Preparation and properties of
nano—-structures fabricated from porphyrin

polymers with inorganic nano—materials

Department of Functional Molecular Scinece
School of Mathematical and Physical Science

The Graduate University for Advanced Studies

Hiroaki Ozawa

2007



Contents
Chapter 1.
1-1

1-2
1-3

Chapter 2.

2-1

2-2

2-3

2-4

2-5

2-6

2-7

Chapter 3.

3-1

32

3-3

General Introduction
Background

Molecular electronics
Thesis overview

References

Dendron protected porphyrin polymers
Introduction

Synthesis of dendron protected porphyrin
Polymers

Characterization of the dendron
protected porphyrin polymers

The effects of the dendron groups
Deposition of the dendron protected
porphyrin polymers using
Langmuir-Blodgett method

AFM images of the dendron protected
porphyrin polymers

Conclusion

Experimental

References

Preparation of one—-dimensional assembly

of gold nanoparticles chemically linked

to mw—conjugated porphyrin polymers
Introduction

Preparation of py—AuNPs assemblies
connected to porphyrin polymers
preparation of the pyridineethanethiol

capped gold nanoparticles

14
16

18
19

21

22

27

28

29

32

33
37

38
39
40

41



34

3-5

3-6
3-7

Chapter 4.

4-1
4-2

4-3

4-4

Chapter 5.

5-1
5-2

5-3

54

Characterizations of the pyridineethanethiol
capped gold nanoparticles

Characterization of py—AuNPs assemblies
connected to porphyrin polymers

AFM and SEM observations

Conclusion

Experimental

References

Electric properties of one—dimensional
assembly of gold nanoparticles chemically
linked to m—conjugated porphyrin polymers
Introduction

Preparation of py—AuNPs assemblies

connected to porphyrin polymers

between gold electrodes

Current—Voltage measurements and

photo response of py—AuNPs assemblies
connected to porphyrin polymer

Conclusion

Experimental

References

Synthesis of end—functionalized m-conjugated
porphyrin oligomers

Introduction

Synthesis of end-functionalized m-conjugated
porphyrin oligomers

Characterization of end—functionalized
mt-conjugated porphyrin oligomers

Conclusion

Experimental

42

45
49
54
55
o7

60
61

62

64
69
70
71

(¥

73

75

7

86
87



Chapter 6.

References

Thesis Summary
List of publications
List of presentations

Acknowledgement

94

98

99
100
103



Chapter 1. General Introduction

In this Chapter, the background and molecular electronics and the review

of this Thesis are described.




1-1. Background

The idea of molecular electronics comes from a theoretical proposal of
Aviram and Ratner in 1974, predicting that single molecules with a
donor—bridge—acceptor structure would have rectifying properties when
placed between two electrodes.' Their theoretical calculation results from
a study of molecule 1 (Figure 1-1), composed of a donor moiety tetrathia
fulvalene (TTF) connected by a triple methylene bridge to and acceptor
moiety, 7,7,8, 8—tetracyanoquino—dimethane (TCNQ), showed a rectification
of current should be possible. The rectification behavior can be explained
by the energy-level diagrams for the system (Figure 1-1).

At positive bias (Figure 1-1(b)), when the applied field become enough
for the cathode levels to overlap the acceptor LUMO (A) and for the anode
levels to overlap the HOMO (D), the passage of electron current begins with
the electron transfer from the cathode to the acceptor and from the donor
to the anode (these transfers are represented by “A” and “C” in Figure
1-1(b), respectively), and the internal tunneling process from the acceptor
LUMO (A) to the donor HOMO (D) (this transfer is represented by “B” 1in
Figure 1-1(b)). On the other hand, in reverse bias (Figure 1-1(c)), the
donor LUMO (D) would have to be lowered to the Fermi level of the metal
on the right and the Fermi level of the metal on the left would have to
be lowered below the acceptor HOMO (A) in order to occur electron transfer.
This allows an electron to tunnel from LUMO (D) to HOMO (A). Another
mechanism must be considered, in which the first step is an internal process
of tunneling from HOMO (D) to LUMO (A). Then, electron transfer can occur
from LUMO (A) to the metal and from the metal to HOMO (D).

However, the proposal was premature in that both the chemical synthesis
of such a rectifying molecule and the fabrication of such a device. With
recent developments in chemical synthesis and micro—fabrication, many of
these challenging experiments have been done. For example, Metzger et al.
realized the D-A rectification through Langmuir-Blodgett (LB) multi layers

and mono layers of hexadecylquinolinium trixyanoquinodimethanide in 1997. %



Instead of using LB films, Reed proposed conjugated oligomers with
precisely controlled length as molecular devices using self-assembly
techniques.

Mechanically controllable break junctions were originally used to study

conductance quantization.® In 1997, Reed et al. first applied these
technique to measure electronic transport through a single molecules.*
Using similar technique, Kergueris et al. employed a micro—fabricated break
junction to study transport through oligothiophene molecules.’ Zhou et al.
applied a vertical electrode method, ® first developed by Ralls et al.,” to
characterize molecular junctions. This technique realized direct and
robust metal-molecule contacts and allows for variable—temperature
measurements, leading to further understanding of metal—-SAM contact®? and
nonlinear molecular devices. "’
In the meantime, the discovery of the scanning tunneling microscopy (STM)
opened a new horizon for the study of molecular scale electronics. It allows
for imaging, probing, and manipulation of single molecules. '™ The first
demonstration of conduction through single molecule was made by Bumm et
al. who measured electron transport through individual molecules isolated
in an insulating alkanethiol matrix using STM.!? Dorogi et al. succeeded
in extracting the conductance of vinylene—-dithiol by measuring
current-voltage 1(V) characteristics with an STM tip placed above gold
cluster on a xylene—dithiol SAM covered gold surface.

In addition, the search for individual molecules with the ability to behave
as switches and memories has been performed.”’

Combination of molecular elements such as wires, switches, and memories
to created devices with more complex functionality are the logical next

step in further development of molecular electronics.
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Figure 1-1. (a) Energy-level diagrams of 1, the donor—acceptor systems,
between two metal electrodes, (b) under positive applied bias (c) under
reverse applied bias. ¢= Fermi energy, V = applied bias. Modified the

figure in ref. 15.



1-2. Molecular electronics

Molecular electronics involves the use of single molecules, small groups
of molecules, or carbon nanotubes in device—based structures, that can be
used as the fundamental units for electronics components such as wires,
switches, memories and gain elements. '™ From the broader definition, it
can be suggested that any device utilizing molecular properties is a
molecular electronic devices.

Molecular electronics is conceptually different from conventional solid

8 Tt allows chemical engineering of

state semiconductor electronics.'
organic molecules with their physical and electronic properties tailored
by synthetic methods, bringing a new dimension in design flexibility that
does not exist in typical inorganic electronic materials. It is well known
that semiconductor devices are fabricated from the “ top—down” approach
that employs a variety of sophisticated lithographic and etch techniques
to pattern a substrate. This approach has become increasingly challenging
as feature size decreases. In particular, at nanometer scale, the
electronic properties of semiconductor structures fabricated via
conventional 1ithographic processes are increasingly difficult to control.
In contrast, molecules are synthesized from the “bottom—up’ approach that
builds small structures from the atomic, molecular, or single device level.
It in principle allows a very precise positioning of collections of atoms
or molecules with specific functionalities. For example, one can
selectively add an oxygen atom to a molecule with a precision far greater
that an oxidation step in micro—fabrication using state of the art
lithography and etching. Chemical synthesis makes it possible to make large
quantities of nanometer size molecules with the same uniformity but at
significantly less cost, compared to other batch—fabrication processes
such as microlithography. One can envision that in assembling molecular
circuits, instead of building individual components on a chip one will
synthesize molecules with structures possessing desired electronic

configurations and attach/interconnect them into an electronic circuit



using surface attachment techniques like self-assembly. Self-assembly is
a phenomenon in which atoms, molecules, or groups of molecules arrange
themselves spontaneously into regular patterns and even relatively complex

systems without outside intervention.

Basic charge transport mechanisms of bulk organic materials

Electron transport in bulk organic materials can be characterized by the
macroscopic conductivity. Most conjugated polymer systems are electrically
non—conducting unless they are doped.

In the case of poly(p—phenylene) (Figure 1-2), when an electron is removed
from the system of its backbone (chemical oxidation), an unpaired electron
with spin 1/2 (a free radical) and a spinless positive charge (cation) are
created. The radical and cation are coupled to each other via a local bond
rearrangement, creating a polaron which appears in the band structures as
localized electronic states symmetrically located within the gap with the
lower energy states being occupied by a single unpaired electron. Further
oxidation creates dications in the polymer. An electron can be removed from
either the polaron or the remaining neutral portion of the chain. In the
former case, the free radical of the polaron is removed and a dication is
created comprised of two positive charges coupled through the lattice
distortion, creating a new spinless defect bipolaron. Removal of an
additional electron from a neutral portion of the chain would create two
polarons. Because the formation of a bipolaron produces a larger decrease
in ionization energy compared to the formation of two polarons, the former
process is thermodynamically favorable. These new empty bipolaron states
are also located symmetrically within the bandgap. Further doping creates
additional localized bipolaron states, which eventually overlap to form
continuous bipolaron bands at high enough doping levels.

In the case of conjugated polymers with degenerate ground state structures,
the situation is different. The initial oxidation of trans—polyacetylene
also creates polarons as discussed previously. When it is further oxidized,

since its ground state is twofold degenerate, the bonding configurations
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on either side of the charged defects only differ by a reversed orientation
of the conjugated system and are energetically equivalent resonance forms.
It in turn creates isolated, non—interacting charged defects that form
domain walls separating two phases of opposite orientation but identical
energy. Such defects are called solitons, which result in the creation of
new localized electronic states that appear in the middle of the energy
gap. As the doping level increases, these states can overlap to form soliton
bands.

It is now well accepted that in conducting polymer, transport occurs by
the movement of charge carriers between localized states or between soliton,
polaron, or bipolaron states. Conjugated polymers have a bulk conductivity
limited not by carrier mobility in a molecule but by inter chain hopping,
and, macroscopic conductivity measurements do not directly probe single
molecule properties. The mechanism of bulk conductivity involves
incoherent diffusive.

poly(p-Phenyene) polyacetylene
non-degenrerate ground state degenerate ground state

neutral chain

IR AN
polaron \—e'
bipolarons » < soltons
+
— NNV NV NN NN
Qib <Gi> {:D; ‘E% <Gi> {ii} Va4 . AV VAV AV
LUMO
:: — — — —
HOMO
neutral polaron bipolaron solitons soliton bands
chain

Figure 1-2. Neutral chain and oxidation of poly(p—phenylene) (left) and
polyacetylene (right) and the creation of polaron, bipolaron and solitons

states. (Modified the table in ref. 19)
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The mechanisms of electron transport in single or a little of
molecule

The possible conduction mechanisms in the single or a little of
molecule—metal junction are listed in Table 1-1, with their characteristic
behavior, temperature dependence, Voltage dependence and schematic
diagrams. '’ Five mechanisms are reported along with more classical process
for bulk materials.

Schottky emission 1is a process in which carriers overcome the
molecule/contact barrier by thermionic emission, whose current is a strong
function of temperature. The Schottky barrier usually arises from partial
charge transfer from one phase to another at an interface.

Frankel-Pool conduction is due to field—-enhanced thermal excitation of
trapped electrons into the conduction band, a process similar to Schottky
emission. A trap in this context is a “Coulombic” site whose potential
well depth varies in an electric field. The energy barriers for Frankel—-Pool
conduction are within the molecule rather than at the molecule/ contact
interface. Its current has the same temperature dependence as that of
Schottky emission, but with different voltage dependence.

Hopping conduction usually refers to the thermally activated electron
transfer that follows a classical Arrhenius relation, whose conductance
also depends strongly on temperature.

Fowler—Nordheim tunneling refers to an enhanced tunneling rate that occurs
in high electric fields, being also called “field emission. High means
that the applied voltage exceeds the barrier height and is well beyond the
linear voltage behavior implied by the Simmons relation.

Direct tunneling (classical or coherent tunneling) is based on the
probability of and electron transition through a barrier of some thickness
and height, and maintains the phase of the electron. The tunneling processes
(Fowler—Nordheim and direct) have not the temperature dependence but
strongly depend on distances of the single—molecule junction and applied

voltage.
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Table 1-1.

Conduction mechanisms?®
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1-3. Thesis overview

The overall objective of this thesis is to clarify the properties of
nano-structures fabricated from porphyrin polymers with inorganic
nano—materials. The studies in electric conduction of single molecules have
been performed extensively, and interesting phenomena were reported.
However, it is difficult to construct practical devices only by molecules
because they have relatively low conductance. Thus, we have attempted to
prepare nano—structures fabricated from organic molecules and conductive
nano—materials such as gold nano—particles or carbon nanotubes.

In Chapter 2, synthesis, characterization of dendron protected porphyrin
polymers and observation of the structures on various solid surfaces are
described. The porphyrin polymers are useful for construction of
nanostructures.

In Chapter 3, the preparation of 4-pyridineethanethiol capped gold
nano—particles and one—-dimensional assemblies of gold nanoparticles
chemically linked to porphyrin polymers are described.
4-Pyridineethanethiol capped AuNPs were connected to porphyrin polymer,
which were deposited on substrate surfaces. The assemblies were observed
by AFM and SEM to clarify the structures.

In Chapter 4, the one—dimensional assemblies of gold nanoparticles linked
to porphyrin polymers were made between nano—gapped electrodes, and then
electric properties were studied to show a photo—response of the devices.

In Chapter 5, the synthesis of end—functionalized porphyrin oligomers is
described. A series of porphyrin oligomers were end—functionalized by
1-[4-(S—acetylthiomethyl)phenyl]ethynyl groups or 2-pyrenylethynyl groups.
Spectroscopic studied of oligomers were performed, to clarify the effects
of the end—functional groups on the main m—conjugated electronic systems.
Porphyrin oligomers end—functionalized by thiol groups can be connected
to gold nanorods or nanoparticles, and those which end—functionalized by
pyrenyl groups can be adsorbed to the surface of carbon nanotubes

efficiently through m—m interactions.
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Chapter 6 will summarize the results and discussions.
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Chapter. 2 Dendron protected porphyrin polymers

In this chapter, dendron protected porphyrin polymers are described

H3CO\(P/OCH3 HSCO?OCHS

O o)

@) o)

OCHj OCHj

OCHs

H5CO OCHs  HsCO OCHg

HaCO OCHj

18



2-1. Introduction

nt—Conjugated porphyrin systems have been attracted much attentions as
potential materials because they have specific electronic and optical

® Particularly, one—dimensional porphyrin oligomers were

properties. !
interesting for optical and electric wires.” °® However, most of these
studies have been performed in solutions or for aggregates or for a large
number of molecules on solid states. I am interested in measuring the
conductance of single molecules wusing scanning probe microscopic
techniques. In order to realize it, it is necessary to synthesize long and
thick molecules, which is visible even on the rough surface and can be
deposited on solid surfaces without making aggregates.

Highly oriented pyrolytic graphite (HOPG) is suitable substrate for
molecular observation by AFM and STM. However, it is not suitable for
electric measurement in lateral direction because of its electric
conductance. Insulative substrate such as Si0,/Si or glass substrates are
suitable for electric or optical measurements. But these substrates have
roughness of ca. 1 nm. In order to observe individual molecules on such
rough surfaces, thick molecular wires are required whose diameter is more
than 2 nm.

Deposition of isolate porphyrin polymer on solid surfaces were difficult
because of the affinity between substrates and porphyrin polymers and
difference of surface—dried condition when sample preparation on solid
surfaces. It is necessary to deposit on solid surfaces without making
aggregates.

We report the synthesis of dendron protected porphyrin polymers whose
diameters are expected to be ca. 4.5 nm based on the MM calculation. To
deposit isolated porphyrin polymer on surfaces, we use Langmuir-Blodgett
(LB) techniques and modification of solid surfaces. The structures of
dendron protected porphyrin polymers on various substrates, which have

rough surface, are confirmed by AFM observations.
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Figure 2-1. The structure of dendron protected porphyrin polymer (left).

The optimized structure by MM calculation (right).
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2-2. Synthesis of dendron protected porphyrin polymers

Synthetic scheme of the dendron protected porphyrin polymers is shown in
Scheme 2-1.5, 15-Bis (4-methoxyphenyl) porphyrin (1) was synthesized by a
reported procedures. Bromination of 1 was performed by N-bromosuccinimide
(NBS) to give 2.%' Compound 3 was obtained by demethylation of 2 with BBr,. "
By introduction of zinc atom and dendron functionality, porphyrin 4 was
obtained. ™ Ethynyl groups were introduced by the Sonogashira coupling
to give 5,? whose trimethylsilyl groups (TMS) was removed by
tetrabutylammonium fluoride (TBAF) to afford the porphyrin monomer 6°.

Dendron protected porphyrin polymer 7 were prepared by the copper oxidative

coupling of the monomer 6.'?

OMe OMe OH Dendron
G2-Br
koCO3

NBS BBrs 18-Crown-Gether  ZN(CHaC00)2 2Hz0
—>» Br Br —>» Br Br — —» Br Br
CHCl3 CH,Clp THF CHCly
OMe OMe OH Dendron
1 2 3 4

Dendron Dendron

Pd(PPhg)s
Cul
(Et)sN
TMSacethylene
—» TMS—
THF

Cu(OAc),
-
Pyridine

Dendron Dendron Dendron

5 7
HgCO\(E/OCHa HBCO\?/OCH;; HSCO\@/OCHS HgCO\Q/OCHS
[0} (0] (0] (0]
HsCO o/©\ (@ o OCHs HsCO o/©\ (@ o OCHg
0. 0} [0} o
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Br o

6

8
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Scheme 2—-1. Synthetic scheme of the dendron protected porphyrin polymer.
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2-3. Characterization of the dendron protected porphyrin

polymers

2-3-1. Molecular weight analysis of the dendron protected
porphyrin polymers 7

The molecular weights of the porphyrin polymers were determined by matrix
assisted laser desorption/ionization time of flight mass spectroscopy
(MALDI-TOF-MS). The mass spectra of the polymers were shown in Figure 2-2.
From the mass spectra of monomer to 13 mer could be identified. However,
it was difficult to determine the molecular weights of the longer porphyrin
polymers more than 13 mer by MALDI-TOF-MS, because of both the limitation
of the instrumentation and the difficulty for ionization of these high

molecular weight species.
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Figure 2-2. MALDI-TOF-MS spectra of the porphyrin polymers.

9-Nitroanthracene was used as a matrix.
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Molecular weight distribution of the porphyrin polymers was analyzed by
the analytical GPC calibrated by standard polystyrenes (Figure 2-3).
Analytical GPC data clearly indicated the presence of porphyrin polymers
whose molecular weights are more than 500, 000 Dalton. The molecular weight
corresponded to about 200 units of the porphyrin, as calculated from the

molecular weight of one unit (2,536).
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The number of porphyrin units

Figure 2-3. Analytical GPC data of the porphyrin polymers. Molecular

weight was calibrated by standard polystyrene.
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2-3-2. 'H NMR spectrum of the dendron protected porphyrin polymers

'"H NMR spectrum of the dendron protected porphyrin polymer 7 taken in
dimethylformamide (DMF) at room temperature was shown in Figure 2-4. In
the spectrum, the broad peaks of B-protons (H' and H?) appeared at 9.98 and
9. 05 ppm. The broad peaks at 8.30 and 7.30 ppm were H® and H" protons of
the phenyl rings. Protons (H',H’, H’, H®, H, and H') of phenyl rings in
dendron appear between 7.06 and 6.20 ppm. The broad peaks of H®, H°, and H’
exhibited at b5.45, 5.20, and 5.09 ppm, respectively. The broad peaks of
protons H” of methoxy group are appears at 3. 78 ppm. The peaks corresponding
to the f-position of the terminal porphyrin units were not observed, because
the relative number of the B-protons is very smaller compared with the inner

P-protons.

H3CO\[;EJ/OCH3 H3co\[j:j/ocr|3

H3CO. i: TL\jI:;j:T/ fiiij\ /\\:;:/OCHs
(0} é 4 OCHgz
H1Z 12 3
H® O
B2
Dendron

T ' T T T T T T r r — T T '
10 8 6 4 ppm

Figure 2-4. 'H NMR spectrum of the dendron protected porphyrin polymers
in DMF.
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2-3-3. UV absorption and fluorescence spectra of dendron

protected porphyrin polymer

UV-Vis absorption spectra of the porphyrin polymers 7 and the monomer 5
were shown in Figure 2-5. The Soret and Q bands of the porphyrin polymers
exhibited at 466 nm and 805 nm, respectively. Compared with monomer 5, the
Soret band and Q band of porphyrin polymers were red shifted about 30 nm
and 160 nm. Absorption spectra of the porphyrin polymer 7 showed large
redshifts in both the Soret band and Q band compared with the monomer 5,

which indicated the high degree of conjugation in 7.

0.8L — Polymer |

................... Monomer

0.6
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0.4
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Figure 2-5. UV-Vis absorption spectra of the porphyrin polymers 7
(Soret band, A, = 495 nm; Q band, A, =805 nm) in DMF and the monomer
porphyrin 5 (Soret band, A, = 439; Q band, A,,, = 590, 642 nm) in DMF.
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The fluorescence spectrum of porphyrin polymer 7 was shown in Figure 2-6.
The spectrum was taken after excitation of a DMF solution at 465 nm. The

fluorescence peak of 7 was observed at ca. 841 nm.
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Figure 2-6. Fluorescence spectra of the porphyrin polymers in DMF (A

max

= 841 nm, excitation at 465 nm).
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2-4. The effects of the dendron groups

The effect of dendron groups on aggregation behavior was investigated by
comparing absorption spectra of dendron protected polymer 7 and non—dendron
protected 9 in solution. Molecule 9 was synthesized as described in the
literature. ' As shown in Figures 2-7 (a), spectrum of 7 in tetrahydrofuran
(THF) was very similar to that of 7 in CHCl,. But spectrum of 9 in THF was
not similar to that of 9 in CHC1, (Fig. 2-7 (b)). The difference can be
attributed to the fact that 9 associate with themselves more easily to form
aggregates. These results imply that stacking between porphyrin polymers

was prevented by the sterical protection of the dendron groups.

(a) (b)
[ :__-._.. [ [ [ 025 [ T T T T ]
0.20|- 7 in THF | 9 in THF
N 0.20 —
0.15 P\E e 7in CHCL | [ | e 9 in CHCL,
% A 0.15 -
< 0.10 ; 1 010 |
0051 -4 0.05 i
000L_ | = . . 0.00L__1 . |
400 600 800 1000 400 600 800 1000

Wavelength/ nm Wavelength/ nm

) ) O O
Figure 2-7. UV-Vis spectra of (a) Y\/ O \/ﬁ/

dendron  protected (7) and  (b)
non—dendron protected porphyrin
polymers (9). The structure of

non—protected porphyrin polymers 9.
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2-5. Deposition of the dendron protected porphyrin polymers using

Langmuir-Blodgett method.

Dendron protected porphyrin polymers were deposited on solid surfaces using
the Langmuir-Blodgett (LB) methods. This method can deposit homogeneously
the isolated porphyrin polymers on a solid surface. By adjusting barrier
pressure, it is possible to change density of porphyrin polymers on a

substrate. The procedure is shown in Figure 2-8.

Step. 1 Disperse porphyrin Step. 2 Deposit the porphyrin
polymers on water surface and then polymers on substrates.

increase the surface pressure.

3 mm/min
3 mm/min
1 mN/m |||'|
P j \/-

%
Figure 2-8. Scheme of the procedure for deposition of isolated porphyrin

LR

polymers on solid surfaces.
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2-6. AFM images of the dendron protected porphyrin polymers

2-6—-1. AFM imaged of dendron protected porphyrin polymer on HOPG

surface.

The porphyrin polymers were dispersed on HOPG surface using the LB method.
An AFM image of the porphyrin polymer was shown in Figure 2-9 (a). The height
histogram (Figure 2-9 (b)) was obtained from the line profiles of the image
to show the average as 1.0 = 0.3 nm, which smaller than that obtained by
the MM calculation (4.5 nm). The possible reason is strong m—m interaction
between the porphyrin polymer and aromatic HOPG, or hydrophobic interaction

of the dendron groups with the hydrophobic HOPG.

(b)
I I I
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Figure 2-9. AFM image of dendron protected porphyrin polymer on HOPG surface
(a) and this histogram (b).
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2-6-2. AFM images of the dendron protected porphyrin polymers

on thermally oxidized silicon wafer surface.

The porphyrin polymers formed network structures on a Si0,/Si wafer surface
(Figure 2-10 (a)). The height histogram (Figure 2-10 (b)) showed that the
average height of the porphyrin polymers was 4.3 = 0.8 nm, which was
consistent with the height obtained by MM calculation. From the AFM image,
you can see that porphyrin polymers on the Si0, were shrunken and curl up,
probably because hydrophobic porphyrin polymer molecules have little
affinity with hydrophilic Si0O, surface, which has hydroxyl groups.

(b)

Frequency

oSO N~ OO O O
I

0 2 4 6 8
Height/ nm

Figure 2-10. AFM image of dendron protected porphyrin polymers on thermally

oxidized silicon wafer surface (a) and this histogram (b).
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2-6-3. AFM images of the dendron protected porphyrin polymers

on modified glass surface.

Glass 1is a convenient substrate for both electronic and optical
measurements because it is electrically insulating and transparent to
visible light. However, untreated glass surfaces are hydrophilic, and
hydrophobic porphyrin polymers cannot be dispersed homogeneously on such
surfaces. In order to make the glass surfaces hydrophobic, they were treated
with N-phenyl-3—aminopropyltrimethoxysilane (Figure 2-11 (c)).

The porphyrin polymers on modified glass formed network structures and
the histogram (Figure 2-11 (a) and (b)) were indicated that height was 3.1
+ 0.4 nm. The structures were shrink a little. This side of HOPG, modified

glass and dendron porphyrin polymers exhibit stronger adaptation than that

on Si0, surface.
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glass substrate

structure of modified glass surface (c).
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2-7. Conclusion

Dendron protected porphyrin polymers with more than 50 nm in length were
synthesized. By sterical protection of the dendron groups, porphyrin
polymer chains were prevented to aggregation in solution and observed
easily using AFM on various substrates, which has rough surface such as
Si0,/Si and modified glass substrates. From AFM measurements, the average
heights of porphyrin polymers on HOPG, Si0,/Si and modified glass surface
were 1.0 +0.3nm, 4.3 +0.8nmand 3.1 +0.4 nm, respectively. These results
implied that porphyrin polymers might be isolated on surfaces. The
measurements of conductance in the single polymer using SPM techniques are

in progress.
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Experimental

Instrumentation

UV-Vis absorption spectra were recorded with a Shimadzu UV=3150 double—beam
spectrophotometer and fluorescence spectra were recorded with a JASCO
FP-6600 spectrometer. Analytical gel permeation chromatography (GPC) data
were recorded on a JASCO MD-2015 plus and column was applied Shodex GPC
KF-805L. THF was the mobile phase and the flow rate was 1 ml/min. NMR spectra
were recorded on a JEOL JNM-LA400 spectrometers and chemical shifts were
reported in the delta scale relative to internal standard of TMS (5= 0. 00).
Matrix assisted laser desorption ionization time of flight mass
spectrometry (MALDI-TOF-MS) was performed on an Applied Biosystems Voyager
DE-STR spectrometer with 2—aminopyridine and dithranol as the matrices.
Depositions of wires on substrates were performed with a Langmuir-Blodget
film system Nihon Laser, NL-LB 400. Atomic force microscopic (AFM)
observation was performed with a JEOL JSPM-4210. All images were collected
in tapping mode in air with silicon cantilever (Mikromasch, silicon

cantilevers NSC35/AIBS/50).

Materials

Dendron molecule 8 was synthesized according to literatures.'>!"

[5, 15-Dibromo-10, 20-bis ((4-dendron) phenyl) porphyrinato]zinc (I
1) (4)

5, 15-dibromo—10, 20-bis— (4-hydroxyphenyl) porphyrin (3) (900 mg, 1.38
mmol), G2-Br (8) (4.62 g, 3.40 mmol), K,CO, (3 g, 21.7 mmol) and
18—crown—6—ether (800 mg, 3.03 mmol) was dissolved in 150 ml of THF.
Chloroform (400 ml) was added in the reaction solution, which was washed
several times by water (300 m1). The organic layer was filtered by a column
of alumina to remove the crown ether. The solvent was evaporated off, and
the residue was dissolved in 100 ml of CHCl,, in which Zn(CH,C00),2H,0 (3

g ,13.7 mmol) was added and stirred for 12 hours. The solution was washed
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several times with water (300 ml), and the organic layer was roughly
purified by passing a column of alumina using chloroform as the eluent.
The product was isolated as purple solid by passing an open column of GPC
(2.67 g, 73.2 %).

'H NMR (400 MHz, CDC1,): 9.61 (d, J =5 Hz, 4H, B-position of the porphyrin
ring), 8.87 (d, J =5 Hz, 4H, B-position of the porphyrin ring), 7.96 (d,
J = 8 Hz, 4H, Ph), 7.28 (d, J = 8 Hz, 4H, Ph), 6.8076.00 (m, 42H,
dendrimer-ArH), 5.27 (s, 4H, CH,), 5.01 (s, 8H, CH,), 4.89 (s, 16H, CH,),
3.60 (s, 96H, OCH,). MALDI-TOF-HRMS (m/z): M’ calcd for C,H,;,Br,N,0,7Zn,
2644.6735; found, 2644.6793. UV-Vis (CHCI,) :A,, = 430, 564, 606 nm. IR
(KBr) : 2928, 2837, 1597, 1155 cm'.

[6, 15-bis—((4-dendron)phenyl)-10, 20-bis—(trimethylsilylethyny
1) porphyrinato]zinc (II) (5)

Compound 4 (460 mg, 174 umol), Cul (4 mg, 21.1 umol), Pd(PPh,), (21 mg, 18.2
umol), 1 ml of Et,N and 0.3 ml of trimethylsilylacetylene were dissolved
in 10 ml of THF, which was refluxed for 24 hours. The reaction solution
was washed several times by water (200 ml). The organic layer was dried
and evaporated. The product was purified by passing through a silica gel
chromatography (CHCl,: hexane= 5: 5) to give a dark green solid (321 mg,
68. 8%) .

'H NMR (400 MHz, CDC1,): 9.65 (d, J =5 Hz, 4H, B~ position of the porphyrin
ring), 8.89 (d, J=5 Hz, 4H, B~ position of the porphyrin ring), 8.02 (d,
J = 8 Hz, 4H, Ph), 7.23 (d, J = 8 Hz, 4H, Ph), 6.8576.15 (m, 42H,
dendrimer—-ArH), 5.30 (s, 4H, CH,), 5.08 (s, 8H, CH,), 4.92 (s, 16H, CH,),
3.62 (s, 96H, OCH,), 0.59 (s, 18H, (CH,),Si). MALDI-TOF-HRMS (m/z): M calcd
for C,sH,:N,0,,S1,7Zn, 2680.9316; found, 2680.9349. UV-Vis (CHCI,) : A, = 439,
577, 636 nm. IR (KBr): 2930, 2837, 2138, 1597, 1156 cm .

[6, 15-diethynyl-10, 20-bis-((4-dendron) phenyl) porphyrinato]

zinc (II) (6)
Compound 5 (100 mg, 37 umol) and THF solutions of tetrabutylammonium
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fluoride (IM, 0.1 mmol, 0.1 ml) were dissolved in 50 ml of CHCIl, and the
mixture solution was stirred for 5 min. The solvent was evaporated and the
residue was purified by passing through a silica gel chromatography (CHCI,:
AcOEt= 9: 1) to give green solid (90 mg, 94.8 %).

'H NMR (CDC1,): 9.67 (d, J=5 Hz, 4H, B-position of the porphyrin ring),
8.90 (d, J =5 Hz, 4H, P-position of the porphyrin ring), 8.01 (d, J =8
Hz, 4H, Ph), 7.29 (d, 4H, Ph), 6.8476.12 (m, 42H, dendrimer-ArH), 5.31(s,
4H, CH,), 5.08 (s, 8H, CH,), 4.91 (s, 16H, CH,), 4.15 (s, 2H, CCH), 3.61 (s,
96H, OCH,). MALDI-TOF-HRMS (m/z) : M" calcd for C,;H,4N,05Zn, 2536.8525; found,
2536. 8455. UV-Vis (CHC1,) : A,,, = 433, 575, 625 nm. IR (KBr) : 3276, 2927, 2838,
2095, 1596, 1155 cm .

Porphyrin polymer 7

To the pyridine solution (1 ml) of compound 6 (12mg, 4.7 umol), Cu(OAc),
(10 mg, 55 umol) was added, which was stirred for 12 hours. To the solution
water (50 ml) was added, the precipitate was filtrated, which was washed
with water and methanol. The precipitate was dissolved in DMF and then
filtrated to remove insoluble solids. The solvent was evaporated to dryness
and the solid was washed by methanol, to give black green solid (9 mg).
Analytical GPC should that the molecular weight distributed from 4 x 10°
to 4 x 10°, centered at 4 x 10* dalton.

'H NMR (400 MHz, DMF): 9.98 (m, B-position of the porphyrin ring), 9.05 (m,
B-position of the porphyrin ring), 8.30 (m, Ph), 7.30 (m, Ph), 7.06°6. 20,
(m, dendron), 5.45 (m, CH,), 5.20 (m, CH,), 5.09 (m, CH,), 3.78 (m, OCH,).
UV-Vis (DMF) : A, =467, 587, 805 nm. Fluorescence (DMF, A, = 460 nm) A, 841

nm.

Surface treatment of glass

Cover glass (MATSUNAMI, micro cover glass, 18 x 18 mm, thickness No. 1
0.12-0.17 mm) was treated with (N-phenyl-3—-aminopropyltrimethoxysilane
(98 %, Shin—Etsu Silicone Co.) to prepare a hydrophilic glass surface as

follows; N-phenyl-3—-aminopropyltrimethoxysilane (0.5 ml) was dissolved in
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40 ml of 5 % acetic acid aqueous solution, and stirred for 5 min. Cover
glasses were soaked in the solution for 15 min, followed by washing with

water, acetone and ethanol, and were dried with nitrogen gas.
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Chapter 3. Preparation of One—-Dimensional Assembly of Gold
Nanoparticles Chemically linked to m—Conjugated Porphyrin

Polymers

In this chapter, preparation of one-dimensional assembly of gold
nanoparticles chemically Linked to m-conjugated porphyrin polymers are

des

Ozawa, H.; Kawao, M. ; Tanaka, H.; Ogawa, T., Synthesis of Dendron Protected
Porphyrin Wires and Preparation of a One-Dimensional Assembly of Gold
Nanoparticles Chemically Linked to the m—Conjugated Wires. Langmuir, in

press.
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3-1. Introduction

Metal nanoparticles have attracted considerable recent interest as
materials due to their characteristic optical and electronic properties. '™
The electrical properties of assembled gold nanoparticles (AuNPs) are
strongly influenced by the dimensionality of the structures.® In particular,
one—dimensional structures have gathered a great deal of attention due to
their potential for applications in areas such as sensors; catalysis;
medical diagnostics; and electric and optical devices. '™ These assemblies
have been prepared in various ways, the most straightforward method being
the use of dimensional templates. These templates include copolymers,
modified carbon nanotubes and DNA. %" However, AuNPs were physically
adsorbed on these templates. We are interested in the physical properties
of assemblies in which AuNPs are chemically bonded to their templates.

Here we report the preparation of a one—dimensional array of AulNPs
chemically linked to m—conjugated systems (Figure 1). Porphyrin polymers
with dendron groups were used as templates, to increase the solubility of
the long polymer molecules, and to enlarge the diameter of the molecular
chains for easy observation by AFM. AuNPs were capped with
4-pyridineethanethiol (py—AuNPs), whose pyridinyl moiety could bind
chemically to zinc atoms of the porphyrin units. After porphyrin polymers
were deposited by the Langmuir—-Blodgett (LB) method on substrates, they
were soaked in a solution of the py—AulNPs. This procedure was expected to
form one—dimensional arrays of AuNPs on the conjugated porphyrin polymers.

These assemblies were observed by atomic force microscopy (AFM) and
scanning electron microscopy (SEM). Spectroscopic studies of the
assemblies were performed to study the interactions between the AuNPs and

the m-conjugated porphyrin system.
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3-2. Preparation of one-dimensional assembly of gold
nanoparticles chemically Linked to m—conjugated porphyrin

polymers

3-2-1. Preparation of assemblies of porphyrin polymer with
py—AuNPs

Assemblies of py—AuNPs on porphyrin polymer were prepared by the procedure
shown in Figure 3-1. Porphyrin polymers were dispersed on the substrate

surfaces by using LB method, which showed network structures of the polymer

Binding of the AuNPs to porphyrin polymer on the substrates

»~*w= Porphyrin polymer

- Pyridine modified AuNPs

molecules as observed by AFM. These substrates were immersed in the py—AulNPs
solution (10 mg/ml, methanol) for 2 min, and were rinsed by methanol.

Figure 3-1. Procedure of assemblies of AuNPs on porphyrin polymer.
Porphyrin polymer was dispersed on the substrates modified glass or silicon

wafer by LB method.

3-2-2. Materials
Synthesis of dendron protected porphyrin polymers and modification of glass

substrates were described in chapter 2. Non—doped naturally oxidized

silicon wafers (silicon substrate) were used without this treatment.
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3-3. Preparation of the pyridineethanethiol capped gold

nanoparticles

Syntheses of pyridineethanethiol capped gold nanoparticles (py—AuNPs) were
performed by ligand exchange methods® (Scheme 3-1). Firstly, alkanethiol
capped gold nanoparticles were prepared by modification of a reported
method. * Py—AuNPs were prepared by ligand exchange of t—dodeAuNPs with
4-pyridineethanethiol in toluene.®' As the ligand exchange progressed, the
solubility of AuNPs in toluene gradually decreased and precipitates
appeared. Py—AuNPs were characterized by 'H NMR, UV-Vis and IR spectra,

elemental analysis and TEM.

Ligand exchange

N
s
S .. . I(i‘ $ )(\/\/\/\/
S, s 4-pyridineethanethiol i Sy iy S
- s —> O SO
dé\“k\_\_ Toluene, r.t. 1day P s -
/\/\/\/\?( ]
& 21
N

Scheme 3-1. The ligand exchange procedure.
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3-4. Characterizations of the pyridineethanethiol capped gold

nanoparticles

3-4-1. Fourier Transform Infrared (FT-IR) absorption spectra of

pyridineethanethiol capped gold nanoparticles

FT-IR absorption spectrum of py—AuNPs was shown in Figure 3-2. Ring
stretching of six—membered ring present characteristic peak. The IR spectra
of py—AuNPs exhibited 1601 cm' peak, which could be assigned as the ring
stretching of the pyridine ring. t—Dodecanethiol capped gold nanoparticles

did not exhibit 1601 cm' peak, which derived from pyridine ring.

110

100 et b -

© opr 90

80

Wavenumber [cm-1]

1601 cm ' peak

Figure 3-2. FT-IR absorption spectra of py—AulNPs.
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of pyridineethanethiol capped gold

3-4-2. 'H NMR spectra

nanoparticles

'H N\MR spectra of py-AuNPs in CDCl, (Figure 3-3) taken at room temperature.
In this spectrum of py—AulNPs, broad peaks derived from protons of pyridine

ring appear at 7.1 and 8.4 ppm. This result implies that the surface of

AuNPs was coated by 4-pyridineethanethiol.
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Figure 3-3. 'H NMR spectra of py-AuNPs in CDCl, at room temperature.

3-4-3. Elemental analysis of pyridineethanethiol capped gold

nanoparticles

Elemental analyses of py—AuNPs were carried. The atomic ratio of sulfur
to nitrogen was estimated to be 1.32 from the elemental analysis.

assume only t—dodecanethiol and pyridineethanethiol are present as the

molecular in AuNPs, the molar

organic
pyridneethanethiol/t-dodecanethiol is ca 3. 1.

Found: C, 7.22; H, 0.95; N, 0.94; S, 2.84%.
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3-4-4. Transmission electron microscopy observation of

pyridineethanethiol capped gold nanoparticles

Core diameter of AuNPs was determined by TEM observations. TEM grids were
covered by collodion. From the TEM images (Figure 3-4), core diameter of
AuNPs were determined to be 2.7 + 0.8 nm. Compared with t—dodecanethiol

capped AuNPs, Core diameter of py—-AuNPs didn’ t changed after ligand

exchange method.

Figure 3-4. TEM images of py—AuNPs.
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3-5. Characterization of py—AuNPs assemblies connected to

porphyrin polymers.

3-5-1. UV-Vis absorption spectra of py—-AuNPs assemblies

connected to porphyrin polymers

UV-Vis spectra of the assemblies in solution and on the glass substrate
were measured (Figure 3-5 and 3-6). When t—dodecaneAuNPs was added to the
porphyrin polymers solution, the Soret and Q bands in the assembly did not
shifted. When py—AulNPs was added, the Soret and Q band were broad ended.
The Soret band of the porphyrin polymers on the solid surface (Figure 3-6),
A

polymers in solution (Figure 3-5, A

= 495 nm) appeared at longer wavelength than that of the porphyrin

max

= 463 nm). The redshift of porphyrin

max

1.0 I ' I ' | ' n

0.8+ L —_— 7 + py—-AulNPs —
— . — .- 7 + t—dodeAuNPs

0.6

=
< 04

0.2

.
.
N

0.0k ' - ' l
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Wavelength/ nm
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Figure 3-5. UV-Vis absorption spectra of porphyrin polymers (dashed
= 463 nm; Q band, A__ = 769 nm), a mixture of

= 450 nm;

line, Soret band, A

max max

porphyrin polymers and py—AuNPs (solid line, Soret band, A
Q band, A
(dashed dotted line, Soret band, A
CHCI,.

max

=790 nm) and a mixture of porphyrin polymers and t—dodeAuNPs
= 463 nm; Q band, A_. = 770 nm) in

max

max max
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polymers on the solid surface is probably due to the adoption of more ordered
planar conformations, with small torsional disorder. "

Additionally, UV-Vis spectra of the Soret band of porphyrin
polymers/py—AuNPs assemblies red-shifted about 5 nm in comparison with that
of porphyrin polymers. This redshift could attribute to the extension of
resonance between the pyridine molecules with the porphyrin units. *"%
However, this effect was not so significant due to the small number of AulNPs

attached to the porphyrin polymers.

1.0F 7 ' ' ' . E—
7 + py—AuNPs
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Figure 3-6. UV-Vis absorption spectra of py—AuNPs assemblies on the

porphyrin polymers 7 (solid line, Soret band, A_. = 498 nm; Q band, A

max max

= nm) and the porphyrin polymers 7 (Soret band, A_. = 495 nm; Q band,

max

A = nm) on the modified glass substrates.

max
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3-5-2. Fluorescence spectra of py—AuNPs assemblies connected to

porphyrin polymers

Emission and excitation spectra of the porphyrin polymers, py—AulNPs, and
the assemblies were shown in Figure 3-7 and 3-8, respectively. The peak
of porphyrin polymers 7 (Figure 3-7, Solid line) in CHCl, was 780 nm.
Py—AuNPs assemblies with porphyrin polymers 7 exhibit a peak (767 nm, Figure
3-7, broken line), which differ from that of porphyrin polymers 7 and
py—AuNPs. These results imply two hypotheses. 1) Py—AuNPs interacts with
porphyrin polymers and this interaction creates new electronic state. 2)
The spectral change of py—-AuNPs assemblies connected with porphyrin
polymers 7 compared to that of porphyrin and py—AuNPs is probably due to
the change conformations, with small torsional disorder. These data confirm
the binding of nanoparticles to the porphyrin polymers to influence of AuNPs

on Jr—systems.

3000 I T T N
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2000+
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0 = 1

600 650 700 750 800 850 900
Wavelength/ nm

Figure 3-7. Fluorescence spectra of porphyrin polymers 7 (solid line,
M., = 780 nm), py-AuNPs (dotted line) and py—AuNPs assemblies connected
to the porphyrin polymers 7 (broken line, A, = 767 nm) in CHCI,

max

(excitation at 460 nm).
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Figure 3-8. Excitation spectra of porphyrin polymers 7 (solid line),

py—AuNPs (dotted line), and py-AuNPs assemblies connected to the
porphyrin polymers 7 (broken line) in CHCl, (observation at 760 nm).
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3-6. AFM and SEM observations.

3-6—-1. AFM observations of assemblies on modified glass surface.

Figure 3-9(a) shows AFM images of the porphyrin polymers on modified glass
surface, and that after the treatment with py—AuNPs (Figure 3-9(b)). The
AFM observations showed similar topographic pattern in both samples,
however, the height of porphyrin polymers treated with the py—AuNPs (5.3
+ 0.5 nm, Figure 3-9(d)) was ca. 2.5 nm higher than that of the non—treated
porphyrin polymer (2.8 = 0.5 nm, Figure 3-9(c)). The height difference was
almost consistent with the diameter of the core of AuNPs (2.7 = 0.8 nm).
This result strongly supported that the py—AuNPs was connected to the

porphyrin polymer molecules on the surface.
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Figure 3-9. AFM images of (a) porphyrin polymers on modified glass surface
and (b) py—AuNPs assemblies connected to the porphyrin polymers 7 on modified
glass surface. Histograms of (c) the height of the porphyrin polymer (2.8
+ 0.5 nm) and (d) the height of the py-AuNPs assemblies connected to the
porphyrin polymers 7 (5.3 = 0.5 nm).
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3-6—2. AFM and SEM observations of assemblies on silicon surface.

Figure 3-10 (a) and (b) shows AFM image of porphyrin polymers on silicon
surface and that after the treatment with py—AuNPs. The structures and the
heights of porphyrin polymer were similar to that of the porphyrin polymer
on modified glass surface. On the silicon surface also, the height
difference (ca. 2.3 nm) between the height of the polymer after the py—AuNPs
treatment (5.4 = 0.7 nm, Figure 3-10(d)) and that before the treatment (3.1
+ 0.5 nm, Figure 3-10(c)), was in good agreement with the diameter of the
AuNPs.

Shown in Figure 3-11(a) are representative SEM images of the assembly on
silicon surface. Since the individual AuNPs could be confirmed by SEM, the
average center—to—center distances between adjacent AulNPs could be
determined as about 5 nm (Figure 3-11(b)). It has been reported that for
the close packed AuNPs protected by n—dodecanethiol, the average gap (1.3
nm) between each AuNPs is substantially less than twice of the thickness
of the alkylthiol (2.4 nm); alkylthiols attached to adjacent AuNPs
interpenetrate in the region between AulNPs.* In the present assemblies the
average gap was ca. 2.3 nm (b — 2.7 nm) that was significantly more than
sum of the thickness of t-dodecanethiol (2 x 1.0 =2.0 nm). This observation
shows that the assemblies are not the closed packed structure. The most
probable structure is that the pyridine nitrogen of py—AuNPs coordinate
to zinc atom of every form porphyrin units of the porphyrin polymer, since
the distance between the zinc atoms of the neighboring porphyrin units is
ca. 1.3 nm and four times of it (4 x 1.3 nm = 5.2 nm) well match with the

observed center—to—center distance between adjacent AuNPs.
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Figure 3-10. AFM images of (a) porphyrin polymers on silicon surface and

(b) py—AuNPs assemblies connected to the porphyrin polymers 7 on modified
glass surface. Histograms of (c) the height of the porphyrin polymers (3.1
+ 0.5 nm) and (d) the height of the py—AuNPs assemblies connected to the

porphyrin polymers 7 (5.4 = 0.7 nm).
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Figure 3-11. (a) SEM images of py—AuNPs assemblies connected to the

porphyrin polymer 7 on silicon substrates. (b) Distances between AuNPs

on porphyrin polymers measured by SEM (4.7 + 0.6 nm).
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Conclusion

One—-dimensional assemblies can be fabricated by the binding of py—AulNPs
onto conjugated porphyrin polymers. The structures of assemblies were
observed by AFM and SEM on glass or silicon surfaces. Distances between
AuNPs were about 5 nm and each AuNPs connected to every four porphyrin units.
Spectroscopic studies of the assemblies of py—AuNPs with porphyrin polymers
showed the presence of electronic interaction between these two moieties.

Nano—scale conductance measurements of the assemblies are in progress.
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Experimental section

Synthesis of pyridineethanethiol—-capped gold nanoparticles
t-Dodecanethiol-modified AuNPs  (t-dodeAuNPs) were prepared by
modification of a reported method.?® The pyridineethanethiol—capped AuNPs
(py—AuNPs) were synthesized by ligand exchange methods.? To a t—dodeAuNP
(10 mg) solution in 10 ml of toluene, 4-pyridineethanethiol (10 mg, 0.72
umol) was added with stirring for 1 day. The reaction solution was
centrifuged (1450xg, 30 min) and the supernatant was removed. The residue
was dissolved in MeOH and centrifuged (1450xg, 30 min) again. The
precipitate was removed and the solvent was evaporated. The solid was washed
three times with toluene and dried to give the product as a black powder
(8 mg).

Elem. Anal. Found: C, 7.22; H, 0.95; N, 0.94; S, 2.84 %. IR (KBr) v (cm"):
2956, 2927, 1637, 1601, 1116, 803, 620 cm'. The TEM image (Figure S3) showed
the average diameter of py—AuNPs to be 2.7 = 0.8 nm.

Surface treatment of glass and silicon substrate

Cover glass (MATSUNAMI, micro cover glass, 18 x 18 mm, thickness No. 1
0.12-0.17 mm) was treated with (N-phenyl-3-aminopropyltrimethoxysilane
(98 %, Shin—Etsu Silicone Co.) to prepare a hydrophilic glass surface as
follows; N-phenyl-3—-aminopropyltrimethoxysilane (0.5 ml) was dissolved in
40 ml of 5 % acetic acid aqueous solution, and stirred for 5 min. Cover
glasses were soaked in the solution for 15 min, followed by washing with
water, acetone and ethanol, and were dried with nitrogen gas.

Non—doped naturally oxidized silicon substrates were washed with acetone

and isopropanol, and dried by nitrogen gas.

Deposition of porphyrin polymers
Porphyrin polymers were deposited on the substrates by LB method. Porphyrin
polymers with more than 100,000 Dalton (about 40 mer) were collected by

analytical GPC instrumentation. They were dissolved in DMF/chloroform (1

S5



/ 1), and diluted with the same solvent to adjust the absorbance about 0. 1
at 461 nm. The droplets of the solution were spread on the water surface
of the LB trough. After leaving undisturbed for 10 min, barrier was moved
to compress at 3 mm/ min, while the dipper with the substrates was vertically
moved up at 3 mm/ min and interface pressure was kept at 1 mN/m. Substrates

deposited with the porphyrin wires were dried in air.

Assembly of py—AuNPs on porphyrin polymers
The substrates deposited with porphyrin polymer were soaked in methanol
solution of py—AuNPs (0.5 mg/ml) for 5 min, which were washed with methanol

and dried with nitrogen gas.
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Chapter. 4 Electric properties of one—-dimensional assembly of
gold nanoparticles chemically linked to m—conjugated porphyrin

polymers

In this chapter, Photo-response behavior of AuNPs/porphyrin polymers

composite device with nano—gapped electrodes is described.

Ogawa, T.; Ozawa, H.; Kawao, M.; Tanaka, H.,Photo-response behavior of Au
nano—particle/porphyrin polymer composite device with nano—gapped

electrodes. J. Mat. Sci., in press.
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4-1. Introduction

Electrical conductance of individual molecules has attracted considerable
attention, in both the fundamental sciences and as the basis for potential
practical applications in molecular nano—electronics. Recently, efficient
electron transport for small molecule is known to perform by the usual
tunneling mechanisms. "% However, theoretical predictions show that longer
range conduction is possible by resonant tunneling mechanisms. Actual clear
observations of conduction has not yet been reported for large moelcules.®
Consequently, at present, the use of conductive nano—materials such as
metal nano—particles, metal nano—rods, and carbon nanotubes as carrier
transport materials together with molecules as functional parts is the most
practical choice for realization of molecular nano—electronics. In
previous reports, we have demonstrated that by using a simple combination
of carbon nano—tubes with porphyrin molecules, a molecular—scale rectifier
can be realized as confirmed by PCI-AFM (point contact current imaging
atomic force microscopy).?" In chapter 4, we have shown that AuNPs/organic
molecule composites are very useful materials for nano—scale electronics. ®*
In this report, we attempt to demonstrate that quasi—-one—dimensional
assemblies of AuNPs on porphyrin polymers show characteristic electrical

properties as measured using nano—gap electrodes.
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4-2. Preparation of py—AuNPs assemblies connected to porphyrin

polymers between gold electrodes

In this experiment, dendron protected porphyrin polymers and
4-pyridineethaenthiol capped AuNPs were used (Figure 4-1). By using Gel
permeation chromatography, porphyrin polymers can be bridged between
electrodes collected. The distribution of porphyrin polymers is from 40
to 230 mer (50 ~ 300 nm in length). Py—AuNPs were synthesized by the reported
method in chapter 3.

The AuNPs/porphyrin polymer composite devices were prepared by
modification of method in chapter 3. The preparation procedure of Au
NPs/porphyrin polymer composite device with nano—gapped electrodes is
shown in Figure 4-2. 1) Porphyrin polymers were trapped between nano—gap
electrodes and 2) py—AuNPs were connected to porphyrin polymers. It is well
known that one dimensional nano structures such as organic polymers, carbon
nanotubes, and inorganic nanowires can be aligned between electrodes by
applying the alternating potential between them, which is used to trap these
nano materials.'®! The porphyrin polymers were trapped between the gold
nano—gap electrodes by applying an alternating potential (1 MHz, 1 Vp—p)
in the presence of a droplet of dimethylformamide (DMF) solution of the
polymer for about 1 hour. The device of only porphyrin polymers was soaked
in a solution of py—AuNPs (0. 1 mg/ml) for 1 h followed by washing and drying

with organic solvents.

62



H300\<P/OCH3 Hac:o\gj/ocm3
o] o

0 o}
HaCO™ 5 “OCH; HaCO™ 3 “OCH;

N\
e N
/N

S

|

S

\ s
R
N S s
—
N\ S e/ N
O
/_/—/—/—>r -
/
S

\
S
| \
S /
\
N / PE
N
N

Figure 4-1. the structures of dendron protected porphyrin polymers and

pyridineethanethiol capped AuNPs.
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Step 1. Molecules Trapping

The porphyrin polymers were trapped
between the gold nano—gap
electrodes by applying an

alternating potential (1 MHz, 1
Vp—p) in the presence of a droplet
St ep 1 of dimethylformamide (DMF)
solution of the polymer for about 1

hour.

Step 2. Py—AuNPs connecting
Step 2 The device was then soaked in a
solution of py—Au nano—particles
for 1 h followed by washing and

drying with organic solvents.

Figure 4-2. Preparation procedure of AuNPs/porphyrin polymers composite

device with nano—gapped electrodes
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4-3. Current-Voltage measurements and photo response of py—AuNPs

assemblies connected to porphyrin polymers

4-3-1. I-V characterization of AuNPs/porphyrin polymers

composite device

The I-V curves of a representative device were measured at room temperature
at a pressure of 10 Pa, and the results are shown in Figure 4-3. Prior
to the deposition of the polymers, SEM images were shown in Figure 4-4 (a)
and, almost no current was observed (Fig. 4-3, dotted lines). After the
deposition, using the alternating potential method, sigmoidal I-V curves
with 20 nA at 1 V were obtained (Figure 4-3, broken lines). The device was
then soaked in a solution of py—AuNPs for 1 h, and after washing and drying,
the -V curves were measured, as shown in Fig. 4-3 (solid lines). The results
indicate that by adding the Au nanoparticles to the device, the conductance

increased. The SEM image of

the device (Figure 4-4,

(b)) shows the presence of “or _

aggregates of Au
. 20 ]
nanoparticles around the pad
Prd
nano—gap, based on the fact <« Prad
5 0 el 1
that pure organic molecules 5 =T
. 4 -
do not have such high P
_20 - - —
Y
contrast as the  Au ”

--------- Before deposition
— — Porphyrin wires only
—— Porphyrin wire with Au nanoparticles

nano—particles in SEM
-40x10°°

images. It is likely that

oo | ] |
the pyrldlnyl part of the Au 1.0 05 0.0 05 1.0

nano—particles formed a Voltage /V

coordination bond with the Figure 4-3. I-V curve measured at room

7n atom of the porphyrin temperature for the gap electrodes as—cleaned

unit in the polymer. (dotted lines), after deposition of porphyrin
polymers (broken lines), and for the device

treated with py—AuNPs (solid lines).
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(a)

50kV  X55000 100nm WD 8.5mm

(b)

Figure 4-4. (a) Scanning electron microscope (SEM) image of the gold
nano—gap electrodes prior to the deposition of the porphyrin polymers.
(b) SEM image of the electrodes after deposition of the porphyrin polymers
followed by incorporation of py—AuNPs.
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4-3-2. Photo-response behavior of Au nano-particle/porphyrin

polymer composite device

An interesting finding was that the nano—gap device with porphyrin polymers
adsorbed by Au nano—particles showed photo—response characteristics, as
shown in Figure 4-5. Photo—response was not observed prior to the deposition
of the Au nano—particles. The possibility of thermal effects due to
irradiation could be excluded by the fact that the device with only the
porphyrin polymer did not show any photo—response (Figure 4-5(a). A
possible mechanism involves photo—electron transfer from the porphyrin
units to the Au nano—particles or vice versa. Porphyrin units were

photo—chemically doped by the electron transfer to increase conductivity.
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Figure 4-5. Photo—response behavior of the device. (a) Porphyrin polymers.

(b) Porphyrin polymers with Py—AuNPs. The light source was a metal halide

lamp; room temperature; ambient conditions.

68



5—4. Conclusion

Electrodes with a gap size size of 15~ 80 nm could be bridged by porphyrin
molecular wires with 50 =~ 300 nm length. The porphyrin units could be
coordinated with Au nano—particles having pyridinyl moiety. The device with
both the porphyrin and Au nano—particles showed photo—response
characteristics while those without the Au nano—particles showed no
response. The finding indicates the good potential for developing
nano—materials composed of both organic and inorganic composites for highly

functional devices.
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Experimental

Nano—gap electrodes

Gold electrodes with a gap of 15 =~ 80 nm were fabricated on silicon wafers
with a Si0, insulating layer; the scanning electron microscopic (SEM) image
of the electrode is shown in Figure 4-4(a). Details of these electrodes

have been reported previously. ™

Apparatus

The molecules were trapped between the nano—gap electrodes by applying
alternating potentials between the electrodes using a function generator
(NF Co., Wave Factory). The electrical properties of the devices were
measured with a high vacuum low temperature four prober instrumentation
(Nagase Electric Instrumentation Co.) at 10 10° Pa, equipped with a
multi—electric source / meter (Advantest, R6246). SEM images were taken
with a JEOL JSM-6700F instrument. Gel permeation chromatography was
performed using the JASCO MD-2015 plus apparatus with three columns of
Shodex GPC KF-805L serially connected.
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Chapter 5. Synthesis of end-functionalized m-conjugated

porphyrin oligomers

In this chapter, synthesis and characterization of end-functionalized

mt-conjugated porphyrin oligomer are described.

Ozawa, H.; Kawao, M. ; Tanaka, H. ; Ogawa, T., Synthesis of end—functionalized

n-conjugated porphyrin oligomers. Tetrahedron 62, 4749 (2006).
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5-1. Introduction

Molecular electronics is a fascinating area of fundamental research with
the potential for many future applications.'™ In recent years, studies on
the conductance of single or small numbers of molecules were reported with
intriguing results, exhibiting such interesting properties as switching, >°
the Coulomb—blockade phenomenon, "® field—effect transistor’ '® and the Kondo
effect.” As an extension of these studies, the fabrication of larger
nanostructures constructed from organic molecules as the functional
moieties and conductive nanomaterials as the electron transport portion
has been recognized as an important issue for future nano—devices (Figure
5-1). Various linear m-conjugated porphyrin polymers which linked neighbor

le, 14

porphyrin units by meso—meso'® or diethynyl lin were reported. These

polymers are of great interest by their electronic properties for

applications to molecular wires because of small HOMO-LUMO energy gap. '

15,16 7 18,19

Metal nanoparticles, metal nanorods,' and carbon nanotubes are
promising candidates for conductive nano—materials. In order to construct

such nanocomposites made from conductive materials and organic molecules,

..'

Connecting part

Molecule

Figure 5-1. Schematic diagram of nanostructures consisting of

end-functionalized oligomers and conductive materials.
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functional groups are required to couple these moieties together. Mercapto
or S—acetylthio groups are known to be good coupling groups to metals,
and aromatic hydrocarbons such as pyrene are known to adsorb to the surface
of carbon nanotubes efficiently through m—m interactions. *! For the purpose

7% ysing a series of porphyrin

of constructing such nanocomposites
oligomers as the organic portion, we synthesized a series of
end—functionalized m-conjugated porphyrin oligomers. One series (la—g)
contains 1-[4-(S-acetylthiomethyl) phenylJ]ethynyl groups and another series
(2a—g) bears 2-pyrenylethynyl groups at the end of the molecules.
Systematic spectroscopic studies of this series of oligomers were performed

to study their electronic properties, especially to clarify the effects

of the end—functional groups on the main m—conjugated electronic systems.
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5-2. Synthesis of end-functionalized =m-conjugated porphyrin

oligomers

5-2-1. Syntheses

End-functionalized porphyrin oligomers la—g and 2a—g were synthesized by
the synthetic route shown in Scheme 5-1. Functional alkynes 4 or 5 were
used as the capping molecules. The oxidative coupling reaction of compound
3 and these capping molecules via copper catalysis gave a series of
oligomers. The porphyrin—containing products were first purified by gel
permeation chromatography (GPC) and further isolated by recycling high
performance liquid chromatography GPC (HPLC-GPC). The purities of these

Cu(OAc)y, pyridine
rt.

Cu(OACc),, pyridine
rt

(CeH1a)sSIT—= =Si(CeH13)3

Scheme 5-1. Synthesis of efff®fifictionalized porphyrin oligomers 4d@—g)
2a—g) and structures of silicon functionalized porphyrin oligomers

(6a—f) and meso—meso linked porphyrin oligomers (7a-g).
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oligomers were confirmed by 'H NMR, MALDI-TOF-MS, and analytical GPC.
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5-2-1. Control of product distribution

The distribution of oligomers could be controlled by changing the ratio
of compound 3 to the capping molecules (4 or 5), as depicted in Figure 5-2.
When the compound ratio of 3 to 4 was 1:2 (Entry 1), the main product was
monomer. When the ratio was 5:2 (Entry 2), the major products ranged from
tetramer to hexamer. When the ratio was 10:1 (Entry 3), the distribution

peak of oligomers centered on a decamer.

50 |_l LI T T IEIr]‘tI‘I},1 T
............... EHtI‘Y2 s
) 40 | = === EHtI‘Y?) 4
- /
< /
S 30r ,
% /
E 20 B /
/
10 — J/
[ ' 11 L L 1 1 1 L I 11 1 l__—H
0 876 5 4 3 2 876 5 4 3 2 876 5
100 10 |

The number of porphyrin units
Figure 5-2. Analytical GPC data of porphyrin oligomers prepared by changing

the compound ratio of 3 to 4. The compound ratios of 3 to 4 were 1:2, 5:2,

and 10:1 for Entries 1, 2 and 3, respectively.
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5-3. Characterization of end-functionalized m-conjugated

porphyrin oligomers

b-3-1. Molecular weight analysis of end-functionalized

mw-conjugated porphyrin oligomers

The molecular weight were strictly determined by matrix—assisted laser
desorption ionization time of flight mass spectroscopy from monomer to
heptamer and the data are shown Figure 5-3 (a) and (b). As another method,
molecular weights were determined by HPLC-GPC. Calibrations were used
polystyrene standard. From these results, each oligomer was separated and

was pure.
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Figure 5-3. (a) MALDI-TOF-MS spectra of oligomer (1a-g).
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Figure 5-3. (b) MALDI-TOF-MS spectra of oligomer (2a-g).
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5-3-2. UV absorption and fluorescence spectra

UV-s absorption spectra of end—functionalized porphyrin oligomers 1a—g and
2a—g in THF are shown in Figures 5-5 (a) and 5-5 (b), respectively, and
the peak wavelengths A, are tabulated in Table 1. The Soret peaks of the
porphyrin oligomers were gradually red-shifted as the size of the oligomer
increased. The Q bands were also red-shifted and intensified with
increasing porphyrin units, indicating a high degree of conjugation. The
Soret and Q band absorption maxima were dependent on the end—functional
groups. Oligomers 2a—-g with pyrene end groups showed longer wavelength
absorption compared to the corresponding oligomers la—-g with
4-(S—acetylthiomethyl)phenyl groups. The absorption coefficients of these
oligomers became larger with the increasing number of porphyrin units. The
absorption coefficients increased with a linear relationship to the number

of porphyrin units with the exception of the monomer.
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Figure 5-5. (a) UV-Vis spectra of acetylthiomethylbenzene—capped

porphyrin oligomers la-—g.
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Figure 5-5. (b) UV-Vis spectra of pyrene—capped porphyrin oligomers 2a—g

measured in THF.

Fluorescence data of these oligomers are also depicted in Table 5-1. These
emission spectra show no dependency on excitation wavelength and the
excitation spectra were coincident with the absorption spectra, which
confirms that these emissions are not from any impurities. From the
absorption and emission data, HOMO-LUMO energy gaps FE, were estimated. The
values of E, are plotted against the reciprocal of the number of porphyrin
units (1/N) in Figure 5-6. These plots are linear, with no sign of saturation.
The I, value for 1a obtained from absorption data (1.88 ¢eV) is 0.03 eV larger
than that for 2a (1.85 eV), which is reasonably explained by the differences
in the degree of resonance of the capping moieties. The Eg(A/: ) values
obtained from the intercepts for a series of 1 and 2 were coincident to
be 1.57 eV from the absorption data and 1.48 eV from the emission data.
This means that might be though the optical properties of the monomer were
highly influenced by the capping molecules, the effect decreased with an

increasing number of porphyrin units. Therefore, we may conclude that the
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optical properties of long oligomers were minimally influenced by the
end—capping moieties. The reported Eg(A7= ) obtained from the emission
of a series of 6 was 1.34 eV, which is significantly lower than the values
obtained for 1 and 2." This can be attributed to a difference in the
measurement conditions. Because of the low solubility of 6, a small amount
of pyridine was added to the solution. Most likely, the pyridine molecules
coordinated to the zinc metal of each porphyrin unit, lowering the E, values

by the extended resonance.

In spite of such a condition, E, values of
non—functionalized porphyrin monomer 6a was weak than that of
end-functionalized porphyrin monomer la and 2a. However, the effect
decreased with an increasing number of porphyrin units. It can be measure
properties of porphyrin polymer without thinking of effect capping

molecules expect for short oligomer such as monomer and dimer.

Table 5-1. The absorption A, (in THF), emission A4,, (in THF), and

fluorescence quantum yield of porphyrin oligomers la—g and 2a-—g.

Porphyrin  Absorption Emission® &’
oligomer Ay, /nm Amax/nM

la 455, 661 674 0.09
1b 462,493, 583,677, 750 0.10

725

1c 463, 583, 744 780 0.07
1d 463,584,752 792 0.08
le 463, 585, 758 800 0.07
1f 463, 585, 764 804 0.07
1g 463, 585, 768 808 0.07
2a 467,671 688 0.09
2b 468, 583, 685, 730 758 0.12
2c 468, 584, 747 782 0.09
2d 469, 584,756 796 0.09
2e 469, 584, 762 802 0.07
2f 469, 584, 766 806 0.07
2g 469, 583, 769 808 0.07

* Emission spectra were taken for excitation at Soret band.

® Tetraphenylporphyrin in benzene (TPP, &, =0.11) was used as a standard.®
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Figure 5-6. Plot of optical band gap energy [, against the reciprocal
of the number of porphyrin units 1/N for (®) la—g (absorption), (M)
2a—g (absorption), (O) la—-g (emission), (O) 2a—-g (emission) (A)

6a—f with pyridine (emission).®

The relative fluorescence quantum vyields were determined wusing
tetraphenylporphyrin (H,TPP) as the standard (@, =0.11).* The quantum yield
of the monomers (la and 2a) was 0.09, and this decreased gradually with
the increase in the number of porphyrin units (Table 5-1 and Figure 5-7).
The results shown are in sharp contrast with a report for meso—meso linked
porphyrin oligomers 7.'#%"*® In the latter compounds, the quantum yield of
the fluorescence for the monomer was 0. 022 and increased as the number of
porphyrin units increased in the arrays. This phenomenon is attributed to
the increase of the rotational diffusion time by the anisotropic elongation
of the molecules. As the rotational diffusion time increased, the natural
radiative lifetime decreased, and consequently the fluorescence quantum
yield increased. The reason for the difference between 7 and 1 or 2 is not
clear at present, but the degree of conjugation between porphyrin moieties

may be responsible.
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5—4. Conclusion

We report the preparation and isolation of a series of end—functionalized
porphyrin oligomers by a simple coupling reaction. The distribution of
oligomers can be controlled by the ratio of porphyrin derivative to capping
molecules. UV-Vis absorption and fluorescence spectra of the monomers were
affected by the capping groups, however the effect decreased as the number
of porphyrin units increased. The fluorescence quantum yield decreased as
the number of porphyrin units increased, which showed a sharp contrast with
a series of meso—meso coupled porphyrin oligomers. Construction of
nanostructures consisting of these end—functionalized molecules and metal

particles or carbon nanotubes is now in progress.
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Experimental

Compounds 3, > 4! and 5** were prepared according to published literature
procedures. All solvents and reagents were commercial reagent grade and
were used without further purification except where noted. 'H NMR spectra
were recorded on a JEOL JNM-LA400 spectrometer and chemical shifts were
reported in the delta scale relative to an internal standard of TMS (8 =
0.00). Spectroscopic grade tetrahydrofuran (THF) and benzene were used as
solvents for all spectroscopic measurements. UV-vis absorption spectra
were recorded on a Shimadzu UV-3150 spectrophotometer. Fluorescence
measurements were carried out with a JASCO FP-6600 spectrometer. Infrared
spectra were obtained on a JASCO FT/IR-460plus. All MALDI-TOF-MS spectra
were obtained wusing an Applied Biosystem Voyager DE-STR with
9-nitroanthracene and dithranol as the matrices. Analytical gel permeation
chromatography (GPC) was carried out using Shimadzu LC-6A equipped with
a diode array detector (MD-2015, JASCO) and two serially connected GPC
KF-804L columns. THF was used as the eluent and the flow rate in all
experiments was 1.0 mL/min. Recycling preparative GPC-HPLC was carried out
on JAI LC-908 using serially connected preparative scale JAIGEL-2.5H, 3H
and 4H columns. Preliminary separation of the oligomers was performed by
open column chromatography-GPC using Bio—Beads S—X1 (BioRad) and THF as
the eluent.

Preparation and isolation of 4-(S—acetylthiomethyl)phenyl
functionalized porphyrin oligomers

In a round-bottomed flask, compounds 3 (52 mg, 57 umol), 4 (11 mg, 57 umol)
and Cu(0OAc), (31 mg, 170 umol) were dissolved in 5 ml of pyridine and the
mixture was stirred at room temperature for 12 hours. Water was added to
the reaction and the resulting precipitate was filtered and washed with
methanol. The precipitate was dissolved in THF and passed through an open
column chromatograph using Bio—Beads S-X1 (BioRad) to obtain a mixture of

the products containing porphyrin oligomers. These oligomers were further
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isolated by recycling GPC-HPLC to give la (b mg, 6%), 1b (19 mg, 31%),
lc (8 mg, 14%), 1d (6 mg, 10%), le (5 mg, 8%), 1f (3 mg, 5%), 1lg (1
mg, 2%), and larger oligomers (6 mg). The purity of each homologue was
checked by the following analyses. The 'H NMR spectrum of each sample showed
consistent integrations for all the resonances, and no evidence of
impurities was observed. With the MALDI-TOF-MS spectra, no other homologues
were detected for each isolated product. We conducted analytical GPC
analyses of each product with simultaneous measurements of the absorption
spectra using a diode array detector. All the isolated oligomers showed
a single peak clearly distinguishable from other oligomers by its retention

time and absorption spectrum.

Control of product distribution by changing the ratio of 3 to
4 (Entry 1)

In a round-bottomed flask, 3 (52 mg, 57 umol), 4 (225 mg, 118 umol) and
Cu(0Ac), (30 mg, 167 umol) were dissolved in 5 mL of pyridine and the mixture
was stirred at room temperature for 12 hours. Water was added to the reaction
and the resulting precipitate was filtered and washed with methanol. The
precipitate was dissolved in THF and passed through an open column
chromatograph using Bio—Beads S-X1 (BioRad) to obtain a mixture of the
products containing porphyrin oligomers (55 mg). The distribution of the

products was determined by analytical GPC of the mixture.

Control of product distribution by changing the ratio of 3 to
4 (Entry 2)

In a round-bottomed flask, 3 (51 mg, 55 umol), 4 (4 mg, 21 umol) and Cu(0OAc),
(30 mg, 170 umol) were dissolved in 5 mL of pyridine and the mixture was
stirred at room temperature for 12 hours. Water was added to the reaction
and the resulting precipitate was filtered and washed with methanol. The
precipitate was dissolved in THF and passed through an open column
chromatograph using Bio—Beads S-X1 (BioRad) to obtain a mixture of the

products containing porphyrin oligomers (42 mg). The distribution of the
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products was determined by analytical GPC of the mixture.

Control of product distribution by changing the ratio of 3 to
4 (Entry 3)

In a round-bottomed flask, 3 (51 mg, 56 umol), a THF solution of 4 (52 uL
solution of 10 mg/mL concentration, 2.8 umol) and Cu(0Ac), (30 mg, 167 umol)
were dissolved in 5 mL of pyridine and the mixture was stirred at room
temperature for 12 hours. Water was added to the reaction and the resulting
precipitate was filtered and washed with methanol. The precipitate was
dissolved in THF and passed through an open column chromatograph using
Bio—Beads S—X1 (BioRad) to obtain a mixture of the products containing
porphyrin oligomers (36 mg). The distribution of the products was

determined by analytical GPC of the mixture.

Preparation and isolation of pyrenyl functionalized porphyrin
oligomers

In a round-bottomed flask, 3 (51 mg, 56 umol), 5 (13 mg, 56 umol) and Cu(0Ac),
(30 mg, 167 umol) were dissolved in 5 mL of pyridine and the mixture was
stirred at room temperature for 12 hours. Water was added to the reaction
and the resulting precipitate was filtered, washed with methanol, and
roughly purified by open column chromatography—GPC. The oligomers were
isolated by a recycling GPC-HPLC to give 2a (13 mg, 18%), 2b (14 mg, 23%),
2¢ (10 mg, 16%), 2d (7 mg, 12%), 2e (4 mg, 6%), 2f (3 mg, 6%), 2g (2
mg, 4%), and larger oligomers (4 mg).

Compound la. 'HNMR (400 MHz, d,—THF) 6 9.57 (d, J =5 Hz, 4H, B-pyrrole),
8.96 (d, J =5 Hz, 4H, P-pyrrole), 7.65 (d, J = 8.3 Hz, 4H, Ar), 7.40 (d,
J =8.3Hz, 4H, Ar), 7.32 (d, J =2 Hz, 4H, Ar), 6.95 (t, J =2 Hz, 2H,
Ar), 4.21 (t, J=7Hz, 8H, OCH,), 4.18 (s, 4H, SCH,Ph), 2.34 (s, 6H, C(0)CH,],
1.92 (sext, J =7 Hz, 84, CH,), 1.77 (m, J =7 Hz, 4H, CH), 1.00 (d, J =
7 Hz, 24H, CH,). HRMS (MALDI-TOF) calcd for CH,N,0,S,Zn 1292. 4492, found
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1292. 4489. UV-vis (THF) A, (loge) 455 (5.56), 661 (4.84) nm. Fluorescence
(THF, A, =455 nm) A, 674 nm. IR (KBr) 2952, 2930, 2868, 2132, 2195, 1588,
1163 cm .

Compound 1b. 'HNMR (400 MHz, dy-THF) 6 9.87 (d, J=5 Hz, 4H, B-pyrrole),
9.60 (d, J=5 Hz, 4H, B-pyrrole), 9.06 (d, J =5 Hz, 4H, B-pyrrole), 9.00
(d, J=5Hz, 4H, B-pyrrole), 7.67 (d, J = 8 Hz, 4H, Ar), 7.41 (d, J =8
Hz, 4H, Ar), 7.38 (d, J =2 Hz, 8H, Ar), 6.97 (t, J =2 Hz, 4H, Ar), 4.24
(t, J=6.6Hz, 16H, OCH,), 4.18 (s, 4H, SCH,Ph), 2.34 (s, 6H, C(0)CH,), 1.92
(sext, J = 6.6 Hz, 16H, CHy), 1.77 (m, J = 6.6 Hz, 8H, CH), 1.01 (d, J =
6.6 Hz, 48H, CH,). HRMS (MALDI-TOF) calcd for C,,H,;Ns0,,S,Zn, 2206. 8241,
found 2206. 8234. UV-vis (THF) A, (loge) 462 (5.50), 493 (4.95), 583 (4.19),
677 (4.82), 725 (4.75) nm. Fluorescence (THF, A, = 462 nm) A, 752 nm. IR
(KBr) 2954, 2927, 2869, 2130, 2194, 1589, 1163 cm.

Compound lc. 'HNMR (400 MHz, dg-THF) 6 9.88 (m, 8H, B-pyrrole), 9.60 (d,
J =5 Hz, 4H, B-pyrrole), 9.08 (m, 8H, B-pyrrole), 9.00 (d, J =5 Hz, 4H,
B-pyrrole), 7.67 (d, J =8 Hz, 4H, Ar), 7.41 (d, 4H, Ar), 7.38 (m, 12H,
AY), 6.97 (m, 6H, Ar), 4.24 (m, 24H, OCH), 4.19 (s, 4H, SCH,Ph), 2.35 (s,
6H, C(0)CH,), 1.92 (m, 24H, CH,), 1.77 (m, 12H, CH), 1.02 (m, 72H, CH,). HRMS
(MALDI-TOF) calcd for C,gH,eN,,0,,S,Zn, 3121. 1991, found 3121.2266. UV-vis
(THF) A, (loge) 463 (5.56), 583 (4.29), 744 (5.03) nm. Fluorescence (THF,
Ao, = 463 nm) A, 786 nm. IR (KBr) 2954, 2927, 2868, 2129, 2162, 1590, 1156

cm .

Compound 1d. 'H NMR (400 MHz, dg-THF) & 9.88 (m, 12H, B-pyrrole), 9.60
(d, J=5Hz, 4H, B-pyrrole), 9.08 (m, 12H, B-pyrrole), 9.00 (d, J =5 Hz,
4H, B-pyrrole), 7.67 (d, J = 8 Hz, 4H, Ar), 7.41 (d, 4H, Ar), 7.38°7.44
(m, 16H, Ar), 6.97 (m, 8H, Ar), 4.24 (m, 32H, OCH,), 4.19 (s, 4H, SCH,Ph),
2.35 (s, 6H, C(O)CH,], 1.92 (m, 32H, CH,), 1.77 (m, 16H, CH), 1.02 (m, 96H,
CH,). MS (MALDI-TOF) caled for CyueHysoN,e0,s8,Zn, 4041. 7, found 4041.5. UV-vis
(THF) A, (loge) 463 (5.70), 584 (4.43), 752 (5.24) nm. Fluorescence (THF,
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Ao, = 463 nm) A, 800 nm. IR (KBr) 2953, 2927, 2869, 2128, 2162, 1588, 1163

cm .

Compound le. 'H NMR (400 MHz, dg-THF) & 9.88 (m, 16H, B-pyrrole), 9.60
(d, J=5Hz, 4H, B-pyrrole), 9.08 (m, 16H, B-pyrrole), 9.00 (d, J =5 Hz,
4H, B-pyrrole), 7.67 (d, J = 8 Hz, 4H, Ar), 7.41 (d, 4H, Ar), 7.38°7.44
(m, 20H, Ar), 6.97 (m, 10H, Ar), 4.24 (m, 40H, OCH,), 4.19 (s, 4H, SCH,Ph),
2.35 (s, 6H, C(0)CH,), 1.92 (m, 40H, CH,), 1.77 (m, 20H, CH), 1.02 (m, 120H,
CH,). MS (MALDI-TOF) calcd for Cy,HyeNy0s,S,7n, 4964, found 4960. UV-vis (THF)
A, (loge) 463 (5.88), 585 (4.63), 758 (5.46) nm. Fluorescence (THF, A
=463 nm) A, 814 nm. IR (KBr) 2953, 2926, 2868, 2128, 2162, 1588, 1162 cm.

Compound 1f. 'H NMR (400 MHz, dg-THF) & 9.88 (m, 20H, B-pyrrole), 9.60
(d, J=5Hz, 4H, B-pyrrole), 9.08 (m, 20H, B-pyrrole), 9.00 (d, J =5 Hz,
4H, B-pyrrole), 7.67 (d, J= 8 Hz, 4H, Ar), 7.41 (d, 4H, Ar), 7.38°7.44
(m, 24H, Ar), 6.97 (m, 12H, Ar), 4.24 (m, 48H, OCH,), 4.19 (s, 4H, SCH,Ph),
2.35 (s, 6H, C(0)CH,), 1.92 (m, 48H, CH,), 1.77 (m, 24H, CH), 1.02 (m, 144H,
CH,). MS (MALDI-TOF) calcd for CysgyeN,,056S,7n, 5881, found 5876. UV-vis (THF)
A, (loge) 463 (5.97), 585 (4.81), 764 (5.56) nm. Fluorescence (THF, A
=463 nm) A, 816 nm. IR (KBr) 2954, 2926, 2868, 2126, 2162, 1588, 1163 cm.

Compound 1g. 'H NMR (400 MHz, dg-THF) & 9.88 (m, 24H, B-pyrrole), 9.60
(d, J=5Hz, 4H, B-pyrrole), 9.08 (m, 24H, B-pyrrole), 9.00 (d, J =5 Hz,
4H, B-pyrrole), 7.67 (d, J = 8 Hz, 4H, Ar), 7.41 (d, 4H, Ar), 7.38°7.44
(m, 28H, Ar), 6.97 (m, 14H, Ar), 4.24 (m, 56H, OCH,), 4.19 (s, 4H, SCH,Ph),
2.35 (s, 6H, C(0)CH,), 1.92 (m, 56H, CH,), 1.77 (m, 28H, CH), 1.02 (m, 168H,
CH,). MS (MALDI-TOF) calcd for C,,H,,,Ny05,S,7n, 6799, found 6792. UV-vis (THF)
A, (loge) 463 (6.01), 585 (4.72), 768 (5.61) nm. Fluorescence (THF, A
= 463 nm) A, 816 nm. IR (KBr) 2953, 2927, 2869, 2121, 2166, 1588, 1162 cm.

Compound 2a. 'HNMR (400 MHz, dg-THF) 6 9.57 (d, J =5 Hz, 4H, B-pyrrole),
9.02 (d, J=5Hz, 4H, B-pyrrole), 8.83 (d, J=9 Hz, 2H, pyrene), 8.42-8.05
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(16H, m, pyrene), 7.38 (d, J =2 Hz, 4H, Ar), 6.98 (t, J=2 Hz, 20, Ar),
4.23 (t, J =7 Hz, 8H, OCH,), 1.94 (sext, J =7 Hz, 8H, CH,), 1.79 (m, J
= 7 Hz, 4H, CH), 1.01 (d, J= 7 Hz, 24H, CH,). HRMS (MALDI-TOF) calcd for
CooH,eN,0,Zn 1364. 5152, found 1364.5150. UV-vis (THF) A, (loge) 467 (5.47),
671 (4.88) nm. Fluorescence (THF, A = 467 nm) A, 688 nm. IR (KBr) 2952,
2927, 2870, 2127, 2184, 1587, 1163 cm .

Compound 2b. 'HNMR (400 MHz, dg-THF) 6 9.88 (d, J =5 Hz, 4H, B-pyrrole),
9.72 (d, J=5 Hz, 4H, B-pyrrole), 9.08 (d, J =5 Hz, 4H, B-pyrrole), 9.05
(d, J =5 Hz, 4H, B-pyrrole), 8.86 (d, J =9 Hz, 2H, pyrene), 8.44-8.06
(m, 16H, pyrene), 7.40 (d, J =2 Hz, 8H, Ar), 6.99 (t, J = 2 Hz, 4H, Ar),
4.25 (t, J =17 Hz, 16H, OCH,), 1.94 (sext, J = 7 Hz, 16H, CH,), 1.80 (m,
J=7THz, 8H, CH), 1.02 (d, J=7 Hz, 48H, CH,). HRMS (MALDI-TOF) calcd for
C,4sH,5:Ns04Zn, 2278. 8902, found 2278. 8881. UV-vis (THF) A, (loge) 468 (5.42),
580 (4.18), 685 (4.86), 730 (4.79) nm. Fluorescence (THF, A, = 468 nm) A,
758 nm. IR (KBr) 2953, 2927, 2869, 2127, 2184, 1588, 1164 cm'.

Compound 2c. 'HNMR (400 MHz, dg-THF) 6 9.91 (m, 8H, B-pyrrole), 9.73 (d,
J =5 Hz, 4H, B-pyrrole), 9.10 (m, 8H, B-pyrrole), 9.05 (d, J =5 Hz, 4H,
B-—pyrrole), 8.86 (d, J = 9 Hz, 2H, pyrene), 8.44-8.00 (16H, m, pyrene),
7.42 (m, 12H, Ar), 6.99 (m, 6H, Ar), 4.25 (m, 24H, OCH,), 1.96 (m, 24H, CH,),
1.82 (m, 12H, CH), 1.03 (m, 72H, CH;). HRMS (MALDI-TOF) calecd for
CooiN,,0,7n, 3193. 2651, found 3193. 2678. WW-vis (THF) A (loge) 468 (5.56),
584 (4.35), 747 (5.07) nm. Fluorescence (THF, A, = 468 nm) A, 782 nm. IR
(KBr) 2954, 2928, 2868, 2125, 2167, 1587, 1162 cm'.

Compound 2d. 'H NMR (400 MHz, dy-THF) & 9.91 (m, 12H, B-pyrrole), 9.73
(d, J=5Hz, 4H, B-pyrrole), 9.10 (m, 12H, B-pyrrole), 9.05 (d, J =5 Hz,
4H, B-pyrrole), 8.86 (d, J =9 Hz, 2H, pyrene), 8.45-8.00 (m, 16H, pyrene),
7.42 (m, 16H, Ar), 6.99 (m, 8H, Ar), 4.26 (m, 32H, OCH,), 1.96 (m, 32H, CH,),
1.82 (m, 16H, CH), 1.03 (m, 96H, CH,). MS (MALDI-TOF) calcd for CysH,sN,:0,:Zn,
4117, found 4116. UV-vis (THF) A, (loge) 469 (5.66), 584 (4.37), 756 (5.24)
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nm. Fluorescence (THF, A = 469 nm) A, 796 nm. IR (KBr) 2954, 2925, 2869,
2126, 2167, 1588, 1163 cm .

Compound 2e. 'H NMR (400 MHz, dy-THF) & 9.91 (m, 16H, P-pyrrole), 9.73
(d, J=5Hz, 4H, B-pyrrole), 9.10 (m, 16H, B-pyrrole), 9.05 (d, J =5 Hz,
4H, B-pyrrole), 8.86 (d, J =9 Hz, 2H, pyrene), 8.45-8.00 (m, 16H, pyrene),
7.42 (m, 200, Ar), 6.99 (m 10H, Ar), 4.26 (m, 40H, OCH,), 1.96 (m, 40,
CH,), 1.82 (m, 20H, CH), 1.03 (m, 120H, CH,). MS (MALDI-TOF) calcd for
Car6ta0sNz0050Z05 5034, found 5031. UV-vis (THF) A, (loge) 469 (5.84), 584
(4.55), 762 (5.43) nm. Fluorescence (THF, A, = 469 nm) A, 802 nm. IR (KBr)
2951, 2927, 2870, 2126, 2167, 1588, 1162 cm .

Compound 2f. 'H NMR (400 MHz, dy~THF) & 9.91 (m, 20H, B-pyrrole), 9.73
(d, J=5Hz, 4H, B-pyrrole), 9.10 (m, 20H, B-pyrrole), 9.05 (d, J =5 Hz,
4H, B-pyrrole), 8.86 (d, J =9 Hz, 2H, pyrene), 8.45-8.00 (m, 16H, pyrene),
7.42 (m, 24H, Ar), 6.99 (m, 12H, Ar), 4.26 (m, 48H, OCH,), 1.96 (m, 48H,
CHy, 1.82 (m, 24H, CH), 1.03 (m, 144H, CH,). MS (MALDI-TOF) calcd for
ConoeeNy, 0,70, 5953, found 5948. UV-vis (THF) A (loge) 469 (5.88), 584
(4.71), 766 (5.49) nm. Fluorescence (THF, A, = 469 nm) A, 806 nm. IR (KBr)
2956, 2927, 2869, 2126, 2162, 1588, 1163 cm .

Compound 2g. 'H NMR (400 MHz, dg—THF) & 9.91 (m, 24H, B-pyrrole), 9.73
(d, J=5Hz, 4H, B-pyrrole), 9.10 (m, 24H, B-pyrrole), 9.05 (d, J =5 Hz,
4H, B-pyrrole), 8.86 (d, J =9 Hz, 2H, pyrene), 8.45-8.00 (m, 16H, pyrene),
7.42 (m, 28H, Ar), 6.99 (m, 14H, Ar), 4.26 (m, 56H, OCH,), 1.96 (m, 56H,
CH,), 1.82 (m, 28H, CH), 1.03 (m, 168H, CH,). MS (MALDI-TOF) calcd for
CooslioNysOseZn, 6868, found 6861. UV-vis (THF) A (loge) 469 (5.97), 583
(4.78), 769 (5.59) nm. Fluorescence (THF, A, = 469 nm) A, 808 nm. IR (KBr)
2954, 2927, 2869, 2126, 2162, 1588, 1163 cm .
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Chapter. 6 Thesis Summary

In this thesis, the synthesis, the structure on solis surfaces and optical
properties of dendron portected porphyrin polymers were described. The
porphyrin polymer are interested in the field of materials chemistry and
moleclar electronics. The lengths of dendron protected porphyrin polymer
were more than 100 nm and the heights were higher than non—dendron protected
porphyrin polymers. It is easy to observe by AFM. Dendron protected
porphyrin polymer may be useful for measurment of condactance on single
molecule using PCI-AFM and double probe SPM.

As inorganic materials, we used gold nanoparticles. The gold nanoparticles
were capped by 4-pyridineethanethiol were synthesized by ligand exchange
method. The pyridine capped gold nanoparticles (py—AuNPs) were
charactrized by UV-Vis absorption spectra, FT-IR, 'H NMR and TEM.

We prepared a one—dimensional assemlbies of AuNPs chemically linked to
porphyrin polymer. the assembies were observation by AFM and SEM. These
results imply that AuNPs connected to every four—porphyrin unit. New
organic—inorganic materials will bring us the new materials chemistry.

The I-V measurements and photo responses of assemblies were measured. The
assemblies were trapped between gap electrodes using AC current. Photo
responses were observed from devices, which were porphyrin polymer and
AuNPs assemblies.

End—functionalized porphyrin polymers were synthesized and the effect of
end capping groups to main m-systems were investigated. UV-Vis absorption
and fluorescence spectra of the monomers were affected by the capping groups,
however the effect decreased as the number of porphyrin units increased.
The studies described here open a new area for construction of

organic—inorganic materials.
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