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Chapter 1. General Introduction

1.1 Overview of Organic Conductors

Since the first highly conductive organic compound, perylene-bromine
complex, was reported by Akamatsu, Inokuchi and Matsunaga in 1954,* a number of
conductive or metallic charge transfer complexes have been prepared and their physical
properties investigated.” Fig. 1.1 shows some of the components of organic conductors.
An electron acceptor, 7,7,8,8-tetracyanoquinodimethane (TCNQ),® was synthesized in

1960 and an electron donor, tetrathiafulvalene (TTF),**

was synthesized in 1970,
followed by the discovery of the first organic metal, TTF-TCNQ, by Ferraris et al.®’
The first organic superconductor, (TMTSF),PFs (T, = 0.9 K at 12 kbar), was also

reported by Bechgaard et al. in 1980.
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Figure 1.1 Molecular structures of selected organic conductors.

The methods used to generate organic conductors are to form a regular
segregated stack of molecules and to obtain a partially-filled band caused by a partial
charge transfer. Fig. 1.2 shows the band structure of a crystal composed of a

one-dimensional regular stack of closed shell molecules. With the intermolecular
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Figure 1.2 Band structure of the one-dimensional regular stack of closed shell
molecules.

transfer integral t, a one-dimensional array of molecules forms the band from the
corresponding HOMOs, the bandwidth of which is equal to 4t. Since the band is fully
filled with electrons in the case of the closed shell system, this type of molecular solid is
a band insulator. When molecules possess only one electron in the HOMO, such as in
the case of a neutral radical, they should construct a half-filled band. A half-filled band
is expected to be metallic according to a conventional band theory. In fact, however,
neutral radicals do not show metallic behavior, but rather act as insulators or
semiconductors.” To understand the electrical conductivities of solid materials, it is
necessary to take into account the Coulomb repulsive force between electrons, namely
electron correlation, which is ignored in a conventional band theory. This type of
insulator caused by electron correlation is called a Mott insulator.*®*? The electrons in a
one-dimensional array of neutral radicals feel the Coulombic force V from electrons at
neighboring sites (Fig. 1.3). For electrons in solid of neutral radicals, the extra energy &
= Uerr — 41, Where g and U are the energy gap and the on-site Coulomb repulsive

energy, respectively, is required to transfer into the neighboring sites beyond the
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Figure 1.3 Coulombic repulsion energies of electrons on the neighboring SOMOs (V,
left), and on the same SOMO (U, right). (b) Band structure of a crystal composed of
neutral radicals, where the band gap (&) = Ues— 4t.

repulsive energy. Therefore, to attain an organic conductor, the bandwidth W (= 4t in a
one-dimensional system) should be larger than Ues. This is one of the Mott criteria. The
bandwidth increases by an enlarged transfer integral, and U decreases by the removal of
electrons from a band. BEDT-TTF (abbreviated as ET) is one of the most studied donor
molecules in charge transfer complexes.™

Fig. 1.4 shows a phase diagram for (ET),X salts proposed by Kanoda.*** In
the (ET)2X complex, the ET molecule with a +0.5 charge forms a dimer, and each dimer
has a hole. This strongly correlated system shows a variety of attractive physical
properties, such as Mott insulator, metal, and superconductivity properties. The
conductive properties are controlled by tuning the bandwidth through the chemical
pressure effect in the present system, where the reduction of unit cell volume is caused
by chemical substitutions. Thus, it is important to tune the bandwidth to investigate
itinerant electron properties or localized electron magnetism of solid materials. Physical

properties of solids are also expected to be controlled by tuning the degree of

band-filling which is relevant to the modulation of U, although the band-filling control



has been difficult to realize at the experimental level.
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Figure 1.4 Molecular structure of BEDT-TTF (left) and phase diagram of
(BEDT-TTF),X by Kanoda.*



1.2 Band-filling Control in Organic Conductors

As described above, both band-filling control and bandwidth control are
important techniques to control the physical properties of materials such as insulators,
semiconductors, metals, or superconductors. The most difficult point in band-filling
control for organic conductors is to maintain the crystal structure unchanged during the
change of carrier density. The crystal structure is directly linked with the band structure,
so that the changes in crystal structure cause a deformation of the original band structure.
This is the reason why only a very limited number of studies have reported a successful
band-filling control, although there have been a large number of studies concerning the
control of carrier densities by means of chemical or physical doping. As shown in Fig.

1.5, there are four representative types of band-filling control. Each method is explained

1. Chemical Synthesis 2. Chemical Doping

® CT complex

-
7~ N
D6+.A5- DS+ Aﬁ-
® |on radical salt
Dy X, 2218000 oG
® Mixed crystal

D X1, + X2, ,

3. Physical Doping 4. Electrochemical Doping

+++++++
insulator

Figure 1.5 Strategies of the four representative types of band-filling control.



as follows.

1.2.1 Chemical Synthesis

Chemical synthesis is the most studied method for modulating the carrier
density in a band of intermolecular compounds. The advantages of this method are its
simple synthesis and higher crystallinity compared to chemical doping techniques.

The band structure in a 1:1 complex of donor and acceptor molecules (D*A%)
depends on the degree of a charge transfer, 6. A complex with 6= 0 is a neutral complex
in which an HOMO band is fully occupied with electrons and a LUMO band is
completely vacant, and thus it is a band insulator. A complex with 6= 1 is a fully ionic
complex which could give a conductive half-filled band in a classical band theory,
although it is actually an ionic Mott insulator due to the electron correlation. In a partial
CT complex, the degree of charge transfer is 0 < §< 1, and the band-filling will be &/2.
The degree of the charge transfer is determined by a balance between the
electron-donating ability of donor molecules (the ionization energy of the donor: 1p) and
the electron-accepting ability of acceptor molecules (the electron affinity of the
acceptor: Ea).

There have been a few reports in which band-filling control was achieved by
changing the fraction of donor or acceptor molecules in an isomorphous CT complex.
To obtain an isomorphous structure, cations or anions with a similar size and different
charges are required. Based on this idea, there have been several reports on successful
band-filling control. For example, Fig. 1.6 shows a system of N-methylphenazinium
(NMP) and phenazine with a similar molecular structure. Miller and Epstein reported

that NMP in a [NMP][TCNQ] complex can be replaced with phenazine, resulting in a



composition of [NMP]y[phenazine],[TCNQ] (0 < x < 0.5).!" Since the size and
shape of phenazine are similar to those of NMP, 50% of NMP can be replaced with
phenazine, maintaining the isostructure. As a result, their physical properties can be
studied systematically based on the effect of band-filling without the structural changes
that are usually caused by a molecular replacement. By replacing NMP with phenazine,
the conduction electrons are removed from both molecular stacks to form a metallic

band (Fig. 1.6).
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Figure 1.6 (a) Molecular structure of NMP and phenazine. (b) Crystal structure of
[NMP][TCNQ]. (c) Band dispersion of the NMP/phenazine stack (left) and TCNQ
stack (right) by Miller and Epstein.®

pQ(E't

lonic salts, D*X™ consisting of a 1:1 complex, are Mott insulators when each
molecule forms a segregated column with a regular stack. To tune the band-filling, it is
required that the ratio of D to X is not 1:1. Although a number of DA complexes with

DA ratios such as 1:2, 2:1, 2:3, 3:2, etc., have been synthesized,® 22

systematic control
of the stoichiometry has not been achieved. It is well known that such complexes
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exhibit different crystal structures depending on the stoichiometry.?%*

1.2.2 Chemical Doping

Halogen and alkaline metal doping have been utilized as methods of chemical
doping. So far, various AsCe compounds (A = Na,®® K,?*?" Rb,?® etc.; Fig. 1.7) have
been prepared by a direct reaction of alkaline metals with a parent Cgo molecule. For
example, Rb,CsCgo exhibited a superconducting behavior below ca. 33K, which is the
highest critical temperature of organic superconductors under an ambient pressure. In an
attempt to control the degree of band-filling in an A3Cg System, various
superconductors have been used. Fig. 1.7(b) shows a T, plot as a function of carrier
concentrations (n) in an A3Cso System where T varies monotonically as the lattice

constant of A3Cgoincreases. This behavior was interpreted by a BCS mechanism, where
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Figure 1.7 (a) Structure of KsCg by Stephenes et al.?’ The open and hatched

spheres represent the potassium at the tetrahedral and octahedral sites,
respectively. (b) A plot of TJ/T.,™ wvs. carrier concentration in AsCe
superconductors by Yildirim et al.?°



higher T is expected by an increase of density of state at the Fermi energy due to the
bandwidth narrowing as the lattice constant increases. In Fig. 1.7(b), T increases as the
carrier concentration of Cgo increases up to Ceo>~ (n = 3), while T, decreases with further
electron doping into LUMOs. The peak of T, at the carrier concentration n = 3 was
explained by an orientational order effect.* The band-filling control was also achieved
in NazCs,Ceo (0 < x < 1) and K3_xBayCgp (0 < x < 1) systems.”

Although systematic band-filling control has been realized in A3Cg Systems,
the crystal structure doped with alkaline metal or halogen ions exhibits significant

structural defects and changes from its original crystal structure.

1.2.3 Physical Doping

Physical doping has the advantages that it maintains the crystal structures
during the doping processes, unlike most chemical doping methods. The field effect
doping is a representative physical doping method that utilizes an electric field to induce
carriers into the sample. Fig. 1.8 depicts the device structure of the field effect transistor
(FET). The FET consists of a metal electrode, an insulator layer, and inorganic/organic
semiconductors from the bottom to the top. By applying the gate voltage (Vg) between

the gate and source/drain electrodes, charge carriers are injected into the interface

s |

semiconductor

insulator
G

Figure 1.8 Schematic device structure of the field effect transistor.



between an insulator and a semiconductor. The induced carrier density increases
proportionally to Vg, as explained by a conventional capacitor (Q = CV), and the
maximum carrier density is determined by the capacitance of the insulator layer, C. The
typical carrier density achieved in a conventional FET with an oxide insulator is less
than 10 cm™.% It is not large enough to induce a dramatic change in the physical
properties, such as the superconducting transition, since the surface density of
molecules is higher by several orders of magnitude than that of carriers injected by an
electric field. Recently, Panzer and Frisbie et al. reported that organic polymer
electrolytes utilized as an insulator layer of FET can accumulate an extremely large
surface density of carriers as high as 10" cm™ due to the large capacitance of the
electrical double layer.®*® Although the carrier density can be controlled readily by a
field effect, the maximum carrier density still seems rather low for controlling the

physical properties of organic materials.>"

1.2.4 Electrochemical Doping

The electrochemical doping technique has been developed for conductive
organic polymers such as polyacetylene,* polythiophene,*’ and polyaniline.** This is a
technique to dope counter cations or anions into semiconductors in the solution
containing their corresponding electrolytes. By oxidizing polymers electrochemically
(p-doping), electrons are removed from their HOMOs with simultaneous doping of
electrolyte cations into polymer matrix. On the other hand, by reducing the polymer
(n-doping), electrons are injected into their LUMOSs with anions insertion. In these
processes, the degree of doping can be precisely controlled by tuning the electrode

potential based on Nernst equation. The thermodynamic control of the doping

10



concentration under electrochemical equilibrium conditions is a significant advantage of
electrochemical doping, which enables a more reproducible and widely tunable
band-filling control compared to a conventional chemical doping.

Despite such important advantages, electrochemical doping has not been a
popular method for molecular materials, unlike in conductive polymer systems. So far,
there have been only a limited number of studies on electrochemical doping of organic

small molecules,

since they are highly soluble to common organic or aqueous
electrolyte solution compared to the low solubility of organic polymers. The most
crucial disadvantage for applying this technique to molecular solids is that counter
cations or anions penetrating into the molecular assembly to maintain a charge balance
can cause a collapse of the crystal structures.*®

Marks et al. reported that the cofacially joined phthalocyanine polymer
{[Si(Pc)OIXy}n (X =BF4, TOS, S0,%, etc.; Fig. 1.9, 1.10) exhibited a widely tunable
band-filling control while maintaining the crystal structure.*”*° The controlled-potential

coulometry and electrochemical potential spectroscopy were applied to rapidly stirred

slurries (Fig. 1.9 (a)) or to microcompactions of the solid phthalocyanine polymer

(a) @ (b)
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Figure 1.9 Schematic diagrams of electrochemical cells for (a) slurry doping
experiments and (b) microcompaction doping experiments by Marks et al.*®
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Figure 1.10 (a) Structural model of the changes accompanying electrochemical
doping of [Si(Pc)QO],, followed by thermal undoping. (b) A plot of the degree of
partial oxidation (y) for slurry doping of [Si(Pc)O], in (n-BusN*)BF, /acetonitrile.
(c) Temperature dependence of the electrical conductivity for {[Si(Pc)O(BFa4),]}n at
various doping levels by Marks et al.*®°

{[Si(Pc)OIX,}n (Fig. 1.9 (b)). For X = BF,4 , the oxidation to {[Si(Pc)O](BF)y}» (0 <y
< 0.5) was accompanied with the structural transformation from the original
orthorhombic to tetragonal phase (Fig. 1.10). After this transformation in the beginning
process, all of the oxidized {[Si(Pc)O](BF4)y}» belonged to the isomorphous tetragonal
phase. Therefore, it is possible to discuss the physical properties in relation to the degree

of band-filling among isostructural products.
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1.3 Structure and Properties of Porphyrazines

The synthesis and physical properties of porphyrazine compounds, including
porphyrins, phthalocyanines (Pcs), and related derivatives (Fig. 1.11), have been
extensively studied since the early 20th century due to their excellent optical and
electrical characteristics and their chemical stability.®® In recent decades, increasing
attention has been paid to the utilization of functional porphyrazines in organic
electronics such as photovoltaic cells,™ thin film transistors,>? and electroluminescence
devices.>® In these applications, the transport properties of the carrier have a major
influence on the performance of the electronic devices. The carrier transport properties
of porphyrazines have also been studied from the viewpoint of the fundamental
relationship between their crystal structures and electrical conductivities.>®** A variety
of conductors consist of phthalocyanines or porphyrins themselves, and intermolecular
charge transfer complexes based on porphyrazines as a building block have been

synthesized so far. The first Pc conductors were prepared in a study in 1977, in which

=\
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Figure 1.11 Molecular structures of (a) porphyrin, (b) porphyrazine, and (c)
phthalocyanine.
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highly conducting black powder was obtained when MPc (M = Fe, Co, Ni, Cu, Zn, Pt,
H,) was oxidized with iodine, followed by a report on a single crystal of NiPcl in
1978.%° The crystal system is tetragonal with a space group P4/mcc, as shown in Fig.
1.12. NiPc is planar and stacks along the c axis, forming a one-dimensional column.
lodine atoms aligned in the channel along the c axis were assigned as I3 . Therefore, the

actual charge distribution in this complex is (NiPc)®***

(I3 )os33, resulting in the
construction of a 5/6 filled metallic one-dimensional band. Such a one-dimensional
column structure is typical in the assembly of porphyrazines due to the z— interactions.
These z—x interactions facilitate molecular stacks in the direction that is perpendicular
to molecular planes and construct one-dimensional columns. The interaction between

these columns is very small compared to the z— interaction within the column, and

thus the charge transfer between columns is weak.

Figure 1.12 Crystal structure of NiPcl viewed parallel to the stacking direction
by Marks et al.>” Space group P4/mcc, Z = 2, a = 13.936 (6) A, c = 6.488 (3) A.

14
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Figure 1.13 (a) Molecular structure of Co(Pc)(CN),. Crystal structures of
Co(Pc)(CN),(solvent) by Inabe et al.,>® where solvents are (b) 2CHCls, (c) 2CHBrs,
and (d) 2H,0, respectively.

To enhance interactions between porphyrazines in a lateral direction, Inabe et
al. introduced axial ligands into a central metal (Fig. 1.13(a)). The crystals of
Co(Pc)(CNy)(solvent), which contained two axial CN ligands, were prepared by
electrocrystallization.”®*° Fig. 1.13 shows the crystal structure of axially substituted
phthalocyanine complexes where the crystal structure changes depending on the
solvents incorporated in the crystal structure. The crystal structure of these complexes
revealed that the usual one-dimensional columnar structure cannot be formed because of

the steric hindrance of axial ligands. Instead, the crystal containing chloroform has
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two-dimensional sheets of slip-stacked phthalocyanines, and that containing water has a
three-dimensional network of phthalocyanines. The electrical resistivity of
Co(Pc)(CN),-2H,0 (Fig. 1.13 (d), 5 Q cm in the compressed sample) is remarkably low
as a neutral radical crystal. As described above, the physical properties of porphyrazines
vary according to the structure of the ligands and central metal. Therefore, various
functionalities can be produced by controlling these parameters. Among the various
porphyrazines, two compounds with peculiar crystal structures and physical properties,
namely tetrakis(thiadiazole)porphyrazine and lithium phthalocyanine, were used for

electrochemical doping in this thesis.

1.3.1 Tetrakis(thiadiazole)porphyrazine

Numerous attempts have been made to modulate intermolecular interactions in
the solid state of organic conductors, as mentioned above. For the purpose of obtaining
two- or three-dimensional intermolecular interactions, the introduction of intermolecular
interactions via the modification of molecular structures with chalcogen atoms has been
shown to be effective.”® The intermolecular interaction between columns achieved
through chalcogen atoms at bridging sites increases intermolecular interactions by S-S,
Se~Se, TeTe contacts.

Based on this idea, the introduction of chalcogen atoms into a porphyrazine
frame to overcome a low-dimensional structure was demonstrated by several groups. In
1998, Ercolani et al. synthesized tetrakis(thiadiazole)porphyrazine (H,TTDPz; Fig.
1.14(a))** and the corresponding metallo-derivatives, MTTDPz (M = Mg, Mn,, Fe, Co,
Ni, Cu, Zn, etc.),®® in which intermolecular contacts of the thiadiazole rings were

strongly expected in the solid state (Fig. 1.14(b)). However, the crystal structures had

16
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Figure 1.14. (a) Molecular structure of tetrakis(thiadiazole)porphyrazine
(H,TTDPz). (b) Schematic illustration of intermolecular interactions between
thiadiazole rings caused by an electrostatic polarization, N> and S°*.

? o—

remained unidentified since the quality of crystals was not good enough to enable X-ray
structural analysis. Fujimori and Suzuki et al. carried out the crystal growths, structural
analysis and magnetic measurements on a series of MTTDPz in 2003.°*% The crystal
structures of MTTDPz can be classified into three forms, «, B, and y, and their
structures depend significantly on the central metal ion (Table 1.1 and Fig. 1.15). The
crystal structure of one of these compounds, H,TTDPz, was found to consist of a
two-dimensional hexagonal close packing of H,TTDPz molecules due to side-by-side
intermolecular S...N contacts (Fig. 1.15(a)). This planar two-dimensional layer was
stacked due to z—x interactions, as in the structure of graphite. Among the three
polymorphs, the three-dimensional interactions in the crystal of such an o-form seemed
most appropriate to study the electrical conductivity of MTTDPz compounds. In
addition, this crystal structure was strongly expected to form self-assembling films.
Therefore, in this study, thin films of H,TTDPz were fabricated, and their structures,

fundamental electron transport properties and electrochemical doping were investigated.
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Table 1.1. Classification of crystal structures of MTTDPz (M = H,, Fe, Co, Ni,
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Figure 1.15. Crystal structure of MTTDPz. (a) a-form (M = H,, Ni, and Cu), (b)
B-form (M = Fe, Co, and Zn), and (c) y-form (M = Ni and Cu), respectively.
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1.3.2 Lithium Phthalocyanine
Lithium phthalocyanine (LiPc; Fig. 1.16(a)) is well known as a stable neutral

radical %

while most phthalocyanines have a closed shell system. Since the central
metal ion is a monovalent lithium cation, the corresponding —1 charge is delocalized
over SOMO of Pc ligand. LiPc has been studied with respect to its intrinsic
paramagnetic properties and electrical conductivity in the solid state.®**®® The single
crystal of LiPc shows a low resistivity of ca. 10° Q cm that is superior to those of the
usual Pcs with divalent central metal ions (~ 10” Q cm). The crystal structure of LiPc
was found to show crystalline polymorphs, resulting in three different structures, an o-
and B-form with a monoclinic unit cell, and an x-form with a tetragonal unit cell (Fig.
1.16). Among them, the x-form is a unique structure, while the o and [ structures are
more common for unsubstituted divalent phthalocyanine compounds. The crystal
structure of x-LiPc® is the same as that of NiPcl (Fig. 1.12).%" In the x-form structure,

the Pc molecules are stacked in a face-to-face configuration and show better overlap

between neighboring molecular planes than those in the a- and B-forms.”® A

@) O g5 © s @
T Z 4 =
Mo 27 =

Figure 1.16. (a) Molecular structure of lithium phthalocyanine. Schematic
illustration of molecular column of lithium phthalocyanines in (b) o-form,
(c) B-form, and (d) x-form.
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one-dimensional channel in the x-form is also an important feature of x-LiPc, as shown
in Fig. 1.17 The size of this channel is comparable to the size of a small atom or
molecule. Therefore, gas molecules such as nitrogen and oxygen can be included in the
crystal through the channels. It is known that the EPR linewidth of x-LiPc becomes
broad in proportion to the concentration of oxygen in the surrounding air.%® This result
indicates that the channels in the x-form are capable of modulating the physical
properties of the LiPc crystal by introducing dopant ions electrochemically into the

channel.

1D channel (d ~ 4 A)

Figure 1.17. Crystal structure of x-LiPc. Gray circles represent one-dimensional
channels with a diameter of ca. 4 A extending along the stacking axis (c axis).
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1.4 Motivation of This Thesis

There are a number of studies addressing the subject of band-filling control, but
most of the previous works have failed to maintain the crystal structure during the
filling control, with the exception of the works described in Section 1.2. The motivation
of this thesis was to modulate the physical properties of organic compounds by
controlling the band-filling while maintaining the band structure.

To achieve this purpose, an electrochemical doping technique was chosen for
the band-filling control, namely, an electrochemical band-filling control.
Electrochemical doping requires that molecules are insoluble in electrolyte solutions
and a robust crystal structure is maintained during the doping as schematically
illustrated in Fig. 1.18. In this work, H,TTDPz and LiPc were chosen as appropriate
molecules to satisfy these requirements. The crystal structure of H,TTDPz exhibited
short contacts through S or N atoms in addition to z—= interactions between 2D layers
(see Fig. 1.15(a)). Such multi-dimensional interactions take advantage of the formation
of a robust structure to the penetration of counter ions during electrochemical doping. In

the case of LiPc, the x-form structure contains a one-dimensional channel along the

Figure 1.18. Schematic illustration of electrochemical band-filling control. Red
circles represent counter ions. Blue, green, and orange rectangles represent
molecules of neutral, weakly-doped, and highly-doped state, respectively.
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stacking axis of Pcs. When the crystal of x-LiPc is electrochemically oxidized or
reduced, it is expected that counter ions will occupy vacant spaces within the channels
without significant structural changes, since the channel size seems to be large enough
to accommodate counter ions.

In Chapter 2, thin films of H,TTDPz were fabricated on ITO substrates and
their fundamental physical properties, such as electrochemistry and electron transports,
were evaluated, and then electrochemical doping of H,TTDPz was examined. In
Chapter 3, electrochemical doping of LiPc thin films was carried out, and the robustness
of the thin film structure and electrical resistivity with relation to its structural features
were discussed. In Chapter 4, electrochemical doping of single crystalline x-LiPc was
performed to discuss the band-filling in greater detail, since the structural defects of thin
films are undesirable for interpreting the relationship between crystal structures and

intrinsic physical properties. A summary of the thesis is given in Chapter 5.
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Chapter 2. Electrochemical Doping of

Tetrakis(thiadiazole)porphyrazine Thin Films

2.1 Introduction

As discussed in Section 1.2.4, the electrochemical doping is a useful method
with various advantages such as precise control of doping degree and reproducibility,
which are obtained by the electrode potential tuning. Since this process is associated
with penetrations of counter cations or anions into the molecular assembly, thin film is a
favorite sample form rather than crystalline samples. Despite such important advantages,
electrochemical doping has not been a popular method especially for molecular
materials, since small molecules are highly soluble to common organic or aqueous
electrolyte solutions. In addition, the other crucial disadvantage for applying this
technique to molecular solids is that counter cations or anions penetrating into the
molecular assembly to maintain a charge balance can cause a collapse of the crystal
structures. To avoid these difficulties of the electrochemical doping, we need
structurally-robust organic thin films, which are formed by a strong 7 interactions,
electrostatic  interactions, coordination bonding, etc. In this perspective,
tetrakis(thiadiazole)porphyrazine series MTTDPz are quite promising (see Section
1.3.1). The crystal structures of the first transition metal compounds can be classified
into three forms, a, B, and y, in which MTTDPz always exhibit a 3D network structure
caused by z—z interactions, S°*...N°- electrostatic interactions, M...N intermolecular

coordination bondings.? Particularly, the crystal form o, which are found in the

29



metal-free, copper and nickel derivatives, consists of a two-dimensional hexagonal close
packing of MTTDPz molecules due to side-by-side intermolecular S...N contacts,
which are stacked due to z—z interactions, like a molecular graphite. This o-form
seemed most appropriate for thin film fabrication and electrochemical band filling
control.

In Chapter 2, we firstly describe the synthesis of H,TTDPz, and its thin-film
fabrication and characterization. Then we show the performance of thin-film photocells
and field effect transistor of H,TTDPz, providing firm evidences that this material
operates as an n-type semiconductor in contrast that most of the phthalocyanine
analogues are p-type semiconductors. Lastly we discuss the electrochemistry and

electrochemical doping of H,TTDPz thin films.

2.2 Synthesis

H,TTDPz was synthesized according to the previously reported procedure®

with a minor modification (Scheme 2.1).

2.2.1 3,4-dicyano-1,2,5-thiadiazole (DCTD)
A mixture of diaminomaleonitrile (10.8 g, 0.1 mol) and SOCI, (35.7 g, 0.3 mol)

was first heated at 60°C for about 30 minutes until a mixture became a homogeneous
liquid and then refluxed for 2 hours. Excess SOCIl, was evaporated under reduced
pressure. The solid was dissolved in 400 mL of diethyl ether. The ether solution was
washed with water, and then dried over sodium sulfate. After evaporating the ether

under reduced pressure, the crude product was obtained and dried in ambient air.
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Scheme 2.1 Synthetic scheme of H,TTDPz.

2.2.2 [TTDPzMg(H,0)]-CH;COOH

Magnesium turnings (0.75 g, 0.031 mol) were suspended in 30 mL of
1-propanol in a dry flask under nitrogen atmosphere, and a small amount of I, was
added to the flask. The suspension was refluxed for 8 hours to complete a conversion of
Mg into its corresponding propylate. After cooling the reaction mixture, DCTD (4.22 g,
30 mmol) was added to the suspension, and the mixture was refluxed again at 120°C for
14 hours. During the reaction, the gray mixture became green and then dark blue.
Propanol was eliminated by evaporation under reduced pressure, and 400 mL of CH,Cl,
was added to the solid blue material to dissolve unreacted DCTD. After filtration, the

solid material was suspended in 200 mL of 50% acetic acid and stirred at room
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temperature for 1 hour. After filtration, the solid material was washed repeatedly with

water to neutral pH, and then dried under vacuum (1.58 g; yield 47%).

2.2.3 H,TTDPz

The solvated MgTTDPz (1.0 g, 1.55mmol) was suspended in CF;COOH (10
mL), and the mixture was refluxed for 2 hours. After cooling, 15 mL of H,O was added
and the mixture was heated again for 20 min. After filtration, the dark blue material was
washed with water to neutral pH and dried under vacuum (0.34 g, 0.5 mmol; yield

35%).

2.2.4 Purification of H,TTDPz

H,TTDPz was purified by sublimation method. 100 mg of crude H,TTDPz was
put in a quartz boat, and the sample boat was placed in a quartz tube (100 mm in
diameter). The sample was heated at 430°C for 12 hours under reduced pressure with a
stream of nitrogen gas as a carrier from one end of the quartz tube at a rate of 50
mL/min. Pure H,TTDPz was obtained as purple microcrystals (10-30 mg). Elemental

analysis (%): Calc. C, 35.16; H, 0.37; N, 41.00. Found: C, 35.41; H, 0.16; N, 41.61.

32



2.3 Fabrication and Characterization of Thin Films

H,TTDPz thin films of 100 nm in thickness were prepared by vacuum vapor
deposition. 15 mg of H,TTDPz (purified by sublimation prior to use) was put in an
alumina crucible. The temperature of sample crucible was controlled by resistive
heating of surrounded tungsten wires. The pressure in the deposition chamber was less
than 5 x 10 * Pa before the deposition and was ca. 1 x 10 > Pa during the deposition. A
deposition rate was monitored by a quartz crystal microbalance placed adjacent to
substrates and kept at a rate of 1.2-1.8 nm/min during the deposition by tuning the
temperature of crucible. Fig. 2.1 shows an AFM image of a thin film on Si(100). The
image indicates good overlaps between the grains and a very flat surface; the height
difference between the top and bottom on this surface is less than 20 nm. Fig. 2.2 shows
the XRD patterns of the thin films on ITO substrate. They commonly include a peak at

26 = 27.3°, which corresponds to an interlayer distance of 0.33 nm. Since this value is

[n m ]

Figure 2.1 AFM image of H,TTDPz thin film on Si(100).

33



5 ITO substrate

Intensity / arb. units

10 15 20 25 30 35 40
26/ degree

Figure 2.2 XRD patterns of H,TTDPz thin films ITO substrate.
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Figure 2.3 Molecular arrangements of H,Pc (a) and H,TTDPz (b) on the
substrate.

nearly the same as that in the bulk crystal (0.345 nm), it is reasonable to conclude that
the thin films of H,TTDPz consist of a lamellar structure in which the molecular planes
are all parallel to the surfaces of the substrate, as shown in Fig 2.3. It is known that

H,Pc thin films show a strong peak at 26 = 6.7° in the XRD pattern,* indicating that the
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molecules are aligned in crystal grains with molecular plane nearly perpendicular to the
substrate surface, as illustrated in Fig 2.3. This type of perpendicular molecular plane
alignment is typical for the thin films of organic = molecules, because this type of
structure is advantageous for gaining both z—z stacking stabilization and a high density
on a unit area of the substrates. In other words, the structure of H,TTDPz thin films,
namely, parallel molecular plane alignment with respect to the substrate surface, is very
unusual and is indicative of the strong propensity of H,TTDPz to self-assemble into a

2D sheet structure.

2.4 Photoconductivity of H,TTDPz Thin Films

Thiadiazole rings possess electron-withdrawing properties due to their
electronegativity and thus H,TTDPz indicates a good electron-acceptability and has
potential of n-type behavior in the electronic devices. Energy levels of H,TTDPz were
investigated in the real device of sandwich cell of ITO/H,TTDPz/metal architecture by

means of the photocurrent-action spectra to discuss its n-type character.

2.4.1 Device Fabrication

H,TTDPz sandwich cells were adopted for the photocurrent measurements
(Fig. 2.4), and fabricated them as follows.> First, a thin film of H,TTDPz was
evaporated onto a glass substrate on which a 2 mm-width ITO electrode of thickness
100 nm was formed. Then a 2 mm-width Au or Al electrode with a thickness of 50 nm
was evaporated onto the film perpendicular to the ITO electrode. The effective sample
area was 0.04 cm?. In order to avoid short circuiting, the thickness of H,TTDPz was set

to 200 nm, which was longer than the light penetration depth of 80 nm at the top of the
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Figure 2.4 (a) Molecular structure of H,TTDPz, (b) Schematic view of
photocurrent measurement system.

Q-band.

The dc and ac photocurrent measurements were carried out with a 500-W
halogen lamp.> The light intensity was calibrated with a Si photodiode. The
monochromated light was allowed to illuminate the transparent ITO electrode, and the
photocurrent was recorded under vacuum. To obtain the photocurrent action spectra, the
light was chopped with a frequency of 17-18 Hz, and the signals were detected by a
two-phase lock-in amplifier.” The ac voltage appearing on a series resistance (1 MQ)
was measured under applied dc bias between two electrodes. The photocurrent-action
spectra were then normalized in such a way that the incident photon number was

constant (10*/cm?).

2.4.2 Photoconductivity
Fig. 2.5 shows the I-V characteristics of an (+)ITO/H,TTDPz (200 nm)/Au(-)

cell, shown in Fig. 2.4. In the dark state, a clear rectifying behavior was observed (black
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Figure 2.5. 1-V characteristics of an (+)ITO/H,TTDPz (200 nm)/Au(-) cell.

curve), indicating the presence of a Schottky barrier, while, under illumination of white
light, photocurrent was observed for both bias directions (red curve). The photocurrent
quantum vyield was calculated as approximately 0.1 % under light illumination of 532
nm. Fig. 2.6 shows the photocurrent action spectra with bias voltages of -2 (pink), —1
(orange), 1 (green), and 2 V (blue), applied to the ITO electrode. This figure also shows
the optical absorption spectrum of a 100-nm film of H,TTDPz as a broken curve. When
the ITO was negatively biased (pink and orange), the photocurrent appeared in the range
of photon energy above 1.4 eV, with a maximum of 1.8 eV. After passing through a
minimum at 2.5 eV, the photocurrent increased again. These action spectra are nearly in
phase with the optical absorption, representing ‘symbatic’ behavior. When the ITO was
positively biased (green and blue curves), however, the action spectra reached three
maximums at 1.6, 2.2, and 2.8 eV, being out of phase with the photoabsorption

(‘antibatic’ behavior).
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Figure 2.6 Photocurrent action spectra with bias voltages of -2 (pink), —1
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Figure 2.7 Photocurrent action spectra of an (+)ITO/H,TTDPz (200 nm)/Al(-)
photocell under biases of -2 (pink), —1 (orange), 1 (green), and 2 V (blue).



Fig. 2.7 shows the photocurrent action spectra of an (+)ITO/H,TTDPz (200
nm)/Al(-) photocell under biases of -2 (pink), —1 (orange), 1 (green), and 2 V (blue).
When the Au anode was replaced with Al, the photocurrent became much smaller. In
addition, the photocurrent always exhibited symbatic behavior under biases between 2
and -2 V.

The observed symbatic and antibatic behavior and the significant dependence
on the anode metal can be explained as follows. Schottky-type photocells are known to
exhibit a so-called filter effect in photocurrent action spectra, in case in which the film
thickness is larger than the light penetration depth.>” More specifically, it is the light
absorption near the Schottky contact that results in effective dissociation of excitons
into free carriers because the electric field is concentrated on the barrier region.” The
excitons far from the blocking contact cannot reach the barrier region, so they would
recombine geminately without producing photocarriers.

Since the major carrier in n-type semiconductors is electrons, their
photocurrent should be dominated by photocarriers generated near the negatively biased
electrode, forming a blocking or Schottky contact with the n-type materials.®** After
charge separation near the negative electrode, the positive carriers or holes are easily
absorbed into this electrode and electrons as negative carriers travel to the opposite
positive electrode, producing photocurrent. Therefore, when the negative electrode is
illuminated, the photocarrier yield is proportional to the light intensity and the
photocurrent action spectrum coincides with the optical absorption spectrum of the
semiconductor, resulting in ‘symbatic’ behavior. If the positive electrode is illuminated,
however, the light intensity might attenuate before reaching the negative electrode at

which the photocarriers are generated, due to a strong absorption in the organic
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semiconductors. Therefore, a larger photocurrent is expected at the absorption edges
than at the absorption center, because such weakly absorbed light can reach the negative
electrode and can induce charge separation there. The photocurrent action spectrum
becomes out of phase with the optical absorption spectrum, resulting in ‘antibatic’
behavior.

Fig. 2.8 schematically shows the work functions of the ITO and Au electrodes

as well as the HOMO and LUMO levels of H,TTDPz. The expected charge separation

region in the ITO/H,TTDPz/Au photocell is indicated as a yellow oval. Photoelectron
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Figure 2.8 Schematic view of energy levels of the ITO and Au electrodes, and
the HOMO and LUMO levels of H,TTDPz for various photocells.
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spectroscopy and photoabsorption spectroscopy on H,TTDPz suggest that the LUMO
and HOMO levels of H,TTDPz are 4.6 and 6.6 eV, respectively, from the vacuum

level .2

Because these levels are far from the workfunctions of ITO (4.8-5.1 eV) and Au
(5.1 eV), either ITO/ H,TTDPz or Au/H,TTDPz contact would act as a blocking contact
with a Schottky-type barrier when negatively biased. In contrast, the workfunction of Al
(4.2 eV) is close to the LUMO level so that the Al contact probably forms an ohmic
contact with H,TTDPz. The symbatic and antibatic behavior and the strong electrode

dependence of the ITO/H,TTDPz/Au and ITO/H,TTDPz/Al photocells are consistent

with H,TTDPz acting as an n-type semiconductor.
2.5 FET performance of H,TTDPz Thin Films
Electrical transport property of H,TTDPz was investigated with the actual

OFET devices. Thin-film FETs of H,TTDPz were fabricated with DEME-TFSI, as a

gate electrolyte (Fig. 2.9). By using such an ionic liquid, high-density carrier
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Figure 2.9 Thin-film FETs of H,TTDPz using DEME-TFSI as a gate electrolyte.
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accumulations were expected through an electric double layer (EDLs) formed on the

H,TTDPz surface in the gate electrolyte solution.

2.5.1 Fabrication of FET Devices

The FET performance of the H,TTDPz thin films was examined using two
kinds of gate materials, an ionic liquid, DEME-TFSI, and SiO,. Thin films of H,TTDPz
with a thickness of 100 nm were prepared on interdigitated array electrodes (Pt), in
which the channel dimensions correspond to W = 20 cm width and L = 10 um length by
vacuum vapor-deposition. The ionic-liquid gate was prepared by putting a droplet of a
commercial ionic liquid, N,N-diethyl-N-methyl(2-methoxyethyl)ammonium
bis(trifluoromethylsulfonyl)imide (abbreviated as DEME-TFSI) on the H,TTDPz
surface and inserting a Pt wire in it (Fig. 2.9). SiO,-gate FETs of H,TTDPz were
fabricated by making its thin films (100 nm) on Au interdigitated electrode arrays
prepared on the 300-nm SiO,/doped Si substrate. The source-drain electrodes consisted
of a total channel width of 20 cm and a channel length of 10 um. The performance of

these FETs was examined under vacuum.

2.5.2 FET Performance

Fig. 2.10 shows the output characteristic, namely the source-drain current Ip vs.
voltage Vp plots, measured in the dark under vacuum with the gate voltages Vs = 0.0,
0.2, 0.4 and 0.6 V. There is little deviation from zero current with an increase in Vg,
indicating that current leakage through the dielectric is negligibly small. Fig. 2.11 shows

172

the transfer characteristic, namely the source-drain current 1o vs. gate voltage Vg plots,

measured in the dark under vacuum with a source-drain voltage of Vp = 0.5 V. The Ip
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Figure 2.10 Source-drain current Ip vs. voltage Vp plots, measured in the
dark under vacuum with the gate voltages Vg = 0.0, 0.2, 0.4 and 0.6 V.
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Figure 2.11 Source-drain current Ip~“ vs. gate voltage V¢ plots, measured in
the dark under vacuum with a source-drain voltage of Vp = 0.5 V.
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value at Vg = 0 V is less than 1 pA, indicating that the present transistors are in
normallyoff states. With an increase in Vg towards a positive value, Ip shows a quick
increase above Vg = 0.2 V with an on/off ratio of ca. 10*. The I vs. V¢ curves showed a
good reversibility, so that there should be no penetration of the counter cations.

This FET behavior clearly indicates that H,TTDPz operates as an n-type

semiconductor. The extrapolation of the 15"

vs. Vg curve from the large Vg range
indicates a very low threshold voltage of Vg, = 0.5 V. This type of low power operation
is an advantage of ionic liquid gate dielectrics transistors. The field effect mobility in
the saturation regime is calculated as x = 7.2 x 10 * cm?® V" s %, using the equation 2.1,
where L, W, and C are the channel length, the channel width, and the capacitance of the
dielectric layer, respectively. The value of C for DEME-TFSI was obtained as 1 pFem 2

in a separate measurement using a parallel plate capacitor of this material. The  value

of H,TTDPz is nearly comparable to that of FysMPc.*®

= ﬁ(%) (Eq.2.1)

The obtained values for x of H,TTDPz are not very high, perhaps because of a
mismatch between the conduction pathway and the = stacking direction, as indicated in
Fig 2.9. Namely, the molecular planes of H,TTDPz are parallel to substrates, so that =
stacking does not bridge the distance between the source and drain electrodes. However,
the n-type semiconductor behavior of H,TTDPz indicates that p-n junctions between the
series of Pc and H,TTDPz would be highly possible, which are applicable to bulk
heterojunction photovoltaic cells. Since porphyrazine has a good chemical and is useful

in organic electronics, all porphyrazine-based organic devices would be promising.
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2.6 Electrochemistry and Electrochemical Doping of H,TTDPz Thin Films

2.6.1 Electrochemical Characterization

The cyclic voltammetry (CV) of H,TTDPz films on ITO was measured in 0.1
mol dm™2 aqueous solutions of various electrolytes. H,TTDPz films exhibited only a
reduction peak, reflecting that this material is an acceptor having electronegative
thiadiazole rings on its molecular skeleton. The repeatability of the redox cycle
significantly depended on the electrolytes; the thin films exhibited a repeatable redox
cycle in the solutions of KCI, NH,CI, etc., while they gradually dissolved or peeled off
in the LiCl solution within a few cycles. Fig 2.12 depicts the CV curves in the aqueous
solution of NH,4CI. In the first cycle, a sharp reduction peak appeared at —0.23 V, but in
the second or later cycles, the reduction took place at —0.12 V with good reproducibility.

The CV peak shape in the first cycle was dependent on the area size of the ITO
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Figure 2.12 CV curves of H,TTDPz thin film in the aqueous solution of NH4CI.
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electrode; the peak became broader and/or split into two when larger electrodes were
used. This type of overpotential, as compared to the peak position on all subsequent
scans, was often observed in the various thin film samples, and was attributed to an
irreversible penetration of counter ions into the film for charge balancing and/or a
surface process such as film restructuring.***° In the oxidation scans, on the other hand,
an oxidation peak always appeared at 0.05 V.

The n values for the reductions of H,TTDPz in the first and second cycles were
determined to be 0.86 and 0.63, respectively, using chronocoulometry.'” The difference
between the two values is probably due to the fact that some of the counter cations
(NH;") that penetrated into the film in the reduction scan remained even after the
oxidation scan. The n value for the oxidation was determined to be 0.70. This was in
fairly good agreement with the value for the reduction in the second cycle. To support
one-electron reduction, X-band electron paramagnetic resonance (EPR) was measured
for reduced thin films at E = —0.7 V on ITO, after removing the samples from the

solutions, rinsing with water, and then drying. Although the sample was exposed to air

g =2.0032
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316 318 320 322 324
B/mT
Figure 2.13 EPR spectrum of reduced H,TTDPz thin film at room temperature.
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once in these measurements, the color of the thin films indicated that H,TTDPz was still
in the reduced state (see Fig 2.14).

Fig 2.13 shows the EPR spectrum at room temperature. While the neutral thin
film was EPR silent before reduction, a single-line absorption appeared at g = 2.0032,
indicating the presence of an anion radical species, which was consistent with the
results of the chronocoulometry. It is notable that this EPR signal was persistent even in

air, indicating the stability of the anion radical of H,TTDPz.

2.6.2 Optical Characterization

During the CV redox process, H,TTDPz thin films underwent a significant
color change. Fig 2.14 shows the photographs of the thin film in the KCI solution (0.1
mol dm™) at the three potentials. This material was initially light blue, and turned first
to purple and then to brown during the reduction. This color change was reversible over
many cycles, and was essentially independent from the electrolytes. Fig 2.15 depicts the
in-situ absorption spectra in the NH,CI solution (0.1 mol dm™3), indicating a systematic
change with three isosbestic points. The presence of these points indicated the stability

of this thin film upon reduction. Before reduction (E = 0 V), the so-called Q-band and

E=-0.6V 03V 0.0V
Figure 2.14 Photographs of the thin film in the KCI solution at three potentials.
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Soret band appeared at 2.0 and 4.0 eV, respectively. With a decrease of the potential,
new bands came out at 2.3 and 2.8 eV. Since their intensities were similar to that of the
original Q-band, they can be ascribed to the bands of this character. The Soret band
appeared to exhibit a high-energy shift after reduction. The new weak band at 1.3 eV is
probably ascribable to an intermolecular charge-transfer (CT) band. The structure of the
thin film is expected to include an interlayer 7—z overlap, so that it would be reasonable
to expect a magnification of CT after reduction. Upon oxidation, a reversible spectral
change was observed. The black dotted curve shows the absorption of the oxidized
sample at E = 0 V, which has experienced the potential of E = +0.2 V once. This curve is
similar in features to that of the original sample, but does not agree with it completely.
This suggests that a small number of the penetrated counter cations still remain even

after the oxidation in the film.

E/V Soret-band

Absorbance (arb. units)
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Figure 2.15 In-situ absorption spectra of H,TTDPz thin film in the NH4ClI
solution during electrochemical processes.
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2.6.3 Structural Analysis on Doped Thin Films

Fig. 2.16 shows the XRD pattern change of the H,TTDPz thin film around
260 = 27°in the redox cycle. These are not the results of in-situ measurements; XRD
patterns were measured after removing the samples from the solutions, rinsing with
water, and then drying. The black curve in Fig 2.16 shows the pattern of the original
thin film, exhibiting a peak at 26 = 27.3°. The red curve shows the results on the
reduced one deposited at E= —0.5 V. The peak position was shifted to 27.5° with a
significant decrease in intensity. The peak shift is small, but is larger than the
experimental error. This is supported by the fact that the XRD peaks from ITO at
30.5° in the three curves are in precise agreement. The interlayer distance in the reduced
thin film was calculated to be 0.325 nm, which is slightly shorter than that before
reduction. This decrease in the interlayer distance is presumably caused by the CT

interactions between anion radical species, suggested in the absorption spectra in Fig.
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Figure 2.16 (a) Out-of-plane and (b) in-plane XRD pattern change of H,TTDPz

thin film around in the redox cycle.
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2.15. The presence of a lamellar structure in the reduced thin film was unexpected,
because thin film reduction (or oxidation) was believed to be accompanied by
penetration of counter cations (or anions) into the films for charge balancing. The
persistence of the lamellar structure in H,TTDPz thin films is considered to be due to
the strong self-assembling ability of this molecule. On the other hand, it was confirmed
that the diffraction peaks of in-plane pattern shifted to larger inter-plane distance that
was reverse to the tendency of out-of-plane diffraction pattern as shown in Fig. 2.16(b).
This result indicates that mobile cations injected by the electrochemical doping exist out
of the stacking axis rather than in the space between stacking molecules and therefore
the steric hindrance by dopant cations may not have a significant effect on the carrier
transport in the stacking direction. It is also considered that the counter cations,
penetrated into the film, only break the in-plane structure and/or that the penetration
depth of the cations is not very deep, and thus only breaks the structure in the vicinity of
the surface.

The blue-curve sample was reset in the electrochemical cell and oxidized at E =
0.2 V. The blue curve in Fig 2.16 shows the XRD pattern of this thin film. Although the
color and resistivity were nearly the same as those of the original thin film, the
compressed structure was still maintained after oxidation. This is probably due to the

remaining counter cations in the film.

2.6.4 Electrochemical Doping and In-situ Electrical Characterization
In-situ resistance measurements on the H,TTDPz thin films were performed
during the redox scan with the electrochemical apparatus depicted in Fig. 2.17,

following the method reported in Ref 18. The gap width of the two-band electrodes (Pt)
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Figure 2.17 Electrochemical apparatus for in-situ resistance measurements
on H,TTDPz thin films.
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Figure 2.18 In-situ resistance of H,TTDPz thin film vs voltage plot in the
redox cycle.
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was 2 um, and the film thickness was 100 nm. This system of measurement resembles
electrochemical transistor structure which was proposed by Wrighton et al.’®
Electrochamical doping was performed applying potential Vq on the Pt microelectrodes
and the resistance of H,TTDPz thin film was evaluated by recording conduction current
in between microelectrodes during applying alternative voltage V4 of 10 mV. The results
are shown in Fig 2.18. The resistance R of the initial thin film was in the order of 10°
in the NH,4CI solution. Upon reduction, the R value suddenly decreased by three orders
of magnitude at E = 0 V. Since this critical voltage is roughly coincident with the CV
reduction peak (—0.15 V) in the second cycle or later, the enhancement of conductivity
would have been caused by the generation of unpaired electrons that became charge
carriers. Upon oxidation, an increase of R was found with a hysteresis which should be
affected by the hysteresis in doping/dedoping redox curves. The in-situ resistance
measurements clearly indicated an enhancement of conductivity at the reduction point.

The electrochemical method can be utilized in the charge control of MTTDPz thin films,

which is a key to obtaining the desired electrical properties.

2.7 Conclusion

In summary, we prepared thin films of H,TTDPz with a thickness of 100 nm.
They were found to include a high and unusual orientation of the molecular planes; the
planes are all parallel to the substrate surface, reflecting the strong self-assembling
ability of H,TTDPz. The photocurrent and FET performance measurements on thin
films of H,TTDPz were performed and firm evidence of n-type semiconductor behavior

was confirmed. The ITO/H,TTDPz/Au cells exhibited symbatic and antibatic behavior,
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according to bias voltage and illumination direction, which was well-interpreted as a
filter effect for the n-type semiconductors. The H,TTDPz FET showed a typical feature
of n-type semiconductors. The electron mobility was evaluated from the transfer
characteristics as ¢ = 7.2 x 10* cm? V! s . The electrochemical reduction of
H,TTDPz thin films was observed at ca. —0.1 V vs. Ag/Ag", reflecting a high electron
affinity of n-type semiconductor. This electrochemical doping with nearly one electron
occurs accompanied by electrochromism, and enhanced intermolecular interactions
were indicated by the presence of CT band after reduction. The XRD patterns exhibited
that the lamellar structure of H,TTDPz still remained even after the penetration of
counter ions. As a result, H,TTDPz thin films exhibited an enhancement of electrical

conductivity by electrochemical doping.
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Chapter 3. Electrochemical Doping of

Lithium Phthalocyanine Thin Films

3.1 Introduction

In the last Chapter, we described the fundamental properties and the band
filling control for the robust thin films of H,TTDPz. A repeatable electrochemical
doping with beautiful electrochromism and conductivity control, was realized, but this
repetition gradually spoiled the crystallinity of the thin films due to penetration of
counter cations into the thin films. These results motivated us to examine the band
filling control to lithium phthalocyanine, which is described in Section 1.3.2. This is a
well-known stable neutral radical, showing the crystalline polymorphs, a-, B- and
x-forms. The x-form consists of a 1D = stacking with a face-to-face intermolecular
overlap, indicating a formation of 1D half-filled band. In between the stacking columns
of x-LiPc, there is a 1D channel, whose size is comparable to the size of small
molecules such as nitrogen and oxygen.? This feature indicates that the channels are
capable of accommodating dopant ions, keeping the same packing of the LiPc
molecules.

In Chapter 3, we describe the synthesis of LiPc, and its thin film fabrication
and characterization. The solid-state electrochemistry of the thin films of LiPc is
elucidated. We discuss a continuous electrochemical doping, a structural transformation,

and effects of thin-film conductivity.
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3.2 Synthesis

LiPc was synthesized according to literature procedures (Scheme 3.1).3
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Scheme 3.1 Synthetic scheme of LiPc.

3.2.1 Dilithium Phthalocyanine (Li,Pc)

0.2 g of Li metal was suspended in n-amyl alcohol and heated at 70°C for 30
min in nitrogen atmosphere. Then 3.0 g of phthalonitrile was added to the solution and
refluxed for 1 hour. After evaporation of alcohol, precipitate was heated at 250°C for 3
hours. Extracting the product with dehydrated acetone using Soxhlet extractor, the
solution was condensed to ca. 20 mL. 100 mL of hexane was added to the solution.
When dark green precipitate was formed, resulting Li,Pc was filtered and dried under

vacuum.

3.2.2 Lithium Phthalocyanine (LiPc)

LiPc has prepared by electrochemical oxidation of Li,Pc with constant
potential condition. In this electrochemical synthesis, tetrabuthylammonium perchlorate
(TBAP) was used as a supporting electrolyte. TBAP was purified by recrystallization
from the mixed solution of ethyl acetate and toluene prior to use, and dried under

vacuum for at least one day. 100 mL of 0.1 mol dm® TBAP/acetonitrle solution and 200
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mg of Li,Pc was added to an electrochemical cell. The above setup of the
electrochemical cell was prepared under nitrogen atmosphere to avoid the
contamination by water and oxygen in air. After confirming the dissolution of all
reagents, the electrolysis started. It takes about 6 hours to oxidize the all Li,Pc. Since
the LiPc is insoluble in acetonitrile, the crystalline LiPc has formed on the platinum
electrode. The resulting crystals of LiPc were collected by filtration and washed with
abundant acetonitrile and then dried under vacuum to obtain needle shaped green

crystals.

3.3 Fabrication and Characterization of Thin Films

LiPc thin films of 120 nm in thickness were prepared on ITO substrates by

vacuum vapor-deposition at 480°C. The obtained thin films were determined to have the
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Figure 3.1 XRD patterns of LiPc thin film in the redox process.
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a-form by X-ray diffraction (XRD) and absorption spectra. The black curve in Fig. 3.1
shows the XRD pattern (24/6scan), showing weak peaks at 26 = 6.7 and 13.11. This
pattern corresponds to an interplane distance of 13.4 A, which is nearly in agreement
with the reported value for the a-form.* The formation of the a-form is further

supported by the UV-Vis-NIR absorption spectra measurements as described later.
3.4 Electrochemical Characterization

Cyclic voltammetry (CV) measurements of the a-form LiPc films on ITO were
made in 0.3 mol/dm® acetonitrile solutions of various electrolytes. The thin films
exhibited a repeatable redox cycle in solutions of N(C4Hy)4ClO, (abbreviated as TBAP),
N(C4Hg)4BF, and LiClO,. Fig. 3.2 depicts the CV curves for the first three cycles in an

acetonitrile solution of TBAP. In the first cycle (black curve), an oxidation peak appears

— st
50 uA — nd
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Figure 3.2 CV curves of LiPc thin film for the first three cycles in an acetonitrile
solution of TBAP.
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at E = 0.66 V. As shown later, this oxidation process is associated with a significant
color change and penetration of the counter anions (CIO, ) in the thin films to balance
the charge. In contrast, there is no sharp peak in the re-reduction scan from 0.9 to 0.5V,
though this also exhibits a gradual color change. The second (red curve) and third (blue
curve) cycles show oxidation peaks at 0.64 V with a decrease in peak intensity. Note
that, after the third cycle, there is a good reproducibility of the CV curve, as is found in
the second and third cycles. The anomaly of the first cycle is probably caused by an
overpotential effect and/or the presence of irremovable counter anions in the thin films

after the second cycle.>®

3.5 Structural Analysis on Doped Thin Films

The red and blue curves in Fig. 3.1 show the XRD pattern change in the
electrochemical redox cycle. These are not the results of in-situ measurements; we
measured the XRD patterns after removing the samples from the solutions, rinsing with
acetonitrile, and then drying. The red curve shows the results for the oxidized sample
deposited at E = 0.8 V. Unexpectedly, this curve shows two strong peaks at 26 = 6.4°
and 12.8° with a significant increase in signal intensity. These indicate a structural
modification and an improvement in the crystallinity of the thin film after oxidation.
The corresponding d value is 13.9 A, which is in good agreement with that of the
x-form.* The blue curve shows the results at E = 0.2 V. There is little change from the
red curve, meaning that the x-form structure is maintained after re-reduction.

In the course of the solid-state electrochemical reactions, the LiPc thin films

exhibited a significant electrochromism, as shown in the inset of Fig. 3.3. We measured
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in-situ UV-Vis-NIR absorption spectra. The black curve in Fig. 3.3(a) shows the
spectrum for the as-prepared thin film of LiPc soaked in acetonitrile. This curve exhibits
characteristic features of the a-form, namely, broad twin peaks in the range of 600-800
nm and a small peak at 820 nm.*’ This figure also shows the spectral change in the first
oxidation scan at E = 0.2, 0.6 and 0.9 V. While there is a gradual change in the visible
range (400—-700 nm) with an isosbestic point at 580 nm, the weak absorption at 820 nm
suddenly disappears at E = 0.9 V, where the spectrum consists of two sharp bands at 520
and 690 nm. Fig. 3.3(b) depicts the results in the first re-reduction scan from 0.9 to 0.2
V; the two sharp peaks exhibit high-energy shifts, swapping their intensities. At —0.2 V,

namely after the first redox cycle, the spectrum is completely different from the original
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Figure 3.3 UV-Vis-NIR absorption spectra of LiPc thin film in the redox
process. (a) oxidation and (b) reduction process (Inset: photograph of thin film).
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one (black curve in Fig. 3.3(a)), and is identical with that of the x-form.*® In the second

cycle or later, the spectral change becomes reversible; it repeats the change in Fig.

3.3(b).

X-ray photoelectron spectra (XPS) measurements were carried out for the

as-prepared thin film, and the oxidized (E = 0.8 V) and re-reduced (E = 0.2 V) films in

TBAP/acetonitrile solution. The sample preparations for these measurements were the

same as those for the XRD measurements. Fig. 3.4(a) shows the Li 1s bands for the

three samples. The as-prepared sample exhibits a signal at a binding energy of 58 eV

(black curve), which is shifted to 56 eV after oxidation (red curve) and reverts to the

original position (59 eV) after re-reduction (blue curve). Since there is little change in
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Intensity / arb. units

Figure 3.4 XPS spectra of LiPc thin film in the redox cycle for Li (a) and CI (b).
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signal intensity, there should be no elimination of Li ions from LiPc molecules. Fig.
3.4(b) depicts the spectra of Cl 2p. While the as-prepared thin film exhibits no signal of
Cl (black curve), the oxidized film does exhibit a strong peak at 212 eV (red curve).
This is firm evidence for doping of the counter anion (CIO, ) into the thin film after
oxidation. After re-reduction, however, this peak nearly disappears (blue curve), due to
dedoping. The presence of the weak peak on the blue curve suggests that a small
amount of CIO, remains even after re-reduction.

Scheme 3.2 shows a summary of the present work. The a-form thin films of
LiPc exhibit a structural transition to the x-form as a result of electrochemical oxidation,
which brings about doping of the counter anions into the thin films. This process is
followed by reversible dedoping, which occurs with maintenance of the same crystal
structure by electrochemical re-reduction. Since the x-form crystals of the cation radical

salts of divalent phthalocyanines, (MPc)X (M = Ni, Pt,etc. and X = ClIO4, BF,4, etc.), are
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Scheme 3.2 Schematic view of electrochemical doping process of LiPc thin film.
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synthesized electrochemically,” the present a—x transformation of the LiPc thin films
can be regarded as a solid-state reaction, rather than a phase transition. In our previous
work, however, it was demonstrated that electrochemical oxidation of “the a-form thin
films of divalent MPc did not bring about formation of the x-form, but an amorphous
structure. This is a clear contrast between LiPc and divalent MPc; LiPc can stably form
the x-form even without counter anions. Furthermore, the doped anions in the oxidized
state of LiPc are easily dedoped by electrochemical re-reduction, maintaining the
x-form structure. While reversible I, doping and thermal dedoping are known in powder
samples of a Pc polymer [SiPcO],,'° the present electrochemical method can provide
highly-controllable doping/dedoping. The structural robustness of the x-form LiPc thin
films is probably attributable to the fact that LiPc is a neutral radical which possesses
strong intermolecular radical-radical interactions and to the presence of the 1D channels,

which can be a pathway for counter anions.
3.6 Electrochemical Doping and Electrical Transport Properties of Thin Films

The repeatability of the redox cycle after the second cycle strongly suggests a
possible electrochemical band-filling control, namely, continuous and reversible
doping/dedoping in the same lattice skeleton, by means of electrochemistry.

Substrates and electrodes used for this experiment were the same as those in
H,TTDPz (section 2.5.4). The electrochemical potential swept from 0.0 V t0 0.9 V at a
sweep rate of 5 mV/s. After this 1st oxidation process, the sweep stopped at each
desired potential in the 1st backward scan. After confirming electrochemical equilibria,
thin films were rinsed with acetonitrile and transferred to a cryostat. Electrical

measurements were performed in nitrogen atmosphere. Fig. 3.5 shows the temperature
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Figure 3.5 Temperature dependence of electrical resistivity on LiPc thin films doped
at each electrochemical potential, 0.9V, 0.5V, 0.1V, and —0.2 V.

dependence of electrical resistivity on LiPc thin films doped at each electrochemical
potential, 0.9 V, 0.5 V, 0.1 V, and —0.2 V. It is clear that due to effective carrier
injections, all the doped LiPc thin films exhibited lower resistivity by 2-3 orders of
magnitude than pristine film. It is worth noting that there was only a small variation,
less than one order of magnitude, in between resistivities of doped thin films. This result
imply that the resistivity of LiPc thin films did not exhibit an intrinsic property of bulk
thin film, but an electrically conductive fraction in thin films governed electrical
transport. This behavior was interpreted by the presence of immobile dopant ions
resulted from incomplete and inhomogeneous dedoping process as suggested by the

results of XPS measurements.
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3.7 Conclusion

In summary, we prepared the o-form thin films (120 nm) of lithium
phthalocyanine (LiPc). They exhibited a structural transformation to the x-form by
electrochemical oxidation which introduces the counter anions into the thin films, and
these anions are reversibly dedoped by electrochemical re-reduction, maintaining the
x-form structure. Electrical resistivity measurements on the LiPc thin films by
electrochemical doping demonstrated that all the doped LiPc thin films exhibited lower
resistivity by 2-3 orders of magnitude than pristine film. This result indicates that an

electrically conductive fraction in thin films governed electrical transport.
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Chapter 4. Electrochemical Doping of

Lithium Phthalocyanine Crystals

4.1 Introduction

In Chapter 3, we described the reversible electrochemical doping/dedoping to
the thin films of LiPc. Owing to the nanoporous structure of this compound,
controllable doping/dedoping were realized, keeping the crystallinity stable. However,
the conductivity measurements on these LiPc thin films suggested an inhomogeneity of
the counter anions in the films, which resulted in a discontinuous change, as shown in
Section 3.6. To achieve the ideal band filling control, it is necessary to perform
continuous carrier doping/dedoping in single crystals organic semiconductors.

In the present chapter, we explain an electrochemical doping to the single
crystals of LiPc, by a successive electrochemical method: namely the electrochemical
growth of the single crystals of LiPc, followed by electrochemical doping, using two
kinds of electrochemical cells. Crystal structure analysis on the crystals of different
doping levels, reveal homogeneous distributions of the counter anions in the crystals.
Electrical measurements suggest a continuous enhancement of conductivity by a

decrease in carrier number from the half-filled band.
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4.2 Preparation of Electrochemically Doped LiPc Crystals

LiPc crystals were grown on an electrode by electrochemical oxidation of
Li,Pc with a constant current condition. In this electrochemical synthesis, we used an
H-shaped glass cell, consisting of anode and cathode compartments. They were
separated from each other by a glass filter (pore size: 40-50 um) to control diffusion
speed. Platinum rods with a diameter of 1 mm were used as electrodes, and
tetrabutylammonium perchlorate (TBAP) was done as a supporting electrolyte. TBAP
was purified by recrystallization from a mixed solution of ethyl acetate and toluene
prior to use, and dried under vacuum for at least one day. 100 mg of TBAP and 8 mL of
acetonitrile were added to the each compartment, and 20 mg of Li,Pc was added to the
anode side. This electrochemical cell was set under nitrogen atmosphere, to prevent
contaminations of water and oxygen from the air. After dissolving all reagents, the
electrolysis was started. It took 3—4 weeks to oxidize all Li,Pc in the solution. Since
LiPc was insoluble in acetonitrile, the crystalline LiPc (dark green needle-shaped
crystals, 0.2-1.0 mm in length) was grown on the surface of the platinum anode. The
resulting LiPc crystals on the electrode were washed with acetonitrile three times,
without peeling off from it, and then dried in air.

The electrochemical doping was carried out using another electrochemical cell
as shown in Fig. 4.1, which had a three electrode structure. The platinum electrode
covered with the LiPc crystals was used as a working electrode, and an Ag/Ag”
electrode (BAS Co., Ltd.) and a platinum electrode (1 mm in diameter) were used as
reference and counter electrodes, respectively. All the electrochemical reactions were

performed under nitrogen atmosphere.
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Figure 4.1 Electrochemical cell used for electrochemical doping.
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Figure 4.2 Cyclic voltammogram of LiPc crystals measured in 0.1 mol dm™
acetonitrile solution of tetrabutylammonium chloride.

Fig. 4.2 shows a cyclic voltammogram of the LiPc crystals measured in a 0.1
mol dm™3 acetonitrile solution of tetrabutylammonium chloride (TBACI). Anodic and

cathodic current peaks show significant shifts, depending on the scan rate. At a high
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scan rate, the redox reaction is irreversible, and the potential difference between the
anodic and cathodic peaks reaches 400 mV. In general, reversibility of the cyclic
voltammograms for redox reactions is governed by a diffusion rate of reactants (redox
species). In the present case, however, the reactants (LiPc molecules) were fixed on the
surface of a working electrode, so that the reaction kinetics was not affected by
diffusions of reactants. Instead, a diffusion rate of counter anions was a crucial factor to
determine the reaction rate, because an electric charge should be compensated by a
diffusion of anions into the crystals of the oxidized LiPcs.'? Thus, the irreversible
behavior of cyclic voltammograms at a high scan rates indicates a slow diffusion of
counter anions. In contrast, the potential difference between anodic and cathodic peaks
is as small as ca. 80 mV when a scan rate is less than 1 mVs ™. This value is similar to a
theoretical one in a reversible system (57 mV at room temperature), and therefore the
cyclic voltammograms at a slow scan rates (< 1 mVs ') can be regarded as a
quasi-reversible system.

To perform electrochemical doping into the LiPc crystals, a constant potential
was applied to a 0.1 mol dm™® TBACI/acetonitrile solution. Fig. 4.3 shows the time
trajectory of the oxidation current during the electrochemical doping at 0.3, 0.4 and 0.5
V. When the LiPc crystals are oxidized at 0.3 V (blue curve), the oxidation current
shows a decrease with an insertion of the counter anions (chloride ions) into the crystals,
and the current become nearly zero after reaching an electrochemical equilibrium state
within several hours. When the crystals are oxidized at 0.4 V (green curve), a current
value is large at the beginning, and then decreases more quickly, compared to the
current decay measured at 0.3 V. It should be noted that the time required completing

the doping exhibited significant sample dependence, even though all samples had been
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Figure 4.3 Plot of oxidation currents vs. time during the electrochemical doping

at various potentials.
prepared under the same condition. In fact, the crystals used for the experiment had a
size distribution. The size and the shape of crystals synthesized by the electrochemical
method, are known to be strongly influenced by various factors such as electrode
surface condition and electrolyte concentration. It is considered that the difference
between the blue and green curves in Fig. 4.3, would be caused by the size and the
shape of crystals deposited on the electrode, and the surface area between crystals and
electrolyte solution would also affect the electrochemical behavior. A doping level can
be estimated from the amount of the electric charges, consumed for the oxidation, and
the mass of the materials on the electrode. However, in the present experiments, it was
hard to do so, because a part of the crystals fell down from the electrode during or after
the doping.

When the crystals are oxidized at 0.5 V, the electrolysis curve (red curve in Fig.

4.3) greatly differs from the other two. The values of the current decrease at the
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beginning, but reach at a non-zero value afer 2000 sec. In this steady state, the oxidation
reactions took place not for LiPcs but for the chloride ions in the electrolyte solution. It
was confirmed by a control experiment that the electrolyte solution (0.1 mol dm®
TBACI/acetonitrile) was oxidized continuously using bare platinum electrodes above ca.
0.5 V vs. Ag/Ag”. Therefore, in order to avoid the decomposition of the electrolyte, the

doping was performed at a potential below 0.5 V.

4.3 Characterization of Electrochemically Doped LiPc Crystals

It is expected that the concentration of the chloride ions, contained in
electrochemically-doped LiPc crystals, would depend on the doping potential, under the
guidance of the Nernst equation. Energy dispersive X-ray analysis (EDX) was
performed on the obtained samples, in order to confirm the presence of chloride ions in
them.

The samples obtained by the electrochemical dopings were firstly rinsed with
pure acetonitrile three times for a few seconds to remove excess electrolyte remained on
crystal surfaces. After the LiPc crystals were collected from the platinum electrodes,
elemental analysis was carried out using a scanning electron microscope (SEM)
equipped with an EDX analyzer.

The results of the EDX analysis indicated the presence of the chloride ion and
all the elements of LiPc in the doped crystals, though we could not detect hydrogen and
lithium atoms due to their small electron densities. The concentration of the chloride
ions was calculated from the atomic ratio of CI:N from the EDX measurements. Fig. 4.4
shows the dependence of the dopant concentration x on the doping potential. Each open

circle in this figure represents the concentration of chloride ions obtained from one
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Figure 4.4 Relationship between a dopant concentration x and doping potentials.

piece of crystal, and the plots at each potential come from the same batch. It is clear that
the carrier doping can be achieved by the electrochemical doping to the rigid single
crystals of LiPc. One may suspect a contamination of the electrolyte molecules
(TBACI), remained on sample surfaces, but this is not the case, because chloride ions
were not detected from the LiPc crystals, which were just soaked in the electrolyte
solutions without voltage, and were rinsed with acetonitrile, prior to EDX
measurements.

Fig. 4.4 indicates that the concentration of chloride ions shows an increase, as
the applied potential to the working electrode increases. The dopant level reaches the
maximum (0.5), but further ClI doping has not been achieved, because the electrode
potential above 0.5 V resulted in the decomposition of the electrolytes. A significant
fluctuation is also observed even at the same potential, and this feature is common to

the crystals at the three potentials (0.3 'V, 0.4 V, and 0.5 V). These deviations are greater
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than an experimental error of the EDX measurements, which is as large as ca. = 0.1
from the average value. The Nernst equation for redox reactions indicates that the
dopant concentration is determined by the doping potential. Therefore, the large
distribution of x in the present materials suggests that an effective electric potential
differs from crystal to crystal, even though they were on the same electrode. The
resistivity of the neutral LiPc single crystals is about 10° Q, which is extraordinarily
large in the equivalent circuit of the electrochemical cell. When two or more single
crystals contact each other on the electrode, there should be a significant potential drop
at these crystals.

Fig. 4.5 shows an SEM image of a typical LiPc single crystal prepared at 0.3 V.
This crystal was used for an EDX mapping analysis, in which we carried out EDX
analysis at the five spots indicated by yellow circles in this figure. It was found that the
chloride concentrations obtained from these spots were about 0.3 and there was no spot
depeneence. Compared with the large fluctuation of the dopant concentration among the
crystals (Fig. 4.4), the distribution of x in the same single crystal is probably very small,

indicating a homogeneous distribution of the chloride ions.

x=033 029 0.26 0.31 0.25

Figure 4.5 SEM image of a typical LiPc single crystal prepared at 0.3 V, used for
an EDX mapping analysis. The values of x indicate a dopant concentration at the
yellow points in the crystal, estimated from EDX analyses.
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4.4 X-ray Crystal Structures of LiPcCly Crystals

Detailed structural information for the LiPcCly crystals was obtained by X-ray
single crystal structure analysis. Since there was no chemical decomposition of the LiPc
molecules after the electrochemical doping, it was able to perform a single crystal X-ray
structure analysis on the doped crystals. The crystal structure was solved by a direct
method using the SHELXS-97 program* and refined by successive differential Fourier
syntheses and a full-matrix least-squares procedure using the SHELXL-97 program.’
The occupancy parameters of the dopant (chloride ion) were refined isotropically at first.
Then, the optimized occupancy was fixed to give the smallest R value, and finally
chlorine atoms were refined anisotropically. Anisotropic thermal factors were applied to
all non-hydrogen atoms. Hydrogen atoms in LiPc were located by differential Fourier
synthesis and were also refined. In this work, the Cl occupancy was defined as the
dopant concentration x. Table 4.1 summarizes the crystallographic data for the selected

crystals with various dopant concentrations.

Table 4.1 Crystallographic data for the selected crystals with various dopant
concentrations as well as a pristine x-form LiPc crystal.

Compound x-LiPc LiPCClg_ll LiPCClU_gg LiPCClg_zl LiPCC].U_gg LiPCClgjg

Crystal system  tetragonal tetragonal tetragonal tetragonal tetragonal tetragonal

Space group Pi/mce Pd/mee PAlmce Pidimee Pilmee Piimee
a(A) 13.852(4)  13.8430(9)  13.829(5)  13.864(6)  13841(4)  13.843(4)
c(A) 6.4216(17)  6.4156(6) 6.406(2) 6.414(3) 6.4027(18) 6.394(2)

Volume (A%)  1232.2(6) 1229.41(16) 1225.1(7)  1232.8(9)  1226.6(6)  1225.3(6)

Z 2 2 2 2 2 2
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The crystals analyzed here were electrochemically doped at the potential of 0.3
V, 0.4V, or 0.5 V. The dopant concentration changed from crystal to crystal, being in the
range of 0.1 < x < 0.5 for LiPcCly. This is in agreement with the EDX analyses. The
X-ray crystal structure analysis indicate that the LiPcCly series are isostructural to the
parent x-form LiPc,® except that chloride ions exist in the 1D channels. The crystal
structure of LiPcCly with x = 0.37, is shown in Fig. 4.6. The lithium ion is located at the

center of the inner four nitrogen atoms of a planar phthalocyanine molecule. These LiPc

Figure 4.6 Crystal structure of LiPcClyz7. (2) the projection on the ab plane, (b)
the projection on the bc plane. Green: CI, Purple: Li, Violet: N, Gray: C, White:
H.
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molecules are stacked metal-over-metal so that their molecular planes are perpendicular
to the ¢ axis and are staggered by ca 39.1°. The interplanar spacing (c/2) is 3.1934(5) A
at 173 K, which is shorter than that in the LiPc crystal (3.2108(9) at 173 K). The
chloride ions occupy a vacant space in the 1D channel as shown in Fig. 4.6. The thermal
parameter of chloride ion in the stacking direction (c axis) is 7-10 times greater than
those in the transverse directions (a and b axis), suggesting Cl disorder along the ¢ axis
as shown in Fig. 4.6(b). This is not surprising because there is enough space for Cl
translation along the c axis, considering the non-commensurate character of LiPcCly
crystals. Similar behavior has been reported in {[Si(Pc)O]X,} and M(Pc)Xy systems.”®

Marks et al. argued about the relationship between the maximum dopant
concentration and the size of counter ion in the {[Si(Pc)O]X,}, system, where BF,,
PFs , SO, etc. were studied as a dopant.” Since the diameters of these counter anions
(6.30-15.7 A) are larger than the interplanar distance of the silicon phthalocyanine
polymer (3.29-3.34 A), the maximum dopant concentration was restricted, and was
theoretically calculated as ymax = d/2rion, Where d (= ¢/2) and rjo, are the interplanar
spacing and the radius of counter ions, respectively. The maximum dopant
concentration determined by the experiments for these ions, was ranged from 0.2 to 0.5,
and indeed these values are in very good agreement with the theoretical ones. For the
crystals of LiPcCly, the maximum dopant concentration can be theoretically estimated in
the same way. Although the interplanar spacing of LiPcCly is comparable with that of
{[Si(Pc)OIX,}n (3.23 A at 273 K), the size of chloride ion (2risn = 3.34 A) is much
smaller than those of the ions examined by Marks et al. By using these parameters, the
theoretical value is obtained as 0.97, which indicates possible 1:1 complex of LiPc and

Cl. However, the maximum dopant concentration obtained in the present work, is
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smaller than 0.5. This suggests that the dopant concentration is restricted by the doping
potential rather than the ion size in the LiPcCly system.

Fig. 4.7 shows the dependence of the lattice constants a and ¢ on the
concentration x in LiPcCly. With an increase in the doping concentration, that is a
degree of oxidation, the length of the ¢ axis shows a slight decrease, while the cell
parameters, a and b, depend little on x. The chloride ions are located in the 1D
channels between the LiPc columns, and the ion size (3.34 A) is smaller than the
channel diameter (ca. 4 A). Therefore, the steric hindrance of the dopant molecules
hardly affects the transverse direction of the LiPc molecules (red dots in Fig. 4.7). In
contrast, there was a significant change in intermolecular interactions between
molecular planes (blue dots in Fig. 4.7). In the 1D stacking array of LiPc before doping,

each LiPc molecule has one unpaired electron, so that a Coulomb repulsive force works
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Figure 4.7 Evolution of the lattice constants a and c¢ as a function of the ClI
doping concentration.
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between the molecules; the ground stat of the neutral LiPc can be regarded as a Mott
insulator. Since such a Coulomb interaction becomes weaker as the density of the
unpaired electrons decreases by the doping, the observed shrinkage along the ¢ axis is

considered to reflect an effective reduction of the Coulomb force.

4.5 Electrical Conductivity of LiPcCly Crystals

The electrical conductivity was measured on the selected LiPcCly crystals,
listed in Table 4.1, with a two-probe technique. Gold wires were attached to the crystal
by using a gold paste, and dc conductivity was measured parallel to the long axis of
crystal which corresponds to the stacking axis of LiPc molecules (c axis).
Conductivity measurements were performed under vacuum and the sample temperature
was monitored by a thermocouple adjacent to the crystal.

Fig. 4.8(a) shows the temperature dependence of conductivities for the LiPcCly
single crystals with various Cl concentrations, as well as pristine LiPc. The conductivity
of the pristine LiPc crystal is 7 x 10° Scm ™ at room temperature, which agrees with the
value, reported elsewhere.'! Although the conductivity of thin films depends

significantly on the crystallinity in the films,'*?

such measurements based on single
crystals can give more reproducible results.

It is shown that all the LiPcCly crystals exhibit a semiconducting behavior with
thermally activated conductivity. Fig. 4.8(b) and 4.8(c) show the conductivity at room
temperature ogrr and the Arrhenius activation energy E,, respectively, for the LiPcCly

crystals, as a function of x. The conductivity of the LiPcCly crystals, shows an

continuous increase with Cl doping from x = 0 to 0.23. The electrochemical oxidation
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Figure 4.8 Temperature dependence of conductivities (a), Conductivities at room
temperature orr as a function of Cl concentration (b), and Arrhenius activation
energy E, as a function of Cl concentration (c) for LiPcCly single crystals with
various Cl concentrations as well as a pristine LiPc crystal.

removes some electrons from the SOMOs of LiPc arrays. This change is considered to

result in not a decrease of a carrier density, but an effective decrease in the intersite

Coulomb interactions. This is supported by the lattice shrink along the stacking axis,

found in the range of 0 < x < 0.3 for the CI doping, as shown in Fig. 4.7. Namely, the
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m-orbital overlap between neighboring molecules in the LiPc column becomes large,
with enhancements of transfer integral and conductivity. In the range of 0.3 < x < 0.5,
the intermolecular spacing along the stacking axis was nearly constant in spite of the
further CI doping. This is probably the reason why the conductivity for the crystal with
x = 0.39 is very similar to that for x = 0.23 (Fig. 4.8(b)). Although there have been no
reports on a conductivity of LiPcCl, it is known that fully oxidized LiPcl,** which is
isomorphous (c/2 = 3.198 A) to the x-form LiPc® and NiPcl,** exhibit a relatively high
conductivity of 0.2 S cm™. This value is similar to that for the LiPcCly crystal with x =
0.2-0.4. The activation energies of the LiPcCl crystals depend on the x value, as shown
in Fig. 4.8(c). The E, is initially ca. 0.13 eV at x = 0, and then it gradually decreases to
0.03 eV, showing a saturation after x ~ 0.3.

Although obvious metallic behavior was not observed for LiPcCly with 0 < x <
0.5, the conductivity increased by two orders of the magnitude, and the activation
energy became 1/4 less than the original LiPc crystal due to the successful doping,
maintaining their isomorphous structure. These results indicate a successful
electrochemical doping for the LiPc crystals.

Fig. 4.9 shows the EPR intensity plot as a function of temperature for LiPcCly
with various dopant concentrations. The EPR signal intensities (yepr) Were normalized
by that of a non-doped LiPc crystal at 300 K. The magnetic susceptibility of neat LiPc is
known to be suppressed due to a cancellation between the spins of neighboring LiPc
moelcules.’® Fig. 4.9 indicates a further decrease in intensity over the whole temperature
range. The electronic structure of the neutral LiPc can be regarded as a Mott state. The
present data means that the decrease in the band filling from the half-filled state with an

antiferromagnetic coupling decreases the susceptibility significantly.
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Figure 4.9 Temperature dependence of EPR signal intensities for selected single
crystals of LiPcCly. The EPR signal intensities were normalized by that of
non-doped LiPc crystal at 300 K.

e N Y, —>Yi-filled
- = i
T oX — Interplanar distance
T-— O'RT—)/

[ ] — EC[ —> \
— T Xess—

Figure 4.10 Schematic illustration of an effect of the oxidative doping to the =
stacking in LiPc (left), and the various physical parameters (right).

4.6 Conclusion

Electrochemical doping to the single crystals of LiPc was carried out by a
successive electrochemical method: the electrochemical growth of the single crystals of
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LiPc, followed by their electrochemical oxidation in TBACI/acetonitrile solution. EDX
and X-ray single crystal analyses confirmed that electrochemically doped LiPc crystals
including CI ions as counter anions, LiPcCly were obtained with the value of x ranging
from 0.1 to 0.5. X-ray single crystal analyses also exhibited that all of LiPcCly crystals
with different doping levels have isomorphous x-form structures, in which chloride ions
with a relatively large thermal factor due to their disorder are located in the 1D channel
formed between LiPc molecules. As the amount of the Cl dopant increases, the length of
only the c axis became shorter, indicating that the z—= interactions between LiPc
molecules along the ¢ axis are improved (Fig. 4.10). Electrical measurements on
LiPcCly single crystals suggest a continuous enhancement of conductivity by a decrease
in carrier number from the half-filled band as the CI concentration increases. In other
words, the structure and physical properties of neutral LiPc is considered to be governed
by an electron correlation between the unpaired electrons. This is a good hint to

understand the Mott states of molecular crystals.
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Chapter 5. Summary

In this thesis, electrochemical doping has been applied to organic thin films and
crystals for the purpose to modulate the physical properties of organic compounds by
controlling the band-filling while maintaining the band structure. In order to avoid a
deformation of their crystal and thin film structures, which is usually caused by a
penetration of counter ions during electrochemical doping, this study focused on
porphyrazines such as tetrakis(thiadiazole)porphyrazine (H,TTDPz) and lithium
phthalocyanine (LiPc), taking advantage of their robust structures.

In Chapter 2, the electrochemical doping of the H,TTDPz thin film was
investigated. H,TTDPz thin films prepared by vacuum vapor deposition exhibited a
high and unusual orientation of the molecular planes; the planes are all parallel to the
substrate surface. As the photocurrent and FET characteristics of H,TTDPz thin film
revealed n-type behavior, the electrochemical reduction of H,TTDPz thin film was
observed in the cyclic voltammetry in NH4Cl aqueous solution, reflecting a high
electron affinity of n-type semiconductor. This electrochemical doping with nearly one
electron occurs accompanied by electrochromism, and enhanced intermolecular
interactions were indicated by the presence of charge-transfer band and the
enhancement of electrical conductivity. Their robust structure was supported by the
XRD patterns which exhibited that the lamellar structure of H,TTDPz still remained
even after the penetration of counter ions.

In Chapter 3, the electrochemical doping of the LiPc thin film was investigated.
The pristine a-form thin films of LiPc exhibited a structural transformation to the

x-form by electrochemical oxidation which introduces the counter anions (ClO,) into

85



the thin films, and these anions are reversibly dedoped by electrochemical re-reduction,
maintaining the x-form structure. Electrical resistivity measurements on the LiPc thin
films by electrochemical doping demonstrated that all the doped LiPc thin films
exhibited lower resistivity by 2-3 orders of magnitude than the pristine film.

In Chapter 4, the electrochemical doping of LiPc was developed into advanced
study with single-crystalline LiPc. The electrochemical oxidation of LiPc crystals in
TBACI/acetonitrile solution gave the isomorphous Cl-doped LiPc crystals (LiPcCly).
Various dopant concentrations were realized in the range from 0 to 0.5, although the
maximum X value was limited below 0.5 due to the decomposition of the electrolyte. As
a result of X-ray single crystal structure analyses, the length of LiPc stacking axis was
found to become shorter as the x value increased, indicating the improved interplanar
interactions in LiPc stacks, in contrast to no significant change in the a and b axis length.
Accordingly, the dc conductivity of LiPcCly was enhanced as the dopant concentration
increased, and showed a relatively high conductivity of ogr = 0.2’ S cm™. The structure
and physical properties of neutral LiPc is therefore considered to be governed by an
electron correlation between the unpaired electrons.

In conclusion, the electrochemical doping was successfully carried out on thin
films and crystals of porphyrazines such as H,TTDPz and LiPc. As a result of
band-filling control by the electrochemical doping, their conductivities were
significantly enhanced. These results suggest that a strong intermolecular interaction
such as 7#—r interactions, electrostatic interactions, etc. and a porous structure are crucial
factors for electrochemical doping while maintaining crystal and thin film structures.
Especially, a porous structure seems to have the biggest potential for an ideal

band-filling control, since adsorption/desorption of counter ions into/from crystals and
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thin films are reversible without deformation of their structures. This means that porous
materials such as metal-organic-frameworks (MOFs) are good candidates, and the
electrochemical doping would be applicable to control not only an electrical

conductivity, but also a magnetic, optical, catalytic, and other physical properties.
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