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Abstract

Organic compounds having large m-conjugated systems have attracted
chemists to develop colorful dyes, imaging labels, sensor materials, and organic
electronic devices. Such organic compounds often contain fused aromatic rings, which
are promising structures to get large m-system and stability. On the other hand, other
methods to construct extended m-system have been less developed. For example, metal
coordination gives efficient connection between two m-systems in bis(dithiolene)
complexes and multi-decker metal complexes. In addition, I also focused on the
sterically hindered double bond not only to show large m-conjugation, but also to
exhibit characteristic properties like chromic behavior emerged in the analog
compounds, bis-tricyclic enes. The general introduction was given in Chapter 1.

The extension of m-system was achieved by dm—pm conjugation by using
metals and tetraceneimide disulfide ligand (Chapter 2, 3). First, the method started with
platinum. It resulted in a mononuclear complex, which clearly displayed longer
wavelength light absorption and wider m-systems. The effects of platinum atom were
also investigated by transient light absorption measurements (Chapter 2). The other
complex using other 10-group metal was provided by using palladium. In comparison
to the platinum case, palladium ended in a trinuclear metal complex denoting
exceptionally red-shifted light absorption to infrared region. Quantum calculation also
showed fully delocalized mt-conjugated systems in HOMO and LUMO (Chapter 3).

The second topic about hindered double bond demonstrates the compound
displaying two kinds of colors in different conformations (Chapter 4). The origin of
color change and conformational change in solid state was examined to conclude the
importance of amorphous phase. The substituents played important roles to compare the
solid-state behaviors and control the conformations.

On my research, I have established two different ways to expand mt-conjugated
systems. The overview of my thesis and the perspective were summarized in Chapter 5
to design new organic materials by using the concepts I proposed here.
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Chapter 1.

General Introduction



One of the objectives to study organic compounds is to utilize the
accomplishments for industrial applications. A lot of chemists have devoted a great deal
of time and effort to establishment of organic materials toward achieving higher
performances of electronic devices than inorganic ones. To accomplish the goal,
organic materials should overcome a lot of issues that are high carrier mobility, stability
of molecule, strong light absorption/emission abilities, and so on. Currently, inorganic
materials are widely used rather than organic materials. Electrons in inorganic materials
form band structures, which provide high carrier mobility. In addition, metallic bonds
and ionic bonds result in quite robust materials as elemental metals, alloys, ionic solids,
and Werner-type complexes. On the other hand, the inorganic materials are inherently
heavy and inflexible. Here, organic chemists have focused on the fact that organic
compounds easily solve the inorganic drawbacks.

During the explorations of organic materials, organic materials chemists
mainly studied on fused aromatic rings, which are so-called as polycyclic aromatic
hydrocarbons (PAHs)." PAHs have rigid structures and thermal stability, and therefore
the researchers considered PAHs would open the door to creation of practical organic
materials (Figure I). First, a variety of molecular structures have been designed and
synthesized, but the small molecules have small m-orbitals not enough to construct
effectively conductive paths. Since organic molecules hardly construct electronic band
structures in solid state unlike inorganic materials, charge transporting path should be
constructed by very close packing structures and covalent bonds. Accordingly, packing
control methods of small molecules and organic polymers composed of small PAHs
have been developed.” At this stage, organic materials realized conductivity as >1
cm®/Vs,> high performance solar cells with >10% power conversion efficiencies,’ and
absolutely stable electronic devices.” In order to improve the device performances, new
series of organic materials should be required to widen the variety of organic materials.
Organic materials chemists keen to design and create a new molecular structure. The
motivation has targeted wide range of molecular structures to find a new family
showing prominent properties.® The majority of the variation is, however, PAH
families composed of carbon, hydrogen, oxygen, nitrogen and sometimes boron, silicon,
phosphorus, sulfur, selenium and tellurium atoms.” The number of elements allows to
form a tremendous kinds of molecular structures, so the situation got me to search an
unprecedented concept to design organic materials.



808 200
o0 geses

Figure 1. Development of PAH structures.

I decided to change the typical point of view how to construct t-conjugation to
other sides that are complexation and utilizing double bond (Figure 2). The research
about a limited number of metal complexes has covered subjects of materials chemistry
perhaps because of high reactivity of metal complexes. The high reactivity and unusual
instability have attracted chemists, but the characteristic reactivity prevents the metal
complexes from applications. Among the situation, some metal complexes were used
for electronic devices, however the molecular structures can be categorized into a few
types: porphyrinoids, ® bis(dithiolene) complexes,® and hexagonal Werner-type
complex with pyridyl groups.'” These complexes do not have a significant common
characteristic but metal atoms obviously work to construct unique m-conjugation and
electronic interactions. I estimated that the properties would commonly emerge by
making dm-pr interactions, which would indicate m-extension at the same time. The
feature whether m-system gets extended or not is instantly confirmed by measuring light
absorption measurements. [ have investigated the m-extension for metal complexes
through experimental and computational studies.

In comparison to the field of metal complex materials, double bonds have been
unconsciously incorporated to organic materials to link and conjugate two m-systems.
One of the examples is poly(p-phenylene vinylene).!' Generally, double bonds can be
easily constructed by several synthetic methods, for example McMurry coupling,
Knoevenagel condensation, Heck coupling, Wittig reaction, Barton-Kellogg reaction,
and so on. The various approaches to get p-phenylene vinylene derivatives have helped

. : . 11g,12
develop some functional organic materials. ®

In this work, I added an extra property
that is steric repulsion (Figure 2). The sterically hindered distortion is sometimes used
for packing control, but I thought the distorted double bond would effectively accept
charges by releasing the contortion. The schematic molecular structure in Figure 2 is
similar to bis-tricyclic aromatic enes (BAEs) that have been studied for over 100

years."” It is already known that BAEs exhibit chromic properties between the different



stereoisomers, but the origin of the chromism is not yet clear. In addition, the literatures
reported, however, no photophysical properties or electrochemical properties. I thought
that the molecular design of BAEs is applicable to organic electronic devices, and hence
the electrochemical properties and photophysical properties should be evaluated. I also
tried to demonstrate that the distorted double bond can link and extend the m-systems to
show long wavelength light absorption. The double bond with contortion would form
two stereoisomers possessing different bonding feature at the central bond. I could
examine the difference of m-orbital structures.

T &

Figure 2. Schematic images of the concepts to build n-conjugated system.

So far, I spent my bachelor and master courses developing organic
semiconducting materials, namely tetraceneimide disulfide (TIDS) derivatives. The
TIDS derivatives contain unique m-conjugated system to show long wavelength light
absorption. We demonstrated that TIDS is applicable to organic electronic devices
(Scheme 1, Figure 3)."*

Scheme 1. Synthesis of TIDS derivatives.

R-NCO (4-8 eq.) Q Q O
O AICI, (4 eq.) _ O Sg (excess) ) O S
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Figure 3. UV-vis absorption spectra of TIDS compared to its precursors and
organic thin film solar cell performances using TIDS.

In addition, TIDS derivatives have potential to extend the own m-systems by
coordinating metals to the disulfide group. So I decided to use TIDS toward the next
theme that is m-extension with metal coordination. In the TIDS studies, we also noticed
a drawback of TIDS for application to solar cell devices, that is low mobility of carriers.
We considered the issue would come from the rigid structure of t-system of TIDS. The
rigidness scarcely accepts a carrier because TIDS cation or anion would weaken double
bond features at the m-system to form single bond like characters, which generate steric
torsions. I should optimize the molecular structure to improve the carrier transporting
properties. At this time, I got thought of the double bond structure. I started to develop
the two themes by using two different molecular structures. In the first two chapters, I
discussed about the metal complexes. In the next chapter, I summarized the molecules
with hindered double bond.
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Chapter 2.

Synthesis and Photophysical Properties in the
Excited States of Platinum Tetraceneimide
Disulfide Complex



2.1. Introduction

Toward organic electronic devices, a variety of organic materials have been
developed. The organic materials have gained a number of functional groups, made the
n-system wider and contained diverse heteroatoms to grow their own electronic
properties, for instance carrier mobility, fluorescent properties, and light absorption
properties. On the other hand, metal complexes showing heavy atom effects and
nonlinear optical properties have attracted chemists to explore unique physical
properties. Especially, platinum complexes have been enthusiastically studied to apply
some of them to light-emitting diodes,' organic solar cells,” and nonlinear optics.’
Nevertheless, platinum complexes with largely fused polyacenes as ligands have hardly
got attention. In fact, pentacene and tetracene derivatives, the simplest polyacenes,
recorded some applicability to organic electronic devices.” Namely, combining
platinum atom and polyacenes would easily give functional metal complexes.

To incorporate the polyacence as a ligand to platinum atom, disulfide group
effectively works because the reactions between metal atoms and disulfide are
well-developed. > As analogues of platinum polyacene disulfide complexes,
naphthodithiolene complexes were reported, but other complexes having larger
polyacene disulfide ligands were drastically less reported.® Moreover, the researchers
have not deeply investigated the photophysical properties of the naphthodithiolene
complexes.

Tetraceneimide disulfide (TIDS) derivatives that we previously reported have
wholly delocalized m-orbitals to show long wavelength light absorption and contain
coordinative disulfide group,” and thus I expected TIDS derivatives would effectively
demonstrate the benefits of platinum atom for the photophysical properties. In this work,
I chose hexyl chain substituted TIDS as a ligand because it has better solubility than
TIDS having smaller aliphatic chains and still keeps crystallinity compared to bulkier
aliphatic chains. I guessed hexyl chain substituted TIDS would be suitable to smoothly
examine the properties of the products. Here, I describe TIDS as hexyl chain substituted
TIDS unless otherwise specified.

2.2. Results and Discussion

Platinum atom was inserted to TIDS through oxidative addition of zero-valent
platinum complex precursor, tris(triphenylphosphine)platinum, Pt(PPhs); (Scheme 1).
Pt(PPhs); was prepared by using the reported procedure.® The mononuclear platinum
TIDS complex, named as Pt-TIDS, was obtained as deep green solids in 70% yield after
purification by recrystallization from THF/hexane. Instead of Pt(PPhs)s, the reaction
with (ethylene)bis(triphenylphosphine)platinum, Pt(C,H4)(PPhs),, also gave Pt-TIDS in
92% vyield after recrystallization from THF/hexane. In this reaction condition, only a
gas by-product was generated in contrast to the condition with Pt(PPhs);. The reaction
mixture contained small amount of by-products to result in higher yield after
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purification. Pt-TIDS was characterized by 'H, °C, *'P NMR, high-resolution mass
spectrometry, and X-ray single crystal analysis. THF, CH,Cl,, and toluene were good
solvents for Pt-TIDS. Surprisingly Pt-TIDS was so soluble and stable even in CHCl3
that NMR data were collected in CDCl;. Pt-TIDS was stable in air for one day, but its
solution was relatively unstable to show decomposition in two hours. No further
reaction was observed even if excess amount of Pt(PPh;); or
tris(dibenzylideneacetone)dipalladium, Pd,dbas, was added to the solution of Pt-TIDS.

Scheme 1. Synthesis of Pt-TIDS.

0] O (a) Pt(PPh3)5 (1.0 equiv.)

O S THF, 1t, 4 h O S\P/PPhs
{

Hexyl —N | > Hexyl— PN

O O THF, rt, 1 h O

HexyITIDS (1) Pt-TIDS (2) (a: 70%, b: 92%)

o._Z2_0

The coordination manner and the distortion of TIDS ligand were investigated
by X-ray single crystal analysis. It was crystallographically compared with the
napththodithiolne platinum complexes, which have been studied by Woollins and his
coworkers.**’

The crystal structure of Pt-TIDS is shown with selected bond lengths, angles, a
dihedral angle, and torsion angles (Figure 7). The distances of S—Pt bonds around the
platinum coordination plane were 2.286(1) and 2.316(1) A. The bond lengths of S—Pt
are slightly shorter than those of [Pt(AcepnaphtheneS,)(PPhs),] (2.323(3) and 2.336(2)
A) and [Pt(Naphtho(SO)S)(PPhs),] (2.344(2) and 2.338 (2) A).”™ ¢ In contrast,
[Pt(Naphtho(SO;)S)(PPhs),] and [Pt(Naphtho(SO,)(SO))(PPhs),] have similar S—Pt
bond lengths: 2.310(5) (O,S-Pt), 2.308(5) (S—Pt), 2.291(5) (O,S-Pt), 2.332(5) (S—-Pt),
2.306(2) (O,S—Pt) and 2.327(2) (OS—Pt). The bond lengths would represent electron
population around the atoms. Pt-TIDS includes TIDS ligand, which contains highly
electron-negative substituents that is imide part, and therefore sulfur atoms in TIDS is
as electron-deficient as SO,. P—Pt bond lengths of Pt-TIDS (2.293(1) and 2.311(1) A)
are quite similar to those of [Pt(AcepnaphtheneS,)(PPhs),] (2.301(2) and 2.295(2) A).
The P—Pt bond lengths in [Pt(Naphtho(SO)S)(PPhs),], [Pt(Naphtho(SO;)S)(PPhs;),] and
[Pt(Naphtho(SO;)(SO))(PPhs),] vary from 2.295(5) to 2.338(2), but the average is near
to Pt-TIDS. Pt-TIDS possesses shorter C—S bond lengths (1.729(4) and 1.746(5) A)
than [Pt(Naphtho(SO)S)(PPhs),], [Pt(Naphtho(SO;)S)(PPh;):] and
[Pt(Naphtho(SO,)(SO))(PPhs),] (1.752(8) — 1.829(8) A). As is discussed above,
electron deficiency of sulfur atoms in Pt-TIDS is similar to [Pt(Naphtho(SO,)S)(PPhs),]
and [Pt(Naphtho(SO;)(SO))(PPhs),], thus the short bond lengths would come from
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other characters. Different from naphthodithiole ligands, TIDS ligand has larger
n-conjugated system, which spreads to disulfide part. The C—S bonds in Pt-TIDS are
shorter than typical C-S single bond length (1.82 A), implying the aromaticity of
Pt-TIDS is higher than the other naphthodithiolene platinum complexes. The degree of
torsion in Pt-TIDS is evaluated by comparing the S---S distances. The distance of
Pt-TIDS is 3.270(2) A, which is larger than those of [Pt(Naphtho(SO)S)(PPhs),],
[Pt(Naphtho(SO,)S)(PPh;),] and [Pt(Naphtho(SO2)(SO))(PPhs),] (2.94(1) — 3.19(1) A).
The S-S distance in Pt-TIDS 1is, however, almost identical to that of
[Pt(AcepnaphtheneS,)(PPhs),] (3.267(4) A). The angles around the platinum
coordination centers are 85.38(5) — 96.44(5)° for Pt-TIDS, 86.53(8) — 97.51(8)° for
[Pt(AcepnaphtheneS;)(PPhs),], 77.87(8) — 97.86(6)° for [Pt(AcepnaphtheneS,)(PPhs),],
86.54(18) — 96.53(18)° for [Pt(Naphtho(SO)S)(PPh;),], and 81.69(6) — 103.64(6) for
[Pt(Naphtho(SO;)S)(PPhs),]. There is high variability among the angles, but the
tendencies are comparable with each complex, suggesting those complexes have similar
torsion in platinum coordination planes. The characteristic torsion properties appear at
the angles around disulfide parts. The angles at bay positions, which are the positions
surrounded by sulfur atoms and acene rings, vary with small differences (122.1(5) —
131.8(15)°) among the platinum complexes, however clear differences were found in
torsion angles at S—C---C-S. In Pt-TIDS, the value is —41.9(3)°, which is much larger
than others, 1.2(5)° for [Pt(AcepnaphtheneS;)(PPhs),], 3.2(5)° for
[Pt(Naphtho(SO)S)(PPhs),], 14(1), —24(1)° for [Pt(Naphtho(SO)S)(PPhs),], 9.3(4)° for
[Pt(Naphtho(SO,)S)(PPh;),], —24.3(2)° for [Pt(Naphtho(SO,)(SO))(PPhs),]. The angle
reflects twisting angle between acene ligand and platinum coordination plane.
According to the torsion angles, [Pt(AcepnaphtheneS;)(PPhs),],
[Pt(Naphtho(SO)S)(PPhs),] and [Pt(Naphtho(SO,)S)(PPhs),] form envelope-like
conformations. In contrast, Pt-TIDS shapes a twisted structure.

The most characteristic differences between the reported platinum complexes
and Pt-TIDS are found in the ligation manner of platinum coordination planes to the
acene ligands. In contrast to the envelope-like ligations of the reported
naphthodithiolene complexes, the platinum coordination plane in Pt-TIDS is twisted to
tetraceneimide moiety. In the twisted manner, coordinative lone pairs in sulfur atoms
are sterically protected by the tetracene moiety not to form multi-nuclear complex.
Accordingly, a multinuclear metal complex was not obtained by using Pt-TIDS.
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Figure 1. Crystal structure of Pt-TIDS. Selected bond length [A], angles [°],
dihedral angles [°], and torsion angles [?]: C1-S1 1.729(4), C17-S2 1.746(5),
S1-Pt1 2.286(1), S2—-Pt1 2.316(1), P1-Pt1 2.293(1), P2-Pt1 2.311(1), S1---S2
3.270(2), P1-Pt1-P2 96.44(5), P2—Pt1-S2 85.38(5), S2—-Pt1-S1 90.55(5), S1—
Pt1-P1 87.87(5), Pt1-S1—-C1 118.0(2), S1-C1-C18 126.3(4), C1-C18-C17
123.0(5), C18-C17-S2 124.2(4), C17-S2-Pt1 110.5(2), torsion angles of
tetracene ring S1-C1-C17-S2 —41.9(3).

Introduction of platinum atom into TIDS should change the electronic structure
compared to the TIDS ligand itself. Electrochemical properties, light absorption
properties and light emitting properties were measured to identify the differences.
Moreover, photophysical properties were compared by using femtosecond transient
measurements.

The electrochemical properties of Pt-TIDS was measured by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV). The CV chart showed
reversible oxidation and reduction waves at 0.04 V and —1.45 V (Figure 2). The both
potentials were highly negative-shifted compared to those of TIDS (0.44 V and —1.15
V). The shift would represent the effect of inserting electron-rich platinum atom and
phosphine ligands to TIDS. Both of the oxidation and reduction steps appeared as
reversible to suggest Pt-TIDS is electrochemically stable. The results roughly
determined HOMO level, LUMO level and HOMO-LUMO gap as —4.84, —3.35 and
1.49eVv."
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Figure 2. Cyclic voltammogram of Pt-TIDS in CHxCl..

The electronic structure of Pt-TIDS was evaluated by light absorption
measurements as well. The light absorption spectrum of Pt-TIDS showed slightly
red-shifted light absorption spectrum with maxima at 699 and 843 nm compared to free
TIDS (Figure 3). The molar absorption coefficient of TIDS also increased from 1.6
x10* M em ™ into 2.2 x 10* M " cm ™" at the highest points. These extensions would be

derived from the expansion of m-system, which should be composed of prm orbital of
TIDS and dr orbital of platinum atom.
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Figure 3. Light absorption spectra of TIDS (blue dot) and Pt-TIDS (green) in
CH.Cl..

DFT studies directly illustrated the electronic structures of a model complex
that is an analogue of Pt-TIDS having methyl group (3) (Figure 4). The HOMO and
LUMO delocalize whole of molecule 3. It is noteworthy that HOMO and LUMO are
obviously constituted of pst of TIDS and dr of platinum atom to form fully delocalized
n-systems. The conjugation also led decrease of HOMO-LUMO gap into 2.10 eV
compared to 2.21 eV of TIDS. Accordingly, the calculation evidenced that insertion of
platinum to disulfide unit can enlarge the m-system. The HOMO and LUMO are
constructed from molecular orbitals of TIDS ligand and platinum atom (Figure 5).
HOMOs of TIDS ligand and platinum atom interact to form HOMO of 3. The LUMO
of 3 comes from the interaction between LUMOs of TIDS ligand and platinum atom.
Consequently, the HOMO-LUMO gap of 3 should be reduced compared to TIDS.
Additionally, electron-rich phosphine ligands would make the levels negatively shifted
to exhibit the CV waves as displayed in Figure 2.
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3 HOMO LUMO

Figure 4. Model complex (3) of Pt-TIDS for DFT calculations and HOMO and
LUMO structures of the model complex.

Pt(d

Figure 5. Molecular orbital analysis for HOMO and LUMO of 3.
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The photophysical properties of Pt-TIDS were investigated by fluorescence
and transient light absorption measurements. The fluorescence of TIDS from S, state
was detected as a mirror image of the light absorption spectrum with peaks at 788, 905,
and 990 nm (Figure 6). The fluorescence quantum yields were also obtained as 2 x1072
in toluene, 3.4 x10% in THF, and 7 X107 in DMF. In contrast to TIDS, the fluorescent
spectrum of Pt-TIDS appeared as a broad shape at room temperature with a maximum
at 964 nm (Figure 7). The quantum yields were 2—3 x10°* in toluene, THF, and DMF.
The vibrational structure of Pt-TIDS was observed to clearly resolve the peaks at 867,
945, and 1078 nm when the solution was cooled to 77 K, probably because solvent
reorganization was suppressed in the frozen system. Additionally, Pt-TIDS gave
fluorescence from S, state by exciting at 387 nm to result in a quantum yield of ca. 10™*.
Such emission from S, state was absent for TIDS.
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Figure 6. Fluorescence spectrum of TIDS excited at 692 nm at room
temperature in THF.
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Figure 7. Fluorescence spectra of Pt-TIDS excited at (a) 692 and (b) 387 nm. In
the left figure, spectra measured at room temperature (red) and at 77K (black)
are shown.
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In transient light absorption measurements, TIDS was excited at 387 and 656
nm. S, excitation state of TIDS was instantaneously formed when excited at 387 nm
(Figure 8). In 1-3 ps, the state transformed into a different state that was more stable
radical ion pair. This state indicated some characteristic markers in 800-950 nm. It
relaxed into S; state bearing maxima at 484, and 564 nm as well as minima at 645, 705,
and 780 nm. The ground state followed S; state with diverse kinetics, which depended
on solvents (60 ps in toluene, 110 ps in THF, 200 ps in DMF). When 656 nm irradiation
excited TIDS, S, state directly emerged without generating S, and radical ion pair states.
It exponentially converted into the ground state with similar kinetics depending on
solvents.
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Figure 8. Transient light absorption spectra of TIDS excited at (a, ¢) 387 nm and
at (b, d) 656 nm in THF.

Excitation at 387 nm for Pt-TIDS rapidly induced S, excited state within 0.5 ps
(Figure 9). Instant relaxation of the state to S; state followed maxima at 480, 550, and
650 nm as well as minima at 750 and 840 nm. Different from TIDS, the platinum
promoted an intersystem crossing into a triplet state with high rate constants, which
were independent from solvents (e.g. 70 ps in THF). The intersystem crossing should
be triggered by heavy atom effect of the platinum atom. The triplet state displayed
transient light absorption maxima at 465, 555, 650, and 966 nm as well as minima at
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760 and 840 nm. To generate lower excited state directly, a laser at 670 nm was
irradiated to Pt-TIDS to generate S; state with emission at 900—1200 nm. Additional
nanosecond transient light absorption measurement and quenching experiment further
evidenced the triplet state (Figure 10). The nanosecond transient light absorption
measurement excited at 355 nm exhibited the characteristics of the triplet state. The
multiwavelength analysis determined the lifetime of the triplet state as 0.18 us (toluene),
0.27 us (THF) and 0.28 us (DMF), which were relatively short compared to other
platinum complexes.'' These short lifetimes of triplet state would be derived from the
large dm—pm conjugated system.'” The quenching experiment obviously depicted the
emission of singlet oxygen at 1275 nm, which was produced by quenching the excited
molecule with triplet oxygen. Note that TIDS showed no triplet properties or emission
from singlet oxygen at the quenching experiment. The triplet excitation state contributes
to bring effective charge separation in solid state because of the forbidden transition to
ground state. Namely, generation of triplet state is desirable for organic solar cells."
The energy diagrams of TIDS and Pt-TIDS obtained on the transient light absorption
measurements are summarized in Figure 11.
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Figure 9. Transient light absorption spectra of Pt-TIDS excited at (a, ¢) 387 nm
and at (b, d) 670 nm in THF.
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2.3. Summary

I have synthesized platinum complex with TIDS ligand. The crystal structure
of Pt-TIDS showed a number of similarities compared to reported naphthodithiolene
platinum complexes, but the most critical difference was observed at the coordination
manner between platinum and disulfide group. The platinum coordination plane in
Pt-TIDS twisted to tetraceneimide moiety, although naphthodithiolene platinum
complexes in the literatures have envelope structures. The characteristic would bring
different reactivity that Pt-TIDS did not form multinuclear complex, but reported
naphthodithiolene platinum complexes were converted into other complexes containing
multi-metal centers. Light absorption measurement and DFT calculations demonstrated
larger m-conjugated system than TIDS to show NIR light absorption. The photophysical
properties of Pt-TIDS were deeply investigated by transient light absorption
measurements. In the results, the presence of platinum atom evoked triplet excited state
for Pt-TIDS with lifetime (0.18-0.28 us) varied by solvent. The achievements
demonstrated the potential to use metal atom for m-conjugation that longer wavelength
light absorption and heavy atom effects are introduced at the same time. This
methodology would bring diversity to organic material chemistry to design metal
complex materials.
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2.4. Experimental Section

General. All reactions dealing with air or moisture-sensitive compounds were
carried out in a dry reaction vessel under argon. Analytical thin-layer chromatography
was performed on glass plates coated with 0.25 mm 230—400 mesh silica gel containing
a fluorescent indicator (Merck). Flash silica gel column chromatography was performed
on silica gel (Wako, Wakogel® C-200). Size exclusion column chromatography was
performed on a Japan Analytical Industry LC-9201 (eluent: toluene) with JAIGEL 2H
and 3H polystyrene columns. NMR spectra were measured on JEOL ECA-500 and
ECX-400 spectrometers and reported in parts per million from tetramethylsilane.
High-resolution mass spectra were acquired by atmospheric pressure ionization (APCI)
using a time-of-flight mass analyzer on JEOL JMS-T100LC (AccuTOF) spectrometer.
UV-vis absorption spectra were recorded on a JASCO V-670 spectrometer.

Materials. TIDS was prepared accorrding to our previous report (ref. 8 in the
main text). Pt(PPhs); and Pt(PPhs),(C,H4) were synthesized through the reported
procedures.'* The other materials were purchased from Tokyo Kasei Co., Sigma
Aldrich Inc. and other commercial suppliers and used after appropriate purification.
Solvents were purchased from Kanto Chemical Co., Inc and purified by solvent
purification system (GlassContour) equipped with columns of activated alumina and
supported copper catalyst (Q-5) prior to use.

Synthesis of Pt(TIDS)(PPhs),. Method A) A mixture of TIDS (450 mg, 1.02
mmol) and Pt(PPhs); (1.00 g, 1.02 mmol) in THF (30 mL) was stirred at room
temperature for 4 h under argon gas atmosphere. Proceeding of the reaction was
monitored by 'H and *'P NMR measurements. To the reaction mixture was added
hexane to precipitate the product, which was washed with hexane to obtain
Pt(TIDS)(PPh;), as green crystals (820 mg, 70% isolated yield).

Method B) A mixture of TIDS (44.4 mg, 0.100 mmol) and Pt(PPh3),(C;Hy) (100.1 mg,
0.134 mmol) in THF (3.0 mL) was stirred at room temperature for 1 h under argon gas
atmosphere. Proceeding of the reaction was monitored by 'H and °*'P NMR
measurements. To the reaction mixture was added hexane to precipitate the product,
which was washed with hexane to obtain Pt(TIDS)(PPh;),-:2THF as green crystals
(119.8 mg, 92% isolated yield).

'H NMR (400 MHz, CDCl;): = 0.88 (t, J = 6.9 Hz, 3H, Me in hexyl), 1.30-1.38 (m,
4H, CH; in hexyl), 1.46—1.52 (m, 2H, CH; in hexyl), 1.79-1.85 (m, 2H, CH; in hexyl),
4.34 (t, J = 7.6 Hz, 2H, CH; in hexyl), 7.07 (ddd, J = 1.4, 6.6, 8.9 Hz, 2H, 2- and
O-tetracene), 7.22 (t, J = 7.6 Hz, 12H, o-Ph), 7.37 (t, J = 7.3 Hz, 6H, p-Ph), 7.52-7.58
(m, 14H, m-Ph overlapping with 3- and 8-tetracene), 8.45 (dd, J = 0.85, 8.9 Hz, 2H, 1-
and 10-tetracene), and 9.83 (dd, J = 0.60, 8.4 Hz, 2H, 4- and 7-tetracene). "C{'H}
NMR (100 MHz, CDCl;): 6 = 14.1, 22.7, 27.2, 28.2, 31.8, 40.8, 108.3, 123.7, 126.4,
128.1, 128.5, 128.8, 129.1, 129.5, 130.4, 131.0, 132.3, 134.0, 135.0, 153.0, and 164.5.
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J'P{'H} NMR (161 MHz, CDCl3): & = 21.1 (s, with '*’Pt satellites, Jp.p = 3040 Hz). IR
(ZnSe): 1646, 1605 cm™. HR-MS (APCI"): Caled. for Ce,Hs;NO,P,S,Pt (M+H)" =
1163.2567, found 1163.2616.

X-ray Crystallographic Analysis. X-ray crystallographic analysis was
performed using a RIGAKU R-AXIS RAPID II (imaging plate detector) with
monochromic CuKa (A = 1.5406 A) radiation. The positional and thermal parameters
were refined by a full-matrix least-squares method using the SHELXL97 program on
the Yadokari-software.

Computational studies.
All calculations were carried out by Gaussian09 package at the B3LYP leve
Platinum atom was represented by the LANL2DZ basis set, a 6-31G+(d) basis set was
used for phosphine and sulfur atoms, and others were described by 6-31G(d) (C, H, N,
and 0). The calculation levels are described as
“B3LYP/LANL2DZ/6-31G+(d)/6-31G(d)”.

115

Electrochemical Studies. Cyclic voltammetry (CV) was performed using
HOKUTO DENKO HZ-5000 voltammetric analyzer. All CV measurements were
carried out in a one-compartment cell under argon gas, equipped with a glassy-carbon
working electrode, a platinum wire counter electrode, and an Ag/Ag  reference
electrode. The supporting electrolyte was a 0.1 mol/L dichloromethane solution of
tetrabutylammonium hexafluorophosphate (TBAPFg).

Photophysical Studies. All solvents used were spectroscopic grade and were
purchased from Sigma-Aldrich. UV/vis spectra were recorded with a Perkin Elmer
Lambda 2 instrument. For emission, a FluoroMax 3 fluorometer by HORIBA
JobinYvon was used to detect in the visible region (< 800 nm), whereas a HORIBA
JobinYvon Fluorolog instrument was applied to detect emission in the NIR region. All
UV/vis absorption and emission studies were carried out in argon saturated solutions in
a 10 x 10 mm quartz cell. For singlet oxygen detection, the samples were instead
purged with oxygen. Femtosecond transient absorption studies were performed in
argon-saturated solutions with 387 nm, 656 nm and 670 nm excitation laser pulses (1
kHz, 150 fs pulse width) from an amplified Ti:Sapphire laser system (Clark-MXR Inc.)
with a laser energy of 200 nJ. Nanosecond laser flash photolysis experiments were
carried out with argon or oxygen purged samples using a 355 nm laser pulse from a
Quanta-Ray CDR Nd:Yag system (6 ns pulse width) in a front face excitation
geometry.
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Crystal Data Collection Parameters for Pt-TIDS.

Formula

Formula Weight
Crystal System
Space Group

R, Ry, (I>20()))
R1, wR2 (all data)
GOF on F*

a(A)

b (A)

c(A)

a(®)

B ()

Y ()

V(A%

Z

T (K)

Crystal Size (mm)
Deatea (g-cm )

2 6hmin, 26max (°)
no. refl. measured (unique)
no. refl. measured (7>20(/))
no. parameters

u (CuKa)

Ce2HsiNO,P,PtS,
1163.19
triclinic

Pl

0.0461, 0.0993
0.0514, 0.1047
1.151
13.6201(3)
13.7861(3)
13.8277(3)
85.265(2)
79.447(2)
78.335(1)
2496.97(9)

2

293(2)

0.10, 0.10, 0.10
1.547

3.25, 68.24
8969

7799

631

1.54178
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Coordinates of Pt-TIDS Analogue A3) Calculated at
B3LYP/LNAL2DZ/6-31G+(d)/6-31G(d).
106
C -2.706000 1.203101 -0.726093
C -3.573600 2.220040 -1.225207
C -3.055586 3.359008 -1.917900
H -1.986617 3.418864 -2.083171
C -3.883672 4.328585 -2.422280
H -3.470351 5.165678 -2.978425
C -5.282255 4.210977 -2.240746
H -5.945496 4.967823 -2.652478
C -5.820105 3.140601 -1.568475
H -6.887560 3.062967 -1.435632
C -4.996186 2.102007 -1.029407
C -5.508492 0.980342 -0.309453
C -4.672489 -0.145106 -0.059852
C -5.196738 -1.346959 0.498748
C -4.392245 -2.521936 0.570798
C -4.867811 -3.768145 1.098503
H -5.861291 -3.790704 1.516441
C -4.104153 -4.907435 1.062346
H -4.509305 -5.832393 1.465940
C -2.803691 -4.891199 0.503751
H -2.205347 -5.798142 0.474561
C -2.297867 -3.717465 0.010380
H -1.300511 -3.693356 -0.407277
C -3.047628 -2.497099 0.039933
C -2.485940 -1.270214 -0.421099
C -3.254924 -0.077346 -0.393043
C -6.899979 0.977749 0.159829
C -6.593512 -1.356850 0.978821
C -8.720932 -0.240547 1.281920
H -8.715664 -0.404098 2.362886
H -9.188426 0.709943 1.038693
C 1.299278 3.479430 0.907114
C 1.592494 4.590954 0.105483
H 2.301660 4.507809 -0.710741
C 0.975474 5.820158 0.352520
H 1.215607 6.674633 -0.274319
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0.059146
-0.421093
-0.243423
-0.963607
0.368678
0.114968
2.724980
2.338987
1.694802
2.759906
2.445046
3.571019
3.897843
3.945326
4.558752
3.515663
3.776938
3.457624
3.135290
2.111907
4.117301
3.850896
5.436735
6.202986
5.767614
6.794229
4.785023
5.064017
4.036819
4.810294
4.342919
6.189178
6.770446
6.817767
7.892568
6.056795
6.534673
4.678275
4.108897
2.009320
2.080499

5.950501
6.906640
4.844964
4.934488
3.616993
2.762065
1.482255
0.313079
-0.401618
0.072120
-0.836408
0.999090
0.814357
2.178065
2.913710
2.425786
3.365597
2.159754
2.264429
2.093448
2.586683
2.672986
2.792009
3.039927
2.668807
2.812675
2.357636
2.256545
-1.346096
-1.229764
-1.316049
-1.023160
-0.942715
-0.932268
-0.783555
-1.038978
-0.974118
-1.240391
-1.332200
-2.463193
-3.853252

1.396045
1.584652
2.195258
3.003438
1.951959
2.571455
2.322363
2.992134
2.490126
4.302954
4.808695
4.957761
5.977422
4.306097
4.819144
3.002608
2.525145
-0.513204
-1.878744
-2.203842
-2.815851
-3.865774
-2.405020
-3.134475
-1.055351
-0.729916
-0.112074
0.930385
-0.349735
-1.515064
-2.489735
-1.435465
-2.349842
-0.193426
-0.133337
0.972804
1.946706
0.896587
1.814424
-2.078498
-2.244183
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2.217332
1.951639
1.996261
1.755994
1.651847
1.679355
1.509000
1.797574
1.698412
1.963420
0.794231
0.041961
0.587444
-0.328970
1.544268
1.381995
2.713443
3.464289
2.924945
3.845460
-7.345989
-7.680611
-7.148008
2.060559
2.207526
-1.089821
-0.921731
0.625199
-9.259980

-4.500999
-4.419357
-5.499228
-3.605937
-4.049753
-2.220728
-1.580968
-1.652040
-0.576798
-2.951363
-2.954840
-2.190406
-3.941899
-3.933924
-4.936737
-5.705478
-4.942004
-5.712376
-3.955489
-3.962994
-0.199723
1.929045

-2.293139
1.818201

-1.641343
1.762565

-1.370800
0.142752

-1.070739

-1.385180
-3.514037
-3.626130
-4.631508
-5.617717
-4.474636
-5.336021
-3.205841
-3.086471
0.840340
1.616115
1.453962
2.583003
3.165626
2.785370
3.536079
2.019758
2.173642
1.056333
0.480830
0.776224
0.064759
1.562434
0.637029
-0.437250
-0.338340
-1.268658
-0.261323
0.818927
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Chapter 3.

Extension of m-Conjugated System throughout
Two Tetraceneimide Disulfide Ligands in
Tri-palladium Complex



3.1. Introduction

Long wavelength absorption and large molecular absorption coefficient that
are the characteristics derived from extended m-conjugated system have attracted
chemists, who have established a huge number of organic photo-functional materials.
This situation has encouraged researchers to design a variety of m-conjugated
backbones such as porphyrinoids,' perylene dyes,” acene analogues,” and so on, which
have been applied to organic electronics,” bioimaging,” and chemosensing.’ In a
different way, long wavelength absorption was achieved in a field of metal complex
chemistry. That is dm-pm conjugation between metal and organic atoms. Metal
bis(dithiolene) complex is a good example having amazingly narrow HOMO-LUMO
gap.’ Although the metal bis(dithiolene) complexes are well-known complexes
showing long wavelength absorption and being applied to some electronic devices,
other complexes were seldom reported to possess exceptional s-conjugation except for
a multiple-decker phthalocyanine structure.® In the structure, metal atoms and
phthalocyanines alternatively stack in a longitudinal direction. The researches
demonstrated the potential of metal-bridging structure to construct light-absorbing
materials, however m-extended metal complexes are less developed than organic
molecules.’

In this work, I have established a trinuclear palladium complex as well as a
prototype mononuclear palladium complex with tetraceneimide disulfide (TIDS)
ligands, which have been studied in our laboratory previously.'"’ The trinuclear one
showed exceptionally long wavelength light absorption containing a peak at 1982 nm in
solution state. The properties and the origins of its characteristic light absorption were
explored by light absorption measurements, DFT calculations, and transient light
absorption measurements. Here, I describe TIDS as hexyl chain substituted TIDS unless
otherwise specified.

3.2. Results and Discussion

When 1 equiv. of tetrakis(triphenylphosphine)palladium and 1 equiv. of TIDS
were mixed in THF at room temperature, the blue suspension turned into dark-red
solution to give palladium TIDS complex as black solids. NMR data exhibited the same
symmetry to Pt-TIDS, but preliminary X-ray single crystal analysis displayed a
trinuclear structure. At that time, the yield based on TIDS was 30%. The other reaction
condition with 1.5 equiv. of tetrakis(triphenylphosphine)palladium and 1 equiv. of
TIDS improved the yield of the trinuclear palladium TIDS complex (#7i-Pd-TIDS) as
77% after purification (Scheme ). The purification was sequential recrystallization
from THF/hexane and then CH,Cly/hexane. The first recrystallization did not remove
triphenylphosphine completely, but the second one could purify the product to give
crystallographically acceptable single crystals. Through the modification of the reaction
condition, mononuclear TIDS complex (mono-Pd-TIDS) was successfully obtained.
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The reaction condition required CH,Cl, as a solvent instead of THF to solubilize the
reaction precursors. Separately prepared two solutions of
tetrakis(triphenylphosphine)palladium and TIDS were mixed by a cannula. The color of
reaction mixture turned from blue to black. It is noteworthy that mono-Pd-TIDS was
not separated from free triphenylphosphine because recrystallization of mono-Pd-TIDS
decomposed during the crystallization. The instability of solid state would be derived
from stabilization of mono-Pd-TIDS by triphenylphosphine in solution state. In a
similar reaction condition with bis(1,5-cyclooctadiene)nickel (Ni(COD),), TIDS and
Ni(COD), reacted, but it gave paramagnetic products. Additionally, it was thermally
unstable at room temperature, so the product was neither separated nor determined.

Scheme 1. Synthesis of TIDS palladium complexes.
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The electrochemical properties of #ri-Pd-TIDS were collected by cyclic
voltammetry (CV) and differential pulse voltammetery (DPV). The CV chart displayed
three reversible reduction waves at —0.50, —0.76 and —1.12 V in CH,Cl, (Figure I). The
reduction potentials were highly positive-shifted compared to TIDS (-1.21 V) and
Pt-TIDS (-1.45 V). In DPV chart, the three reductions appeared with similar heights (—
0.44, —0.72 and —1.07 V), but the fourth peak was around half of the others (—1.24 V).
In the CV measurement, The fourth reduction peak was irreversible. I considered that
the forth peak indicated decomposition of the complex. On the other hand, no oxidation
peak was detected even if the working electrode and the solvent were changed from
glassy carbon/CH;Cl; to gold/CH,Cl,, platinum/CH,Cl,, and grassy carbon/THF.
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Figure 1. (a) Cyclic voltammogram and (b) differential pulse voltammogram of
tri-Pd-TIDS measured in CH.Cl, with a grassy carbon working electrode.

The single crystal of #i-Pd-TIDS was obtained by the recrystallization
technique from CH,Cly/hexane. The X-ray structural analysis clearly illustrated the
trimetallic structure (Figure 2). In the structure, each TIDS ligand bridges two
palladium atoms in a similar manner to dinuclear naphthodithiolene complexes.''
Unlike Pt-TIDS, TIDS ligands and palladium coordination planes structured
envelope-like conformations to build such multi-nuclear cluster. The three palladiums
atoms align almost linearly with the angle of 174.08(2)°. The distances between the
palladium atoms are 2.8818(5) and 2.9241(5) A. The lengths are slightly longer than the
Pd-Pd metallic bond length (2.76 A), but shorter than van der Waals distance of
Pd---Pd (3.26 A). It would imply existence of weak interactions between the palladium
atoms. The three palladium coordination planes formed all square planar. The distances
are longer than other complexes having linearly aligned palladium atoms.'> Among the
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literatures, dithiadiazole palladium complex and tetrahedral palladium cluster involve
similar distances between palladium atoms.'”>'* In the packing structure, m—m
interaction between the TIDS ligands was not observed, but coplanar interaction was
found between imide group and tetracene moiety in TIDS ligands (2.416 A, H---Oyqw:
2.72 A). The similar interactions were also observed in bare TIDS.'® The trinuclear
structure is isoelectronic to the reported complex composed of Pt(II)-Ag(I)-Pt(Il) with
two naphthodithiolene lignads.'* The critical difference between the reported complex
and #i-Pd-TIDS is distance between the metals. The distances of Pt-Ag are 3.0739(13)
and 3.2044(13) A, which are 0.15-0.32 A longer than the Pd---Pd distances of
tri-Pd-TIDS. Although the literature did not mention the light absorption properties and
other optical properties of the Pt—-Ag—Pt complex, the difference of the metals would
deeply effect to the complexes' light absorption properties. The Pt—-Ag—Pt complex and
tri-Pd-TIDS contain trimetallic system and acene disulfide ligands to form the similar
structures. I can say that the acene disulfide ligand has a potential to construct the
trimetallic system with the ligands placing in parallel. Here, a donor—acceptor structure
of TIDS ligand between disulfide and imide groups is not involved in the Pt-Ag—Pt
complex. The donor—acceptor structure would be critical for the fully m-conjugated
system and infrared light absorption.

Figure 2. Crystal structure of tri-Pd-TIDS and interaction between the peripheral
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molecules. (a) Closed view of tri-Pd-TIDS drawn with thermal ellipsoids with the
50% probability level. The phenyl groups at the phosphine ligands are shown as
wire-frame style. (b), (c) Two peripheral molecules of tri-Pd-TIDS are shown in
different views. Selected bond lengths [A], angles [°], and torsion angles [°]:
Pd1-P1 2.335(2), Pd1—P2 2.365(1), Pd1-S1 2.355(1), Pd1-S2 2.377(1), Pd1-
Pd2 2.8818(5), Pd2—S1 2.315(1), Pd2-S2 2.336(1), Pd2-S3 2.353(1), Pd2-S4
2.351(1), Pd2-Pd3 2.9241(5), Pd3—-P3 2.342(1), Pd3-P4 2.320(2), Pd3-S3
2.350(1), Pd3-S4 2.344(1), S1---S2 3.030(1), S3---S4 3.058(1), P1-Pd1-P2
100.59(5), P2—Pd1-S2 89.85(5), S2—Pd1-S1 79.64(4), S1-P1-P1 91.12 (5),
Pd1-S1-Pd2 76.21(4), Pd1-S2-Pd2 75.38(4), S2—Pd2-S1 81.31(4), S1-Pd2-
S4 96.95(4), S4-Pd2-S3 81.07(4), S3-Pd2-S2 100.53(4), Pd2-S3-Pd3
76.88(4), Pd2-S4—-Pd3 77.03(4), P3—Pd3—-P4 98.60(5), P4-Pd3-S3 92.27(5),
S3-Pd3-S4 81.28(4), S4—-Pd3-P3 88.96(5), Pd1-Pd2—Pd3 174.08(2), P2—P1—
Pd1-S1 172.49(5), S1-S2—Pd2-S3 176.83(5), P4-Pd3—-P3-S4 163.31(5).

The total valence number of TIDS ligands is —4 in #7i-Pd-TIDS, and therefore
the total oxidation number of palladium atoms should be +4. The solution of
tri-Pd-TIDS was NMR active, but ESR inactive. It means there was no Pd(I) among the
palladium atoms. By considering the conditions, the distribution of the oxidation
number would be Pd(II)-Pd(0)-Pd(Il). In this electronic structure, Pd(II) forms
16-electron configuration, and Pd(0) forms 18-electron configuration.

The light absorbing properties were evaluated by UV-vis-IR absorption
measurements. The light absorption spectrum of #i-Pd-TIDS was amazingly red-shifted
compared to free TIDS ligand and monometallic Pt-TIDS (Figure 3). The spectrum
involved two intense peaks at 922 nm and 1982 nm. The peak at 922 nm appeared at the
similar wavelength to TIDS and Pt-TIDS with similar molar absorption coefficient (2.1
x 10* M™' em™), but the infrared absorption at 1982 nm indicated much larger molar
absorption coefficient as 4.0 x 10* M™' cm ™', which is almost twice as much as those of
TIDS and Pt-TIDS in visible region. The height of the infrared absorption peak is
reasonably explained that #i-Pd-TIDS has two TIDS ligands to show light absorption
with a double molar absorption coefficient.
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Figure 3. Light absorption spectra of TIDS (blue), Pt-TIDS (green) and
tri-Pd-TIDS (red) in CH.Clo.

The intense light absorption in infrared region was observed by solid state IR
measurements (Figure 4). The absorption peak appears at around 2500 nm, which is
shifted in 500 nm compared to the solution state. The energy shift would be derived
from solid-state intermolecular interaction. The energetic difference is calculated as
0.13 eV (13kJ/mol, 3.0 kcal/mol), which is near to the rotation barrier of ethane.
Namely, the energetic shift between solution and solid states would be negligibly small.
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Figure 4. IR spectra of tri-Pd-TIDS in solid states. The spectra are plotted in (a)
wavenumber, and in (b) wavelength.
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The unique light absorption properties of #i-Pd-TIDS were deeply investigated
by DFT calculations to determine the origin of the intense long wavelength absorption.
The DFT calculations were carried out by using a methyl-substituted analogue of
tri-Pd-TIDS (3) with bases of B3LYP/LANL2DZ/6-31G(d) and B3LYP/SDD/6-31G(d).
Both of the bases gave the similar optimized structures as shown in Figure 5. The
comparison of bond lengths obtained by calculations and by crystal structure clearly
denoted the similarity (Table 7). The result of B3ALYP/SDD/6-31G(d) exhibited slightly
better accordance with the crystal data than B3LYP/LANL2DZ/6-31G(d). The
differences between B3LYP/SDD/6-31G(d) and experimental data varies 2—3% except
for Pd---Pd distances (ca. 7%), but BALYP/LANL2DZ/6-31G(d) showed differences in
3—4% (Pd---Pd: ca. 7%). In both cases, all distances were estimated as longer than the
experimental data.

(a) . (b) & ;,?052

N-Me Pd3 g7

1y,

Figure 5. Optimized structure of tri-Pd-TIDS analogues (3). (a) The structure of
model complex and (b) its atomic labels are shown. The calculation conditions
were (c) BSLYP/LANL2DZ/6-31G(d) and (d) B3LYP/SDD/6-31G(d).
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Table 1. Bond lengths of tri-Pd-TIDS analogues obtained by the calculations and
the crystal structure.
Crystal Calculation Calculation Difference  Difference

(1) (A) (3) (A) @ (3) (A)° (%) ° (%) °

Pd--Pd 2.8828(5)  3.099 3.100 6.976 7.006
2.9241(5)  3.150 3.157 7.171 7.377

Pd-P  2.335(2) 2.418 2.439 3.433 4.264
2.365(1) 2.445 2.469 3.272 4.212

2.342(1) 2.437 2.460 3.898 4.797

2.320(2) 2.412 2.435 3.814 4.723

Pd-S  2.355(1) 2.429 2.437 3.047 3.365
2.377(1) 2.423 2.447 1.898 2.861

2.315(1) 2.396 2.418 3.381 4.260

2.336(1) 2.402 2.424 2.748 3.630

2.353(1) 2.396 2.426 1.795 3.009

2.351(1) 2.402 2.430 2.123 3.251

2.350(1) 2.400 2.415 2.083 2.692

2.344(1) 2.419 2.433 3.100 3.658

2 Calculated at B3LYP/LANL2DZ/6-31G(d) level.
b Calculated at B3LYP/SDD/6-31G(d) level.
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By using time-dependent DFT calculations (TD-DFT), a simulation of light
absorption assigned each light absorption band of #i-Pd-TIDS with molecular orbital
transition. Both of the calculation bases depicted similar simulated light absorption
bands (Figure 6). The intense absorption at infrared region was attributed to HOMO-—
LUMO transition (table 2). It was found that the absorption around 900 nm was
composed of several transitions. The transitions are HOMO-2 —> LUMO, HOMO-1 —>
LUMO, HOMO — LUMO+1 and HOMO — LUMO+2. The simulated absorption
band at 765 nm is not seemed to be coincident with the experimental data. Light
absorption should be described as energetic changes, which can be properly illustrated
the absorption spectra plotted by wavenumber (Figure 6c, d). The absorption at 900 nm
constituted of four simulated bands is broader than the peak at infrared region. The
simulated band of 765 nm would be composed in the peak at 900 nm to display the
broadness.
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Figure 6. Simulated light absorption bands of tri-Pd-TIDS analogue (3) by
TD-DFT. (a) B3LYP/SDD/6-31G(d) plotted by wavelength, (b)
B3LYP/LANL2DZ/6-31G(d) plotted by wavelength, (c) B3LYP/SDD/6-31G(d)
plotted by wavenumber and (d) B3LYP/LANL2DZ/6-31G(d) plotted by
wavenumber.
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Table 2. List of Ilight absorption bands simulated by TD-DFT
(B3LYP/SDD/6-31G(d)). The bands with coefficient lower than 0.3 are omitted.

The largest
Wavelength Oscillator coefficient in the
Entry [nm] strength Transition Cl expansion

1 2099.43 0.1302 HOMO — LUMO 0.74847

2 1024.05 0.0277 HOMO — LUMO+1 0.53154
HOMO — LUMO+2 0.43898

3 939.57 0.1254  HOMO —> LUMO+1 —0.40969
HOMO — LUMO+2 0.45228

4 906.11 0.0259 HOMO-1 —LUMO 0.60777

5 765.60 0.2014  HOMO-2 —> LUMO 0.67489

6 707.47 0.0030 HOMO — LUMO+3 0.67517

7 674.27 0.0037 HOMO-3 — LUMO 0.68077

8 610.78 0.0010 HOMO — LUMO+4 0.62580

9 590.19 0.0021 HOMO — LUMO+4 —-0.31909
HOMO — LUMO+5 0.33865
HOMO — LUMO+6 0.39961
HOMO — LUMO+8 —0.31359

10 577.96 0.0007 HOMO—-4 —LUMO 0.67921

The DFT calculation also demonstrated the optimized structures of
tri-Pd-TIDS analogues, 3. The resulted HOMO and LUMO exhibited wholly
delocalized structures (Figure 7). The orbitals spread to both of TIDS ligand through the
central palladium atom. An interesting feature of the orbitals was observed in the
pattern of phases. In the LUMO, the orbital at the central palladium atom was absent to
be a node of LUMO. The patterns of phase in TIDS ligand at the right side from the
central palladium are the same in both of HOMO and LUMO, however the opposite
side of TIDS ligand shows inversed phases between HOMO and LUMO. The
characteristic resembles m—mt* structures like organic aromatics. As is discussed above,
the HOMO-LUMO transition contributes to the intense infrared absorption, and hence
the entire delocalization should be a key to have extended m-conjugated system and
long wavelength absorption for metal complexes. In the structure, TIDS ligands
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coordinate in parallel that is identical to the crystal structure. The parallel arrangement
would be helpful to effectively delocalize the orbitals to whole of the molecule.

Figure 7. HOMO and LUMO orbitals of 3.

The orbitals energetically deeper than HOMO and shallower than LUMO were
also calculated by the DFT (Figure 8). Unlike HOMO and LUMO, LUMO+1 and
LUMO+2 localize to the one sides, especially on the palladium atoms. In comparison,
HOMO-1 and HOMO-2 possess delocalized orbitals including the central palladium
like HOMO. According to the orbital structures, the electronic transitions corresponding
to the light absorption at 900 nm contain LMCT (HOMO — LUMO+1, LUMO+2).
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Figure 8. Molecular orbitals of 3 with energy levels.

The excited states are detectable by transient light absorption measurements.
The measurement collected light absorption spectra some pico seconds after exciting a
sample with a laser. The transient absorption spectra of #i-PdTIDS in UV-vis-NIR
region were accumulated in THF by irradiating at 800 nm (Figure 9). First, peaks at 480,
580 and 1080 nm were observed in less than 1 ps. The state readily transferred to the
next state in 9 ps with an isosbestic point at around 1200 nm. The state has a peak at
1280 nm with a lifetime of 400 ps. The rate constant was calculated as 1.1 x 10" 57"
The prompt production and fast transition can be regarded as a singlet excitation state.
Remarkably, the second state also has a short lifetime with a high rate constant (2.5 X
10° s, which is seemed much shorter than typical triplet state. It would mean the
triplet charge transferred (CT) state existed in the excited state. The transient
measurements in toluene also demonstrated the similar results. The first excited state
with peaks at 480, 580 and 1120 nm corresponded to transition into triplet CT state with
a peak at 1300 nm through an isosbestic point at 1200 nm. The rate constant of each
state was estimated as 1.2 x 10" and 3.7 x 10° s™'. The higher rate constant in toluene
than THF would imply the stability of excited states depends on dipole of solvent.
Notably, it was confirmed that the excited states formed CT structures, which were
stabilized by dipole moments to show slower transition in THF.
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Figure 9. Transient light absorption spectra of tri-Pd-TIDS measured in (a) THF
and (b) toluene excited at 800 nm.
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The calculated molecular orbital structures were computationally generated by
considering molecular orbital interactions of partial structures (Figure 10). The phase
structures of HOMO and LUMO in 3 were divided into the LUMO of mononuclear
TIDS palladium complexes units. By interacting with dy, orbital of one palladium atom
with the LUMOs, the HOMO and LUMO of ti-Pd-TIDS were reproduced. The
exceptionally narrow HOMO-LUMO gap was convinced here that the LUMO of
tri-Pd-TIDS came from bonding interaction of LUMOs of monomers, but the HOMO
of tri-Pd-TIDS was brought by the interaction between antibonding interaction of
LUMOs of monomers and a palladium dy, orbital. Though antibonding interaction
normally has higher energy than bonding interaction, it got slightly lower energy than
bonding interaction by interacting with d-orbital of palladium.

-®

-

Pd(MeTIDS)(PPh,), b

Figure 10. Molecular orbital interaction analysis of 3. The orbitals were
calculated by using B3LYP/SDD/6-31G(d).

The interactions around the palladium atoms were further investigated by
calculating Wiberg bond index and natural bonding orbital (NBO) analysis. The Wiberg
bond index of 3 is listed in Table 3. Between carbon and sulfur atom, the values of
Wiberg bond index were around 1.1, which reflected single bonds. The values at
coordinative bonds were calculated as around 0.3—0.5. It should be noted that this
analysis clearly indicated the weak interactions between palladium atoms. The Wiberg
bond index showed 0.1325 and 0.1443 at Pd1---Pd2 and Pd2---Pd3, whereas the values
at nonbonding positions were less than 0.05. The NBO analysis revealed the interaction
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between the atoms more precisely (Table 4). This analysis also suggested the existence
of the clear interaction between the palladium atoms. Furthermore, it was found that the

central palladium (Pd2) worked as an electron donor to peripheral atoms. The tendency

supported the estimation of oxidation number distribution in the three palladium atoms
as Pd(II)-Pd(0)-Pd(1D).

Table 3. Wiberg bond index of 3 calculated at B3LYP/SDD/6-31G(d). The
atomic labels are described in Figure 5.

Pd1

Pd2

Pd3

S4

S5

S6

S7

C30

C32 C50 C52

Pd1
Pd2
Pd3
S4
S5
S6
S7
C30
C32
C50
C52

0.1443 0.0119 0.4958 0.48320.0102 0.0141 0.0423 0.0325 0.0051 0.0070

0.1325 0.3597 0.3506 0.3406 0.3438 0.0347 0.0359 0.0336 0.0347

0.0097 0.0121 0.4957 0.5078 0.0038 0.0051 0.0286 0.0287

0.1004 0.0304 0.1043 1.1419 0.0237 0.0064 0.0029

0.1014 0.0299 0.0244 1.1335 0.0044 0.0079
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0.10170.0074 0.0029 1.1192 0.0229

0.0039 0.0068 0.0207 1.1169

0.0136 0.0042 0.0044
— 0.00410.0042
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Table 4. NBO analysis of 3 with the second order perturbation theory analysis of
Fock matrix in NBO basis. Stabilization energies derived from the interactions
between electron-filled atoms (donor) and electron-empty atoms (acceptor) are
listed in kcal/mol. The atomic labels are described in Figure 5.

Acceptor

Pdi Pd2 Pd3 S4 S5 S6 S§7 C30 C32 C50 C52

Pd1 - 110.50 30.19 23.19 14.05 5.71 6.06 7.38 745 0.82 0.71
Pd2 |155.59 - 598.48 118.04 97.92 308.54 176.54 611.93 78.47 167.96 129.37

Pd3 | 28.29 130.89 - 467 520 16.50 16.46 152 056 7.27 7.5

S4 |16.59 225.94 4.79 - 096 0.62 134 129 <0.05 022 0.26

S5 |17.30 28.37 5.18 1.39 - 115 110 <0.05 150 0.29 0.18
g S6 | 571 143.97 1793 1.49 1.25 - 1.29 030 0.19 149 <0.05
° S§7 | 517 3159 16,53 1.58 0.80 0.84 - 0.36 0.10 <0.05 1.43
C30 | <0.05 0.65 <0.05 <0.05 <0.05 <0.05 <0.05 - <0.05 <0.05 <0.05
C32 |<0.05 0.95 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 - <0.05 <0.05
C50 | <0.05 0.69 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 - <0.05

C52 | <0.05 0.97 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 -

& Calculations were performed at the B3LYP/SDD/6-31G(d) level. Donations to
the own empty levels from themselves are omitted. The highest values among
several interactions for each donor-acceptor combination are listed.

The mononuclear palladium TIDS complex, mono-Pd-TIDS, was evaluated by
X-ray structural analysis and light absorption measurement. A variety of conditions to
recrystallize mono-Pd-TIDS were tried but those attempts ended in decomposition of
the complex. Accordingly, mono-Pd-TIDS was stabilized presumably by coordinating
the free triphenylphosphine molecules in solution state. A single crystal of
mono-Pd-TIDS acceptable to preliminary structural analysis was accidentally obtained
throughout tremendous trials of recrystallizing mono-Pd-TIDS from CH,Cl,/hexane,
(Figure 11). The mononuclear structure in solid state was unambiguously determined.
Similar to the other TIDS complexes, the structure contains a planar palladium
coordination plane, which is tilted against tetracene moiety at 46°. The TIDS ligand and
the palladium coordination plains formed envelope structure. The conformation
probably evoked to form multi-nuclear cluster, that is #i-Pd-TIDS.
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Figure 11. Crystal structure of mono-Pd-TIDS.

The light absorption spectrum of mono-Pd-TIDS exhibited slightly longer
wavelength absorption compared to TIDS ligand (Figure 12). The shape of the
spectrum was quite similar to that of Pt-TIDS, including vibrational structures. The
precise similarity represented the similar structure between mono-Pd-TIDS and
Pt-TIDS, strongly supporting the mononuclear structure.

Normalized Absorption

- T =T T T "-hr_.
400 800 1200 1600 2000 2400
Wavelength (nm)

Figure 12. Light absorption spectra of mono-Pd-TIDS (black), Pt-TIDS (green),
and tri-Pd-TIDS (red). The spectra were normalized with the highest peaks
around 700-900 nm.
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3.3. Summary

The palladium TIDS complexes were successfully obtained as trinuclear and
mononuclear structures. The trinuclear palladium TIDS complex showed intense
infrared absorption at 1982 nm (4.0 x10* M™' ecm ™). The origin of the exceptionally
long wavelength absorption was deeply investigated by crystal structural analysis and
DFT calculations. The crystal structure depicted parallel ligation of TIDS ligands to
effectively conjugate m-orbitals of TIDS through the central palladium atom. The
structural similarity between Pt-Ag—Pt complex and the trinuclear palladium TIDS
implies the acene disulfide ligand has a potential to form the trimetallic coordination
structure. The donor—acceptor structure of TIDS ligand would play an important role to
construct wholly m-conjugated system with infrared light absorption. DFT calculations
demonstrated that the infrared absorption was assigned as HOMO-LUMO transition.
Additionally, the HOMO and LUMO have fully delocalized m-orbitals. Moreover, the
absorption around 900 nm was attributed as LMCT by the DFT calculations. It was
confirmed by transient absorption measurements, which also gave the lifetime of the
excited states. NBO analysis further investigated electronic interactions between the
atoms to denote the donative properties of the central palladium atom. This work
established the way to elongate light absorption wavelength by extending m-conjugated
system with coordinating metal atoms. The important feature is parallel ligation to
realize wholly mn-delocalization. The achievements would contribute to develop
designing new light absorbing materials.

3.4. Experimental Section

General. All NMR spectra were taken at 500 MHz (JEOL ECA-500
spectrometer). NMR spectra were recorded in parts per million (ppm, 6 scale) from
residual protons of the CD,Cl, for "H NMR (6 5.32 ppm for dichloromethane) and from
an external standard for *'P NMR (8 29.41 ppm of OPPh; for all solvents). The CD,Cl,
was distillated with CaH, prior to use and stored under argon with molecular sieves (4
A). The data were presented as following space: chemical shift, multiplicity (s = singlet,
d = doublet, t = triplet, m = multiplet and/or multiplet resonances, br = broad), coupling
constant in hertz (Hz), and signal area integration in natural numbers, assignment
(italic). Elemental analysis was performed at the University of Tokyo, Department of
Chemistry, Organic Elemental Analysis Laboratory. IR absorption was measured on
JASCO FT/IR-6100 equipped with an attenuated total reflection (ATR) with ZnSe, and
was reported as wavenumber in cm .

Synthesis of (Tetraceneimide dithiole)bis(triphenylphosphine)palladium
(Pd(TIDS)(PPh3);, mono-Pd-TIDS). Pd(PPhs)s (127 mg, 0.110 mmol, 1.1 equiv.) in
CH,Cl; (6.5 ml) was added dropwise to a solution of TIDS (44.5 mg, 0.100 mmol) in
CH,Cl, (20 ml) for 25 min. The appearance of the solution changed from blue
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suspension to black solution. It was stirred at room temperature for 1 h. This solution
was used for each analysis. 'H NMR (500 MHz, CD,CL): 6 =9.81 (d, J = 9.2 Hz, 2H,
tetracene), 8.45 (d, J = 9.2 Hz, 2H, tetracene), 7.57-7.54 (m, 2H, tetracene), 7.43 (t, J =
7.5 Hz, 6H, p-Ph), 7.27-7.24 (m, 12H, 0-Ph, m-Ph), 7.12-7.08 (m, 2H, tetracene), 4.28
(t, J=17.7 Hz, 2H, CH; in hexyl), 1.80-1.74 (m, 2H, CH,CHj, in hexyl), 1.48—1.44 (m,
2H, CH; in hexyl), 1.40-1.31 (m, 4H, CH,CH; in hexyl), 0.90 (t, J = 7.2 Hz, 3H, Me in
hexyl). *'P NMR (202.4 MHz, CD,Cl,): 6= 27.66 (s, 2P, PPh;).

Synthesis of u-Bis(tetraceneimide
dithiole)-tetrakis(triphenylphosphine)tripalladium (Pd3(TIDS);(PPhs3),,
tri-Pd-TIDS). A mixture of TIDS (100 mg, 0.225 mmol) and Pd(PPhs)4 (391 mg, 0.338
mmol, 1.50 equiv.) was stirred in THF (6.6 ml) at room temperature for 3 h. The
n-hexane was added to precipitate the crude product, which was purified by
crystallization from CH,Cl,/n-hexane to give dark-red crystals in 77% yield (196 mg,
0.0869 mmol). '"H NMR (400 MHz, CD,Cl): 6 = 9.37 (br, tetracene), 7.41 (br,
tetracene), 6.99 (t, J = 7.3 Hz, 4H, p-Ph), 6.81-6.73 (m, 16H, 0-Ph, m-Ph), 6.11 (br,
tetracene), 4.26 (t, J = 6.9 Hz, 4H, CH; in hexyl), 1.99-1.92 (m, 4H, CH, in hexyl),
1.62—1.54 (m, 4H, CH; in hexyl), 1.38-1.51 (m, 8H, CH,CHj, in hexyl), 0.95 (t, /= 7.1
Hz, 6H, Me in hexyl). Anal. calcd for Ci24H102N204P4Pd3S4: C, 66.03; H, 4.56; N, 1.24.
Found: C, 66.13; H, 4.71; N, 1.14.

'H NMR peaks corresponding to the tetracene moiety were broadened at room
temperature. This results from thermal dynamic behavior. For the same reason, neither
P nor °C NMR were clearly recorded. Low temperature 'H NMR measurements,
even at —30 °C, exhibited broad peaks.

Electrochemical analysis. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were performed using HOKUTO DENKO HZ-5000 voltammetric
analyzer. All CV measurements were carried out in a one-compartment cell under argon
gas, equipped with a glassy-carbon working electrode, a platinum wire counter
electrode, and an Ag/Ag” reference electrode. The supporting electrolyte was a 0.1
mol/L  dichloromethane solution of tetrabutylammonium hexafluorophosphate
(TBAPF¢). Only for the CV measurements of tri-palladium complex 1, platinum and
gold working electrode were additionally used to result in the identical CV charts to that
obtained with glassy-carbon electrode. The electrochemical data equipped with a
grassy-carbon working electrode are presented in this report.

X-ray crystallographic analysis. X-ray crystallographic analyses for
complexes 1 and 2 were performed using a RIGAKU R-AXIS RAPID II (imaging plate
detector) with monochromic CuKa (A = 1.5406 A) radiation. The positional and thermal
parameters were refined by a full-matrix least-squares method using the SHELXL97
program on the Yadokari-software. The CCDC numbers of complexes 1 and 2 were
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881159 and 978047, respectively.

Computational studies. All calculations were carried out by Gaussian09
package at the B3LYP level."” Palladium atoms were represented by the LANL2DZ or
SDD basis set and a 6-31G(d) basis set was used for other atoms (C, H, N, O, S, and P).
The calculation levels are described as “ B3LYP/LANL2DZ/6-31G(d)” and
“B3LYP/SDD/6-31G(d)”.

Time-resolved transient absorption mesurements. Femtosecond transient
absorption spectroscopy experiments were conducted using an ultrafast Integra-C
(Quantronix Corp.), a TOPAS optical parametric amplifier (Light Conversion Ltd.), and
a commercially available Helios optical detection system provided by Ultrafast Systems
LLC.
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Crystal Data Collection Parameters for ri-Pd-TIDS.

Formula

Formula Weight
Crystal System
Space Group

R, Ry, (I>20()))
R1, wR2 (all data)
GOF on F*

a(A)

b (A)

c(A)

a(®)

B ()

Y ()

V(A%

Z

T (K)

Crystal Size (mm)
Deatea (g-cm )

2 6hmin, 26max (°)
no. refl. measured (unique)
no. refl. measured (7>20(/))
no. parameters

u (CuKa)

C127H10sCIsN204P4Pd3S4
2510.17
triclinic

Pl

0.0663, 0.2286
0.0705, 0.2344
1.578
17.4188(6)
17.5604(6)
22.7255(4)
87.6505(10)
71.9113(12)
60.5328(7)
5700.3(3)

2

173(2)

0.60, 0.50, 0.30
1.462

2.99, 67.00
19978

18233

1327

1.54187
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Crystal Data Collection Parameters for mono-Pd-TIDS.

Formula

Formula Weight
Crystal System
Space Group

R, Ry, (I>20()))
R1, wR2 (all data)
GOF on F*

a(A)

b (A)

c(A)

a(®)

B ()

Y ()

V(A%

Z

T (K)

Crystal Size (mm)
Deatea (g-cm )

2 6hmin, 26max (°)
no. refl. measured (unique)
no. refl. measured (7>20(/))
no. parameters

u (CuKa)

C64H51C14N02P2Pd82
1240.32
triclinic

P1

0.1559, 0.3862
0.1824, 0.4098
1.760
13.8975(3)
16.8234(3)
17.2132(4)
99.9912(11)
112.2384(11)
111.2751(10)
3238.05(12)

2

123(2)

0.12, 0.22,0.27
1.272

2.97, 67.00
10324

5864

664

1.54187
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3 calculated at B3ALYP/LANL2DZ/6-31G(d)

-2.985985
0.000935
3.006306
-1.277371
-1.117206
1.343195
1.070153
-4.535798
-4.391441
4.651155
4.347945
3.094612
1.130778
-0.905941
-2.999183
-0.162516
0.387106
1.260406
1.544884
0.970401
1.150364
0.355471
0.296352
-0.589865
-0.900158
-1.740939
-2.326795
-2.054356
-1.194226
-0.935731
-0.365940
-0.420395
0.115604
2.150411
1.132265
0.255553
-0.251340

-0.829221
0.001384

0.917540

-1.174067
-1.662225
1.494528

1.396716

-1.234824
0.469053

0.553010

0.202342

-6.821868
-7.174636
7.964982

6.743369

-3.742062
-4.505100
-5.564625
-5.851887
-5.101808
-5.453600
-4.850471
-5.413393
-4.854331
-5.496104
-4.917775
-3.660829
-3.011950
-3.575881
-2.895293
-3.611307
-3.175237
-3.999069
-6.448283
-6.575847
3.146899

3.715663

-0.040173
-0.060455
0.250253
-1.743471
1.301905
-1.429859
1.610958
1.838694
-1.552008
-1.542500
2.152036
0.423455
-3.635966
-2.012950
1.800820
3.178266
4.183738
3.858321
2.542931
1.470886
0.093935
-0.918258
-2.224765
-3.208992
-4.445961
-5.371380
-5.120777
-3.938450
-2.952160
-1.706665
-0.609317
0.745850
1.804183
-0.291111
-2.554792
3.819398
4.964501
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oNoNoNoNONoNONINONONoNONoNoNoNoNoNoNoNoNoNoNoNoNoNo NN NN NN NI NOHO NI NO NI NO NN

-1.121989
-1.439074
-0.905853
-1.109768
-0.387495
-0.367331
0.275556

0.365717

0.930054

1.453571

1.397855

0.820021

0.793732

0.306237

0.418976

-0.061337
-2.072004
-1.022086
-5.057393
-4.297803
-4.639530
-5.747853
-6.513976
-6.173277
-6.127819
-6.228874
-7.422561
-8.535872
-8.445779
-7.251527
-3.708336
-2.859733
-2.254359
-2.475486
-3.301967
-3.917907
-4.754672
-4.351461
-4.530080
-5.125759
-5.533232

4.823021
5.349161
4.806114
5.413806
4.970228
5.763185
5.291826
6.066924
5.565702
4.255966
3.483287
3.960179
3.150047
3.675707
3.014995
3.648340
6.513155
7.083725
-3.004697
-3.902669
-5.255283
-5.727810
-4.843022
-3.491175
-0.323547
0.722783
1.430335
1.102333
0.065010
-0.638691
-1.040769
0.061356
0.285431
-0.602751
-1.712093
-1.930181
2.176162
2.564531
3.879187
4.817695
4.442407

4.869558
3.640319
2.428598
1.153580
0.011060
-1.170635
-2.358963
-3.558296
-4.707134
-4.730571
-3.594832
-2.377193
-1.184406
0.052996
1.316948
2.521112
1.012276
-1.155491
1.765871
0.998690
0.941852
1.646120
2.408594
2.469503
2.086462
3.017968
3.165985
2.391596
1.461755
1.303505
3.478554
3.672151
4.909241
5.963830
5.776418
4.542514
-0.971419
0.314550
0.750170
-0.093074
-1.376230
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-5.337285
-3.700336
-2.557278
-1.992562
-2.556143
-3.686059
-4.257434
-5.992530
-5.960463
-7.122665
-8.334828
-8.377071
-7.214184
6.262159
6.433651
7.660235
8.731929
8.569094
7.344389
5.199846
4.551481
4.951134
6.004147
6.660667
6.265579
3.832947
3.914884
3.281259
2.568227
2.477881
3.096542
3.481846
2.858654
2.189732
2.134135
2.740020
3.399320
5.725866
6.562668
7.570351
7.745936

3.135144
0.790636
1.602271
1.877103
1.337370
0.524930
0.250400
-0.371035
-1.768073
-2.475607
-1.796826
-0.410386
0.300268
-0.328069
-1.667829
-2.306700
-1.619622
-0.288049
0.352196
2.153202
3.343817
4.566141
4.612943
3.434158
2.213252
-0.394405
-0.034334
-0.810670
-1.954182
-2.317986
-1.536330
0.084447
-1.100709
-1.154190
-0.029331
1.158693
1.219754
1.360714
1.183118
2.104895
3.227303

-1.820160
-3.233499
-3.335326
-4.579707
-5.738909
-5.647375
-4.401758
-1.911801
-2.066079
-2.376876
-2.526466
-2.365566
-2.059784
-1.302234
-1.680786
-1.489280
-0.919161
-0.530894
-0.716321
-2.279345
-1.918009
-2.463980
-3.377095
-3.742156
-3.196403
-2.892621
-4.245490
-5.218321
-4.854913
-3.509571
-2.533551
3.784791

4.204100

5.428293

6.251730

5.837115

4.609056

2.544528

3.661588

3.943997

3.129476
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6.903999
5.899772
5.057485
4.193893
4.635238
5.956039
6.829967
6.385892
-0.838063
0.129273
1.697544
2.206644
-0.453283
-1.960264
-3.000780
-2.517630
0.928237
0.035645
-1.527396
-2.093994
-0.029557
0.974669
1.912725
1.814075
-3.434335
-4.037265
-6.015431
-7.379955
-6.783887
-5.380519
-7.480166
-9.466513
-9.304387
-7.203679
-2.654376
-1.603493
-1.999592
-3.471266
-4.555321
-3.865745
-4.176886

3.428918
2.500957
-1.481151
-2.485588
-3.804324
-4.126517
-3.131206
-1.815686
-2.936300
-4.301460
-6.172859
-6.667922
-6.457219
-5.446652
-3.209007
-2.052556
2.304930
3.320678
5.278543
6.203876
7.069804
6.188135
3.859742
2.485204
-3.544150
-5.934893
-6.779998
-5.203737
-2.813468
0.981837
2.234775
1.650275
-0.199857
-1.441859
0.742506
1.145274
-0.434230
-2.411781
-2.798004
1.840564
4.187625

2.035807
1.746940
1.913847
1.437187
1.311056
1.630610
2.068260
2.213538
3.437111
5.220068
4.646326
2.295246
-4.643988
-6.295788
-5.843707
-3.745150
3.907862
5.935908
5.769560
3.570192
-3.539529
-5.597414
-5.632504
-3.622865
0.446172
0.345618
1.600082
2.957336
3.058045
3.642105
3.894139
2.511855
0.851160
0.575798
2.850513
5.034831
6.926289
6.590704
4.411296
0.961360
1.728866
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-5.237098
-5.980696
-5.609993
-2.107276
-1.110821
-2.114460
-4.133124
-5.142510
-5.022903
-7.080087
-9.241537
-9.317618
-7.265345
5.617008
7.774440
9.687925
9.397066
7.241330
3.724810
4.429191
6.313836
7.483980
6.794258
4.464677
3.346997
2.075642
1.917163
2.999461
2.898030
1.715959
1.622641
2.701014
3.861019
6.414928
8.211803
8.527081
7.019844
5.236817
3.167087
3.959639
6.296955

5.842829
5.174453
2.868640
2.028081
2.508233
1.550274
0.106044
-0.374841
-2.303218
-3.554890
-2.346457
0.122927
1.374960
-2.215263
-3.343349
-2.116996
0.258231
1.390106
3.315704
5.475321
5.563097
3.464663
1.307172
0.851868
-0.517891
-2.557448
-3.200780
-1.813066
-1.994559
-2.083690
-0.076551
2.043467
2.152801
0.335096
1.952447
3.947594
4.308316
2.667536
-2.241217
-4.585495
-5.153182

0.246685
-2.043317
-2.837278
-2.442517
-4.638639
-6.708659
-6.545251
-4.348274
-1.938378
-2.493945
-2.764586
-2.476249
-1.922971
-2.137809
-1.793486
-0.778961
-0.086776
-0.418018
-1.215662
-2.180343
-3.803761
-4.450823
-3.476380
-4.544255
-6.262900
-5.612004
-3.219020
-1.487298
3.592007
5.729418
7.209468
6.467093
4.302005
4.323217
4.807737
3.356962
1.408351
0.903172
1.174360
0.975876
1.530544
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7.863411
7.082822
-2.687585
-2.018750
-3.318450
-3.300187
3.007453
4.020517
2.978290
2.737382
-1.897710
2.042113

-3.373961
-1.055174
8.568793
9.427898
8.542046
8.638141
-8.039681
-7.626752
-8.823403
-8.432283
7.339539
-6.991351

2.301381

2.545756

-0.192736
-0.279681
-1.086028
0.702996

-1.905472
-1.924787
-1.145240
-2.882401
-0.095807
-1.566971
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-2.992791
-0.000184
3.010271
-1.289891
-1.134476
1.357324
1.086759
-4.527856
-4.378520
4.626277
4.338571
2.990314
1.036724
-0.776229
-2.898554
-0.222928
0.308851
1.164663
1.450168
0.893793
1.073196
0.293567
0.231291
-0.633688
-0.942840
-1.757047
-2.315675
-2.045904
-1.213964
-0.960018
-0.408424
-0.461550
0.056803
2.056012
1.045124
0.276878
-0.223106

-0.797457
0.006844

0.879699

-1.134059
-1.619857
1.468206

1.357325

-1.205195
0.503917

0.519854

0.150242

-6.856427
-7.182170
7.982754

6.773514

-3.712856
-4.483619
-5.558852
-5.853429
-5.095754
-5.453072
-4.838177
-5.400197
-4.821089
-5.454105
-4.855302
-3.585063
-2.945120
-3.530472
-2.860553
-3.586665
-3.149259
-3.977710
-6.466588
-6.580006
3.095798

3.664652

-0.040775
-0.064979
0.248801
-1.731524
1.289841
-1.416238
1.602493
1.817729
-1.534595
-1.538961
2.125712
0.444266
-3.622593
-1.971571
1.831212
3.179746
4.189440
3.869931
2.555885
1.480155
0.103803
-0.913467
-2.220056
-3.212635
-4.454124
-5.390847
-5.146614
-3.958192
-2.960464
-1.708347
-0.609304
0.744924
1.807822
-0.274997
-2.543134
3.829520
4.978163
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-1.068148
-1.368576
-0.842468
-1.031359
-0.316252
-0.281548
0.347958

0.448690

0.996102

1.490068

1.424703

0.865551

0.831143

0.355021

0.455616

-0.021363
-1.973346
-0.910201
-5.065110
-4.322440
-4.679765
-5.786401
-6.535322
-6.179394
-6.116059
-6.210196
-7.400565
-8.517943
-8.435315
-7.244163
-3.710879
-2.877698
-2.282563
-2.496649
-3.306218
-3.913105
-4.724988
-4.295954
-4.454387
-5.056138
-5.489487

4.791979
5.336046
4.792744
5.415299
4.967016
5.765483
5.286554
6.064399
5.555670
4.234817
3.459100
3.944293
3.133176
3.660804
2.989581
3.617374
6.532370
7.098074
-2.970702
-3.871395
-5.219935
-5.685674
-4.798284
-3.450805
-0.284356
0.768232
1.481303
1.152605
0.108335
-0.600894
-1.026585
0.083200
0.295500
-0.612938
-1.730378
-1.936108
2211975
2.598467
3.915269
4.858552
4.485537

4.890160
3.664073
2.449817
1.178917
0.033892
-1.143696
-2.336927
-3.533187
-4.687435
-4.719024
-3.585364
-2.362741
-1.171465
0.068425
1.327167
2.535141
1.043269
-1.120083
1.734719
0.954176
0.889935
1.601037
2.377825
2.445444
2.063487
2.988659
3.136363
2.367993
1.445438
1.287598
3.465709
3.682279
4.926341
5.965160
5.754427
4.513744
-0.943703
0.334579
0.772268
-0.061117
-1.336680
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-5.313226
-3.681132
-2.548129
-1.976679
-2.524339
-3.645242
-4.222528
-5.986440
-5.965444
-7.133006
-8.339557
-8.370802
-7.202830
6.236116
6.405254
7.632869
8.707864
8.547855
7.322428
5.184754
4.564914
4.980073
6.019159
6.646314
6.236768
3.797882
3.850296
3.204342
2.507738
2.446149
3.077679
3.484100
2.875700
2.224342
2.171240
2.762487
3.404923
5.726603
6.570727
7.584131
7.758067

3.176239
0.835975
1.662285
1.939991
1.389973
0.564410
0.286249
-0.317464
-1.711326
-2.403416
-1.712275
-0.329096
0.365853
-0.369310
-1.704612
-2.345758
-1.665482
-0.337976
0.304685
2.120178
3.319035
4.539519
4.576171
3.388803
2.170129
-0.415523
-0.029445
-0.793036
-1.949304
-2.338753
-1.570488
0.031825
-1.155906
-1.208670
-0.080238
1.110354
1.170168
1.295638
1.091557
2.002982
3.142510

-1.782758
-3.212904
-3.308804
-4.549587
-5.711511
-5.626101
-4.384037
-1.911146
-2.094533
-2.420304
-2.557396
-2.367940
-2.045975
-1.312836
-1.707477
-1.529981
-0.957863
-0.554785
-0.727211
-2.269556
-1.886171
-2.425052
-3.354331
-3.742715
-3.202950
-2.892364
-4.239282
-5.214517
-4.859535
-3.519673
-2.541231
3.765959

4.199188

5.433155

6.251845

5.823455

4.586560

2.525371

3.632291

3.926997

3.136003
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6.908429
5.898994
5.035469
4.159234
4.591554
5.915899
6.802045
6.367090
-0.885476
0.050021
1.587426
2.098868
-0.515377
-1.975346
-2.966485
-2.488553
0.929173
0.049681
-1.467280
-2.005253
0.074974
1.049417
1.933505
1.817993
-3.461086
-4.090729
-6.066025
-7.399852
-6.776472
-5.359341
-7.452480
-9.446262
-9.297275
-7.201670
-2.675948
-1.644688
-2.028327
-3.470161
-4.538004
-3.804071
-4.080774

3.371023
2.452678
-1.538854
-2.541253
-3.862963
-4.190502
-3.197581
-1.879216
-2.895007
-4.272867
-6.173424
-6.681248
-6.424942
-5.377691
-3.114958
-1.975067
2.237462
3.253326
5.248147
6.204906
7.075467
6.180589
3.831550
2.451887
-3.518976
-5.901099
-6.734446
-5.153679
-2.771253
1.027676
2.290391
1.704402
-0.158017
-1.409618
0.780877
1.162281
-0.453643
-2.446175
-2.810101
1.871938
4.221167

2.053814
1.752074
1.881614
1.423572
1.295696
1.594444
2.012499
2.159957
3.434117
5.224095
4.660871
2.312634
-4.647578
-6.319159
-5.879147
-3.770394
3.912247
5.946912
5.792626
3.599047
-3.508239
-5.575481
-5.625742
-3.619530
0.394501
0.282375
1.549562
2.932270
3.045597
3.609070
3.859780
2.488586
0.840266
0.565798
2.873669
5.069223
6.932855
6.555702
4.365444
0.973659
1.744173
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-5.151669
-5.941669
-5.605799
-2.111093
-1.101594
-2.078016
-4.080724
-5.099603
-5.032523
-7.098418
-9.250270
-9.306874
-7.246329
5.586517
7.745227
9.664493
9.378494
7.221356
3.748472
4.480423
6.340380
7.458580
6.743216
4.385846
3.248241
2.005672
1.896388
3.001211
2913716
1.762668
1.674091
2.725385
3.856081
6.424556
8.231203
8.543681
7.022348
5.229869
3.129218
3.905511
6.249930

5.885013
5.221017
2.912361
2.097801
2.580617
1.605806
0.137811
-0.350456
-2.257431
-3.480395
-2.249669
0.213980
1.437588
-2.246530
-3.378785
-2.164648
0.203489
1.339956
3.300776
5.455409
5.524791
3.410934
1.257197
0.867449
-0.480360
-2.542471
-3.230111
-1.867288
-2.052413
-2.140517
-0.127063
1.997888
2.104960
0.230500
1.829252
3.854759
4.263568
2.641621
-2.293838
-4.642149
-5.219390

0.279466
-1.996755
-2.794999
-2.414161
-4.603212
-6.678485
-6.526054
-4.336089
-1.977800
-2.559271
-2.807748
-2.468587
-1.886167
-2.167185
-1.846995
-0.828782
-0.109754
-0.419088
-1.171537
-2.123359
-3.775785
-4.464314
-3.501227
-4.531799
-6.254470
-5.618353
-3.234383
-1.498650
3.591054
5.745583
7.217110
6.449605
4.269131
4.277159
4.782494
3.373106
1.444858
0.918000
1.176446
0.977021
1.493920
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7.838317
7.074054
-2.548291
-1.863466
-3.177212
-3.161824
2.887754
3.908328
2.845173
2.609431
-1.781535
1.942210

-3.444267
-1.120876
8.607532
9.454788
8.599386
8.681221
-8.079056
-7.685085
-8.855999
-8.473947
7.363204
-7.010732

2.228278

2.475056

-0.148238
-0.226885
-1.043262
0.746513

-1.881714
-1.905600
-1.115282
-2.855399
-0.058887
-1.550018
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-0.642978
0.930370
-2.112391
1.079128
-2.280915
7.250472
7.704625
7.405540
-2.091564
5.522957
3.270524
4.417920
3.053103
4.103795
4.506290
-2.545349
-1.899440
2.494890
5.236537
6.931030
-5.760840
-6.802679
4.696712
-0.937681
-0.170770
-1.366753
-1.682826
-2.397533
-4.807722
-4.282278
2.707097
-3.466132
-5.376548
-6.116404
3.557050
3.016942
1.943207

0.134417
-1.369894
1.864816
1.726981
-1.668787
-2.321847
1.940169
-0.207206
-2.973420
0.990923
-0.066036
-2.496123
-2.470043
-4.847600
-5.758858
0.330920
-0.396367
-1.256551
-1.337988
0.983806
2.668751
2.790838
-0.136205
-2.984062
-2.232712
3.527970
4.655720
4.582686
-1.250103
-1.353109
1.208596
2.201236
2.808969
3.048007
2.238542
3.388508
3.450272

-0.242662
-1.174396
0.627368
-0.275120
-0.475749
1.384893
-0.019558
0.648685
0.816244
-0.335848
-0.350429
0.634252
0.158559
1.256518
1.692681
2.940043
2.457959
-0.339007
0.483327
0.082390
-1.208816
-0.925696
-0.062227
1.614935
1.457724
0.923482
0.153434
-0.658888
0.746111
1.688925
-0.673797
-0.574261
-2.542478
-3.301563
-1.176158
-1.831852
-1.959894
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-2.857284
4.985008

-3.042721
-2.785409
-3.856197
-4.242126
-3.089960
-2.050198
-4.111010
-0.431658
-0.163668
-4.037551
-3.729548
-4.812783
-5.132045
-2.021505
-6.205457
-6.742682
-2.130916
-2.334860
-6.890019
-7.964305
4.891574

5.902115

2.280240

1.268113

-4.157581
-4.774108
-2.887998
-3.650944
6.661540

-1.959448
-2.036970
-1.725120
-1.598466
-3.652742
-3.860876
-6.185156
-6.706244
2.781416

2.163860

1.526434
2.121825
0.075963
-0.853329
1.016022
0.820558
2.320929
2.176477
-1.363010
3.653460
2.787895
2.632173
2.732313
2.369165
2.253655
-2.503199
-1.002892
-0.910108
-3.890366
-4.532480
-0.908838
-0.745214
-3.725595
-3.750604
-3.673784
-3.649050
2.220362
2.964306
-4.943166
-5.702944
-1.367106
-4.460193
-5.537751
-1.700732
-0.628856
2.480680
3.436109
-1.029737
-0.959803
-4.831291
-5.724729

2.277948
-1.022090
4.220941
4.721491
4.853692
5.850457
-1.924529
-2.208747
-0.469414
1.965644
2.563996
-2.899515
-3.936744
-0.227675
0.801899
-2.101695
-1.651498
-2.591372
-2.272703
-1.422685
-0.439523
-0.428702
1.201336
1.575734
0.217881
-0.162398
4.210705
4.707801
1.999796
2.146725
0.868549
-3.535152
-3.651743
-3.215653
-3.090481
2.937407
2.464846
0.759625
1.710774
0.751776
0.795143
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-3.069228
-3.978764
-0.759985
0.145949
0.161314
0.884934
-1.084251
-1.342157
-1.564570
-1.330182
-4.827932
-4.317085
-1.681479
-1.544692
5.230397
5.879596
-0.163671
0.302754
3.826636
3.394851
5.790163
6.861205
-1.733155
-1.594596
8.807510
9.264186
8.865100
9.314553

-3.963592
-3.963647
-3.965262
-3.963340
4.884576
4.964615
5.887358
6.754333
-2.272658
-1.639380
-1.228447
-1.315174
-3.654016
-4.101365
4.252372
5.018382
6.005205
6.963675
4.369843
5.217617
3.171895
3.095537
-4.946030
-5.709997
-0.263537
0.690770
-0.450957
-1.085134

1.023380
0.431086
2.593348
3.192252
2.238240
3.044396
0.429426
-0.172847
-4.478204
-5.329222
-1.668355
-2.621020
-4.640350
-5.620994
-2.205081
-2.622302
1.470569
1.680983
-2.341629
-2.866807
-1.568142
-1.468099
2.786581
3.546857
1.072212
0.823528
2.147825
0.560432
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4 calculated at B3LYP/SDD/6-31G(d)

-0.643138
0.921971
-2.114303
1.060267
-2.263088
7.294193
7.685342
7.417048
-2.098625
5.509782
3.264991
4.440294
3.066565
4.143865
4.556659
-2.578889
-1.925537
2.496012
5.252048
6.923141
-5.739059
-6.784147
4.695702
-0.960701
-0.188382
-1.370835
-1.661171
-2.355777
-4.811076
-4.300896
2.688790
-3.452361
-5.338636
-6.068934
3.524945
2.969060
1.893620

0.128775
-1.381962
1.843387
1.712824
-1.663500
-2.313961
1.977783
-0.183484
-2.970748
1.010942
-0.062043
-2.486675
-2.466072
-4.835709
-5.743473
0.313551
-0.415504
-1.256440
-1.325863
1.011800
2.673578
2.792677
-0.124321
-2.987140
-2.237896
3.504978
4.634098
4.564815
-1.247192
-1.351580
1.208517
2.195863
2.831492
3.081431
2.248481
3.398632
3.452783

-0.225792
-1.119226
0.618664
-0.222478
-0.478463
1.300575
-0.030587
0.605071
0.816461
-0.335618
-0.327202
0.638334
0.189358
1.278411
1.712200
2.932089
2.463265
-0.303645
0.469793
0.065736
-1.254543
-0.982322
-0.058810
1.637744
1.499379
0.937849
0.159915
-0.669972
0.704137
1.655074
-0.641540
-0.597902
-2.581423
-3.346216
-1.145737
-1.788046
-1.904276
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-2.884089
4.955422

-3.093807
-2.841496
-3.918763
-4.318576
-3.059930
-2.016992
-4.094463
-0.463905
-0.217278
-3.995491
-3.674442
-4.803145
-5.135384
-1.984542
-6.171135
-6.693506
-2.083540
-2.290925
-6.875105
-7.949780
4.927900

5.945782

2.297915

1.278521

-4.213694
-4.839037
-2.922568
-3.690255
6.686287

-1.897659
-1.967599
-1.684282
-1.564416
-3.691002
-3.893995
-6.189085
-6.725278
2.811988

2.197302

1.504909
2.142655
0.063516
-0.862981
1.004129
0.812206
2.333559
2.192390
-1.356607
3.626892
2.760719
2.658505
2.772754
2.360276
2.230823
-2.503758
-1.000817
-0.908848
-3.892279
-4.531413
-0.908994
-0.747684
-3.712278
-3.733593
-3.671248
-3.651001
2.204564
2.949501
-4.942465
-5.700650
-1.353099
-4.467806
-5.546451
-1.705521
-0.632219
2.460064
3.413337
-1.029685
-0.962175
-4.824987
-5.719434

2.259520
-1.006925
4.207136
4.715465
4.823815
5.815779
-1.941948
-2.216005
-0.500108
2.005067
2.611784
-2.924242
-3.956092
-0.266045
0.757612
-2.099940
-1.714890
-2.663195
-2.264982
-1.413671
-0.513937
-0.520103
1.201630
1.555736
0.269668
-0.090813
4.170701
4.655136
1.978713
2.108088
0.818839
-3.522914
-3.634128
-3.216166
-3.096624
2.903674
2.424659
0.696041
1.638953
0.799504
0.859843
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-3.082257
-3.980113
-0.804562
0.089653
0.129033
0.831796
-1.063742
-1.302151
-1.509152
-1.271089
-4.793051
-4.267732
-1.615657
-1.467551
5.171574
5.810216
-0.169449
0.296536
3.765549
3.321613
5.746489
6.819061
-1.783438
-1.661403
8.827464
9.270842
8.907535
9.331662

-3.959311
-3.955874
-3.971736
-3.973784
4.854813
4.931438
5.862868
6.730968
-2.283059
-1.652608
-1.223636
-1.310298
-3.665997
-4.117624
4.283557
5.057976
5.976517
6.932618
4.390131
5.237922
3.203392
3.135628
-4.950860
-5.717683
-0.235868
0.727667
-0.445557
-1.041669

1.002076
0.392215
2.616471
3.232888
2.291885
3.116624
0.450856
-0.157800
-4.474194
-5.326328
-1.710031
-2.654733
-4.630128
-5.607153
-2.176826
-2.594802
1.515110
1.736928
-2.298813
-2.813755
-1.553189
-1.463903
2.787906
3.548123
1.000123
0.763198
2.070154
0.461150
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Chapter 4.

Chromic Properties and Conformational Control
of Fluorenylideneacridane Derivatives



4.1. Introduction

The simplest m-orbital comprises a double bond. Connection of aromatic rings
with double bonds has been used to obtain large m-conjugated systems such as
p-phenylene vinylene derivatives.! A variety of synthetic methods to form double
bonds have been reported, and hence the mt-conjugated derivatives have grown the field
of organic electronic devices. Since double bond has simple m-orbitals having no
aromaticity, dipole and other functionalities, the method to link aromatic rings with
double bond has been widely used. In the field of extended m-systems, there have been
several reports on adding distortion to the molecule for control of packing structure.’
The distortion gives not only dense packing manner, but also high solubility, metastable
structures and unique m-conjugated systems. Although those properties are often
required for solution-processed organic electronics, the molecular designs are limited
because of introduced structural repulsions.

The combination of double bond and distortion is realized in bis-tricyclic
aromatic enes (BAEs). The most typical BAE is bianthrone, which shows several
chromic properties.” This chromism represented the existence of two stable structures
exhibiting yellow color and their blue-shifted color. To clarify the origin of color
change, other analogs have been investigated. Among these investigations, two
stereoisomers of a fluorenylidenexanthone derivative were separately crystallized. The
fluorenylidenexanthone derivative composes V- and X-type conformers (Figure 1).
This research identified that the conformational change between V- and X-type
conformers induces the color change. Moreover, other fluorenylidenexanthone
derivative was reported to demonstrate light absorption property of each conformer.’
Despite a lot of literatures and achievements on BAE, the mechanism how the molecule
transforms into the other conformer has not been clearly figured out. In addition, the
literatures had reported no photophysical properties and electrochemical properties,
though the BAE structures consisting of fused aromatic rings are seemed applicable to
organic electronic devices. On the other hand, bifluorenylidene derivatives and analogs
have been investigated in the application to organic solar cells.® However, chromic
behaviors of bifluorenylidene type BAEs have not yet been reported.

V-type conformation X-type conformation
Figure 1. Schematic images of stereoisomers observed in BAEs.
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In this work, I focused on the molecule in which a double bond bridges
fluorene and acridane backbones, named as fluorenylideneacridane (FA) (Figure 2).
The chromic behaviors observed in BAEs were predicted to appear because of the
structural similarity to fluorenylidenexanthone. The molecule would have two canonical
structures that neutral one and zwitterionic one. When the molecule has the polarized
structure, double bond character of the connecting part changes into single bond one.
DFT calculations provided two stable optimized structures that were V-type and X-type
conformers. V-type has slightly lower energy than X-type to be a ratio of 10:8.7 in
equilibrium (AE = 347 J/mol). Furthermore, the calculated electrostatic potential maps
of FA displayed larger gradient in X-type conformer having zwitterionic potential
surface (Figure 3). These characteristics induced by V- and X-type stereoisomers are
similar to those in BAEs reported previously. Herein, the calculation results also
suggested that the two conformers possess different m-orbitals indicating different
electrochemical properties. In order to modify the chromic properties, I designed the
molecule can contain substituents which do not influence on the electronic structures.
The substituents might slightly effect on the conformational stability to change the ratio
between V- and X-type conformers. Here, the substituents of FA can be easily changed.
This synthetic characteristic is quite effective to smoothly examine the FA derivatives
having a variety of substituents. I targeted to construct the organic materials having
semiconductive properties and chromic properties at the same time toward sensors for
physical stimuli, thin-film devices for charge transport and photovoltaics, and so on.

e S
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@ |
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<
—_—
V—-type conformation X-type conformation

Figure 2. Molecular design of fluorenylideneacridane. The canonical structures
and stereoisomers were expected through DFT calculations calculated at
B3LYP/ 6-31G(d).
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X-type V-type

Figure 3. Electrostatic potential maps of FA calculated at BSLYP/6 31G(d

Unlike thermo- and photo-chromisms, mechanochromism is relatively difficult
to evaluate and monitor what happens inside. Nonetheless, a variety of
mechanochromic materials have been established recently.” Almost all of them were
reported that mechanochromic color change occurred by transition between crystalline
and amorphous phases. This conclusion was mainly supported by powder XRD
measurements that showed sharp peaks in crystalline phase and a wide-range hump in
amorphous phase. In those cases, mechanic stimuli did not induce structural changes in
the molecular structure. A few literatures provided mechanoresponsive color change
accompanying with structural changes.®

In this work, I have studied the synthesis of a new BAE series that is FA
derivatives having aliphatic substituents. The methyl substituted FA indicated
mechanochromic properties like BAEs. Herein, I have tried to accomplish long
wavelength light absorption by BAE structure and investigated how the color change
occurred during mechanical handling. In addition, I found that the color transition was
controlled by modifying the substituents. The photophysical properties and
electrochemical properties were deeply investigated to depict the electronic structures.
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4.2. Results and Discussion

A precursor of fluorenylideneacdidane (FA) derivatives was prepared from
fluorenone and acridone (Scheme I). Diazofluorene and
tert-butyl-9-thioxoacridine-10(9H)-carboxylate (N-Boc-thioacridone) were synthesized
through the reported procedures.” Both units were condensed in CH,Cl, at room
temperature to give a thiirane compound. In this condition, the substituent on the
nitrogen atom of acridone played a quite and important role to proceed the condensation
reaction. Methyl or phenyl group on the nitrogen atom never progressed the reaction but
remained no reaction (Scheme 2). Instead of this condition, Knoevenagel condensation
condition using fluorene and acridone also resulted in no reaction. In another trial,
acridone was reduced to give acridane, which was lithiated to undergo nucleophilic
attack to fluorenone. This strategy also ended in no reaction. By considering these
failures, it can be said that acridone has considerably low reactivity. An attempt to
increase the reactivity and nucleophilicity required an electron-deficient Boc group and
an active thioketone group. Introducing diazo group also activated fluorene. After
fluorene-acridane condensation succeeded, the sulfur atom of the thiirane ring and the
electron-withdrawing Boc group was removed with triphenylphosphine and acid,
respectively. The reduction and deprotection reactions were expected to generate
fluorenylideneacridane, which has hydrogen on the nitrogen atom. However, NMR data
of the product indicated the hydrogen was rearranged to the fluorene unit to give
fluorenyl acridine (H-FA). The NMR chart displayed a singlet signal due to the
rearranged hydrogen atom at 6.45 ppm and asymmetric peaks pattern for the acridine
moiety. X-ray single crystal analysis unambiguously determined this structure (Figure
4). Some aliphatic substituents were introduced to H-FA by using some leaving groups
on the alkyl group. Methyl iodide and methyl tosylate were used to obtain methyl
substituted FA (MeFA), but the crude product contained H-FA. MeFA has the methyl
group on the nitrogen atom. It was confirmed by 'H NMR showing symmetric peak
pattern without a singlet peak around 6.45 ppm as well as by single crystal structural
analysis (vide infra). In this reaction condition, the yield of MeFA was 68% at the
highest through the reaction with 10 equivalent of methyl tosylate. Since the reaction
between H-FA and MeFA was seemed to be in equilibrium, the reaction was carried out
with base, K,COs. In this condition, all amount of H-FA reacted with smaller amount of
methyl tosylate (3.58 equiv.) to achieve higher yield as 88%. Octyl substituted FA
(OctylFA) was also synthesized through the similar condition. The octyl group is also
placed at the nitrogen atom displaying similar '"H NMR chart to MeFA. Octyl triflate
with excess amount of K,CO3; smoothly introduced the octyl group to H-FA. OctylFA
was sticky solids, which made it difficult to reprecipitate the compound. In the end,
solid OctylFA was collected by reprecipitation from CH,Cl,/MeOH at low temperature.
The yield was low as 35% because OctylFA was soluble even in MeOH at low
temperature.
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Scheme 1. Synthesis of fluorenylideneacridane derivatives.
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Figure 4. Crystal structure of fluorenyl acridine.

Molecular structure of MeFA was confirmed by single crystal X-ray analysis.
MeFA showed two crystalline polymorphs. The two kinds of crystals with different
space groups were obtained by recrystallization using CH,Cly/hexane, CH,Cl,/MeOH,
CHCIl3/MeOH, toluene/MeOH (Polymorph 1) and benzene/hexane (Polymorph 2)
bilayer solvent systems (Figure 5). Polymorph 1 contained crystallographically
independent two MeFA molecules in the single lattice. In both of polymorphs, MeFA
formed V-type conformer. The fluorene moiety sustained the planar structure but the
acridane moiety is bent at 51.99° and 52.66° in Polymorph 1 and 50.29° in Polymorph 2.
The bond lengths of the central double bonds were 1.360(6) and 1.392(6) A in
Polymorph 1 and 1.363(2) A in Polymorph 2, which are slightly longer than typical
C=C distance (1.34 A). The elongation implies the contribution of zwitterionic structure
as a canonical structure.
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Figure 5. Crystal structure of MeFA. The polymorph is shown: (a), (b) prepared
from CH.Cl./hexane (Polymorph 1) and (c), (d) prepared from benzene/hexane
(Polymorph 2).

Electrochemical characteristics of FA derivatives were depicted by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) (Figure 6). MeFA showed
two reversible oxidation peaks at —0.17 and 0.74 V (vs Fc/Fc"). The first oxidation
potential indicated that MeFA is easily oxidized rather than ferrocene. In contrast to the
oxidation process, a reduction process was detected in largely negative region as a
reversible wave observed at —1.82 V. DPV data displayed the oxidation and reduction
waves at the almost same levels to CV, besides a peak appeared with around half size at
—2.29 'V, which would indicate decomposition of the two-electron reduced species.
HOMO and LUMO levels were estimated from the oxidation and reduction potentials
to be —4.63 and —2.98 eV, respectively.'’ The computational calculation with optimized
structures gave LUMO and HOMO levels to be —1.823 and —5.197 eV, respectively, for
V-type MeFA and -2.313 and —4.571 eV, respectively, for X-type MeFA at
B3LYP/6-31G(d) levels. The calculation results provided higher HOMO and lower
LUMO for X-type conformer than V-type conformer. Accordingly, the one-electron
oxidation potential and one-electron reduction potential would represent those of
X-type conformer. The calculation of X-type MeFA anion gave —2.694 eV as SOMO
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corresponding to the first reduction potential in CV. This result also supports that the
first oxidation and reduction waves in CV denoted the properties of X-type MeFA. In
electrochemical measurements, OctylFA also exhibited reversible one-electron
oxidation and one-electron reduction waves at the similar positions to MeFA (—0.22 and
—1.81 V). On the other hand, the secondary oxidation and reduction waves of OctylFA
appeared as irreversible, showing it is electrochemically less stable than MeFA. The
DPV chart of OctylFA was also quite similar to MeFA. It was confirmed that influence
of aliphatic chains on electrochemical properties is small.
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Figure 6. Electrochemical behaviors of MeFA and OctylFA. (a) CV chart and (b)
DPV chart of MeFA. (c) CV chart and (d) DPV chart of OctylFA. Detailed

experimental conditions are described in experimental section. All
measurements started from the rest potentials.

In MeFA and OctylFA solutions, V- and X-type conformers are in equilibrium.
I should describe electrochemical reaction by considering the equilibrium. The
four-member electrochemical scheme is shown in Figure 7. In a general case, the
electrochemical reaction is denoted as:''

([O] + [QD/([P] + [R]) = exp[(F/RT)(E — Ex°)] (1)
Ex°=E°—RTF) In[(1 + K, Y1+ K )] =E°+RTUF) In[(1 + K2)/(1 + K] (2)
K, =[Q)/[0], K> = [R]/[P] (3)

The Ex° value is obtained in CV measurements. When the equation is applied to the
case of FA derivatives, the square scheme can be converted as Figure 7b and c. DFT
calculations gave the results that the radical anions and radical cations preferentially
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form X-type conformer rather than V-type conformer. Accordingly, the electrochemical
reduction reactions of FA derivatives are denoted as the following:

Exred® = Exred® — (RT/F) In[(1 + Ky H(1 + K2 ] (4)

K =[X)/[V], K,=[X")[V"]>1 (%)
Equation (4), (5) gave (T =298 [K]):

Exred® = Exred® — (RT/F) In[1 + K, '] = Exred® — 0.0257 In[1 + K, '] (6)

Here, DFT study estimated the K; ' value of MeFA as 1.1 ([V]/[X] = 10/8.7) in
CH,Cl; solution. Consequently, Exred® = Exred’, suggesting the first reduction wave in
CV measurement represented the reduction potential of X-type conformer. As is the
same to oxidation step, the electrochemical reaction is described as (7'= 298 [K]):

EKoxo = EXOXO + (RT/F)IH[(I + KZ)/(l + Kl)] (7)

K =[V7V[X"]=0, K> = [V[X] (8)
From (7) and (8):

EKoxo ~ EXOXO + (RT/F) ln[l + Kz] = EXOXO + 00257 ll’l[l + Kz] (9)

The K, value of MeFA is also 1.1, and therefore Ex..° = Exox’. This theoretical
investigation clearly demonstrated that the CV charts of FA independently displayed
reduction and oxidation of X-type conformer in the first reduction and oxidation waves.
The equilibrium between V- and X-type conformers influences to the electrochemical
reactions, however the degrees are quite small in this case. This simple picture is
derived from the highly energetic difference between radical V- and X-type conformers
and coexistence of neutral V- and X-type conformers in the solutions.

(a) E2o (b) EVredo (C) EXoxo
Red Red Red
—_— —_— > . T ——
O—"7P V__—__ V- X+ ——* X
Ox Ox Ox
K, K, K, l T K, K, l T K,
Red Red Red
—_— —_— . gy ——>
Q _—"R Xe " X- Ve >V
Ox Ox Ox
E1o (E1° > EZO) EXredo EVoxo

Figure 7. Four-member square scheme of electrochemical reactions. (a)
General scheme, (b) the case of FA derivative in a reduction step and (c) an
oxidation step of FA derivatives are noted (V: V-type conformer, X: X-type
conformer).

The critical difference between MeFA and OctylFA emerged in color of the
solids although the electrochemical properties are almost identical. Both of MeFA and
OctylFA showed deep green color in solution states. In any solvents, the FA derivatives
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showed deep green color. In the solid states, OctylFA kept the deep green color, while
MeFA turned into greenish yellow color in crystalline solid phase (Figure 8). By
grinding the solids with a metal spatula or an agate mortar, the solids color changed into
deep green similar to the solution state. Furthermore, greenish yellow was recovered
after exposure to chloroform vapor in 5 min. The color change by grinding was in
accordance with the well-known color changes of BAEs, but recovery of the color by
solvent annealing was firstly reported here among BAEs.

l - »

‘#% i Recrystallized Ground Solvent annealing
(CHCI,, 5 min)

Figure 8. Appearance of MeFA in solid and solution states. It showed
mechanochromic behavior by grinding and solvent annealing.
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The differences of color were qualitatively and quantitatively evaluated by
light absorption measurements (Figure 9). The FA derivatives have sharp peaks at 423
(MeFA) and 430 nm (OctylFA), and broad peaks at 661 (MeFA) and 671 nm (OctylFA)
in dichloromethane. The light absorption at the long wavelength region is assigned to
the origin of deep green color in solutions. Although the peaks emerged at the similar
wavelength, the ratios of peak intensities were different. MeFA possessed an intense
peak at the short wavelength region with a weak broad peak at the long wavelength
region. Different from MeFA, OctylFA contained similar intensities for a sharp peak
and a broad peak. According to the previous works on BAEs,” each peak would
correspond to V- and X-type conformer for sharp and broad peaks, respectively. The
area of each peak represents the ratio of each conformer. Namely, MeFA solution
mainly contains V-type conformer with small ratio of X-type conformer. OctylFA
solution was seemed to contain larger amount of X-type conformer rather than V-type
unlike MeFA solution. The aliphatic chains on nitrogen would control the distribution
rat1o.

OO T ¥ 1 ' 1 1
400 600 800 1000
Wavelength (nm)

Figure 9. Light absorption spectra of MeFA (red) in CH>Cl, and OctylFA (green)
in CHQCIQ
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The distribution of V- and X-type conformers was explained with light
absorption data indirectly. The evidences to show coexistence of V- and X-types were
further supported by TD-DFT simulation for light absorption bands (Figure 10). The
simulation reproduced the experimental spectra of MeFA with characteristic light
absorption bands at 624.95 and 430.73 nm. Longer wavelength band is due to X-type
confirmation, while shorter one corresponds to V-type one. Observed no confusing
band near 624.95 and 430.74 nm supported this assignment and indicated that both
absorption bands independently comes from these two conformers.

Absorbance (a. u.)

I

T T T T 1 — T T |
400 600 800 1000 1200
Wavelength (nm)
Figure 10. Simulated light absorption bands of MeFA in CHxCl, calculated at
B3LYP/6-31G*. The black solid line is experimental spectra of MeFA in CHCly,

green line corresponds to X-type conformer and yellow line is V-type.
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The MeFA solution showed weak fluorescence in CH,Cl, by exciting at 420
nm (Figure 11). The fluorescent spectrum exhibits a peak at 530 nm with two shoulders
around 500 and 580 nm. Excitation at 680 nm, where the broad light absorption was
observed, did not give any fluorescence even when a variety of solvents and
concentrations were used in nitrogen atmosphere.

Intensity

450 500 550 600 650 700
Wavelength (nm)
Figure 11. Fluorescence spectrum of MeFA in CHxClI, by excitation at 420 nm.

The color difference of MeFA in solid and solution states was qualitatively
evaluated through light absorption measurements of MeFA's thin films, which was
prepared by spin coating methods (Figure 12). The appearance of an as-cast film was
yellow similar to recrystallized solids. Detailed light absorption studies with mechanical
stimuli for thin films explained the color difference between solution and film. The
spectrum of the as-cast film gave no light absorption peak at long wavelength region.
Following grinding process, however, changed the color from yellow into green. The
appearance of the color change was identical to what was observed as mechanochromic
behavior of the powder. The spectrum of green film was quite similar to that in solution
state, accompanying slightly red-shifted light absorption peaks at 440 and 700 nm
compared to the light absorption in the solution state. The green color went back to
original yellow color after solvent annealing (solvent exposure) by chloroform vapor.
The light absorption spectrum also returned with quenching the light absorption peak at
the long wavelength region. It was clearly found that mechanical stimuli induced
generation of a species for long wavelength absorption, which is attributable to the
X-type conformer. Consequently, conformational change was brought after applying
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physical stimuli. This mechanochromic generation of long wavelength light absorption
resembles to the chromism of bianthrone in the previous paper.'” The schematic model
is shown below. The as-cast solids contain only V-type conformer but grinding the
solids partially generates X-type conformer, which can reverse into V-type one by
reorientation with exposure to solvent vapor (Figure 13). Differences in fluorescence
between two states were also evaluated (Figure 14). The as-cast film indicated slightly
higher fluorescence intensity at 491 than 528 nm. After grinding the film, the ratio of
the peak intensities at 491 and 528 nm changed to give higher intensity at 528 nm. The
change of intensity ratio would be derived from ununiformity of film surface. Other
films fabricated by several conditions showed different intensity ratios in fluorescence
spectra. After solvent annealing, the ratio did not seem changed but the fluorescence
intensity increased, implying enhancement of fluorescent quantum yield. The
fluorescent quantum yields of ground MeFA powder and solvent annealed MeFA
powder as 1% and 3% supported the increase of fluorescence in the film state. The
decrease of quantum yield suggested X-type conformer has poorer fluorescent property
than V-type.

0.4

0.3

0.2-

Absorbance

0.1+

0.0

T T T T T T T T T T T
400 600 800 1000 1200 1400
Wavelength (nm)
Figure 12. Light absorption spectra of MeFA thin film, which was prepared by
spin coating with 500 to 1000 rpm. MeFA solution in PhCI (10 mg/ml) was used.
Spectra of as-cast film (yellow), ground (red) and solvent annealed one (green)
are shown.
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Figure 13. Schematic model of mechanochromic behavior of MeFA.
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Figure 14. Fluorescent spectra of MeFA as films (colored solid lines) and in
solution (black dot). Spectra of as-cast film (yellow), ground (red) and solvent
annealed one (green) are shown. Excitation wavelength was 420 nm.

The coexistence of V- and X-type conformers of MeFA in the solution state is
regarded as equilibrium, which would be influenced by temperature. The temperature
dependence of equilibrium was compared by light absorption spectra (Figure 15). The
spectra at room temperature, 5 and 70 °C displayed small changes between the
temperatures, which is similar to the reported temperature-dependent behavior for
dithiolylidenefluorene.> Thermochromism of BAEs normally appears at very low
temperature around —173 to —70 °C or very high temperature around 200 °C."* The
fractional peak shifting would represent the atmospheric change of solvent molecules at
different temperatures. On the other hand, variations of light absorption intensity should
account for the alternation of the ratio between V- and X-type conformers. Higher
temperature brought higher intensity at the long wavelength region with lower intensity
at the short wavelength region. This observation suggests that higher ratio of the X-type
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conformer formed at higher temperature. The hypothesis is consistent with the DFT
calculation indicating the X-type conformer has higher energy than the V-type one.
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Figure 15. Temperature dependence of light absorption spectra of MeFA in
PhCI. Each line corresponds to 5 (blue), 30 (green) or 70 °C (red).

As the molecular design, FA derivatives contain large dipole moment
especially in the X-type conformer. The molecules with large dipole moments tend to
show solvatochromism in several solvents with various dipole moments. The
normalized light absorption spectra of MeFA in several solvents are shown in Figure 16.
The peak shifts of the spectra indicate weak dependence on solvents. With the data
normalized at 420 nm, the relative absorption coefficients of peaks at 650—680 nm
increased in solvents with higher dipole moment. It suggests the ratio of X-type
conformer increases in solvent with larger dipole moment. The phenomena are
reasonable with the DFT calculation showing the X-type conformer has larger dipole
moment than the V-type one. The molecule with larger dipole is more stabilized than
the molecule with lower dipole to change the distribution ratio in equilibrium. Besides
the ratios of absorption coefficients, peak shifting was also found. The peaks at 420 nm
varied 418-429 nm in various solvents and the peaks at 660 nm were shifted around
650—-675 nm. Herein, the energy differences should be noted in wavenumber, and
therefore the variations are translated into 2.39 x 10> — 2.33 x 10° cm ' (A = 6 x 10?
cm ) and 1.54 x 10° = 1.48 x 10° cm™' (A =6 x 10* cm™"). The degrees of peak shifting
were almost the same. The wavelengths of peaks at 660 nm and those relative
absorptions compared to 420 nm were summarized in a graph against dielectric
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constants of solvent molecules (Figure 17). There are clear positive correlations
between wavelength, relative absorption and dielectric constant, but plots
corresponding to MeOH and EtOH did not correlate with others. Since MeFA are
hardly soluble in both of MeOH and EtOH, MeFA would construct aggregated
structures in those solvents to show different tendencies.

B DMSO

B DMF

B Cyclohexanone

Bl PhCI

M CH,CI,
Toluene

W THF

M CHCI,

M AcOEt

M Trichlorobenzene

M MeOH

Ml EtOH

Normalized Absorption

400 600 800 1000
Wavelength (nm)

Figure 16. Light absorption spectra of MeFA in solvents. The spectra are
normalized with the peaks at 420 nm.
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Figure 17. Light absorption wavelength of peaks at 660 nm and those relative
absorption compared to 420 nm against dielectric constants of solvent
molecules. Those are summarized from the data in Figure 16.

The color of OctylFA in solution and solid states showed different tendency
compared to MeFA. As is MeFA, appearance of the solution was deep green for
OctylFA as well. In contrast, thin films of OctylFA prepared by spin coating kept the
greenish color (Figure 18). Light absorption measurements obviously indicated that
both of the spectra as solid and solution states contained intense peaks at 671 nm. This
data implies the X-type conformer is sustained even in the as-cast film. In other words,
the X-type conformer of MeFA is metastable in the film state but introduction of the
Octyl chain stabilize the X-type conformer in the film state.
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Figure 18. Absorption spectra of OctylFA in solid (green solid line) and solution
state in CH.Cl, (black dot).

Solid-state properties of MeFA were deeply investigated by thermal analysis.
Differential scanning calorimetry (DSC) revealed some thermal transitions (Figure 19).
Small peaks were observed at 119.6 °C at cooling processes and 123.6 °C at heating
processes. In the first heating process, no sharp peak was detected around 120 °C. It
altered to a low-temperature phase after the first cooling process following the first
heating process up to 200 °C. The thermal properties were slightly changed by
mechanochromism (Figure 20). The first heating process exhibited a grass transition at
60—80 °C. This transition was observed only at the first heating process, but the same
thermal profiles to Figure 19 were detected from the first cooling process around 120 °C.
Ground solids recovered the same solid phase to recrystallized one after the first heating
to 200 °C.
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Figure 19. DSC measurement of MeFA. Red line was the first scan and yellow
was the second one. The arrows represent the directions of thermal processes.
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Figure 20. DSC measurement of ground MeFA solids. The first run (red), the

second run (yellow) and the third run (green) are shown. The arrows represent
the directions of thermal processes.
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The crystallinity of MeFA solids during mechanochromic transitions was
monitored by XRD analysis. The powder X-ray diffraction pattern of reprecipitated
microcrystals was confirmed to be identical to the simulated pattern obtained from the
single crystal X-ray structure analysis (Figure 21). After grinding the microcrystals, the
color changed to deep green as mentioned to give broad and weak diffraction pattern in
XRD. We consider this pattern is derived from the mixture of crystalline and
amorphous phases. The crystalline and amorphous parts are composed of V-type and
X-type conformers of MeFA, respectively. As implied as glass transition in DSC
measurement, the amorphous phase would be a key to involve the X-type conformer.
Exposure of the ground solids to vapor of chloroform recovered the crystallinity to
show the same XRD pattern to as-prepared one.

Intensity

0 10 20 30 40 50
26 (°)
Figure 21. XRD patterns of MeFA powder. Simulation from crystal structure of

polymorph 1 (Figure 5) (black dot), as-prepared microcrystals (red), ground
powder (green) and powder after solvent annealing were put in together.
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4.3. Summary

The nitrogen-containing BAE, fluorenylideneacridane (FA), was successfully
synthesized. FA derivatives possess substituents on the nitrogen atom unlike other
BAEs. To form the central double bond by condensing fluorene and acridane, the
tert-butoxy carbonyl (Boc) group is necessary to proceed the reaction. Here I
demonstrated methyl and octyl substituted FA derivatives, which were characterized by
NMR, CV, DPV, X-ray, UV and thermal analysis in solution and solid states. As is
found in BAEs, MeFA showed mechanochromic properties. DFT calculation
successfully assigned light absorption bands observed in light absorption measurement
for V- and X-type conformers. The result evidenced that both of V- and X-type
conformers existed in the solution state. In contrast to MeFA, OctylFA sustained the
deep green color in solid state, which was qualitatively confirmed by light absorption
measurements. Herein, I found the amorphous phase plays a critical role to equilibrate
V-type with X-type in solid state, resulting in exhibition of green color. By changing
the substituents on the nitrogen atom, the octyl chain successfully stabilizes the
amorphous phase at room temperature to display deep-green color. This study
demonstrated that structural change can occur in amorphous solid state rather than
crystalline state. Grinding the crystalline solids and introducing long aliphatic
substituent to the molecule controlled the amorphous phase and the equilibrium to have
different colors in solid state. The substituent at acridane moiety in BAE structure
controls the conformational isomers. Since the substituent is easily changed to different
alkyl chains with several lengths, I can smoothly prepare FA derivatives to investigate
the dependence of substituents on chromic properties.

4.4. Experimental Section

General. All NMR spectra were taken at 400 MHz (JEOL ECA-500
spectrometer) or 500 MHz (Bruker AVANCE III 500 spectrometer). NMR spectra were
recorded in parts per million (ppm, d scale) from residual protons of the CDCl; for 'H
NMR (6 7.26 ppm for dichloromethane). The data were presented as following space:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet and/or
multiplet resonances), coupling constant in hertz (Hz), and signal area integration in
natural numbers, assignment (italic). Elemental analysis was performed at the
University of Tokyo, Department of Chemistry, Organic Elemental Analysis
Laboratory. IR absorption was measured on JASCO FT/IR-6100 equipped with an
attenuated total reflection (ATR) with diamond, and was reported as wavenumber in

-1
cm .

97



O ’O HoN-NHzHO O’O

\o EtOH, reflux, 15 h \N

HoN’
99%

Synthesis of 9-fluorenehydrazone. Fluorene (4.00 g, 22.2 mmol) and
hydrazine monohydrate (8.6 ml, ca. 8 equiv.) were dissolved in ethanol (220 ml, 0.10
M). The reaction mixture was refluxed and stirred for 15 h. After cooling the solution to
room temperature, solvent was evaporated to obtain pale yellow solids (4.27 g, 99%),
which was pure enough to use for next reaction. It was identified by 'H NMR reported
in the literature."

'H NMR (400 MHz, CDCls): 6 = 7.92 (d, J = 7.3 Hz, 1H), 7.77 (d, J = 7.8 Hz, 1H),
7.74 (d, J=6.9 Hz, 2H), 7.45 (ddd, /= 8.7, 7.8, 0.9 Hz, 2H), 7.38-7.29 (m, 3H), 6.41 (s,
2H).

O’O Ag>0, MgS0O, . O’O

LY CH,Cl,,
HN 0 °C, 5 min —>rt, 30 min P

94%
Synthesis of 9-diazofluorene. 9-Fluorenehydrazone (4.27 g, 21.9 mmol) and
excess amount of magnesium sulfate (2.86 g) were put in a 500 ml two-neck flask.
Dichloromethane (220 ml, 0.10 M) was added to the flask and cooled to 0 °C with an

ice bath. After silver oxide was added and stirred for 5 min, it was warmed up to room

temperature and stirred for 30 min. The filterate was dried to use for next reaction
without further purification (3.98 g, 94%). The product gave the identical 'H NMR
chart to the literature.'

'H NMR (400 MHz, CDCl;): 8= 7.95 (dd, J = 7.4, 0.9 Hz, 2H), 7.52 (dd, J= 7.4, 1.0
Hz, 2H), 7.39 (t, J= 7.4 Hz, 2H), 7.33 (t,J = 7.8 Hz, 2H).

oﬁﬁo FatoloX oﬁﬁo

MeCN, rt, 15 h

89%

Synthesis of N-(tert-butoxy carbonyl)-9-acridone. In a 200 ml two-neck
flask, 9-acridone (4.00 g, 20.5 mmol), di-tert-butyl dicarbonate (6.71 g, 6.8 ml, 30.7
mmol, 1.5 equiv.), DMAP (3.76 g, 30.7 mmol, 1.5 equiv.) was dissolved in acetonitrile
(60 ml, 0.30 M) and stirred for 15 h. The resulted solution was poured into water. The
organic component was extracted with ether to get yellow crude solids after drying. It
was purified by silica gel column chromatography with chloroform as an eluent to
result in yellow solids (5.36 g, 89%). The 'H NMR chart was identical to the
literature.”
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'"H NMR (400 MHz, CDCls): 8= 8.44 (dd, J = 7.8, 1.8 Hz, 2H), 7.68 (ddd, J = 8.7, 6.9,
1.8 Hz, 2H), 7.58 (d, J = 8.3 Hz, 2H), 7.36 (t, J = 6.9 Hz, 2H), 1.70 (s, 9H).

o S
Lawesson's reagent
N THF, rt, 15 h —reflux, 1 h N
| I

Boc Boc

90%
Synthesis of N-(tert-butoxy carbonyl)-9-thioacridone. In a 300 ml two-neck
flask, N-(tert-butoxy carbonyl)-9-acridone (5.36 g, 18.1 mmol) and Lawesson's reagent
(8.90 g, 22.0 mmol, 1.2 equiv.) were stirred in THF for 15 h at room temperature, and
then it was heated up to reflux for 1 h. After drying, sticky brown crude product was
obtained to purify silica gel column chromatography with chloroform. The resulted
brown solids were reprecipitated from chloroform/methanol to get brown powder (5.10
g, 90%). The product was confirmed by the 'H NMR from the literature.”
'H NMR (400 MHz, CDCls): = 8.91 (dd, J= 8.3, 1.4 Hz, 2H), 7.70 (ddd, J = 8.7, 7.3,
1.8 Hz, 2H), 7.55 (d, J=7.8 Hz, 2H), 7.36 (ddd, J = 8.3, 6.9, 1.4 Hz, 2H), 1.70 (s, 9H).

_.

N2

(A

S

S
“ — L1
N CH,Cly, 1t N

4h

éOC
80%
Synthesis of dispiro[/NV-(tert-butoxy
carbonyl)-acridane-9,2'-thiirane-3',9'""-fluorene]. N-(tert-Butoxy
carbonyl)-9-acridone (4.92 g, 15.8 mmol) and 9-diazofluorene (3.05 g, 15.9 mmol, 1.1
equiv.) were mixed in dichlorometane (160 ml, 0.10 M) for 4 h. After drying, the crude
solids were purified by silica gel column chromatography with chloroform/hexane (1:1)
to obtain yellow solids (6.02 g, 80%).
'H NMR (400 MHz, CDCly): 6 = 7.87 (dd, J = 7.6, 1.6 Hz, 2H), 7.52 (d, J = 7.8 Hz,
1H), 7.38 (dd, J = 8.0, 1.1 Hz, 2H), 7.27-7.15 (m, 6H), 6.86 (td, J = 7.6, 0.9 Hz, 2H),
6.78 (d, J=7.8 Hz, 2H), 1.14 (s, 9H).

BC{'H} NMR (100.53 MHz, CDCls): 8 = 150.6, 141.7, 140.9, 140.8, 134.0, 127.8,
127.1, 127.0, 126.1, 124.3, 124.2, 124.1, 119.4, 81.0, 57.5, 57.0, 27.6.
HR-MS (APCI"): Calcd. for C3;HysNO,S (M)" = 475.1601, found 475.1597.
Mp 217.2-220.0 °C (decomposition).

|
Boc
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Boc Boc
82%

Synthesis of /N-(tert-butoxy carbonyl)-10-(fluoren-9-ylidene)-acridane.
Dispiro[ N-(tert-butoxy carbonyl)-acridane-9,2'-thiirane-3',9"-fluorene] (5.80 g, 12.2
mmol) and triphenylphosphine (3.20 g, 12.2 mmol, 1.0 equiv.) were refluxed in toluene
(61 ml, 0.20 M) for 13 h. The reaction mixture was dried to get yellow crude solids,
which was purified by column chromatography and following reprecipitation from
chloroform/methanol. The pure compound was obtained as yellow powder (4.41 g,
82%).

'H NMR (400 MHz, CDCls): 8 = 7.87 (d, J = 8.3 Hz, 2H), 7.84 (d, J = 7.8 Hz, 4H),
7.69 (d, J= 7.3 Hz, 2H), 7.34 (td, J = 7.8, 1.5 Hz, 2H), 7.29 (td, J = 7.3, 0.9 Hz, 2H),
7.19 (td, J=17.6, 1.2 Hz, 2H), 7.03 (t, J= 7.1 Hz, 2H), 1.59 (s, 9H).

BC{'H} NMR (100.53 MHz, CDCls): 8 = 151.7, 140.9, 139.4, 138.2, 133.6, 133.1,
130.8, 128.2, 127.8, 127.6, 125.9, 125.7, 125.1, 124.0, 119.3, 82.4, 28.3.

HR-MS (APCI"): Calcd. for C3;H,sNO, (M)" = 443.1880, found 443.1880.

Mp 224.0-226.0 °C (decomposition).

0.0 i) CF3COOH
|

CH,Cl, 1t, 15 h

‘ O ii) NaOH aq.
N

éOC
82% H-FA
64%

Synthesis of 9-(9-fluorenyl)-acridine (H-FA). N-(tert-Butoxy
carbonyl)-10-(fluoren-9-ylidene)-acridane (4.20 g, 9.47 mmol) was dissolved in
dichloromethane (95 ml, 0.10 M) with trifluoroacetic acid (3.24 g, 2.25 ml, 3.0 equiv.)
to stir for 15 h. After removing the solvent, methanol and NaOH aq. (0.1 M) were
added to neutralize it. The organic compounds were extracted with dichloromethane
and dried with magnesium sulfate. Drying the solvent resulted in yellow crude product,
which was purified by silica gel column chromatography. By drying it, pale green
solids were obtained (2.08 g, 64%).

'H NMR (400 MHz, CDCls): 8 = 8.65 (d, J = 9.2 Hz, 1H), 8.44 (d, J = 8.7 Hz, 1H),
8.22 (d, J= 8.7 Hz, 1H), 7.99 (d, J = 7.3 Hz, 2H), 7.87 (ddd, J = 8.8, 6.5, 1.0 Hz, 1H),
7.63 (ddd, J= 8.8, 6.5, 1.3 Hz, 1H), 7.50 (ddd, /= 8.7, 6.4, 1.4 Hz, 1H), 7.44 (t,J= 7.6
Hz, 2H), 7.16 (td, J = 7.6, 0.9 Hz, 2H), 7.05 (d, /= 7.3 Hz, 2H), 6.88 (ddd, J = 8.8, 6.5,
1.3 Hz, 1H), 6.77 (d, J=9.2 Hz, 1H), 6.45 (s, 1H).

BC{'H} NMR (100.53 MHz, CDCls): 6 = 148.9, 148.8, 143.4, 140.1, 130.7, 130.0,
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129.6, 129.4, 127.5, 127.4, 127.1, 126.4, 125.3, 125.1, 124.3, 124.1, 123.6, 120.5, 48.2.
MS (APCI") 343.1154, Mp 220.2-223.0 °C (decomposition), Anal. caled for CysH;7N:
C, 90.93; H, 4.99; N, 4.08. Found: C, 90.90; H, 5.04; N, 3.99.

O. TSOMe, KQCO3 |
| \ MeCN, reflux, 15 h O O
N

Me
H-FA MeFA
88%

Synthesis of N-methyl-10-(fluoren-9-ylidene)-acridane (MeFA). In 30 ml
two-neck flask, 9-(9-fluorenyl)-acridine (500 mg, 1.46 mmol), potassium carbonate
(2.02 g, 14.6 mmol) and methyl tosylate (971 mg, 5.21 mmol, 3.57 equiv.) were put
with acetonitrile (15 ml, 0.10 M). The reaction mixture was refluxed for 15 h. The
resulted mixture was poured into water to extract the organic compounds with
chloroform. The crude product was further purified by reprecipitation from
dichloromethane/methanol. The solids were collected by suction to get greenish yellow
solids (459.2 mg, 88%).

'H NMR (400 MHz, CDCly): 6 = 7.95 (dd, J = 7.8, 1.4 Hz, 2H), 7.74 (d, J = 7.8 Hz,
2H), 7.71 (d, J = 7.3 Hz, 2H), 7.41 (t,J = 7.1 Hz, 2H), 7.25 (t, J = 7.6 Hz, 2H), 7.11 (t,
J=7.6 Hz, 2H), 7.02 (t,J = 7.1 Hz, 2H), 3.59 (s, 3H).

BC{'H} NMR (100.53 MHz, CDCls): 8 = 143.9, 140.3, 138.8, 133.8, 129.0, 128.8,
128.7,127.0, 125.6, 124.7, 124.2, 120.3, 119.1, 113.3, 33 4.

MS (APCI") 357.1325, Mp 261.4-262.6 °C, Anal. caled for C,7H9N: C, 90.72; H, 5.36;
N, 3.92. Found: C, 90.64; H, 5.55; N, 3.84.

i) TIOTf, K,CO4
o-dichlorobenzene .
= I

0°C,3h
NN 0
a0 LI
i) N
i \ Octyl
O N O OctylFA
50°C, 17 h 359

Synthesis of N-octyl-10-(fluoren-9-ylidene)-acridane (OctylFA). In 50 ml two-neck
flask, potassium carbonate (10.1 g, 73.0 mmol) and octanol (569 mg, 700 ul, 4.37 mmol,
3.00 equiv.) were dispersed in o-dichlorobenzene (22 ml), which was cooled to 0 °C to
slowly add trifluoromethanesulfonic anhydride (1.41 g, 5.01 mmol, 3.44 equiv.). After
it was stirred for 3 h, 9-(9-fluorenyl)-acridine (500 mg, 1.46 mmol) was added and
heated up to 50 °C for 17 h. o-Dichlorobenzene was distilled to extract the organic
compounds with water/chloroform. Evaporation of solvent gave deep green oil, which
was passed through alumina column and reprecipitated from ether/methanol at low
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temperature. A lump of sticky deep green solids was obtained (230.4 mg, 35%).

'H NMR (500 MHz, CDCls): 6= 8.08 (dd, J= 7.9, 1.9 Hz, 2H), 7.75 (ddd, J = 7.6, 1.3,
0.6 Hz, 2H), 7.72 (d, J = 7.9 Hz, 2H), 7.40 (ddd, J = 8.2, 6.9, 1.6 Hz, 2H), 7.29 (d, J =
7.6 Hz, 2H), 7.22 (dd, J = 7.6, 1.3 Hz, 2H), 7.04 (dddd, J = 7.9, 6.9, 2.2, 0.9 Hz, 2H),
4.13 (t,J="7.9 Hz, 2H), 1.94 (q, J = 7.6 Hz, 2H), 1.45 (q, J = 6.9 Hz, 2H), 1.40-1.34 (m,
2H), 1.28-1.19 (m, 6H), 0.83 (t, /= 6.9 Hz, 3H).

BC{'H} NMR (100.53 MHz, CDCls): 8 = 141.7, 139.7, 139.2, 136.2, 130.6, 129.3,
127.0, 129.3, 127.0, 125.9, 125.4, 124.7, 123.4, 120.4, 119.2, 114.1, 46.2, 31.7, 29.22,
29.20, 27.0, 26.9, 22.6, 14.0.

MS (APCI") 455.2240, Anal. calcd for C34H33N: C, 89.63; H, 7.30; N, 3.07. Found: C,
89.50; H, 7.35; N, 3.00.

Electrochemical analysis. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were performed using HOKUTO DENKO HZ-5000 voltammetric
analyzer. All CV measurements were carried out in a one-compartment cell under argon
gas, equipped with a glassy-carbon working electrode, a platinum wire counter
electrode, and an Ag/Ag" reference electrode. The supporting electrolyte was a 0.1
mol/L  dichloromethane solution of tetrabutylammonium hexafluorophosphate
(TBAPF).

X-ray crystallographic analysis. X-ray crystallographic analyses were
performed using a RIGAKU R-AXIS RAPID II (imaging plate detector) with
monochromic CuKa (A = 1.5406 A) radiation. The positional and thermal parameters
were refined by a full-matrix least-squares method using the SHELXL97 program on
the Yadokari-software.

Computational studies. All calculations were carried out by using Gaussian09
package at the B3LYP and UB3LYP levels. Solvent effects were estimated by the
polarizable continuum model (PCM) method with the dielectric constant for
dichloromethane. A 6-31G(d) basis set was used for each level. The calculation levels
are described as “B3LYP/ 6-31G(d)” and “UB3LYP/ 6-31G(d)”.

102



Crystal Data Collection Parameters for MeFA (Polymorph 1).

Formula

Formula Weight
Crystal System
Space Group

R, Ry, (I>20()))
R1, wR2 (all data)
GOF on F*

a(A)

b (A)

c(A)

a(®)

B ()

Y ()

V(A%

Z

T (K)

Crystal Size (mm)
Deatea (g-cm )

2 6hmin, 26max (°)
no. refl. measured (unique)
no. refl. measured (7>20(/))
no. parameters

u (CuKa)

C27HivN
357.43
Monoclinic
P2,

0.0829, 0.2095
0.0655, 0.1717
1.465
7.3384(2)
18.5774(6)
13.3299(4)

90
90.1024(18)
90

1817.24(9)

4

123(2)

0.46, 0.30, 0.16
1.306
3.32,66.99
6277

5264

507

1.54187
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Crystal Data Collection Parameters for MeFA (Polymorph 2).

Formula

Formula Weight
Crystal System
Space Group

R, Ry, (I>20()))
R1, wR2 (all data)
GOF on F*

a(A)

b (A)

c(A)

a(®)

B ()

Y ()

V(A%

Z

T (K)

Crystal Size (mm)
Deatea (g-cm )

2 6hmin, 26max (°)
no. refl. measured (unique)
no. refl. measured (7>20(/))
no. parameters

u (CuKa)

C27HivN
357.43
Monoclinic
P21/a

0.0416, 0.1383
0.0372, 0.1320
1.175
8.5137(2)
21.9630(6)
9.8776(3)

90
104.4061(17)
90

1788.90(8)

4

123(2)

0.30, 0.27,0.24
1.327

4.03, 67.00
3190

2859

255

1.54187
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Chapter 5.

Overview and Perspective



The achievements of the studies on platinum and palladium complexes with
tetraceneimide disulfide ligands demonstrated that polyacene coordinating to metal
atoms can extend the m-systems of organic molecules. The drt orbitals of metal atoms
make interaction with organic pm orbitals. In organometallic chemistry, such orbital
interactions are well-known phenomena, but this work established dr-pr interactions as
a method to expand m-conjugated systems largely. This research provided TIDS
complexes with platinum and palladium atoms. Both of the complexes exhibited longer
wavelength light absorption to represent containing larger m-system compared to TIDS.

The platinum TIDS complex underwent to triplet excitation state during
relaxation from higher excitation states such as S; and S,. High performance light
emitting and photovoltaic materials often utilize triplet excitation to include
phosphorescence and to enhance lifetime of excitons. Namely, a material with long
wavelength absorption and triplet excitation state would be useful for solar cell
devices." The applications of triplet excitation state are now under development, and
the concept for design of the material with triplet excitation state will accelerates
chemistry to utilize long lifetime excitation state.

The palladium case gave amazing results those are formation of trinuclear
complex and absorption of infrared light. Palladium and platinum have similar
electronic properties, however there is small difference in reactivity. DFT investigation
clarified the electronic environments around the three palladium atoms, those are
completely delocalized HOMO and LUMO, Pd(II)-Pd(0)-Pd(Il) configuration, and
donor—acceptor interactions between the central palladium atom and its peripheral
atoms. The extensive delocalization within the molecule is attributable to the parallel
coordination of two TIDS ligands and linkage of the two ligands with d-orbital of the
central palladium atom. These two characteristics play critical roles to give long
wavelength absorbing materials. In the tri-palladium TIDS complex, dy, orbital of the
central palladium atom links the m-systems of TIDS ligands. By using the
mono-palladium TIDS complex, probably I can get tri-metallic complexes containing
another metal atom at the center, for example, Pt(0), Ni(0), Ag(I), and so on. The
multi-metallic complexes would give different m-conjugation manners with dxy orbitals
in different energy levels. In other points of view, the tri-palladium TIDS complex is to
be a monomer unit for construction of a one-dimensional chain complex like (Pd—
TIDS),,” in which palladium atoms align in one dimension with TIDS ligands bridging
two palladium atoms. The complex inherently has charge transferring paths at the
palladium chain and between the TIDS ligands. The complex will retain the long
wavelength light absorption properties, and hence the one-dimensional complex will be
applicable to solar cell devices.

The bridged m-system in fluorenylideneacridane (FA) induced
mechanochromism and long wavelength light absorption up to 900 nm. The bridging
two m-conjugated aromatic systems with a double bond realized a distorted
extended m-conjugated system like bis-tricyclic aromatic ene (BAE) to have these
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interesting properties. Moreover, FA showed more red-shifted light absorption
compared to oxygen-substituted analogue, fluorenylidenexanthone and other BAEs. I
investigated the reason for this mechanochromism by studying equilibrium behaviors in
solid state and fundamental properties of conformers contained in this equilibrium. The
steric repulsion at bay positions invoked conformational isomers accompanying
chromic properties. The FA derivatives underwent equilibrium in solid state between
V-type showing yellow color and X-type showing green color. The methyl substituted
FA (MeFA) showed deep green color in solution state. The light absorption
measurement showed two peaks corresponding to V- and X-type conformers,
representing the two conformers are in equilibrium in solution state. When MeFA was
precipitated from the deep green solution, only yellow solids were obtained. X-ray
crystal structural analysis and powder XRD analysis denoted that only V-type
conformer exists in the solid state. By contrast, using a longer aliphatic group, such as
the octyl group, kept the X-type conformation even in solid state to exhibit deep green
color. Herein, I showed the method to control the equilibrium by changing the aliphatic
group, which does not affect the electronic structures. Some DFT calculations about FA
derivatives predicted phenyl substituent possesses lower energy for X-type conformer
than V-type conformer. This result implies X-type conformer is preferentially obtained
in phenyl substituted FA or other aryl substituted derivatives. I expect that the
equilibrium between V- and X-type conformers has an essential role in organic
electronic devices. The V- and X-type conformers literally construct different structures,
which provide different semiconducting properties. In further study, the charge
transporting ability of FA derivatives will be improved by fusing aromatic rings to build
larger m-conjugation systems and wider m— overlapping area between peripheral atoms
in solid state. The larger compounds will sustain the chromic property, and therefore
applying shear stress may transform the compound into the X-type conformer, which
may be detectable as an electric signal.

Both of the researches about TIDS complexes and FA derivatives commonly
provided the unprecedented methods to extend m-conjugated systems. The concepts
would help design for a number of novel organic materials for solar cells, bio imaging,
chemical sensing, and dyes of all sorts. In addition, the materials can bear heavy atom
effects and chromic properties. These unique characteristics expand the possibilities
toward exceptionally long lifetime of excited state, efficient phosphorescence, pressure
sensor, and electronic display.
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