimethyl-pentyl-beta
(DMePeBETACDX) chiral column, (25 m x 0.25 mm ID, 0.25 um film). *TON =
mmol of the overall products/mmol of the catalyst. “TOF = TON/reaction time (h).
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Number of . b .
glass bead %?;::I/OE e.e %’ Conv. %° TON "l;}?lF)
Catalyst
7 80 28 34657 4951
10 24 78 72 89302 3721
48 80 100 124043 2584
7 78 31 13105 1872
30 24 81 88 36976 1541
48 80 100 41969 874
7 75 24 4852 693
60 24 78 91 18758 782
48 78 100 20611 429
7 77 29 6067 867
60+ PPNO 24 73 97 20004 833

Notably, reaction times for the total conversion of the 1,2-dihydronapthalene and
indene are shorter than those observed for the cis-f-ethylstyrene and 6-cyano-2,2-
dimethylchromene. In fact, the total conversion of the 1,2-dihydronaphtalene was
achieved in 72 h, using 10 and 30 spheres, and in 48 h using 60 spheres. Indene was
completely converted into the respective epoxides in 48 h using 30 spheres. The
observed different reaction times for the total conversion of the above alkenes can find
a rationale on the basis of the different geometric structures of the substrates. Both
indene and 1,2-dihydronaphtalene have planar structures, while cis-S-ethylstyrene and
6-cyano-2,2-dimethylchromene are slightly more bulky, due to the freedom in y-
position in the cis-f-ethylstyrene, and the two methyl groups in the 6-cyano-2,2-
dimethylchromene. Planar alkenes seem more suited than bulky substrates to interact
with the surface confined Mn MGB catalyst (Figure 5.1.5). In these cases
enantiomeric excesses are similar to our data obtained in solution (Table 5.1.1) and
similar to recently reported results.”'

An interesting observation is the high present value of the turnover frequencies
under heterogeneous conditions (1.24 x 10° using 10 spheres) with respect to the
solution (20) after the total olefin transformation.”””° Obviously, the highest TON
values were observed for the lowest number of beads used in the reaction media
(Tables 5.1.2-5.1.5). The TOF parameter displays a similar trend on passing from

homogeneous (10) to heterogeneous (4951 highest TOF for indene epoxidation after 7
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h reaction) conditions.’® Evidently, these large TOF values (Tables 5.1.2-5.1.5) are due
to the covalent nature of the active catalyst that precludes any leaching as measured in
the reacting solution by inductively coupled plasma mass spectrometry.

The present increase in enantioselectivity from solution (80 %, Table 5.1.1) to
heterogeneous (85-91 %, Tables 3.2-3.3) catalysis observed for the first two alkenes
may be consistent with the grafting geometry of this (salen)Mn(IIl) catalyst that is
always appropriate for the epoxidation reaction. It is possible to assume that the
O=Mn" group of the O=Mn"(salen) points outside from the monolayer.”**> A similar
conclusion has been arrived at by Milstein who reported on improved TON values in
catalytic reactions using molecular ordered Langmuir-Blodgett catalyst films.’'

Thus, the present study demonstrates the possibility to heterogenize the
(salen)Mn(III) catalyst with improving of the performance with respect to the solution
reactions. In fact, the enantiomeric excess values are better than those obtained in
homogeneous media because of the (salen)Mn(III) catalyst, supported on the present
glass beads, probably assumes the most appropriate conformation to promote an

efficient enantioselective oxygen transfer towards some substrates.
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Conclusions

A novel (salen)Mn(III) robust monolayer was covalently fabricated on glass beads
substrates and resulted an active catalyst for the asymmetric epoxidation of four
different alkenes. High enantioselectivity and high TON and TOF values were
measured. No observable leaching of the catalyst as well as no performance variation
was noted after 7 reaction cycles. According to studies of Zhang and Tu the rigid
silane group used to graft the present (salen)Mn(IIl) complex to the glass bead surfaces
was advantageous to attain high activity and e.e. values.*

Thus, in this chapter it was shown how the heterogenizatn of the (salen)Mn(III)
catalyst allows the improving of its performance with respect to the solution reaction,

as a consequence of a more appropriate catalyst conformation on the surface of the

glass beads.
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Conclusions and Perspectives

The aim of this PhD thesis was the fabrication of nanostructures showing optical,
electrical or catalytic properties in the perspective of their applications in different
fields of the nanotechnology.

All the systems result from a bottom-up approach that involves the self-assembly
of appropriate molecules on inorganic surfaces. In all synthesized systems the coupling
agent is represented by a silane layer that allowed fabricating covalent nanostructures
maintaining single-molecule properties and showing homogeneous surfaces.

In fact, this method allowed obtaining robust porphyrin nanostructures on Si(100)
with a such high order degree for their integration in microelectronic devices.

Porphyrin monolayers on flat and transparent substrates proved to be useful for
chemical communication with external inputs thus giving readable optical outputs
valuable for memory storage materials.

Furthermore, we obtained tin and titanium oxide crystal grains covered with a
porphyrin monolayer. These systems show an enhanced electron injection property and
can be of great utility in the photovoltaic field.

Interesting optical properties have also been observed for an Europium(III)
complex self-assembled on polystyrene nanostructures or on a porphyrin monolayer.
In the last case the unique optical properties resulted from a mutual Eu-
complex porphyrin interaction.

A really advantage of the covalent assembly is represented by the robustness of the
obtained nanostructures and, sometimes, unicity of their properties. As an example, the
catalytic properties of the (salen)Mn(III) complex monolayer resulted in huge turnover
numbers for epoxidation of unfunctionalised prochiral olefin reactions.

We demonstrated that single-molecules properties are affected by the substrate

nature. Therefore we plane to fabricate nanostructures on our CdO thin films. In fact,
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the coupling of molecular optical properties with highly conducting and transparent
substrates will produce systems useful for optoelectronics.

In summary a major goal of this thesis was the combination of molecule-inorganic
substrate properties. Thus the covalent bond of suitable molecules on appropriate
inorganic surfaces allows the synthesis of molecular architectures showing unique
properties appealing for future optoelectronic, microelectronic and catalysis

technologies.

141



Appendix

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a widely used technique to investigate
the chemical composition of surfaces. It was developed in the mid-1960’s by Kai
Siegbahn and his research group at the University of Uppsala, Sweden. The XPS

technique is used to measure:

elemental composition of surfaces (top 0—10 nm usually)

- empirical formula of pure materials

- chemical or electronic state of each element in the surface

- uniformity of elemental composition across the surface (or line profiling or
mapping)

- uniformity of elemental composition as a function of ion beam etching (or depth
profiling)

The phenomenon is based on the photoelectric effect, outlined by Einstein in 1905,
where the concept of the photon was used to describe the ejection of electrons from a
surface when photons impinge upon it (Figure 1).

A+hv - At + e~

Irradiation causes the emission of photoelectrons whose energy is proportional to
the incident radiation frequency, while their number is proportional to the radiation
intensity.

A typical XPS instrument has an analysis chamber kept at ultra-high vacuum, ca.
107 Pa and the X-ray sources typically used are Al (1486.6 eV) or Mg (1253.6 V) Ka.
radiations that induce the emission of electrons from the inner energetic levels (core

electrons) of each element present on the surface of the analysed material.
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@ Ejected Photoelectron
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Figure 1. Scheme of the photoemission process.

The vacuum is essential to maximize the path of the electrons out of the material,
without collision with other gaseous substances present in the chamber, allowing thus
they reach the detector. Moreover, it reduces the probability of finding contaminants
absorbed on the surface of the sample, such as water and oxygen. X-ray photoelectron
spectra are thus collected by measuring the kinetic energy and number of electrons that
escape from a few tens of angstroms of the surface.

In detail, when X-rays illuminate an area of a sample cause ejection of electrons
with a range of energies and directions. The electron optics, which may be a set of
electrostatic and/or magnetic lens units, collect a proportion of these emitted electrons
defined by those rays that can be transferred through the apertures and focused onto
the analyser entrance slit. Electrostatic fields within the hemispherical analyser (HSA)
are established to only allow electrons of a given energy (the so called Pass Energy
PE) to arrive at the detector slits and onto the detectors themselves. Electrons of a
specific initial kinetic energy are measured by setting voltages for the lens system that
both focus onto the entrance slit the electrons of the required initial energy and retards
their velocity so that their kinetic energy after passing through the transfer lenses

matches the pass energy of the hemispherical analyser. To record a spectrum over a
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range of initial excitation energies it is necessary to scan the voltages applied to these
transfer lenses and the prescription for these lens voltages is known as the set of lens
functions. These lens functions are typically stored in some configuration file used by
the acquisition system. Thus, known the energy of the incident beam and the kinetic
energy of the families of ejected photoelectrons, it is possible to measure the Binding

Energy value (B.E.) using the following equation:

Ex=hv-B.E.-W

where:

-hv: energy of the incident photon;

-Ex: kinetic energy of the ejected electron;

-B.E.: binding energy of the ejected electron;

-W: work function depending on both the spectrometer and the material.

According to Koopman’s theorem, the measured B.E. corresponds to the energy
difference between the initial state of an atom with “n” electrons and the final state
with “n-1” electrons:

B.E. = Efinal (n-1) - Einitial (n)

This is true only if the "frozen orbit" hypothesis (frozen or sudden approximation),
is valid (no relaxation phenomenon after photoemission). In fact according to this
theorem it is believed that the atomic orbitals remain unchanged upon the ionization.
However, it is easy to understand that as a result of ionization there is an electronic
rearrangement, whereby the B.E. will be calculated differently. Moreover, being
different the number of electrons of the ion compared to the neutral atom also the
correlation energy will certainly be different.

To identify the chemical species present in a sample it should be first performed an
analysis at low resolution or “survey”, encompassing a wide range of energies
(generally from 1200 eV to 0 eV).

For each element of the periodic table many characteristic peaks at different B.E.

values can be obtained, depending on the orbital from which the electron is ejected.
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Therefore, the different atomic species can be identified by their B.E. which depend on
the oxidation state and chemical environment of the analysed atom (chemical shift). In
fact, with the decrease of the number of outer electrons, the core electrons experience a
greater nuclear charge and thus it will take a greater energy to remove them away from
their levels. A similar effect is observed when an atom is bound to a more
electronegative one.

Furthermore electrons from p, d or f orbitals give two signals (due to the coupling
between the spin angular momentum (s) and the orbital angular momentum (1)) with
separation energy characteristic of the atom (spin-orbit coupling), while the intensity
ratio between the respective areas of the peaks remains the same for all atomic species,
differing only as a function of the type of orbital from which the peaks arise. For the
identification of the elements it can thus be exploited also their spin-orbit separation.

In a second step it is possible to acquire a more detailed or “multiplex” spectrum
by setting a finer resolution and scanning over only the energy regions of interest.

In addition, it should be outlined that the XPS is a technique for the study of
surfaces since the thickness from which the signals arise typically ranges from 0 to 100
A, although the X-radiation penetrates into the solid for about 10* A. This means that
the depth of X-ray beam penetration is not decisive for the technique sensitivity. In
fact, XPS sensitivity depends on the probability of the generated photoelectrons to
leave the surface. In fact the electrons ejected from core orbitals in the ionization
process can be subjected to impact (inelastic scattering) within the solid, which
determines an energy loss not allowing these to reach the surface and be expelled.
Therefore the sampling depth from which the 95% of the emitted electrons originate is
defined as:

d =3\-senf

where:

-A: electron mean free path within the solid ( about 30 A);

-0: take-off angle between the sample surface and the analyser direction;

It results evident that the higher the take-off angle the higher the sampling depth.

145



X-Ray Photoelectron Spectroscopy

Interestingly, to carry out structural and electronic characterization of self-
assembled molecular nanoarchitectures or films too thin to be analysed by
conventional depth profiling techniques, is useful the Angle Resolved XPS (AR-XPS).
AR-XPS measurements provide information about ordering and thickness of layers,
distribution of elements and chemical states within the film or nanostructure (depth
profile reconstruction).

In the context of nanostructured systems based on organic or inorganic molecules
covalently assembled on inorganic substrates (Si(100) or SiO,) the AR-XPS is used to
measure the thickness of the molecular monolayer bound to the substrate. In detail,
AR-XP spectra are measured at different take-off angles ( for example, 5°, 15°, 45°
and 80°) and the angular dependence of the I¢/Is; intensity ratios (I¢c and Ig; are the total
intensities of carbon and silicon, respectively) vs. the photoelectron take-off angle is

plotted. The I¢/Is; intensity ratio is modelled as follows:

—d
C C 25, send
I~ I (-e )
Si ~d
i _°
Si ﬂgizpsené?
e

where:

- Xcsi 2p: mean free path of Si 2p photoelectrons;

- Xcas: mean free path of C 1s photoelectrons in a carbon overlayer;

- I°0/PP'o0: ratio of Wagner sensitivity factors.

By using this equation the thickness d is obtained.

Finally, with XPS technique it is possible to perform quantitative analyses. In
particular the XPS peak intensity I(ei) is correlated to the number of emitted

photoelectrons and depends on several factors:
I(Si): I()’ Tli'G(Ei) '}\,(Si)’D(Si)

-lp: X-ray flux intensity;
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- ni: atomic density of the i1 element;

-o (&1): cross section for the photoelectron extraction;

-A (e1): mean free path of photoelectrons in the sample;

-D (&1): detector and analyser efficiency.

From the intensities of the peaks it is possible to obtain the atomic concentrations

in the sample studied by means of the formula:

e e 1
Ce=gr Sxxzﬁ
S

where:

-n: atomic density of the element per volume unit (cm’);

-S: atomic sensitivity factor;

-I: peak intensity.

Before using the intensities of the peaks for the quantitative analysis it is necessary
the removal of the bottom (background) determined from all those photoelectrons that
lose energy before reaching the detector. Methods to be used for this correction are:

-Linear subtraction;

-Shirley;

-Tougaard.

The main components of an XP spectrometer system include a source of X-rays,
an ultra-high vacuum (UHV) stainless steel chamber with UHV pumps, an electron
energy analyser, an electron detector system, a moderate vacuum sample introduction
chamber, sample mounts, a sample stage and a set of stage manipulators (Figure 2).

Source: X-ray tube consisting of a tungsten cathode and a copper anode coated by
aluminium on a face and magnesium on the other face. These materials are chosen for
two reasons:

- energy of the X-ray beam sufficiently high to allow the excitation of the core
electrons;

-Full Width at Half Height (FWHM) of the peak usually between 0.7-0.8 eV, since

the resolution of the instrument is inversely proportional to the bandwidth of the
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incident beam. The electrons produced at the cathode by thermionic effect are
accelerated by a potential of 15 keV and directed towards the anode: as a result of this
collision X photons will be emitted.

Analyzer for
kinetic energies

Photon Source
* X-ray tube
* UV lamp
* Laser
* Synchrotron

Typical XPSpectra
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Figure 2. Main components of an XP spectrometer and XP spectra typical of some
elements.

Analyser: consisting of two concentric metal hemispheres (electrostatic plates)
between which a ddp is applied. As a function of the potential applied to the grid of
entrance (Pass Energy) electrons will be deflected in a different way according to their
kinetic energy and only those having the desired Ex will arrive at the detector.

Vacuum System: allows obtaining UHV conditions by means of a turbomolecular
pump and an ionic pump. Moreover, the system is also equipped with a titanium
sublimation pump.

The instrument used to perform XPS measurements is PHI 5600 Multi Technique
System which gives good control of the electron take-off angle (base pressure of the

main chamber 3 x 10™° Torr)." The spectra were excited with monochromatized Al-
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Ko or Mg-Ka radiation. XPS peak intensities were obtained after Shirley background
removal.’ Spectra calibration was achieved by fixing the main C Is peak at 285.0 eV.
Experimental uncertainties in binding energy (B.E.) are < 0.4 eV. The experimental
profiles were fitted with symmetrical Gaussian peaks after subtraction of the
background. This process involves data refinement, based on the method of the least
squares fitting, carried out until there was the highest possible correlation between the
experimental spectrum and the theoretical profile. The R-factor (residual or agreement
factor), R = [Z(F, — Fo)/Z(F,)*]"?, after minimization of the function £(F, — F.)*
converged to R values < 0.030 — 0.035.

By taking into account all the advantageous aspects of the X-ray photoelectron
spectroscopy it is fair to say that it is an important technique for an in-depth chemical
and structural characterization of nanoscopic systems. In fact, it is suitable for probing
thicknesses and immediately obtaining qualitative and quantitative data, film
thickness, surface coverage,” molecule footprint, oxidation states, and presence of

functional groups.
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