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Abstract

The development in nanostructural materials has been continuously pursued due to the higher efficiency than
that of conventional materials. In recent, the engineering of nanomaterials onto the surface for device applications has
been progressively promoted through the concept of coordination chemistry and surface science. In aspect of material
performance, not only the molecular components but also molecular ordering and alignment direction play significant
impact on it. The strategy to control the architectures is extremely important to achieve the desired properties. Surface-
Induced Assembly (SIA) is considered for this achievement. The sequential immobilization between metal ions and
organic building units on the surface can promote huge variety of coordination structures with controllable manner. The
stepwise growth phenomena using SIA approach differs from the bulk system. The novel structures on surface can be
possibly discovered by this method.

In this research, the oriented porphyrin-based multilayer thin films on amine-terminated surface substrates
were synthesized using cobalt(ll) ions and porphyrin building blocks via SIA approach at room temperature. The
multilayer thin films exhibited the stepwise growth with compact packing and homogeneous surface morphology which
were characterized by UV-Vis, AFM, IR, and XPS studies. The studies on XRR and GI-SAXS revealed that the mass
density of film was almost constant throughout the multilayer formation along with the existence of periodic structure
in in-plane (IP) direction. These results indicated a well-organized structure of film growth. The alignment of the
porphyrin macrocycle plane in the framework has been proposed as a hexagonal packed model using single-anchor
binding with tilting of approximately 60 ° relative to the surface substrate. This result suggested that structural
arrangement on the surface can be efficiently controlled by SIA technique. The structure of the synthesized thin film
was distinct from the bulk synthesis, which suggests a significant role of the surface and SIA approach for the
coordination network formation.

This report of our research provides insight into the ordered porphyrin-based metal-organic coordination
network thin films. The design of metal-organic coordination network thin film with controllable growth behavior
represents as an important challenge that must be addressed to promote these solid state phenomena for nanoscale
device. The interior perspective for the molecular growth behavior is highly necessary to elucidate the growth

mechanisms along with the development of material properties for specific applications.

Keyword : Surface-Induced Assembly (SIA), Thin Film, Porphyrin, Metal-Organic, Coordination Networks



Table of Contents

i) Table of Content
v) Abbreviation

vii) List of Figures
xi) List of Tables

xii) List of Schemes

Page
Chapter 1. General INTrOAUCTION ........ccooiiiiiiiieieiet e 1
1.1 Molecular ASSEMDBIY ..o s 1
1.2 Revolution from Bulk to Thin Film Material ..........cccooco e 3
1.3 Structures DriVe FUNCLION ......ooveiviiiiiiiiiccieee et 6
1.4 Build-Up Thin Film 0N SUMACE ......ccveiieiiiecece e 8
1.5 Engineering of Metal-Organic Coordination Network Thin Film .............cccoveeene. 12
1.6 RESEAIrCN ODJECTIVES......c.viiiiiiiiiiieiee e 16
1.7 OULIING OF TNESIS. ..c.viitiiiiiieiee ettt ene s 16
R =] 1] 0SSP 19
Chapter 2. Bulk of Porphyrin-based Coordination Networks .............ccccoevviveiveceennenn, 27
2.1 INEFOTUCTION <.ttt b et st be et e e nee e 28
2.1.1 Metal-Organic Coordination NetwWOrks ...........ccocoviiiiiiiiinei e 28
2.1.2 Porphyrin BUIldINg UNIt ......cooiiiiiiiceee e 34
2.1.3 Porphyrin-based Metal-Organic Coordination Networks .............cccccceevveieennens 35
2.2 EXperimental SECLION .....c..coviiiiiiiii et 38
N R O < 4 o7 OSSR 38
2.2.2 Characterization TECANIQUES .........cceiiiiiiiieie e 38
2.2.3 Synthesis and Characterization of Bulk ((Co/H2TCPP)gyik) «vveevveerveevveiiieeninens 39
2.3 RESUILS AN DISCUSSION ....vieuiiiiieiieiesiie sttt ettt sbe e 41
2.3.1 Investigation of Chemical Bond by FTIR-ATR ......cccoiiiiiiiiiieec s 41
2.3.2 Elemental Composition Analysis by XPS ... 44
2.3.3 Structural Investigation by PXRD ..o 48
2.4 CONCIUSION ...ttt b ettt e b e e besne e beenbeeneenreas 50



RETEIEICES ..ottt e e e et e ettt e e e e e e e e et et e e e e e e e e aeeeas 51

Chapter 3. Thin Film of Porphyrin-based Coordination Networks by Self-Induced

ASSEMBIY (STA) ettt r e b et e r e be b neenreeneenee e 57
3.1 INEFOTUCTION ..t bbbttt bbbt 58
3.1.1 Modification of Solid Substrate SUIface ...........ccccovviiriinininie e, 58
3.1.2 Growth of Metal-Organic Coordination Networks on Surface ..............cccc....... 60
3.2 EXPerimental SECHION .........ooiiiiiiee e 67
3.2.1 Chemical and Materials .........cccoeieiiiiiiiieieie s 67
3.2.1.1 CREMICAIS....ciiviiiieiieieie et 67
3.2.1.2 MALEITAIS ..o 69
3.2.2 Cleaning Process fOor SUDSEIALe ..........ccooviiiiiiiniieeeeee e 69
3.2.3 Modification of Surface Substrate with Silane Coupling Agent (APTMS)......69
3.2.4 Fabrication of Multilayer Porphyrin-based Coordination Networks on
Amine-Functionalized SUDSIIALE ..........cccovieriiiniieie e 70
3.2.5 Characterization TECANIGUES .........ccoveieriiieiierie e 72
3.3 RESUILS aNd DISCUSSION ....veviiiieiieiieiesiesie sttt sttt st sre e enes 75
3.3.1 Modification of Surface Substrate with Silane Coupling Reagent.................... 75

3.3.2 Multilayer Formation of Porphyrin-based Coordination Networks on
Amine-Functionalized SUDSLIAe ..........ccccoveviiiiiieie e 76
3.3.2.1 Investigation of Step-by-Step Multilayer Growth by UV-Vis

Y LTo (0110 ) ST PRTPRPIN 76
3.3.2.2 Film Thickness Measurement by XRR and AFM .........cccocvviiiinienen, 85
3.3.2.3 Examination of Surface Morphology by AFM Analysis ..........ccccccee.... 88
3.3.2.4 Determination of Chemical Bond by p-MAIRS............ccocoiiiiieiiieiinn, 92
3.3.2.5 Elemental Composition Analysis by XPS..........cccoooviiieviiiiiciie e, 95
3.3.2.6 Investigation of Structural Alignment in Coordination Networks
DY GI-SAXS MEASUIEMENT.......eiviiiieiieieiiesie et 99
3.3.3 Comparison of Structure Between Bulk and Thin Film .............cccoooeiiiinnns 109
3.3.3.1 The remaining of Reactive Moieties in Coordination Networks.......... 109
3.3.3.2 Metalation Stage of Porphyrin Core...........ccocvveieniniienenseeeees 112
3.3.3.3 Structure of Coordination Networks............cccevereiiiencienenieecee, 114
3.3.4 Opportunity to Extend This Research for Further Application...................... 119
K I @70 0 Tod 131 o]  H USROS 123



RETEIEINCES ...t e e et e e ettt e e e e e e e e et e e e e e e e e e e eeeeeas 124

Chapter 4. General Conclusion and Future Prospects ...........ccccoeviinieiiienenc s, 138
4.1 General CONCIUSION ......oouiiiiieiieie ettt nne e 138
4.2 FULUIE PIOSPECES .ovveieiiiieisitieesitee sttt sttt e et e st e e e e nnne e e 141

ACKNOWIBAGEMENT ... 142

ACNTBVEIMIENTS ...ttt bbbt e bt e bbb e e neenee e 143

Abstract of Subtheme ReSearch ..o 145



Abbreviation

ALD Atomic Layer Deposition
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APTMS 3-Aminopropyltrimethoxysilane
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Co(OAC),.4H,0 Cobalt(1l) acetate tetrahydrate
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Chapter 1 : General Introduction

Chapter 1

General Introduction

1.1Molecular Assembly

Supramolecular chemistry involves with the study in molecular assembly, molecular
recognition, and host-guest chemistry via the noncovalent interactions such as hydrogen
bonding, van der Waal, n-r interaction, and metal-ligand coordination.® 2 These noncovalent
interactions are essential to understand the process in biological system. Through the clever
concept of organized structure in the nature, the inspiration to create the artificial organized
material has been occurred. In light harvest complexes in natural such as chlorophyll
derivatives, the molecular distance and the orientation impact to the energy transfer in this
system. This leads to study in the self-assemble of molecular dye such as porphyrin

derivatives to improve the efficiency in solar cell system.

In common concept, device is made from the assemblies of components. The
individual component shows the simple ability, meanwhile the assemblies show more
complicated and useful function.®> The important factors for the material properties are not
only its component, but also how the structure arranges. The organization of the molecular
scale such as atomic level to the macroscopic scale in the system is potentially involved to the
properties of its material (Figure 1.1)*°. Through this concept, the supramolecular assembly

plays a crucial impact to develop the organized structure.
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More Complexity

Molecular
Assembly

cuno. o M

Figure 1.1 Complexity in matter.

[Atom] [Molecules] [ ] [Nanomaterials]

Nanostructural materials have been continuously developed due to their higher
efficiency than that of conventional materials in various research fields.> * To prepare the
nanostructure materials, molecular assembly is considered which refers to the gathering of
molecules to generate the array structures in nanometer size.® The preparing of molecular
assembly in nanoscale with high tenability in structure, function and properties plays a

significant role to enhance material ability.



Chapter 1 : General Introduction

1.2 Revolution from Bulk to Thin Film Material

As the development in technologies aims to facilitate human’s life, the improvement
for material preparations and processing are more extensively pursued with various protocols
to create the potential applications as human demand. In general, the assembly of components
to create material usually occurs in solution phase, which can produce as bulk or single
crystal material. Although the uses of bulk material are already available in various
applications such as adsorption-separation, sensing, catalysis, magnetic, electronic, and
biomedical application, the utilization is not sufficient in all cases. This makes the limitation
for the real usage. At this aspect, the immobilization of molecular assembly at the surface in
nanoscale was recently intended with expectation for the improvement in utilization,
especially for device development.® ¥ Furthermore, the high surface area of nano-sized
material is expected to exhibit the higher efficiency than the macroscopic bulk.

Figure 1.2 represents the revolution from bulk to thin film synthesis of the assembly
between metal and organic building units through metal-organic coordination. This can solve
this limitation and extend the usage in wide range of device applications in this research

field® *(Figure 1.3).



Chapter 1 : General Introduction

o
Self-assembly - Self-assembly
in solution l g \ on surface

Substrate

Figure 1.2 Comparison of conventional bulk Metal-Organic Frameworks (MOFs) synthesis

and MOF thin film on surface through the self-assembly concept.
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Figure 1.3 MOF-based device applications.
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The engineering of molecular-based nanoarchitectures onto the surface such as thin
film is recently promoted via the concept of coordination chemistry and surface science® in
the monolayer and multilayer fashion to produce the unique material with organized features.
However, the control of structural arrangement at a nanoscale level is highly challenging. The
methods to manipulate the spontaneous assembly of molecular building units with well-

defined structure are considered to achieve in this issue.
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1.3 Structures Drive Function

The well-defined or ordered molecular alignment can control the electron and proton
transfer in efficient pathway within the frameworks, which can improve the performance of
materials. For examples, the proton conductivity in an oriented thin film is higher than
conductivity in the random structure of bulk system®, the ordered structure of porphyrin
array fabricated by LPE in semiconductor shows the better improvement in photovoltaic
device than disorder material* (Figure 1.4). Synergistic concern between structural
arrangement and material properties presents a challenging issue for breakthrough in the

required utilizations.

a)

b)

Figure 1.4 Examples of the driven functions by structures in aspect of (a) proton transport*®

and (b) electron transport in the ordered system.**
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Not only the molecular ordering, but the alignment direction of molecule in thin film
also play significant impact for performance of material. For example, the edge-on
orientation of molecular arrangement on the surface is desirable for field-effect transistor
(FET) devices, which the organization in in-plane improves the charge migration between the
electrode. In contrast, the face-on orientation is preferred for photovoltaic devices such as
solar cells™ (Figure 1.5). Therefore, the determination of molecular alignment is essential to
clarify the appropriate application. As in this point, the strategy to control the architectures on

the surface is extremely important.
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Figure 1.5 Edge-on alignment for FET and Face-on alignment for photovoltaic device (solar

cell).
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1.4 Build-Up Thin Film on Surface

As the huge interest in nanostructural material on the surface, the design and the
capability to control molecular assembly with precise structure is significant for the
properties and performance of device. To bulid up the nanostructure, two major synthetic
approaches are top-down and bottom-up approach (Figure 1.6). The top-down approach uses
electron beam or X-ray lithography to fabricate the device such as removing the material to
achieve the smaller pattern.® The bottom-up approach relies on the assembly of small

components such as atom or molecule to make more complexity in 2D and 3D systems.*’
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/

Figure 1.6 Top-down and bottom-up approach for nanostructure fabrication.

In bottom-up approach, the various techniques for thin film fabrication on the surface

dg, 18

are describe including Layer-by-Layer (LbL) (also Liquid Phase Epitaxy, LPE),

Langmuir-Blodgett (LB)?, microwave?’, colloidal®®, electrochemical deposition®, inkjet*,
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spray coating® and spin coating”. Among these methods, LbL is a widely used fabrication
process to control the multilayer nanostructure on a surface substrate due to the controllable
thickness, high structural ordering, wide variety of components, and simple operation.* ?" In
case of another popular method, LB approach, the film is prepared at the air-liquid interface,

followed with transferring to the substrate. However, LB method requires quite specific

apparatus and operation procedure.

Layer-by-layer is a potential technique for thin film fabrication among bottom-up
approach. In traditional LbL technique?, the opposite charge species of polyelectrolytes such
as cationic and anionic charged species were adsorbed sequentially at the surface (Figure 1.7).
This method can generate the multilayer structure with controllable thickness. Although the
polycation and polyanion can make the strong binding between the polymer chain, this
behavior gives the less information about the arrangement in the internal structure which is

limited to the study of insight growth.
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Figure 1.7 Traditional LbL technique for build-up multilayer thin film by electrostatic

interaction.
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The various kinds of intermolecular interactions can be used for LbL assembly such
as electrostatic interaction?®, covalent bonding®, hydrogen bonding®, metal-organic
coordination®, and host-guest interaction® etc. Typical LbL is available for solution-based
LbL and vapor-based LbL. The solution-based deposition process is one of the effective
techniques to prepare the well-organized structure on the substrate. During each layer
deposition, the physisorbed molecule is removed by solvent washing. In case of vapor-based
LbL, Atomic Layer Deposition (ALD) and Molecular Layer Deposition (MLD) were
generally utilized. ALD method is based on inorganic components such as metal oxide, metal
nitrile, and noble metal. The unreacted precursors is removed by inert gas purging.** MLD
technique is used for bi- or multi-functional organic molecules, which can lead to prepare the
crosslinking of organic thin film.*

LbL is spontaneous thin film fabrication with self-limiting character of saturated
surface as represented in Figure 1.8 with two different types of LbL growth®. In Figure 1.8
(a), the material deposits as a layer without any significant binding at specific point likewise
random distribution. In contrast, Figure 1.8 (b) represents the binding of components at the
specific point on the surface, which can make the specific arrangement likely the ordered
structure. Figure 1.8 (b) refers to the LbL in particular with functionalized substrate (self-
assembled monolayers (SAMs)), which is considered as the promising strategy to build-up
the ordered structure of multilayer film on the surface in nanoscale level with simple and

versatility of components.

10



Chapter 1 : General Introduction

a) Repeat (i

(i) (i) then (i) JWW%

substrate substrate substrate

oveee e bbbttt J17771s . FHEEE

Figure 1.8 Two types of Layer-by-Layer (LbL) growth (a) no specific binding point, and (b)

with specific binding point.

In this research, we consider that the surface is strongly important for the growth
phenomena of thin film. We determine “Surface-Induced Assembly (SIA)” as a technique to
control the molecular arrangement on the surface. The sequential immobilization between
two components such as metal ion and organic building units onto the specific functionalized
surface can promote the variation of coordination network structures in a controllable manner
with high alignment and homogeneity at molecular level. This stepwise growth phenomenon
is dissimilar to that of bulk. The coordination is simultaneously driven in the bulk system,
which easily leads to generate the random or non-crystalline structure. From this aspect,
novel structures on the surface can be possibly discovered by the SIA approach. For the detail
in growth process of SIA, it is expected that the size of molecular building unit
effectively determines the structure on the surface. For an example, the large molecular unit
such as porphyrin macromolecule can strongly dominate the coordination structure on the

surface rather than the small unit of metal ions.

11
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1.5 Engineering of Metal-Organic Coordination Network Thin Film

The coordination complexes are typically acquired by the combination between metal
and ligand precursors to create the metal-ligand bonding. As mentioned about the methods to
fabricate thin film on surface in the previous part, we intend at sequential immobilization of
components with the presence of SAMs on the surface. The research on metal-organic
coordination-based multilayer assemblies on the substrates by bottom-up feature via LbL
approach has been rapidly studied with the interest in surface chemistry at the solid-liquid

43, 44

interface.>”* Furthermore, self-assembled monolayers (SAMs) were effectively used as

a nucleated template to control the oriented growth of metal-organic network on the surface

with bottom-up style**>°

as shown in Figure 1.9. It was mentioned that the types and the
density of functional group on SAMs surface can affect to the orientation of structure on

surface.”™ *? The detail of SAMs will be displayed in the chapter 3.

WGll, Fischer and co-workers introduced the LbL method to generate MOF films on
surface.'® *® The particular MOF thin films in multilayer fashion with nanometer range are
recently referred to surface-attached Metal-Organic Frameworks (SURMOFs). The
SURMOFs are particularly beneficial because of their highly oriented structure,
homogeneous morphology with a smooth surface, precisely controllable thickness via
deposition cycle, and less defective framework than bulk synthesis.>* These qualities were

required for the device utilization.

12
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Figure 1.9 The growth of SURMOFs on SAMs surface via step-by-step method.

The crystal engineering development™ was pursued to control the polymeric networks
with the desired topology according to the building units. Not only the molecular components,
but also the arrangement within the crystal lattice can contribute to the properties. Van der
Boom pointed out the importance of surface-confined assembly that the binding site at the
surface can determine the structure of metal-organic assembly on that surface. This refers that
the variety of structures on the surface can be possibly obtained by changing of active

functional group on the surface.®®

The choice of organic building unit and metal ion combined with the particular
surface functionality and also the assembly method are concomitantly important to define the
structure. The state of the art for the coordination chemistry is highly scoped on the surface.
The heterogeneous structures can be possibly achieved by this sequential deposition method
which was reported in recent.>” The alteration of sequence in assemblies can provide not only
the multi-components, but also the possibilities of different functions in single thin film

(Figure 1.10). The variety of coordination between transition metal ions and organic ligands
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leads to the creation of 2D and 3D metal-organic coordination networks for various

applications including gas storage, separation, sensing, catalyst, and drug delivery.
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Figure 1.10 The different sequences of molecular assemblies providing the heterogeneous

structures.®’

The strategy for nanoscale assemblies is critically considered to achieve the organized
structure with high performance. One of the challenging issues is to produce the controllable
arrangement of molecule on the surface at room temperature. The author decided to take the
advantage of SIA technique to promote the arrangement of metal-organic coordination
networks on the surface using porphyrin as molecular building unit. The unique

characteristics and the diversity of functions in porphyrin such as photosynthesis, oxygen

14
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transport, and catalytic properties attract to build up the artificial material based on porphyrin
building unit. Although the numerous bulk porphyrin-based MOFs have been reported, the
thin films have been less explored.®® In recent, porphyrin-based MOFs thin films on substrate
have been more investigated such as Hupp group using LbL technique ** ®°, Kitagawa group

20,8192 and other groups.®*®® Nevertheless, the insight investigations

using LB-LbL technique
of the ordered porphyrin-based metal-organic thin films are still needed to explore the growth
behavior of thin film materials.

This research potentially declares how importance of the surface through metal-
organic coordination chemistry and surface science. The control of growth, orientation and

also confined position on the surface support is still interesting issue which may contribute to

the discovery in novel types of metal-organic coordination structures on the surface.
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1.6 Research Objectives

Nanostructural materials have been continuously developed due to their higher
efficiency than that of conventional materials. The engineering of nanomaterials onto the
surface is recently promoted via the concept of coordination chemistry and surface science.
However, the control of structural arrangement at a nanoscale level is highly challenging.

The objective in this research is to use the surface-induced assembly (SIA) method for
pursuing the molecular arrangement of porphyrin-based coordination network thin film on

the substrate surface. This research was mainly addressed in two parts as following :

1) The preliminary investigation of bulk synthesis of porphyrin-based coordination
networks at room temperature condition.

2) The study of thin film synthesis of porphyrin-based coordination networks on
amine-functionalized surface by SIA approach, especially in these aspects:
- Growth phenomena, morphology, and molecular arrangement

- Structural comparison between bulk and thin film

1.7 Outline of thesis

In chapter 1, the general introduction of this thesis was mentioned in the scope of
assembly of components from the bulk to thin film material.

In chapter 2, the bulk of porphyrin-based coordination networks was successfully
synthesized at room temperature. The preliminary investigation of bulk properties suggests
that the presence of crystalline structure can be achieved under this synthetic system. The
finding in this chapter motivated to the study of thin film preparation on the surface by SIA

technique in chapter 3.

16
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In chapter 3, the thin film of porphyrin-based coordination networks on amine-
functionalized surface substrate was synthesized using SIA technique at room temperature.
The growth phenomena and thin film properties were examined. It was found that the
organized structure of multilayer thin film can be obtained even in mild synthetic condition.
The different structures between bulk and thin film were observed, which suggests about the
role of surface and SIA process for the molecular arrangement on surface.

In chapter 4, general conclusion and future prospects of this research were presented.
The finding in this research can contribute to the study of coordination chemistry on the
surface which may promote the understanding in solid state phenomena and extend to prepare

the various nanostructure systems for application in nanoscale device.
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Chapter 2

Bulk of Porphyrin-based Coordination Networks

Abstract

The bulk synthesis of metal-organic coordination networks was reported in this
chapter. The synthesized bulk was proceeded using 5,10,15,20-tetrakis(4-carboxyphenyl)-
porphyrin and cobalt (1) ion at room temperature with no catalyst. The obtained bulk was
preliminary characterized by FTIR-ATR, XPS, and PXRD. The results revealed that the
coordination network-based porphyrin can be achieved, which can provide both of the
crystalline and amorphous phase at room temperature synthetic condition. This finding

inspired to prepare the thin film-based this coordination system in the chapter 3.
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2.1 Introduction

In the introduction in this chapter, the background of metal-organic coordination
networks and the porphyrin building unit will be introduced. Then, the construction and the
characterization of porphyrin-based metal-organic coordination networks will be mentioned

and discussed.

2.1.1 Metal-Organic Coordination Networks

The development in hybrid inorganic-organic framework materials has been
continued over decades to pursue the multifunctional nanomaterial-based molecular
components for the next-generation utilization. This leads to promote the research of
coordination polymer in aspects of design and control the structures for the desirable
properties. The coordination polymer shows the stronger bonding than hydrogen bond in the
pure organic system and also provides more network dimension rather than n-r stacking.

There are some terminologies that usually use in this research fields as coordination
polymers, coordination networks and Metal-Organic Frameworks (MOFs). The classification
by IUPAC? recommends that the most common term is coordination polymers, while the
coordination networks presents as subclass of coordination polymers. MOFs present as
further subclass of coordination networks with the potential porosity. The diagram of order in

these materials is simplified in Figure 2.1. 3
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Coordination
Compound

Coordination
Polymer

Coordination
Network

Figure 2.1 The classification of coordination polymers, coordination networks and Metal-

Organic Frameworks (MOFs).

The IUPAC book suggests that the “coordination compound” contains coordination
entity, which means an ion or neutral molecule such as metal attaches to the surrounding
array such as ligands.* A “coordination polymer” provides the repeating coordination entities
of coordination compound in one, two or three dimension. For example, the structures of
nickel(11) cyanide® and Cd(11)-(4,4’-bipyridine)® are shown in Figure 2.2.

a) b)

N c N - | Nm

¢ N 5VETVE
Ec—r\‘n—cEN—h‘n—N:c—r\ln—c— z P 2

(‘: N nl: \y

‘H H‘ | CdN/_\_CNCd N \ NCd

Figure 2.2 Examples of coordination polymers (a) nickel(Il) cyanide® and (b) Cd(11)-(4,4’-

bipyridine).®
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The classification of coordination polymers’ is based on dimensionality in one, two or

three dimension, which relies on the amount of extended directions as shown in Figure 2.3.

a) 1D coordination polymer (extension in x direction)

-—M M M—-

b) 2D coordination polymer (extension in x and y directions)

i
=
g\

~_.~

|
——E
-—=
|
1
\Yg
j\
=
SE

Figure 2.3 Typical types of coordination polymers based on dimensionality; M = metal ion,
and black line = organic bridging ligand.’

In case of “coordination network™, it is definite to a coordination compound which
extends through repeating coordination units in 1D with crosslink between the chains or the

coordination compound extending through 2D, 3D.2
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Metal-Organic Frameworks (MOFs)®™°

are hybrid porous materials composed of a
metal cluster connecting with organic linkers. This material is considered as the coordination
network with the potential void.? MOFs are exploited in extensive applications including gas
adsorption and separation, sensing, optoelectronic, biomedical and catalysis."*™® The first
word of Metal-organic frameworks was introduced in 1995 by Yaghi'’ to report the porous
3D structure [Cu(4,4'-bipyridine); 5].NO3(H20)1 25.

Transition metals are usually used for MOFs preparation such as Mn?*, Fe**, Co?**,
Cu?*, Zn*" and so on. The coordination geometry of metal varies with its oxidation state. The
common coordination geometries are linear, trigonal planar, square planar or tetrahedral,
trigonal bipyramidal, and octahedral represented in Figure 2.4 respectively. Such an example

in Co*, the versatility of geometry is ranged from tetrahedral, trigonal bipyramidal to

octahedral.*®

Figure 2.4 Metal ions (M) with different coordination features.

For the organic ligand, oxygen- and nitrogen-donor ligands are usually used in MOFs
synthesis such as the carboxylic acid ligands. The coordinations between carboxylate ligand
to metal ions are possible in various forms such as unidentate, bidentate, and bidentate

chelating (Figure 2.5)".
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Figure 2.5 Coordination modes of carboxylate ligand to metal (M).*°

The metal and organic ligand can combine to promote the periodic array using the

coordination chemistry concept. The common secondary building units (SBUs), which refer

to the used metal node and cluster in the array of assembly are shown in Figure 2.6.
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Figure 2.6 The common SBUs in MOFs synthesis: (a) mononuclear, (b) dinuclear

paddlewheel, (c) trinuclear cluster, and (d) tetranuclear cluster.’

The various topologies can be tunable through the selection of metal-organic
components along with reaction condition such as solvent, concentration, reaction time,
temperature and synthetic method.® Many synthetic methods are available for MOFs
synthesis such as diffusion method, hydro/solvothermal method, microwave-assisted method,
and mechanochemical method, however the solvothermal method are generally utilized.
Some reports of the room temperature synthesis have been mentioned. This indicated that
some MOF systems do not require the heating to produce the crystalline MOFs material.**
The synthesis at the room temperature condition is still a challenging issue to promote the
well-defined structure.

The development in coordination chemistry is still going on to make the versatility of
structures and functions. The enhancement in complexity and functionality is recently
proceed by the multicomponents and the post-synthetic modification process such as metal

ion or ligand exchange, incorporation of metal, and covalent modification.’
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2.1.2 Porphyrin Building Unit

Porphyrin is macrocyclic aromatic compound with tetrapyrrolic system. In nature,
metalloporphyrins are relevant to the human life in photochemical and biochemical aspects
such as porphyrin derivative in chlorophyll for photosynthesis in plant, porphyrin complexes
in hemoglobin for oxygen transport in red blood cell and catalytic properties.?? This
motivates the extensive studies in this attractive molecule to create the novel analogues for

numerous applications.

a) a p b) AN
NN & K\ NN (/
L R )
\ ) < meso /N HN—
N HN «« N LN 1 /
(\\//“x “ “--x/\ :

Figure 2.7 (a) Porphin, the parent macrocycle of porphyrins, and (b) Porphyrin, porphine

with peripheral substituents (R = phenyl, pyridyl etc.).

Porphin is the parent compound of porphyrin. This composes of four pyrrole units
with the methin linkage (=CH-) (Figure 2.7). Porphyrins are porphin with peripheral
substituents (R). Porphyrins are one of the great candidates to use as a linker backbone in
molecular networks. Some of unique and great properties impact to prepare the artificial
material based on porphyrin derivatives such as high molecular symmetry with n-conjugated
system exhibiting the unique photochemical and electrochemical behavior, high thermal and

oxidative stability.”® The various functional properties of porphyrin-based materials have
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been reported with variety of applications, including photosensitizing, optoelectronic,

magnetic, molecular recognition, selective gas sorption, and catalytic properties.** %

2.1.3 Porphyrin-based Metal-Organic Coordination Networks

As we mentioned about the coordination networks, the assembly of metal ions and the
organic ligands can provide the various kinds of structures in 1D, 2D and 3D. The buildup of
porphyrin-based coordination structure promotes the different topological structures with
unique properties. The common used porphyrin building units to construct the networks

contain the carboxyphenyl and pyridyl peripheral group (R)? as shown in Figure 2.8.

Figure 2.8 The common used porphyrin building units to construct the assembly networks
with the peripheral group (R) (a) tetra(4-carboxyphenyl)porphyrin (H,TCPP), and (b)

tetra(4-pyridyl)porphyrin (H, TPyP).

The studies of porphyrin-based frameworks using porphyrin ligands and metal
building units have been intensively studied in many research groups such as Goldberg®,
Suslick®®, Hupp®, Choe®*, Wu®, Ma®*, and others.®*® Some metalloporphyrin-based

frameworks were mentioned that the conformation of porphyrin ring such as flat, bowl-shape
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can provide the different framework structures, which can affect to the optical, electronic or
catalytic properties.*

Suslick and co-workers®® reported the metalloporphyrin frameworks, PIZA-1, which
was synthesized by CoCl, and free-base H,TCPP under the solvothermal condition. The
framework exhibited the distortion of porphyrin plane from the planar due to the cobalt
metalation at the porphyrin core and the cobalt cluster (Figure 2.9). This 3D framework

showed the zeolite-like structure with the unique pore channel for molecular sieve character.

Co(lll)-porphyrin Trinuclear
building block \ Co(ll)-carboxylate
cluster

L /
T P O O™
A - S A‘/U“CT% ’/7/0/* «
r : | r Qﬁ‘\ i ;%JL %
e et 33 D«*f Aﬁﬁ?ﬁ. = a0
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%%%’/ b 'd)‘g\g\aj 6;‘
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7—1'" P
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N

Figure 2.9 TCPP-based framework solid, PIZA-1 (C, Grey; O, red; N, blue; Co(ll) in

trinuclear clusters, green ; and Co(111), purple.?

The core of porphyrin unit can be metalated with the various kinds of metal ions, thus
it also make the variety for this materials. The post-synthetic modification process can be
applied to the frameworks for tailoring the variety to the framework. The study of porphyrin-
based MOFs using free-base type as a precursor with further following by post-metalation or

32, 33

trans-metalation process (Figure 2.10) may provide the valuable information about the
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coordination structure comparing to the pre-metalated one. The versatile coordination

frameworks can be anticipated from the free-base form.

MMPF-5(Co)

Figure 2.10 The trans-metalation process to exchange the Cadmium(ll) in MMPF-5 to

Cobalt(11).3* 33
The objective in this chapter is to investigate the bulk synthesis of porphyrin-based

metal-organic coordination networks at room temperature. We expected that the crystallinity

of bulk product can be obtained under mild synthetic condition.
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2.2 Experimental Section

2.2.1 Chemicals

5,10,15,20-Tetrakis(4-carboxyphenyl)-porphyrin  (H,TCPP) (purity 98%) was
purchased from Strem Chemical Inc., USA. Cobalt(ll) acetate tetrahydrate (Co(OAc),.4H,0)
was purchased from Wako Pure Chemical Industries Ltd. AR grade of solvents such as
chloroform (CHCI3), methanol, and 2-propanol were used. All solvents were purchased from

Wako Pure Chemical Industries Ltd. All chemicals were used as received without further

purification.
2 b) OH o
H,C O OH

)0 0 A
(0

H,0. | OH,
0

H,0” | “OH,
° DR

0¢< o 0)
CH, OH HO

Figure 2.11 Structure of Chemical precursors (a) Co(OAc),.4H,0, and (b) H, TCPP.

2.2.2 Characterization Techniques
Fourier-transform infrared attenuated total reflectance (FTIR-ATR) was used to
obtain the molecular vibration of chemical bond in chemical precursors and the bulk sample.

The IR spectrum was acquired using an FT-IR spectrometer (Nicolet 6700; Thermo-Fisher

38



Chapter 2 : Bulk of Porphyrin-based Coordination Networks

Scientific) equipped with a deuterated triglycine sulfate (DTGS) detector. All spectra were
recorded with 64 scans and 4 cm™ resolution.

X-ray photoelectron spectroscopy (XPS) was used to determine the elemental
composition of chemical precursors and the bulk sample. The powder samples were fixed on
the double sticky carbon-tape to the sample holder. The XPS experiment was conducted
using a spectrometer (Axis-Ultra DLD; Kratos Analytical Ltd.) with an Al K« radiation
source (1486.6 eV). The binding energies were calibrated using C1s peak at 284.5 eV as a
standard. Curve fitting was performed by processing software (Vision) using a Gaussian
envelope with Shirley background correction.

Powder X-ray diffraction (PXRD) was used to investigate the crystalline properties of
a synthesized bulk sample. The measurement was performed using a high-resolution X-ray
diffractometer (ATX-G; Rigaku Corp.) equipped with a Cu K« radiation source (A= 0.1542

nm.) at the step size of 0.02°.

2.2.3. Synthesis and Characterization of Bulk ((Co/H,TCPP)gui)

Co(OAC),.4H,0 (0.125 mmol) was clearly dissolved in solvent mixture of methanol
and chloroform (1:9, v/v) 100 ml. H,TCPP (0.401 mmol) was dissolved in 2-propanol 50 ml.
Then, cobalt salt solution was added gradually to the free-base porphyrin solution with
stirring at room temperature. The dark red precipitation rapidly formed. The suspension was
continuously stirred under room temperature for 1 day ((Co/H,TCPP)gux.1) and 3 days
((Co/H,TCPP)gui-2). The precipitate was collected by centrifugation and then washed with 2-
propanol (4 times) and mixture solvent of 1IMeOH:9CHCI; (4 times). The (Co/H,TCPP)gyix
products were then dried under vacuum at room temperature in order to measure ATR-IR,

XPS, and PXRD.
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b)

Figure 2.12 Bulk synthesis of (Co/H,TCPP)gyk . (a) H,TCPP solution (1), Cobalt (1) acetate
solution (2), and the precipitation of reaction between (1) and (2) at room temperature, and

(b) (Co/H, TCPP)guyik.
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2.3 Results and Discussion

In order to characterize the synthesized bulk ((Co/H,TCPP)guik), we divided the detail
in 3 parts as the FTIR-ATR, XPS and PXRD analysis as following :
2.3.1) Investigation of Chemical Bond by FTIR-ATR
2.3.2) Elemental Composition Analysis by XPS

2.3.3) Structural Investigation by PXRD

2.3.1 Investigation of Chemical Bond by FTIR-ATR

In the bulk synthesis, the rapid precipitation from the reaction was a primary evidence
for the production of coordination networks at room temperature condition. The IR spectra of
synthesized bulk ((Co/H,TCPP)gyk) were compared with other chemical precursors such as
H,TCPP and Co(OAc),.4H,0 as shown in Figure 2.13. The assignment of each functional
group was declared in the Table 2.1. The decreasing of carboxylic (COOH) peak intensity at
1688 cm™ % ¥ with the presence of asymmetric and symmetric stretching of carboxylate
(COO) suggested that carboxylate moieties of porphyrin can react with the cobalt ions to
generate the coordination networks without any additional basic precursor such as
trimethylamine.®® However, the remaining of unreacted COOH group inferred to the
incomplete reaction between cobalt ions and carboxylate from porphyrin unit in this bulk
synthesis. It was noted that the extension of reaction time from one day to three days, the
amount of carboxylic acid group tended to decrease. This result indicated that the long
reaction time was required for the bulk synthesis to consume the reactive moieties for

network construction at the room temperature.
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Figure 2.13 ATR-IR spectra of Co(OAc),.4H,0, H,TCPP, bulk samples((Co/H,TCPP)gyik-1),

((CO/HzTCPP)Bu|k_2)).
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Table 2.1 The peak assignment of characteristic bands in IR spectra.

C=0

C=C C-0 (e0]0) (e(0]0)
(COORH) aromatic  (COOH) asym Sym
ring
H,TCPP 1685 %37 1605 *° 1401 N.A. N.A.
Co(OAc), .4H,0 N.A. N.A. N.A. 1513 1412
(Co/H,;TCPP)gu 1688 1582 % N.A. 1530%° 1389 %%
(unreacted 1603 +*
COOH)4O’ 41
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2.3.2 Elemental Composition Analysis by XPS
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Figure 2.14 XPS survey spectra of H,TCPP, Co metalated TCPP, Co(OAc), and

(Co/H,TCPP)pyik 0on carbon tape.

The elemental composition of chemical precursors and (Co/H,TCPP)guk were
revealed by XPS analysis. The survey scans have been primarily showed the change in
elemental composition of bulk sample comparing with the precursors as presented in Figure
2.14. The presence of N1s and Co2p peaks of (Co/H,TCPP)gyk referred to the availability of
porphyrin and cobalt in this bulk material. To investigate the detail of N1s and Co2p, the fine

scan spectra were discussed as presented in Figure 2.15 and Figure 2.17.
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Figure 2.15 Comparison of N1s spectra between (a) (Co/H,TCPP)guk, (b) H,TCPP, and (c)

Co metalated TCPP.

In N1s case, the N1s spectra of (Co/H,TCPP)gyk (Figure 2.15a) were compared with
the free-base porphyrin precursors, H,TCPP as shown in Figure 2.15b. The spectrum of N1s
in ligand H,TCPP showed the two obvious peaks. These were protonated and non-protonated

form, which were ascribed to the pyrrolic (-NH-) and iminic (-N=) species, respectively*®
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(Figure 2.16). The difference of N1s deconvolution between ligand H,TCPP and
(Co/H,TCPP)gyik indicated that the N species at the porphyrin core of this bulk are not be the
free-base form. The N 1s spectrum of (Co/H,TCPP)guk Was relatively similar with the Co
metalated TCPP feature (Figure 2.15c), therefore we supposed that cobalt ion metalated to
the center of porphyrin macrocycle in this network during the bulk synthesis. Some bulk
porphyrin-based MOFs synthesis using the free-base porphyrin as the organic ligand also

mentioned the same metalation phenomena at the center of porphyrin macrocycle.** %

Figure 2.16 Porphyrin core unit (a) H,TCPP; pyrrolic (-NH-) and iminic (-N=) species (b)

Co metalated TCPP.

46



Chapter 2 : Bulk of Porphyrin-based Coordination Networks

062p§

(Co/H,TCPP)

Bulk

Co(OAc) )

Intensity / a.u.

810 805 800 795 790 785 780 775
B.E. (eV)

Figure 2.17 Comparison of Co2p spectra (Co/H,TCPP)g,kx and Co(OAC)s.

The presence of cobalt in (Co/H,TCPP)guik can be declared by the Co2p spectra in
comparison with metal salt precursor as Co(OAc),. The peaks of Co2p with two strong
satellite peaks in both bulk samples and metal salt represented the oxidation state of cobalt
ion as +2 “as displayed in Figure 2.17.

From these XPS results, it was concluded that the metalation of free-base porphyrin
core can occur during the bulk synthesis and the oxidation state of cobalt moieties in the bulk
networks represented as +2. The single crystal was not obtained from bulk synthesis at room
temperature, therefore the chemical compositions of the bulk sample are considered from
XPS analysis in Figure 2.14. The actual composition using peak areas approximately revealed
ratio as 1Co°*:2N or 2Co®*:1Porphyrin, which was in close agreement with the expected

value (2Co**:1Porphyrin).
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2.3.3 Structural Investigation by PXRD

The PXRD and d-value of main three peaks in the (Co/H,TCPP)gyk were exhibited in
Figure 2.18 and Table 2.2, respectively. The single crystal cannot be obtained under room
temperature condition. These results suggest that not only the crystalline phase (sharp peaks),
but also the amorphous phase (broad peaks) are obtainable in this bulk system. The quick
precipitation of bulk product may lead to the amorphous phase. Furthermore, the remaining
free carboxylic acid moieties of porphyrin from FT-IR result represented the incomplete
reaction (defect) in this bulk system. However, it is possible to synthesize this metal-organic
coordination networks under room temperature. Base on the information from bulk system,
we intensively focus our research at the thin film preparation based on this coordination

network system, which will be declared in the next chapter.

Intensity / a.u.

5 10 15 20 25 30 35
20/ deg.

Figure 2.18 PXRD pattern of the synthesized bulk ((Co/H,TCPP)gyk).
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Table 2.2 The calculated d-value from PXRD of bulk sample by Bragg’s law equation

(2d sin@ =nd) ; A =0.1542 nm.

2theta (degree) d-value (nm)
5.28 1.67
7.84 1.13
8.84 1.00
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2.4 Conclusion

In this chapter, the metal-organic coordination networks which composed of
5,10,15,20-tetrakis(4-carboxyphenyl)-porphyrin and cobalt (I1) ion have been successfully
synthesized at room temperature as denoted as bulk, (Co/H,TCPP)g,k. The characterization
techniques for this bulk were proceeded including FTIR-ATR, XPS, and PXRD. The
chemical bonds in the synthesized bulk were investigated by FTIR-ATR, which suggested
that the remained COOH reactive groups were presented in the bulk product. The long time
reaction was needed to consume these reactive moieties in this bulk synthesis. The elemental
composition analysis by XPS suggested that cobalt (1) ions can bind to porphyrin unit, not
only at the carboxylic acid groups of porphyrin to promote the network formation but the
cobalt (I) ions can also metalate at the center of porphyrin core under this mild condition.
Furthermore, the availability of crystalline feature and amorphous phase can be obtained
under room temperature synthesis, which was confirmed by PXRD.

From the survey study of bulk synthesis, we can confirm that the metal-organic
coordination networks of this porphyrin and cobalt (I1) ion system can efficiently occur under
room temperature condition. The results in this chapter motivate the study of thin film

preparation on the surface using the similar chemical precursors in the next chapter.
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Chapter 3

Thin Film of Porphyrin-based Coordination

Networks by SIA

Abstract

As reported in chapter 2, we have successfully prepared bulk of coordination
network-based porphyrin at room temperature. In this chapter, we prepared the multilayer
film through the same chemical precursors on the amine-functionalized surface substrate
using surface-induced assembly (SIA) technique at room temperature. The obtained thin film
showed that the organized structure with periodic structure in in-plane (IP) can occur under
this mild synthetic condition. This result suggested that molecular arrangement on the surface
can be controlled by SIA method. Furthermore, the structural distinction between bulk and
thin film was declared in this chapter, which suggested the different growth phenomena of
thin film on substrate surface and bulk in solution. The post-modification was mentioned to

extend the research for further applications.
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3.1 Introduction

The development for the diversities of coordination networks might be extended by
the preparation method. The combination of the surface science and coordination chemistry
leads to the revolution from bulk synthesis to the thin film on the surface. The engineering of
the organized structure through the assembly of coordination chemistry on the surface in the
nanostructure level opens the new venue to discover the unique nano-devices for future
applications such as photovoltaic device for solar cell, electrochromic device, memory device,
and energy storage device for battery.

In this chapter, we focus at the multilayer film formation of coordination networks on
the functionalized surface using stepwise growth Surface-Induced Assembly (SIA) method.
The introduction in this chapter presents the surface modification of solid substrate by self-
assembled monolayers (SAMs) and the growth of metal-organic coordination networks on
the surface. Moreover, the SIA technique for the multilayer film formation on the

functionalized surface will be mentioned.

3.1.1 Modification of Solid Substrate Surface

Surface chemistry is an important research field to create the variety of functional
groups at the surface via the chemical modification. Since the study of self-assembled
monolayers (SAMSs) has been reported for several decades®, the various kinds of device
fabrication has been promoted by this technique.> * Such an example for the electronic
application, the assembly of organic molecule on the semiconductor surface provides the
tunable properties such a charge transfer and transport in the hybrid system for improvement
in device performance.’

The surface modification technique by SAMs is powerful to tailor the surface

properties by combination of molecule and the surface. SAMs are molecular assemblies of
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molecule from solution or vapor phase to the surface (Figure 3.1). The head group is
functionalized at the surface substrate, while the terminal group is available at the topmost on
the surface. The idealistic SAMs fabrication is densely packed monolayer with homogeneity
of molecule absorbed on the surface. Two common uses of SAMs are thiols and silane. Thiol
type® is used for gold (Au) or silver (Ag) surface. The silane type® is used for hydroxyl

surface such as glass, silicon oxide substrate : silicon wafer and quartz slide.”

R R R R Terminal Group

Alkyl Chain

Head Group

Substrate

Figure 3.1 Schematic representation of SAMs structure.

In alkylsilane SAMs system, it composes of three sections (Figure 3.1) :

1. the head group : such as trichloro-, trimethoxy-, triethoxysilane, etc.

2. alkyl chain : affect to the stability of SAMs by van der Waals interaction.

3. terminal group : such as halide, methyl, carboxyl, hydroxyl, amino, etc. This terminal
part is very important for further modification with the appropriate functionality to

tailor the active surface for tunable properties.

To prepare the silane on the surface, two methods are available as solution and vapor
phase reaction. The room temperature reaction can occur for the solution phase, while higher

temperature (50-120°C) is needed to use for vapor phase condition. Eventhough, the vapor
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phase can provide more dense packing, the monolayer with uniform silane is quite difficult to

control .8

The amine-terminated silane coupling reagent is widely used to functionalize the
hydroxyl-terminated surface for the wide range of applications such as immobilizing of ionic
nanoparticle, metal ion sensing.® X As the silanization reaction between methoxy group of
silane coupling reagent and the silanol-terminated silicon surface (-OH), many forms are
possible to obtain as shown in Figure 3.2. " ¥ The preferable configuration of amine group
should be leaving away from the surface to promote the further growth.™® The advantage of

SAMs on surface is the stability due to the covalent network on the surface.
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. \ -
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Figure 3.2 The possible orientations of APTMS on Si surface.

3.1.2 The Growth of Metal-Organic Coordination Networks on the Surface

Taking the advantage of the various functional groups on the SAMs surface, the
various molecular systems on SAMs surface can be anticipated. At this point, the tailoring of
molecular arrangement onto SAMs via step-by-step growth method becomes highly possible.
The extension from monolayer to multilayer fashion can be likely combine the function in
one system. As roughly mentioned in the first chapter, this step-by-step fabrication is based

on the sequential deposition process between the opposite charge components (in this
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research refers to metal ion and organic ligand), providing the growth of number of layers
with self-limiting and resulting in the uniform deposition layers. This bottom-up self-
assembly has high potential to control the structure on the surface in multilayer fashion with
wide range of applicable components, simplicity and cost-effective system.'* Besides, it also
promotes the variety of coordination architectures at the different functionalized surfaces by
SAMs."®

The development of MOFs on the surface especially at nanoscale level is one of the
great challenging issues to the realistic application in the future. To enlarge the application
fields of MOFs materials, the evolution of synthetic methods has been created to generate the
MOFs on the surface as known as MOF thin film and SURMOFs.* This can increase the
variety of MOFs for device applications as mentioned in the first chapter. In case of bulk
powder obtained by traditional solvothermal method, the polycrystalline and non-
homogeneous layer are not suitable for device. To fulfill the requirements for device
utilization, the thin film preparation is the great choice due to the continuous growth of film
leading to the homogeneous and controllable thickness.'® The key point for the device

application is the control of material deposition on the surface at the nanoscale.

Figure 3.3 The SEM images for comparison of (a) MOF powder, and (b) SURMOFs by LbL

method.®
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The classification of MOF thin films was divided as polycrystalline MOFs and
SURMOFs.™ " The polycrystalline MOF thin film (Figure 3.4 (a-1)), which is synthesized
on bare or SAMs surface via the direct synthesis such as solvothermal, shows the micrometer
scale thickness and exhibits the disordered structure as similar structure with bulk character.'®
While SURMOFs (Figure 3.4 (b), which are synthesized by LB or LbL (LPE) method on
SAMs surface, show the oriented structure in the nanoscale thickness, which may differ from
the bulk structure. This suggests that the functionalized species at the surface play an
important role to control the structure. This can lead to structural diversities by different
preparation methods even in the similar set of components. The SURMOFs synthesis requires
the fast kinetic for the chemical reaction and favorable coordination for interaction. Some of
the bulk MOFs that required the harsh synthetic condition in solvothermal method may not be

achieved by the mild synthesis as LbL technique.™
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Figure 3.4 (a) the growth of MOF thin film ; (a-1) the growth of the polycrystalline film,
(a-2) the growth of MOF crystal on SAMs surface, and (b) the growth of SURMOFs on

SAMs

Shekhah mentioned about the growth of MOF HKUST-1, which is one of the most
studied MOFs, on gold surface at room temperature. It was reported that the different
functionalized SAMs on the surface such as COOH-, OH- terminated SAMs can provide the

different orientations of HKUST-1 on the surface.'® The CHs-terminated SAMs cannot
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provide thin film growth via LbL method,?® while thin film can be prepared on CHs-
terminated SAMs using solvothermal method. This strongly points out that as SAMs have
been employed to the surface likewise the template, it can strongly impact the structure and
orientation of MOFs growth. In bare surface or inappropriate terminated group of SAMs
(such as CHs- terminated SAMs), the heterogeneous nucleation sites can occur, leading to the
isotropic growth phenomena. In contrast, the COOH- or OH- terminated SAMs can provide
the oriented behavior film. An example of amine-terminated silane, 3-
aminopropyltrimethoxysilane (APTMS), it has been reported to use as SAMs for the growth
of coordination networks on the surface.”> % This represents that the NH,- terminated SAMs
can also promptly react with the suitable chemical component to promote and control the
framework growth.

Using SIA method, the stepwise process is considered. As the SAMs surface is
immersed to the metal ion solution, the anchoring groups on SAMs make coordination
bonding to the metal. In ideal, the monolayer of metal moieties will occur at the surface,
while the physisorption is removed by solvent rinsing. Next step, the immersion to the
organic linker solution makes the coordination bond to the deposited metal units on the
surface. The physisorption is removed by solvent rinsing. The repeating procedure is
continued for metal-organic thin film. Ideally, one deposition cycle provides one periodic
layer. This stepwise leads to the low roughness thin film with highly homogeneous feature.?
The thickness can be precisely adjusted by the number of deposited cycles. Moreover, the
growth pattern of multilayer film is likely affected by the packing density of SAM moieties at
the initial surface, the flexibility of silane coupling layer as well as substrate roughness.*

Attention at the well-defined structure, the choice of rigid organic ligand is considered.
Porphyrin is rigid conjugated ligand which can reduce the complicated packing due to the

flexibility of ligand conformation. These offer the great possibilities to prepare the artificial
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materials using tetracarboxyphenylporphyrin derivatives (H,TCPP or MTCPP; M = metal
ion) with different metal nodes.

We mentioned in chapter 2 that the numerous bulk porphyrin-based MOFs have been
reported, while the thin films of porphyrin-based MOFs have been less explored.? In recent,
porphyrin-based MOFs thin films on substrate in both of the presence and absence of SAMs
have been more investigated such as Hupp group using LbL technique®: %, Kitagawa group

2729 and other groups.'® 3! However, the insight investigations of

using LB-LbL technique
the ordered porphyrin-based metal-organic thin films are still needed to explore the growth
behavior of porphyrin thin film materials.

Due to the large m-conjugated system, porphyrin molecule can display the intense
absorption properties in visible region. The metal-free, or called free-base form exhibits the
intense absorption band near 400-450 nm as denoted as soret band and also contains four less
intensity bands around 450 and 700 nm as referred as Q-band.** ** The porphyrin core is
available for metal ions. Several processes including pre-metalation, in situ metalation and
post-metalation can be applied to provide the metaled form, which strongly impacts to the
different electronic properties by each metal species. The metalated porphyrin has higher
symmetry comparing to free-base form and providing two Q-bands, which is different from
the free-base form. In general, the reactivity of porphyrin is dominant by the metal in core

unit.* This unique character can promote the tremendous applications due to the variation of

metal properties.
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Figure 3.5 Typical UV-absorption spectra of porphyrin

In case of metal ion building unit, Co (II) cation was reported that it can effectively
coordinate to amino ligands.® * In this research, we selected the amine-functionalized SAMs
surface (on Si wafer and Quartz slide) as platform for promoting the growth of coordination
networks between Co(ll) ion and carboxyl group of porphyrin (H,TCPP). It was expected
that the growth in multilayer fashion of this system can stepwise occur via SIA process at the
room temperature.

The choice of substrate is important for thin film characterization, especially XRR
and GI-SAXS measurement to determine the structural detail. Due to the very thin layer of
nanoscale film, the flat surface is more preferable than other substrates to use for film growth
and suitable for characterization techniques. Moreover, the crystallinity of film also relates to
the surface substrate. Si(100) substrate was selected to use as the substrate in this research.’
In some metal-organic ultrathin film reports suggested that the inappropriate substrate with
the very low thin film thickness leads to the difficulties for structural determination by X-ray

diffraction technique.*’
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3.2 Experimental Section

3.2.1 Chemicals and Materials

3.2.1.1 Chemicals

3-Aminopropyltrimethoxysilane (APTMS, >96%) was purchased from Tokyo
Chemical Industry Co. Ltd. (TCI). 5,10,15,20-Tetrakis(4-carboxyphenyl)-porphyrin
(H2TCPP) (purity 98%) was purchased from Strem Chemical Inc., USA. Cobalt(ll) acetate
tetrahydrate (Co(OAc),.4H,0) was purchased from Wako Pure Chemical Industries Ltd.
HPLC and AR grade of 2-propanol and ethanol were used for surface modification.
Chloroform (CHCI3), methanol and 2-propanol as superdehydrated solvents were used with a
syringe to prepare solutions for SIA deposition. All solvents were purchased from Wako Pure

Chemical Industries Ltd. All chemicals were used as received without further purification.
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Figure 3.6 Structures of Chemicals in SIA synthesis. (a) APTMS, (b) Co(OAc),.4H,0, and
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3.2.1.2 Materials
Silicon wafer (100, p-type) substrates (40x25 mm?) were purchased from Electronics

and Materials Corp. Ltd. Transparent quartz plate substrates (25x15 mm?) were purchased

from Sendai Sekiei Glass Seisakusho Y.K. Both substrates were used for SIA deposition.

3.2.2 Cleaning Process for Substrate

Prior to use, silicon wafer substrates and quartz substrates were cleaned using 2-
propanol two times with sonication for 10 minutes. Then, they were dried immediately and

kept on a clean bench.

3.2.3 Modification of Surface Substrate with Silane Coupling Agent

(APTMS)

To obtain the amine-functionalized substrates, all cleaned substrates were immersed
in 10 mM ethanol solution of 3-aminopropyltrimethoxysilane (APTMS) at room temperature
for 1 hour under argon atmosphere with mild shaking. After that, all substrates were washed
respectively with ethanol (2 times), 2-propanol (2 times), and dried. All APTMS-modified

substrates were kept in the clean sample box under argon atmosphere until use.

NH,
NH, NH, NH,
l{j(j()/“{\()(zﬂ3
OCH, S L s
OH gH OH o OH 0/}) (|’ o~ })\o 5 (|)
I R PN ] R

Scheme 3.1 Silanization reaction between APTMS and the hydroxylated surface on substrate
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3.2.4 Fabrication of Multilayer Porphyrin-based Coordination Networks

on Amine-Functionalized Substrate

The fabrication of multilayer porphyrin-based coordination networks on modified
substrates was proceeded using the SIA method via an layer-by-layer (LbL) automated
machine. The APTMS-modified substrates were used for all SIA experiments with the
following procedures under argon atmosphere : (i) the modified substrates were immersed
into 10 mM Co(OAc),.4H,0 in the mixture solvent of superdehydrated methanol and
chloroform (1:9, v/v) for 10 minutes and were then rinsed with four separated containers of
the same ratio mixture solvent as those described above for each 1 minute washing to remove
the remained reactants from the surface and then were dried by blowing. (ii) the metal-
terminated substrates were then immersed into 0.11 mM H,TCPP in superdehydrated 2-
propanol for 10 minute following the same washing procedure in 2-propanol. The first layer
of coordination networks has been created. The growth of the further multilayer was repeated
by the above procedure (Scheme 3.2). The desired number of layers according to the alternate
deposition of metal ion (Co(ll)) and organic linker (H,TCPP) solution is shown as the “N”

layers, assigned as (Co/ H,TCPP)y.
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Scheme 3.2 Schematic representation for fabrication of porphyrin-based metal-organic
coordination network thin films on the surface using the surface-induced assembly (SIA)

process.

Figure 3.7 Thin film on quartz substrate (Co/H,TCPP)s
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3.2.5 Characterization Techniques

X-ray photoelectron spectroscopy (XPS) was used to determine the elemental
composition of amine-modified surface and the growth of thin film on silicon wafer. The
XPS experiment was performed using a spectrometer (Axis-Ultra DLD; Kratos Analytical
Ltd.) with an Al K radiation source (1486.6 eV). The binding energies were calibrated using
C1s peak at 284.5 eV as a standard. Curve fitting was done by processing software (Vision)
using a Gaussian envelope with Shirley background correction.

UV-Visible absorption spectra of the multilayer film on quartz substrates were
measured as a function of number of layers in absorption mode using a spectrophotometer
(\V-630; Jasco Corp.) at room temperature. The APTMS-modified quartz was used as a
background to subtract from each spectrum.

X-ray reflectivity (XRR) was use to determine the thickness, roughness and mass
density of the thin film using a high-resolution X-ray diffractometer (ATX-G; Rigaku Corp.).
The diffractometer was equipped with a Cu K« radiation source (A= 0.1542 nm). The X-rays
were generated from a Cu rotating anode (50 kV, 300 mA). The reflective oscillation spectra
from the experiment were fitted using software (GXRR; Rigaku Corp.). The fitting curve was
varied from 0.2° to 3°. The difference of the fringe between SAM layer (APTMS) and Si
wafer could not be observed (Figure 3.14a). The SAM layer thickness has little effect on the
overall thickness of film. Thus, the thickness of APTMS and thin film was estimated as a
single layer model.

An atomic force microscope (AFM) with tapping mode was used to examine the
surface morphology and roughness of thin film. AFM images were collected by a digital
AFM system (Nanoscope Illa; Veeco Instruments). Silicon cantilevers (SI-DF3FM;

Nanosensors Corp.) with a spring constant between 2.8 N/m and 4.4 N/m and a resonance
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frequency of 79-89 kHz were used. The measurement was proceeded at scanned area of 1x1
pm?under air atmosphere with a scan rate of 0.4 Hz.

The thickness measurement was conducted using AFM (VN-8000; Keyence Co.) with
DFM/SS mode cantilever (OP-75041; Keyence Co.). Before the measurement, the thin film
on Si wafer substrate was removed by sharp blaze with no damaging the hard substrate
surface. The analysis was investigated across the scratched line in at least five different
positions to estimate the average film thickness comparing with XRR measurement.

Infrared p-polarized multiple angle incidence resolution spectroscopy (p-MAIRS)% %
was used to clarify the molecular vibration of chemical bond in both of in-plane (2xIP) and
out-of-plane (OP) orientation of thin film sample. The p-MAIRS measurements were
conducted on a FT-IR spectrometer (Nicolet 6700; Thermo-Fisher Scientific) equipped with a
mercury-cadmium-telluride (MCT) detector. Single-beam spectra were collected from 38° to
8° by means of 6° steps in a range of angle of incidence with 64 scans and 4 cm™ resolution.
The aperture was fully opened (size of 150). A metal plate with small pores was placed in the
light path of the incident beam to prevent saturation. A ZnSe polarizer was used to obtain the
p-polarized light. The APTMS-modified silicon wafer substrate was used as a background in
p-MAIRS measurement. All p-MAIRS measurements were done under N, atmosphere at
room temperature.

Grazing incidence small angle X-ray scattering (GI-SAXS) measurement was carried
out to observe the interior thin film structure. Measurement was taken using X-ray
diffractometer (FR-E; Rigaku Corp.) with two-dimensional (2D) detector (R-AXIS 1V;
Rigaku Corp.). The sample stage included the goniometer and a vertical stage (ATS-C316-

EM/ALV-300-HM; Chuo Precision Industrial Co. Ltd.). The Cu Ke radiation source (A=

0.1542 nm.) with beam size of approx. 300 um X 300 um and camera length of 300 mm was
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used. The angle of incidence was varied from 0.21° to 0.22°. The diffraction patterns of in-

plane (IP) and out-of-plane (OP) directions were acquired.
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3.3 Results and Discussion
The contents in this chapter are mainly divided in 4 parts :
3.3.1) Modification of surface substrate with silane coupling reagent (APTMS)
3.3.2) Multilayer formation of Porphyrin-based Coordination Networks on
Amine-Functionalized Substrate
3.3.3) Comparison of structure between bulk and thin film

3.3.4) Opportunity to extend this research for further applications

3.3.1 Modification of Surface Substrate with Silane Coupling Reagent

(APTMS)

The elemental compositions on the surface substrate can be revealed by XPS analysis.
To investigate the detail in silanization of APTMS on silicon substrate, the fine scan with
deconvolution of N1s peak and Si2p spectra were mainly emphasized (Figure 3.8 a). In case
of N1s, two nitrogen species were observed at 399.3 and 401.5 eV which corresponded to the
free aliphatic amino (-NH,) and protonated aliphatic amino group (NHs"), respectively.** #°
These two different components may relate to the interaction between aminosilane group and
silicon substrate as mentioned in the introduction of this chapter.* ? In case of Si2p, the
aminosilane (Si-O) was presented at 101.7 eV (Figure 3.8 b). The other Si2p peak
components also can be detectable such as Si-Si bond in bulk silicon wafer (Si2p,;, and Si2p
3;2) and silicon oxide layer (SiO,). These XPS results indicated that amino-modified silicon

wafer surface can successfully bond to the silicon surface. Thus, the multilayer growth of

coordination network on this amine-modified surface was then proceeded.
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Figure 3.8 The deconvolution of (a) N1s and (b) Si2p spectra of APTMS-modified Si wafer

substrate.

3.3.2 Multilayer Formation of Porphyrin-based Coordination Networks on

Amine-Functionalized Substrate

3.3.2.1 Investigation of Step-by-Step Multilayer Growth by UV-Vis

Spectroscopy

Porphyrinic compounds display the unique absorption in the UV-Vis region as
determined as soret band (B-band) and Q-bands. This characteristic is beneficial to monitor
the multilayer growth of thin film using UV-Vis spectroscopy.** The UV-Vis absorption
spectra of multilayer thin film on the transparent quartz substrate exhibited the intense soret
band at 418 nm with four Q-bands at 500-700 nm as shown in Figure 3.9 a. The absorbance
of soret band and Q-band increased linearly with the number of deposited layers, which

referred to the successive multilayer film growth* (Figure 3.9 b).
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Figure 3.9 (a) UV-Vis absorption spectra of multilayer thin films with a number of deposited

layers (Co/H,TCPP);.15 on the APTMS-modified transparent quartz substrate. (b) The UV-

Vis absorption intensity of the soret band at 418 nm and Q;-band at 526 nm as a number of
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During the stepwise reaction in film formation, the Q-bands in UV-Vis spectra have
no change from four to two bands (Figure 3.10), this seems suggest the retention of the D5y,
molecular symmetry as free-base porphyrin core.*> *® The plausible reason may due to the
low temperature (room temperature) synthesis in the coordination network growth.**
However, if the system contains small portion of metalated species (Co metalated TCPP), it
cannot be distinguished in UV-Vis spectra. Thus, we cannot rule out the formation of Co
metalated TCPP during the film growth. To consider in the metalation issue, we will discuss
about the evidence for partial metalation of TCPP in this thin film, which was supported by
the XPS analysis of N1s spectra (Figure 3.19d in section 3.3.2.5).

In comparison with some solvothermal bulk and thin film porphyrin-based MOFs
synthesis using free-base porphyrin ligand, the metalation at center of porphyrin can easily
occur. 1 4% The retaining of free-base porphyrin in the system provides the chance for post-
metalation process using the variable metal species for the particular applications such as

sensing and catalysis.?®

As this multilayer film exhibited the sequential growth phenomena, it was
hypothesized that cobalt ions may effectively coordinate to carboxylate group in porphyrin
building unit to promote the growth. To verify this assumption, the control experiment was
conducted by immersion the APTMS-modified substrate in 3 cycles assemblies without
cobalt deposition step (Figure 3.11). The result showed no increasing of the absorption
intensity (nearly at baseline) with the number of assembled layers. This revealed that the
immersion step of metal ion solution was strongly necessary to create coordination networks.
Moreover, it also inferred that the aggregation of porphyrin by physisorption on the surface

did not occur in this system.
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Figure 3.11 UV-Vis absorption spectra of 3 cycles assemblies on the APTMS-modified
transparent quartz substrate without immersion step of cobalt ion solution, comparing with 1
layer ((Co/H,TCPP);) and 15 layer ((Co/H,TCPP)i5) thin film in the normal deposition

process.

The soret and Q-bands of UV-Vis absorption spectra in all synthesized films
displayed the broad peak with shift to longer wavelength comparing to the H,TCPP in 2-
propanol (Figure 3.12 and Table 3.1). The broaden and shifted absorption band on solid
substrate comparing with solution phase represented the common phenomena when
porphyrin deposited on the solid substrate.** This phenomenon was generally attributed to the
closer packing of porphyrin assemblies in the thin film moieties rather than in solution
phase.*” *® The shift features relate to the porphyrin aggregation types, which occur owing to
the m-m interaction between porphyrin rings. The red shift (shifting to longer wavelength)
refers to the J-aggregation type, which conforms as edge to edge or side to side. The blue
shift (shifting to shorter wavelength) is relevant to the H-aggregation type, which displays as
face to face. Many factors contribute to the shift character such as the degree of aggregation,
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the distance of interplanar spacing, the monomer orientation such as tilt angle of the
molecular stacking, the electronic transition probabilities and the specificity porphyrin
sensitivities.*® %

In our multilayer films, it was supposed that the small shift around 2 nm of soret band
to longer wavelength may happen because of the high inter-planar spacing between two
adjacent porphyrin rings in the networks directing to minimize the close aggregation behavior
assembly.®" > Another possible explanation for this phenomena is the simultaneous existence
of J- and H-aggregation.>® The aggregation character is strongly relevant to the structural

arrangement of molecule in the film, which determines the properties of material such as

photonic and catalytic properties.>
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Figure 3.12 (a) Comparison of H,TCPP in solution phase (at 1.1 uM in 2-propanol) and

(Co/H,TCPP);5 on the APTMS-modified quartz substrate, (b) Zoom-in Q-band region.
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Table 3.1 UV-Vis absorption peak position of H,TCPP in solution phase, comparing with

(Co/H,TCPP);5 on the APTMS-modified quartz substrate.

H,TCPP Soretband Qi-band Qz-band Qs-band Q4-band
(nm) (nm) (nm) (nm) (nm)
Solution phase; 417 513 547 590 646
in 2-propanol

Solid phase; (Co/H, TCPP)15 418-419 519-526 554-562 597 652-657
on the APTMS-modified
Quartz
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In general, the surface coverage of chromophore on the surface can be estimated from

the absorbance of chromophore layer at surface as shown in equation 3.1.

= [(AZ—A) e7' Ny ] x 1073 molecule/cm®.®  _ equation 3.1

Thus, we calculated the surface coverage of porphyrin-based coordination networks

(Table 3.2) by the above equation with the parameter determination as following :

A, = the absorbance of H, TCPP per one deposition layer at the define wavelength (1);
in this experiment A= 417 nm.

Factor 1/2 was used because the quartz surface was modified in two sides.

Thus, A, /2 = the absorbance of H,TCPP per one deposition layer only in one side of
substrate

&, = extinction coefficient of H,TCPP in 2-propanol (M™cm™)
&7 = 489,914 Mcm™. The ¢ was calculated from the calibration curve of H,TCPP in
2-propanol as shown in Figure 3.13. It was noted that the &; of H,TCPP in the solution and at
the surface were assumed to be similar.

Na = Avogadro’s number
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Table 3.2 The surface coverage calculation of (Co/H,TCPP);5 on the APTMS-modified

quartz substrate using equation 3.1.

Layer Absorbance Surface coverage (I")
region per layer (A;./2) x10™ mol/cm? x10" molecule/cm?
L1-L4 0.0217 4.43 2.67
L5- L9 0.0193 3.94 2.37
L10-L15 0.0154 3.15 1.90

At the layer region; Lx ; x = number of layers

The surface coverage calculation from UV-Vis (Table 3.2) will be compared with the
calculation from XRR result (Table 3.8) in the part 3.3.2.6 investigation of structural

alignment in coordination networks by GI-SAXS.
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Figure 3.13 Calibration curve of H,TCPP in 2-propanol; the extinction coefficient at 417 nm
(£417) = 489,914 M*cm™. The ewas calculated using Beer-Lambert Law as equation 3.2.

A=ccl __equation 3.2
A = the absorbance of H,TCPP

¢ = concentration of H,TCPP in 2-propanol (mol/L)

| = path length (10 mm)
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3.3.2.2 Film Thickness Measurement by XRR and AFM

X-ray reflectivity (XRR) profiles were measured as a function of growth layers,
which displays the oscillation intensity (Kiessig fringes) (Figure 3.14b). The higher
frequency of oscillation along with the number of growth layers indicated the increase in film
thickness. The difference of the fringe between SAM layer (APTMS) and Si wafer could not
be observed (Figure 3.14a). The SAM layer thickness has little effect on the overall thickness
of film. Therefore, the thickness of APTMS and thin film was estimated as a single layer
model. The film thickness by XRR and AFM measurements were plotted as a number of
layer growth (Figure 3.14 c).®* ® Both cases showed the well consistent results, which
exhibited a linear increase of thickness with layer growth. The average thickness per layer

was approximated 1 nm with the low surface roughness as mentioned in Table 3.3.
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Figure 3.14 (a) XRR profiles of Si wafer and APTMS-modified Si wafer substrates, (b) XRR
profiles of multilayer films (Co/H,TCPP)s, (Co/H,TCPP)y, and (Co/H,TCPP);5 on the
APTMS-modified Si-wafer substrates. The experimental and fitted data were respectively
displayed as dashed line and solid line, and (c) Thickness of multilayer film by XRR and

AFM study with the error bar from measurement.
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Table 3.3 Thickness, RMS roughness and mass density of thin film by XRR, comparing
with AFM analysis. The deviation in XRR experiment was calculated from the statistical

value.

Number Thickness  Thickness Roughness RMS Roughness Density

of layer (nm) (nm) (nm) (nm) (Rq ) (glem®)
Keyence
0 N.A. N.A. 0.500 0.165 2.33
(Si-wafer)
5 5.031 5.42 0.591 0.645 1.526
+0.01 +0.75 +0.01 +0.01
10 9.303 9.53 0.826 0.654 1.518
+0.01 +1.48 +0.01 +0.01
15 15.329 15.10 1.354 1.259 1.526
+0.01 +0.80 +0.01 +0.01

Furthermore, the mass density of the multilayer films was also investigated by XRR.
The result showed almost constant film density approximately 1.5 g/cm® in all thin films.
This referred that growth phenomena during thin film formation was similar with uniformity.
Comparing with the some reports in porphyrin-based metal-organic materials such as PIZA-1
(1.3 g/cm®) *, our film density value is relatively high. From this perspective, the growth of
the dense coordination networks onto the porous substrate can be possible. This high density
property may be considered as the advantage for some usages such as molecular separation,

selective adsorption, and catalyst applications.
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3.3.2.3 Examination of Surface Morphology by AFM Analysis

The surface morphology and section analysis of multilayer films were investigated by
AFM (Figure 3.16). The surface morphology of thin film showed the distinction from the
bare Si wafer and APTMS-modified Si wafer surface (Figure 3.15). This also presented as
one evidence of thin film formation. The thin film topology showed the grain-like shape with
dense packing, homogeneous morphology and smooth surface. This represented the well-
deposition process during the film growth. The domain size from the 2D AFM image was
estimated around 40-50 nm with small increasing in domain size from 5 to 15 layers film.
The root-mean-square (RMS) roughness slightly enhanced from 0.6 to 1.3 nm as more
deposited layer (Table 3.4). This showed the similar trend in porphyrin-based multilayer on

Si substrate.”®

From the XRR and AFM results, it indicated that the thickness of thin film in
nanoscale level can be controllable by SIA technique with good quality of thin film

production, which represented by homogeneity and low surface roughness.
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a) Bare Si wafer | APTMS-Si wafer

b)

Section Analysis " Section Analysis

Figure 3.15 (a) surface morphology in 2D, (b) 3D AFM height image of bare Si wafer and
APTMS-modified Si wafer and (c) section analysis. Scan size = 5um x 5um ; Data scale 20

nm.
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Figure 3.16 (a) surface morphology in 2D, (b) 3D AFM height image of (Co/H,TCPP)s,
(Co/H,TCPP)y0 and (Co/H,TCPP);5 on the APTMS-modified Si wafer substrate respectively,

and (c) section analysis. Scan size = 1um x 1um ; Data scale 20 nm.
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Table 3.4 Surface roughness and the estimated domain size of (Co/H,TCPP)s,

(Co/H,TCPP)10 and (Co/H,TCPP)15 on the APTMS-modified Si wafer substrate by AFM

analysis.
Number of  Scan size Roughness Analysis : Estimated
layer (um) Img RMS, Rq(nm) Domain size (nm)
0 5 0.165 N.A.
(only Si
warfer)
APTMS- 5 0.251 N.A.
modified Si
wafer
5 1 0.645 —
500 nm. 0.684
10 1 0.654 40-50
500 nm. 0.614 -
15 1 1.259
500 nm. 1.031

N.A. = Not applicable

The small increment of surface roughness (Img RMS, Rg) from bare Si wafer to
APTMS-modified Si wafer indicated the availability of molecular layer on Si wafer surface,
which might be from the APTMS deposition. In comparison with thin film growth, it showed
that both of bare Si wafer and APTMS-modified Si wafer surface have lower RMS roughness.

This is one evidence to confirm the available of the film growth on the surface.
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3.3.2.4 Determination of Chemical Bond by p-MAIRS

p-MAIRS was used to investigate the molecular vibration of chemical bonds in both
IP and OP vibrational modes in thin film.** *® The p-MAIR spectra were displayed in Figure
3.17 a and 3.17 c with the number of layers formation. The vibration of C=C aromatic ring
of porphyrin skeleton presented as the overlapped peak at 1588 cm™.*° The intense peaks at
1600 and 1400 cm™ referred to asymmetric and symmetric stretching of carboxylate
(O—C=0) in thin film.?® % ® The peak at 1540 cm™ may be considered as another
asymmetric stretching of carboxylate.> These results provided the evidence for the
deprotonation of carboxylic group (COOH) due to the assembly with cobalt ion. However,
there were some residue peaks of C=0 stretching vibration from free carboxylic group of
porphyrin unit at 1688 cm™.%* ® Makiura and Motoyama et al. also reported the similar
phenomena in porphyrin-MOF nanofilm, NAFS series, that the remained COOH moieties
were attributed to the edge of sheet domain.?® ?° The absorbance increased linearly with the
number of deposited layers in both IP and OP spectra, which inferred the well-growth
behavior along with multilayer formation (Figure 3.17 b and 3.17 d). Both UV-Vis and p-

MAIRS results were well-supported each other which represented the consistent analysis.
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Figure 3.17 p-MAIR spectra of multilayer film as a number of deposited layers
(Co/H,TCPP)s, (Co/H,TCPP);o and (Co/H,TCPP);5 on the APTMS-modified Si wafer

substrates in (a) In-plane (2xIP) and (c) Out-of-plane (OP).

The shoulder peak at 1350 cm™ in both IP and OP of all thin films may assign to the

vibration of the pyrrole ring of porphyrin unit (=C-N).*" "

93



Chapter 3 : Thin Film of Porphyrin-based Coordination Networks by SIA

Table 3.5 The ratio of symmetric/ asymmetric COO™ of (Co/H,TCPP)y on the APTMS-

modified Si wafer substrate.

No. of layer Ratio of COO"  Ratio of COO
sym./asym. sym./asym.
IP OP
5 1.9 1.3
10 2.1 1.2
15 2.1 1.2

The IR signal intensity is not only related to the number of functional group, but also

the orientation on the surface.® The ratio of symmetric/ asymmetric COO" in all thin films

exposed the consistent ratio (Table 3.5), which represented the identical growth character

during stepwise film growth.
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3.3.2.5 Elemental Composition Analysis by XPS
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Figure 3.18 XPS survey spectra of (Co/H,TCPP)ys, (Co/H,TCPP);, (Co/H,TCPP)s,

(Co/H,TCPP); and (Co/H,TCPP);5 on the APTMS-modified Si wafer substrate.

Figure 3.18 showed that the XPS survey scans of multilayer film on APTMS-
modified Si wafer have been primarily examined. The XPS analysis was considered with
respect to the multilayer film formation. The trends of Si2p and O1s peak intensities
decreased from substrate signal, while the trend of N1s, Cl1s, and Co2p after multilayer
deposition increased. These results suggested the growth of coordination networks on the

substrate.®’

95



Chapter 3 : Thin Film of Porphyrin-based Coordination Networks by SIA

Intensity (cps)

—Si wafer

—— APTMS-Si wafer

——(Co/H_TCPP) .
2 0.5 ]

—(Co/H,TCPP),

CoZpE

1 1 1 1 1 1 1

815 810 805 800 795 790 785 780 775

O
~

Intensity (cps)

D
~

Intensity (cps)

B.E. (eV)
Experimental Ci1s
——Background C-C,
C-H
——Envelope

295 290 285 280
B.E. (eV)
' 99.6 -
Experimental -NH- N1s]
. ——Background 2976
[ —Envelope -N= |

395

b) Experimental Co2p
 —Background Co2p |
[ —Envelope 3/2 ]
w ]
gt Co2p,, .
2 satellite ]
m . o -
c
[
-
£
815 810 805 800 795 790 785 780 775
B.E. (eV)
d) Experimental 3997 N1s]
| ——Background ) ]
. | ——Envelope 398.5 7
7 I
o
C)
- [ 397.71
= 3
7]
& 1x10
[
el
=
410 405 400 395
B.E. (eV)
Nt Experimental 3984 N1s-
| ——Background _
—Envelope 1
v [ b
o ]
L :
> ]
= 3 399.8 1
2x10
e -NH-
2
=
410 405 400 395
B.E. (eV)

96



Chapter 3 : Thin Film of Porphyrin-based Coordination Networks by SIA

Figure 3.19 (a) Comparison of Co2p spectra in Si wafer, APTMS-modified Si wafer,
(Co/H,TCPP)ps and (Co/H,TCPP);, the deconvolution of (b) Co2p spectrum of
(Co/H,TCPP)1y, (c) Cls spectrum of (Co/H,TCPP)40, (d) N1s spectrum of (Co/H,TCPP)y 0n
the APTMS-modified Si wafer substrate, (e) N1s spectrum of H,TCPP, and (f) Co metalated

TCPP.

To observe the availability of cobalt ion on the amine-terminated substrate, the
immersion only in cobalt acetate solution (0.5 cycle thin film; (Co/H,TCPP),5) was declared
(Figure 3.19 a). This result showed the Co2p peak, which indicated the good affinity between
amine (-NH,) from APTMS-modified surface and cobalt ion.** *® Furthermore, the similar
content of cobalt in (Co/H,TCPP)y5 and (Co/H,TCPP); indicated that the cobalt species
existed in the film after porphyrin immersion.

Figure 3.19 b showed the Co2p spectrum with deconvolution after the 10 layers film
formation, the peaks of Co2ps;, and Co2p,, were located at 781.1 and 796.9 eV, respectively
%889 ith the presence of the two strong satellite peaks of cobalt at 784.9 and 802.2 eV. This
result represented that the oxidation number of cobalt ion was +2.2 ™ ™ No difference in
Co2p spectra were observed, which inferred that cobalt oxidation state was not changed
during fabrication process.

For C1s spectrum, the COO" species presented at 288.1 eV, while the COOH at 289.4
eV was less observed (Figure 3.19 c).” ® This result showed the good agreement with the
information from IR spectra.

The availability of porphyrin in the coordination networks was examined by N1s
spectrum (Figure 3.19 d). Five peak components were observed in N1s deconvolution. The

binding energy at 399.7 eV for pyrrolic (-NH-) and 397.7 eV for iminic (=N-) which can be

recognized as the protonated and non-protonated form, respectively.®* This was well-agreed
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with N1s spectrum of H,TCPP precursor (Figure 3.19 e). Furthermore, two additional peaks
were found at 398.5 eV and 399.6 eV. These two peaks were consistent with N1s spectrum of
Co metalated TCPP (Figure 3.19 f). The peak at 398.5 eV was assigned to the Co metalated
porphyrin (Co-N). These results represented that the partial metalation of Co?* at the
porphyrin core (Co-N) occurred in this thin film system. This may be due to the diffusion of
Co?* from solution to the porphyrin core during thin film synthesis even at room temperature
condition.” The small peak at high binding energy around 401.5 eV was contributed to the
nitrogen shake-up.” We mentioned in section 3.3.2.1 UV-Vis analysis that if the system
contains small portion of metalated species (Co metalated TCPP), it cannot be distinguished
in UV-Vis spectra. This points out that XPS is an important technique to clarify the
metalation stage of porphyrin molecule. The ideal ratio of -NH- and —N= from the molecular
stoichiometry should be 1:1. However, the asymmetric ratio of -NH- and —N= was found in
both of H,TCPP (1.2:1) and multilayer thin film (Co/H,TCPP); (1.3:1). This phenomenon
commonly occurs in the porphyrin system that contains electron withdrawing moieties of

3.7 and also in the multilayer porphyrin system.”

porphyrin

From XPS results, it was confirmed that the coordination networks between cobalt ion
and H,TCPP on the surface have been occurred. The binding ratio between Co®* and
porphyrin in thin film can be considered from XPS spectra (Figure 3.18). The actual

composition using peak areas approximately revealed ratio as 2Co°*:1Porphyrin, which was

in close agreement with the expected value (2Co**:1Porphyrin).
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3.3.2.6 Investigation of Structural Alignment in Coordination Networks by

GI-SAXS Measurement

The GI-SAXS profiles and d-value of thin film were taken’” as displayed in Figure
3.20 and Table 3.6, respectively. In the IP direction, the first diffraction peak with a d-value
of around 1.9 nm was apparently observed in all thin films. The broad and weak peaks
represent the low degree of molecular ordering. While the other weak diffraction peaks in IP
and OP were unclearly shown at d-value around 1.2 nm and 1.0 nm, respectively. However,
the molecular ordering in thin films improved with increasing deposited layers. The growth

manners in these multilayer films showed the reproducibility with anisotropic properties.

(Co/H,TCPP),5
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Figure 3.20 (a) 2D GI-SAXS profile of multilayer film (Co/H,TCPP)s, (Co/H,TCPP),0 and
(Co/H,TCPP);15 on the APTMS-modified Si wafer substrates. (b) and (c) 1D GI-SAXS

profiles in in-plane (IP) and out-of-plane (OP), respectively.

Table 3.6 The d-value in IP and OP direction from GI-SAXS

Number  IP_26, d-value, IP_26, d -value, OP_20  d_,-spacing

of layer (nm) (nm) (nm)
5 4.66 1.89 N.A. N.A. N.A. N.A.
10 4.92 1.79 7.28 1.21 8.34 1.06
15 4.56 1.94 7.20 1.23 N.A. N.A.

N.A. = Not applicable
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d -value, = d-value of primary diffraction peak in IP direction

d -value, = d-value of secondary diffraction peak in IP direction

The d-value was calculated using Bragg’s law equation (equation 3.3)
2d sinB = nA __equation 3.3

d = lattice spacing (nm)

0 = diffraction angle

n = integer

A = wavelength of incident x-ray (0.1542 nm.)

The typical growth types of porphyrin on substrate have been discussed as parallel
and perpendicular features with single-anchor or double-anchor configurations’® (Figure
3.21). The binding geometry of porphyrin on the surface may depend on many factors such as
the binding moieties between porphyrin unit and the functionalized surface, and the
aggregation behavior of porphyrins.

The possible structure of thin film on the surface was considered using XRR, AFM,
and GI-SAXS results. Firstly, the structure of porphyrin with four para-carboxyphenyl groups
was considered as shown in Figure 3.21. The high possibility of binding feature at the surface

was one or two carboxyl groups’® &

, rather than the four binding points (parallel or face-on;
Figure 3.21 a). This was expected due to the difficulties of binding geometry between cobalt
ion and four para-carboxyl groups. Thus, the single and double anchoring modes were
concerned (Figure 3.21 b, ¢, d and ). We further considered the nature of molecular packing
of porphyrin. The double-anchor binding mode (Figure 3.21c and e) was considered as more

fixable binding geometry on the surface. This geometry might cause more random

arrangement than providing the well-organized structure. In contrast, the single-anchor

101



Chapter 3 : Thin Film of Porphyrin-based Coordination Networks by SIA

binding mode made more freely rotate on the surface, indicating the possibility for hexagonal
packing (Figure 3.22). To clarify this assumption, we considered the porphyrin dimension
with cobalt binding moiety. The rotation diameter was expected to be approximately 2.2-2.3
nm. Figure 3.22 c represented that this proposed model was well supported by the IP
diffraction peak of GI-SAXS with a d-value of 1.9 nm. To consider this model with the
thickness per layer, the perpendicular (or edge-on) arrangement of single-anchor
configuration (2.3 nm) (Figure 3.21 b)) was then discarded because of the higher repeating
length of porphyrin unit than the experimental thickness per layer (1 nm) from XRR analysis
(Table 3.7). Therefore, the tilting growth with respect to the surface may dominate the
structure (Figure 3.21 d)). The tilting angle was calculated based on thickness from XRR
approximately 60° with respect to the surface normal (Figure 3.23 and Table 3.8). This result

agreed well with some reports of tilted porphyrin arrays thin films.>® 884

102



Chapter 3 : Thin Film of Porphyrin-based Coordination Networks by SIA

parallel

(@ 1.0nm.

perpendicular
(b) (c)

2.3 nm. 1.7 nm.

Sl

single-anchor double-anch

tilt
approx.1 nm.

d) |g

single-anchor

Figure 3.21 The different molecular models aligned on surface with repeating length (nm) of
porphyrin unit with cobalt coordination as denoted as (a) parallel, (b) perpendicular with
single-anchor (trans-), (c) perpendicular with double-anchor (cis-), (d) tilt with single-anchor
(trans-) and (e) tilt with double-anchor (cis-). The cobalt atom has been omitted from the

scheme for the clarity.
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Table 3.7 Repeating length of porphyrin unit with cobalt coordination in different types of

arrangement on surface.

Possible structural arrangement

Average repeating

length (nm)
Parallel 1.0
(porphyrin backbone to adjacent porphyrin backbone)
Perpendicular; single-anchor (trans-) 2.3
Perpendicular; cis-anchor (cis-) 1.7
Tilting 1.0
Experimental data from XRR and AFM 1.0
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c) Top view a=2.27 nm
Hexagonal packing
3
d= ag
a=2.27nm ! 3
' —207 83
d 2
d=1.97 nm.

Figure 3.22 Schematic projection for hexagonal packing on the surface (a) side view, (b) and

(c) top view. The cobalt atom has been omitted from the scheme for the clarity.
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(1 bilayer)
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(1 bilayer)
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Figure 3.23 Schematic representation for growth angle and surface coverage calculation

estimated from XRR results (a) side view and (b) front view

0 (deg.) = Growth angle of coordination networks with respect to normal surface
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Table 3.8 The growth angle and surface coverage calculated from XRR results.

Number Density; Thickness per Growth angle with Surface coverage
of layer 5 (g/cm’) bilayer; respect to surface ' T Monolayer
t (nm) normal ; 6 (deg) (molecule/cm?)®
5 153 5.03/5 = 1.01 64 216 x 10"
10 1.52 9.30/10 = 0.93 66 213x 10"
15 1.53 15.3/15 = 1.02 63 217 x 10"

The surface coverage (molecule/cm?) was calculated from the growth model based on
XRR result in Si wafer (Figure 3.23 and Table3.8) and absorbance from UV-Vis result in

quartz (Table 3.2). Both results showed well-consistent surface coverage approximately with

2x10" molecule/cm?.
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3.3.3 Comparison of Structure Between Bulk and Thin Film
As we compared the experimental data in chapter 2 and chapter 3, we found three

different points between bulk and thin film synthesis as following :

3.3.3.1)  The remaining of reactive moieties in coordination networks
3.3.3.2)  The metalation stage of porphyrin core

3.3.3.3)  The structure of coordination networks

3.3.3.1 The Remaining of Reactive Moieties in Coordination

Networks

As we mentioned about the IR spectra of bulk sample in the chapter 2, the unreacted
COOH groups referred to the incomplete reaction between cobalt ion and carboxylate from
porphyrin moieties. Thess COOH reactive sites can be more consumed for network formation
by longer reaction time. In contrast, the less amounts of free COOH units were found in the
thin film case (Figure 3.24). This can be referred to the more complete reaction within the
short period in thin film system. These results apparently showed the advantage of the thin
film growth on the surface by SIA approach beyond the defect (unreacted part) in bulk
system even in the same reaction condition.

Though the unreacted linker functionalities still remained partly in the traditional bulk
MOFs, it can be considered for furnishing the chemically heterogeneous properties of the
framework. This can also provide more variety of material, which widens the area of

applications.®
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Figure 3.24 ATR-IR spectra of Co(OAc)..4H,0, H,TCPP, bulk samples((Co/H,TCPP)gyik-1))
, ((Co/H,TCPP)guik-2)), comparing with p-MAIR spectra of thin film on APTMS-modified Si

wafer substrate ((Co/H,TCPP)thin film)-
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Table 3.9 The peak assignment of characteristic bands in IR spectra.

C=0 Cc=C C-O COO COO
(COOH) aromatic  (COOH) asym sym
ring
H, TCPP 1685 © & 1605 1401 N.A. N.A.
Co(OAc) . 4H,0 N.A. N.A. N.A. 1513 1412
(Co/H,TCPP)guik 1688 1582 *° N.A. 1530%°, 1389 %%
(unreacted 1603
COOH)®" ®
(Co/H, TCPP)Thin film 1688 1588 N.A. 1540, 1600 1400
(unreacted
COOH)

N.A. = Not applicable
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3.3.3.2 Metalation Stage of Porphyrin Core

The metalation stage of porphyrin center in the coordination networks between bulk
and thin film was different. The N1s spectra were mainly focused to notify the metalation
stage of porphyrin.2® ® As mentioned in last chapter, the synthesized bulk showed the
presence of metalated porphyrin core from the N1s of XPS result (Figure 3.25 a and b). In
contrast, the partial metalated state at the center of porphyrin unit was observed in thin film
case, which was confirmed by XPS analysis (Figure 3.25 ¢ and d). From these results, we
supposed that the metalated core in our bulk may occur due to the longer time synthesis,

while the short time operation in thin film synthesis provides the partial metalated core.
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Figure 3.25 Comparison of N 1s spectra between (a) (Co/H,TCPP)guik, (b) Co

TCPP, (c) (Co/H,TCPP)gim , and (d) TCPP
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3.3.3.3 Structure of Coordination Networks
The thin film was compared with bulk sample in the viewpoint of the structure. We
found that the coordination network structure in thin film was different from bulk. This was

concerned based on GI-SAXS and PXRD analysis.

The peak positions of the thin films were completely different from that of the bulk
(Table 3.10). This result indicated the distinction in structural networks between thin film and
bulk. This was probably due to the dissimilarity in growth mechanisms or molecular
arrangements during network formation between film on the surface by SIA and bulk in
solution. For the sequential growth process of SIA, the organic molecules and metal ions
separately reach to the surface in the different deposition steps. During the dipping process,
porphyrin molecules diffuse to the surface to react with the cobalt (Il) species that are
available on the surface. It might be possible that this deposited porphyrin on the surface can
make the reorganization or rearrangement in this porphyrin deposition step. Another
possibility is that this porphyrin molecular layer may reorganize at the time of next cobalt (11)
immersion step in order to make the coordination binding with the cobalt (II) ion. These
phenomena are distinct from the bulk situation, which the coordination manner between

organic molecule and metal ion can occur concurrently.
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Table 3.10 The comparison of d-value (nm) between thin film and bulk sample

Sample Type Peakl Peak?2 Peak3
Thin Film 1.9 1.2 1.0
(CO/HzTCPP)lo
Bulk 1.67 1.13 1.00
(Co/H,TCPP)gui

In very recent, Kitagawa et al.”* reported the lattice shrinkage phenomena in MOF
thin film compared with the bulk. The guest free thin film showed relatively smaller lattice
parameters than that bulk. However, the film lattice can expand after guest vapor absorption,
compared with nearly unchanged lattice in bulk one.®* They also mentioned about the relation
between SAMs and MOF lattice that the lattice mismatch can contribute to the lattice
shrinkage.

The idea to explain for lattice distortion or shrinkage was derived from the
relationship between bulk and nanoparticle, which was reported by Gilbert and co-workers.*
Comparing the structural bulk and nanoparticle material, the deviation of structures can
occur. The structural investigation by x-ray scattering technique indicated the broad and less
peak intensity of nanoparticle rather than the bulk one. This can be explained by the strain in
nanoparticle leading to the distortion in structure. Although the local structure is preserved in
the strain-driven distortion manner, the atom is slightly located far from the expected lattice
position.

Base on the above idea, we supposed that one possibility of dissimilarity between thin
film and bulk may concern as the distortion or shrinkage phenomena such as strain of

structure on the surface. However, we obtained the contrast phenomena comparing with
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result from Kitagawa group. Our thin film structure expanded to be larger than the bulk
structure. One of the plausible ideas to explain this distinction result is the size of organic
ligand. We used porphyrin as the organic ligand, which is the macromolecule that can present
the distortion character such as stretching or bending to make the flexibility in this
molecule.*® Thus, we supposed that the size and the flexibility of organic ligand are also
important factors for surface phenomena. The flexibility of macrocycle ligand may consider
as an advantage for this thin film preparation by SIA technique, which may increase the
opportunity for finding the unique and variable structures.

One idea to explain the reorganization of molecular array on the surface is derived
from the SAMSs on the surface, reported by Ulman.* The packing and ordering of molecules
in SAMs are determined by the intramolecular and intermolecular interactions. Thus, the
reorganization of the SAMs array can minimize the energy for the optimum arrangement.
Figure 3.26 represented the reorganization (tilting) of molecular array to reduce the free

volume of the system, causing the tilting arrangement for the final structure of SAMs.

X+a

Figure 3.26 A schematic representations (a) The close packing of block array (b) The
perturbation from close packing by introducing a block with large spacing than the block size.
(c) The tilting of the block array to eliminate the free volume. The shape of the bricks

changed, while the volume is no change.!
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Another idea to explain the different structures in film and bulk is the reorientation of
molecule during the deposition process on the surface.** This concept can be considered as
the coverage of molecule on the surface. In case of low coverage, the molecule can deposit
nearly lying down to the surface. At the high coverage, the molecules deposit and then can
reorient to make some tilting geometry, thus the more dense packing character can occur.

From the above phenomena, it might be possible that the reorientation of porphyrin
may occur in our thin film synthesis to make the tilting structural film. Furthermore, we
supposed that the reorientation phenomena may not be found in the bulk case due to absence
of substrate. This result strongly suggests how importance of surface for the coordination
chemistry on the surface. Based on our results, the variety of coordination networks on the
surface can be feasible via SIA strategy.

We also compared our film and bulk structures with the related bulk and thin film
reports, which were synthesized from the same H,TCPP unit and cobalt ion. In the bulk case,
our bulk structure was different from the simulated XRD pattern of PIZA-1 built from the
same H,TCPP unit and cobalt ion (Figure 3.27) by solvothermal process.*® In PIZA-1 system,
pyridine was used in the synthesis. In contrast, our synthetic system has no pyridine in
synthesis procedure. Moreover, the different synthesis conditions such as temperature also
affect to these distinct structures. In the thin film case, the peak positions of our GI-SAXS
data were also distinct from PXRD of the recent report in CoPIZA/FTO MOF thin film*®,
which were synthesized from the similar H,TCPP and cobalt ion by solvothermal on FTO
surface. One of the reasons may contribute to the dissimilarity in preferential growth
direction regarding to the different functionalized substrates and also the synthesis condition.
In case of CoPIZA/FTO, the network directly was deposited on the surface without the
functionalized-surface, while we used APTMS as the initial functionalized surface for film

growth.
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Figure 3.27 (a) The PIZA-1 structure, obtained from crystal data* with Material Studio
v6.0.0 (Accelrys software), (b) The simulated XRD of PIZA-1. (1= 0.1541 nm.). The inset

represented the zoom-in of 26 in range 5-10 degree.

118



Chapter 3 : Thin Film of Porphyrin-based Coordination Networks by SIA

The detail in coordination mechanism on the surface, especially in nanoscale level is
likely complicated comparing to the bulk material. This is needed to make more studied and
further investigation to understand the important factors for network formation on the surface
and improve the technique to prepare the coordination networks on the surface with high
efficiency. From our results, SIA is considered as an effective method to control the structural

arrangement on the surface.

3.3.4 Opportunity to Extend This Research for Further Applications

As we mentioned about the retaining of non-metalated porphyrin center, this provides
the opportunity to extend the material application by the post-metalation. This post-synthetic
modification (PSM) process can provide the accessibility of metal ion to the center of
porphyrin ring after the thin film preparation. The variety of metal ion species is highly
possible for porphyrin unit such as iron, cobalt, copper, zinc, nickel, etc. This can promote
the tremendous applications due to the variation of metal properties. Recently, the post-
metalation method was mentioned in some porphyrin-based MOFs materials in both bulk and
thin film.* %

In some bulk porphyrin-based MOFs, the center of porphyrin unit in the frameworks
can be in situ metalated by the similar metal ions as the metal nodes during the framework
formation. This phenomenon can provide the increasing of catalytic active sites in the
frameworks which can promote the high efficiency for catalytic properties.

Gao et.al. reported a metalloporphyrin framework, MMPF-9 (Figure 3.28), which has
high copper (11) active sites due to the metalation of copper(ll) to the center of porphyrin
ligand during synthesis using free base porphyrin derivative and copper(ll) ion under

solvothermal method. The high metal active sites enhanced the catalytic activity for CO,
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fixation under room temperature condition with higher performance than the benchmark

MOF catalyst, HKUST-1. This points out that the metalated frameworks can improve the

catalytic application.”

b)

v

® / Room Temperature; 1 atm 3( ‘

Figure 3.28 (a) The MMPF-9 channel (C, gray; O, red; and Cu, blue; and H is omitted for the
clarity) (b) The proposed scheme for catalytic process of MMPF-9. The blue spherical shape

represented the copper(11) active site from both center of porphyrin unit and copper node.”’
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So et al. demonstrated the post-metalation process of magnesium(ll) to the porphyrin-
based MOF thin film, L2-MOF, which was fabricated by LbL method® (Figure 3.29). They
pointed out the advantage of LbL approach with post-metalation that the mild synthetic
condition of this method can preserve the weakly bound of Mg(ll) in the porphyrin center. In
contrast, the Mg(ll) in pre-metalated porphyrin cannot retain in the harsh synthetic condition
such as solvothermal process. This research provides the great chance to prepare the sensitive

material that cannot be obtained in the conventional process.

E = 3-APTMS = Zny*

bpy 3
TCPP#+
L2-MOF Mg-L2-MOF
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Figure 3.29 The porphyrin-based MOF thin film, L2-MOF with post-metalation process by

Mg(Il) ion. %
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Metal-organic coordination network thin film can facilitate the redox reaction due to
the better contact between electrolyte and metal ion moieties in the film.*® Thus, the
heterogeneous electrocatalyst can be achieved by thin film synthesis on surface. The variety
of metals can be applied to the porphyrin units, which provides the variation of catalytic

properties toward the reactions.

Hod et al. reported the Fe-porphyrin-based MOFs film as a heterogeneous catalyst for
CO; reduction (Figure 3.30). Due to the structural ordering in MOFs leading to the less
aggregation of catalytic species, the electrolyte and CO, reactant can efficiently access to the
catalytic sites in the framework of the film. Thus, the well-arranged structure in thin film is

needed to improve the catalytic performance for using as electrodcatalyst.”

Figure 3.30 The schematic representation of electrocatalytic CO, reduction by Fe-porphyrin-

based MOFs film.%
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3.4 Conclusion

In this chapter, the multilayer film formation of porphyrin-based coordination
networks on amine-functionalized surface has been promoted using surface-induced
assembly (SIA) method under room temperature synthesis. The stepwise growth with
homogeneous and smooth surface was confirmed by UV-Vis, XRR, AFM and XPS analysis.
GI-SAXS and XRR results indicated the periodic structure in in-plane (IP) direction with the
consistent mass density (ca.1.5 g/cm®) along the multilayer formation. We proposed that the
orientation of the porphyrin plane with a hexagonal packing model via single anchoring mode
was tilted approximately 60° with respect to the surface substrate. This result indicated that
SIA technique has a powerful capability to control the structural arrangement on the surface.
Furthermore, there are some different points between thin film and bulk synthesis such as the
remaining of reactive carboxylic moieties (-COOH) in the coordination networks, the
different metalation stages at porphyrin core and especially the structural dissimilarity. The
distinction in structural networks between thin film and bulk was probably due to the
dissimilarity in growth mechanisms or molecular arrangements during network formation
between film on the surface by SIA method and bulk in solution. Some of the phenomena
such as the partial distortion, shrinkage or reorientation of network on the surface and the
functionalized group on substrates might be considered to explain the discriminated
structures between bulk and film system. The exact reason for this difference is still needed to
have further study which may provide the valuable information for the material development

in future.
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General Conclusion and Future Prospects

4.1 General Conclusion

My study was conducted to achieve the research objectives. These are the conclusion,

achievement and prospect of this research.

1) The bulk of metal-organic coordination networks was successfully synthesized
through 5,10,15,20-tetrakis(4-carboxyphenyl)-porphyrin and cobalt (Il) ions. The single
crystal was not obtained from this bulk at room temperature synthesis. The bulk product
provided not only the crystalline phase but also the amorphous phase at this mild condition.
This may due to quick precipitation of bulk product. Furthermore, it was found that the cobalt
(11) ions can bind to porphyrin not only at the carboxylic acid group of porphyrin to generate
the coordination network, but cobalt (1) ions also metalate at the center of porphyrin core.
The finding results in bulk synthesis indicated that the metal-organic coordination networks
based on this system can be obtained even in room temperature condition which encouraged

the study of thin film preparation on the surface using the similar chemical precursors.

2.) Metal-organic coordination network thin films were effectively prepared
through 5,10,15,20-tetrakis(4-carboxyphenyl)-porphyrin and cobalt (Il) ions by surface-
induced assembly (SIA) method at room temperature synthesis. The surface modification of

solid substrate was prior prepared on the surface to act as platform for the growth of
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coordination structure on this surface. The multilayer thin films exhibited the stepwise
growth with compact packing and homogeneous surface morphology with low surface
roughness. The linear increase of thickness in multilayer film was controlled by the number
of layers. The mass density of film was almost constant throughout the multilayer formation
along with the existence of periodic structure in in-plane (IP) direction. These results
indicated a well-organized structure of film growth. The alignment of the porphyrin
macrocycle plane of the framework has been proposed as a hexagonal packed model using
single-anchor binding with tilting of approximately 60° relative to the surface substrate. This
result suggested that structural arrangement on the surface can be efficiently controlled by

SIA technique.

3) We found the dissimilar characteristics between thin film and bulk materials in
several points including the remaining of reactive moieties (-COOH) in the coordination
networks, the different metalation stage at the center of porphyrin core and the most
important point is the structural dissimilarity. This may due to the distinct growth
mechanisms or molecular arrangements during network formation between film on the
surface by SIA method and the bulk in solution. More complete reaction within the short time
in thin film synthesis represented the advantage of SIA technique to sequentially control the
assembly between cobalt (11) ions and porphyrin in step-by-step fashion. In contrast with bulk
system, the defect (unreacted -COOH part) was existed in the bulk product even in long time
synthesis process. Some of the phenomena such as the partial distortion, shrinkage or
reorientation of network on the surface and the functionalized moiety on substrates might be
considered to explain the discriminated structures between bulk and film system. The exact
reason for this difference is still needed to have further study which may provide the valuable

information for the development of surface science in future.
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4.) The finding in this research can contribute to the study of coordination
chemistry on the surface which may promote the understanding in solid state phenomena and

extend to prepare the variety of nanostructures for application in nanoscale devices.
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4.2 Future Prospects

From our thin film research, the results suggest that the role of surface and the SIA
process can provide the controlling of molecular arrangement for the coordination chemistry
on the surface. The future prospects are mentioned as following aspects:

1. Based on our results, the variety of coordination networks on the surface can be
anticipated using this SIA technique with other chemical components.

2. The different types of SAMs terminal group and the density of SAMs should be
investigated to understand the relationship between SAMs and structure of coordination
networks on the surface.

3. The retaining of non-metalated porphyrin center in thin film (even partial
metalation) provides the opportunity to extend the material application by the post-metalation
process, which can provide the accessibility of metal ion to the center of porphyrin ring after
the thin film preparation. The variety of metal ion species is highly possible for porphyrin
unit such as iron, cobalt, copper, zinc, nickel, etc. This advantage can promote the
tremendous applications such as sensing, catalyst due to the variation of metal properties.

4. The understanding of growth mechanism via interior growth phenomena is very
necessary and needed to develop the desirable properties of metal-organic coordination
network thin film.

The design of metal-organic coordination network thin film with controllable growth
manner is the key challenge that must be addressed to promote these solid state phenomena

for nanoscale device.
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Abstract of Subtheme Research

The creation of an artificial ion channel in material is still challenging issue. Prussian
blue (PB) is one of coordination polymer compound which shows the proton transport
property. The hybrid material of lipid bilayer and the prussian blue nanoparticle (PB NP) may
provide the proton transport channel through the PB NP. In this research, the preliminary
results suggested some evidences about the proton transport phenomena and the reversibility
of this phenomenon in the PB NP-embedded liposome. The observation was proceeded by
the phase-contrast microscopy with dye fluorescence. The pH adjustment between inside and
outside liposome was used to control the proton gradient. As the present results, it seems
difficult to exactly determine the proton transport phenomena by the present method. Thus,
more experiments are needed to be conducted for clarifying in this issue. This research opens
up the opportunity to discover the artificial material for controlling the proton transport

properties.

Keywords: Prussian Blue Nanoparticle (PB NP), Lipid Bilayer, Liposome, Proton transport
property
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