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General Introduction

1.1 Conjugated polymer

The polymer, also called a macromolecule, is molecular consisting a series of repeating units
connected by covalent bonds. While the entropy for small molecule can be defined only in systems
of multiple molecules, the entropy for a single polymer chain can be defined because single chain
can take on various configuration. When considering the aggregation structures and optoelectrical
properties of polymer materials in the condense phase, it is important to primarily gain a deep
understanding of the characteristics of single chains.

For example, a flexural polymer such as polyethylene, the configuration of the polymer chain
changes with the rotation on the bond angle of the carbon-carbon single bond. Therefore, an
analysis of the rotation potential is essential for understanding the configuration of polymer.
Polyethylene have three stable states due to steric hindrance caused by carbon and hydrogen atoms,
in the case of a polymer chain with a degree of polymerization of N, there are 3N configuration.
The persistence length q is parameter of molecular chain stiffness. Most of the widely used
amorphous polymers have a random-coil with an average of g less than 1 nm.! On the other hand,
conjugated polymers have rigid backbone derived from =m-conjugated structure. Conjugated
polymer is energetically most stable when the monomer units are aligned in the same plane due to
delocalization of w-electrons through polymer chain. Therefore, conjugated polymer chains have

fewer rotational isomers and longer the persistence length than flexural polymers. Longer



persistence length means a larger radius of gyration relative to the molecular weight, which results
in a larger absorption cross section of the segment. The absorption cross section is an extremely
important factor in discussing the light absorption and emission process of a material. Long
persistence length are the basis of the unique optoelectronic properties of conjugated polymer
materials.

Conjugated polymers have attracted much attention due to their charge transport and
luminescence properties. The charge transport properties of organic semiconductors were first
reported for charge-transfer complexes of perylene by Akamatsu et al.2 Polyacetylene (PA) as well
as perylene is substructure of graphite. It was thought that electrons could easily move along the
main chain consisting of conjugated double bonds. However, a Peierls transition: a metal-insulator
phase transition occurs in one-dimensional n-conjugated electron systems when electron-lattice
interactions are strong.® Various m-electron conjugated polymers were synthesized and their
conductivities were measured until the late 1970's, unfortunately, charge carrier conductivities
were only about 10° Scm™ at most. PA showed drastically increase of charge carrier conductivity
by iodine doping, and research in this field was greatly stimulated.*® The energetic status of such
charged species were also well considered with very sophisticated theoretical approaches started
from well-known Su—Schrieffer—-Heeger Hamiltonian.®’

PA becomes an insoluble solid with elongation chain length, and the polymer chains could not be
completely aligned. Incorporation of side chains to the conjugated polymers has been
indispensable to afford solubility of the polymers in organic solvents, however the entropic gain
by the side chains is in a trade-off for the stabilization of conjugated polymer backbones.® It is still

unclear to obtain methodologies to access target aggregation structures.



1.2 The coil-to-rod-like transition

Because polymer chains arrangement on solid state is complex and heterogeneous, the disorder
of electronic states are problems when conjugate polymers are applied to electronic devices as
optoelectronic materials.®>*2 The configuration of polymers in solution has significant impact on
the aggregation structure, which is often reflected by that the structure in solid films prepared by
solution processes. 31 Therefore, it is essential to understand the aggregation of polymer chains
in the liquid phase for deep insights on the aggregation morphology of polymer films. The polymer
chain in solution realizes an enormous number of possible configurations and their distribution
follows the Boltzmann statistics. In many cases, polymers take a coiled form and are called random
coils. There are two forces acting between monomers in solution, the remote interactions and the
excluded volume effect. Below the theta temperature where the two forces are balanced, or in poor
solvents than theta solvents, the phase transition from a random coil state to a globule-like state
occurs. This is so called coil-globule transition. However, in the case of conjugated polymers with
small flexibility of polymer chains backbones, the transition is different from the coil-to-globular
transition. In the case of rigid polymers, the number of monomer units consisting one segment
increases when the transition occurs at low temperatures.® Unlike the globular state, the conjugate
polymer chains form highly ordered rod-like aggregates, which is called the coil-to-rod-like

transition.

1.3 Correlation between configuration/conformation and optoelectronic properties
Optoelectronic properties of organic semiconductor can be tuned by changing chemical structure
of m-conjugate core. Even if conjugate polymer have the same monomer structure, their electronic

states differ greatly depending on the bonding mode. Variation in bonding mode causes



stereological disorder in the polymer chain. For example, polythiophene(PT) have long been
studied among conjugated polymers and have been demonstrated that their optoelectronic
properties are strongly affected by the regioregularity of the thiophene units,® and head-to-tail
(HT) polymers are superior to head-to-head (HH) and regiorandom isomers.'® Regioregular
polythiophene (RR-PT) form lamellar structures in thin films due to strong intermolecular
interactions, and high FET hole mobility (~10 cm?V1s?) has been reported.l’ In PT, efficient
intermolecular charge transport induced by stereo-regular side chains and intramolecular charge
transport on rigidly elongated main chains is important.8

The photoelectronic properties of conjugated polymers are strongly influenced by not only
chemical structure but also configuration. The monomer units of conjugated polymers are
energetically stabilized by the delocalization of m-electrons, however conjugated polymers in
solvent or in a molten state have segment length distribution due to the effects of thermal
fluctuation and steric hindrance. When the number of units with delocalized n-electrons changes,
the electronic states change accordingly. The redshift in the maximum absorption wavelength and
an increase of absorption coefficient in the electronic absorption spectra was confirmed in poly(p-
phenylene vinylene (PPV) oligomers experiment.'® The conversion in electronic states due to an
increase in the planarity between monomer units is well known in the a-f phase transition of poly
(9,9-dioctylfluorene)(PFO).2%-21 PFO monomer units cannot be arranged in the same plane due to
a steric effect of the hydrogen atom of the benzene ring. PFO have a-phase with a dihedral angle
of 135 degrees and more planar -phase with a dihedral angle of 165 degrees.?? In B-phase, a new
peak is observed on the longer wavelength side at absorption spectra by temperature modulation
and mixing solvents. Thus, the planarization: the configuration change are closely related with

photoelectronic properties. Intramolecular and intermolecular interactions play important role



during planarization process of polymer chains, intramolecular and intermolecular interactions on

electronic states an important insight for the fabrication of more ordered polymer aggregates.

1.4 Electronic coupling between monomers

The vibrational structure of the absorption and fluorescence spectra can provide insight into the
electronic couplings of neighboring molecules. The Franck-Condon (FC) transition of the
absorption spectrum A(hw) and fluorescence spectrum S(Aw), including the intramolecular

vibration mode i, can be modeled by Equations 1 and 2.23

A(hw) = n(hw) Z l_[ IO—»mi xXT [hw - (flwo—m + Z mih(‘)i)l ’ (1)
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where wi is the frequency of the i-th mode, mi=0,1,2,... is the vibration quantum number in the i-
th mode, and I is a Gaussian function.
The intensity of the 0—m; vibration transition lo—mi)is related to the Huang-Rhys parameter S;**
in Equation 3.

Ioom, = =% ;™ /m;!, (3)
The Huang-Rhys parameter S is the average number of phonons emitted when the exciton relaxes

to the lowest excited level, indicating the magnitude of the electron-orbit interaction.?®

s=20m02 @
where m* and A are the effective mass of an electron and Dirac’s constant, respectively.?#?6-31 The

Huang-Rhys parameter S can be derived easily and experimentally by (Equation 5),

) o S = 10—1/10—0, (5)_ )
where lo-g and lo-1 are the intensities of the 0-0 and 0-1 transitions.



The theoretical background of the correlation between aggregation morphology and optical
properties in conjugated polymers was developed by Spano et al.3*3* based on the exciton model
of small molecules proposed by Kasha.®>-3%In the case of two different dye molecules form a dimer,
their optical properties significantly depend on intermolecular interactions. In the dimer, the
electron distribution of one molecule is affected by the electron distribution of the other. Since the
two dye molecules are stabilized by the van der Waals interaction, the electronic levels shift by AD
=D - D', also called "gas-to-crystal shift," and further split by a resonance energy B, which is also

called "gas-to-crystal shift".(Figure 1)
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Figure 1. lllustration of the different energetic shifts and splitting of the energy levels occurring
for the formation of an ideal dimer. The corresponding relative orientations of the transition
dipoles for two limiting cases are indicated as arrows.



Depending on the orientation of the two molecules, the two molecules are roughly classified into
two types according to their orientation: H-type (Hypsochromically shifted) and J-type (J for Jelly,
one of the first workers who investigated these shifts) 7). Since the transition dipole moment is
given by the vector sum of the individual dipole moments, in the H-type case, the transition dipole
moments cancel each other at the low energy side and the transition is forbidden, but only the high
energy side is an allowed transition. On the other hand, in the case of J-type, only the low energy
side becomes an allowed transition, and the high energy side becomes a forbidden transition. J-
type aggregate lead to spectral red-shift, and narrowing of the 0-0 vibronic transition, and increased
0-0 to 0-1 vibronic peak ratio (Huang-Rhys parameter S). In conjugate polymers, J-type coupling
occurs predominantly along the same polymer chain backbone, because of the covalent
interactions between the head-to-tail arranged transition dipole moments of the monomer units. As
the planarity of the chain improves, J-type coupling becomes stronger and experimentally Huang-
Rhys parameter S decrease.

The exciton interactions of conjugated polymers in aggregate state are different from those of
small molecules.®“° Because neighboring dye molecules are covalently linked, it is difficult to
unambiguously distinguish between J-type and H-type aggregates. Intramolecular defects such as
kinks and twists are always present in conjugated polymers, which disrupt the n-conjugation of
the main chain backbone. When the transition dipole moments are aligned along the same line due
to intramolecular configurations, the characteristics of J-type coupling are more strongly reflected.
In contrast, the H-type coupling is basically caused by intermolecular interaction (the alignment
of m-planes between different molecular chains). Assuming a one-dimensional conjugated polymer,
the molecular chains aligned in parallel induce not only H-type coupling but also J-type coupling.

In fact, in the crystal domains of RR-P3HT*, the polymer backbone is stacked and n-stacked due



to m-m interactions, and the monomers form a J-type arrangement by planarization within the
molecular chain. At the same time, the polymer chains also have H-type conformation, so the
electronic levels are strongly influenced by both J-type and H-type. It is impossible to separate H-
type and J-type coupling in conjugate polymer aggregation. Experiment of conjugate polymer
dispersed in polypropylene could avoid H-type coupling, but no planarization occurred. In addition,
due to rigidity of conjugated polymer backbones, degrees of freedom on segment is low and it is
difficult to rearrange when incorporated into crystals. The disordered aggregate structure induces
confusion in the electronic coupling.

Insulated Molecular Wires (IMWs) is a type of conjugate polymer, whose m-conjugate
backbones be molecularly “insulated” by molecular design.*? Sophisticated molecular design have
not only insulated molecular chains by steric hindrance, but also inhibited monomer twisting by
controlling configuration.**#* IMWs applied a ring structure achieved the long effective
conjugation length and showed J-type characteristics specifically. Because IMWs is insulator on a
macroscopic level, single polymer chain charge transport properties cannot be evaluated by direct-
current (DC) method. The flash photolysis-time-resolved microwave conductivity (FP-TRMC)
measurement technique is a contactless evaluation method.***® In FP-TRMC, transient charge
carrier injected into the domains via photoionization, and carrier mobility precisely measured as
the microwave dielectric loss in this material. FP-TRMC method prove the charge carrier mobility
along a single planar backbones of IMWSs. IMWs based on polythiophene backbone showed in an
excellent intrawire hole mobility of 0.9 cm? V1 s71.4 The high hole mobility was achieved by
order electron state, insulate structure induced planarization of conjugate backbones and prevented

order electronic states from intermolecular electron coupling.
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2.1 Poly-(p-phenyleneethynylene)

Poly-(p-phenyleneethynylene) (PPE) is one of simplest conjugate polymer, phenylene rings are
separated by alkyne linker. PPE have planer main chain backbone than polyphenylene (PP),
because alkyne linker prevents steric effect between hydrogen atoms on phenyl rings. PPE is
generally synthesized by Sonogashira-Hagiwara coupling to react an aromatic diyne with aromatic
dihakide in an amine solvent. High molecular weight PPE obtained when diiodearenes are utilized
in mixture of triethlyamine and THF as solvent and Pd(PPhs)s as catalyst in combination with
Cul.#’

PPE has attracted much attentions due to its feasibility in organic electronic devices. The
conjugation length is strongly affected by the configuration/rotation of the respective phenyl rings
in a PPE main chain. One of the most appealing attributes of PPE comes from the efficient
electronic communication that occurs along their linearly conjugated structures. This effect can be
attributed to the cylindrical symmetry of alkyne linker, which is able to maintain conjugation
between adjacent phenyl groups regardless of the relative orientations of their aromatic planes. *®
%0 Consider tolane as an example, the rotation potential for isolate molecule depends on
conjugation between phenyl rings.>! Acetylene has two p orbitals perpendicular to the molecular
axis that share an electron with each other. A planer equilibrium geometry may result from
overlapping pr—orbitals of phenyl rings with same pr—orbitals of alkyne linker. Interaction of
another pr—orbitals of alkyne linker would stabilize the perpendicular molecular form. From
calculation of the total electron energies for two conformation of tolane, the planar structure is
more stable than the perpendicular one (AE=0.035=-0.6 kcal mol). The small difference in energy
indicates unhindered rotation. The relatively free rotation on alkyne-aryl single bonds leads to the

coexistence and rapid equilibration of coplanar and twisted structures.
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Several PPE derivative with different side chains were synthesized to control w-conjugate
backbone configuration, and measured their conductivity. Undoped 2,5-dialkyloxy-PPEs exhibited
electrical conductivity of the order of ~10° S cm™.5 This result is not higher compared to other
conjugate polymer, rotation on alkyne-aryl single bonds would disturb aggregation and electron
state. If rotation of backbone could be suppressed through aggregation process, PPE would have

coherent electron states on the order n-conjugate backbones.

rotation

Figure 2. The Structure of PPE and rotation dynamics on alkyne-aryl single bonds.
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2.2 Poly(cyclopentenylene-vinylene) (PCPV)

PAs, the oldest and simplest conjugated backbones were synthesized in 1971 by Shirakawa and
co-workers.*>As seen in the giant leap in electronic conductivity upon chemical doping into
polyacetylene, the conjugated backbones have been recognized as an efficient platform for the
charge carrier transport, pioneering to the first flexible electronic materials based on
macromolecular systems. However, the precise control of backbone configuration had not been
addressed because of their extremely low solubility against any solvents. Olefin metathesis
catalysts are particularly effective for producing conjugated polyenes with excellent control over
molecular weight and narrow dispersity.>>*® However cyclopolymerization of 1,6-heptadiyne
derivatives via the olefin metathesis reaction provide regiochemical outcome, cyclopentenylene-
vinylene alternating repeat units, methylidene-cyclohexene repeat units, or a random mixture of

the two units. Many efforts have been made to synthesize with regioselectivy polymerization to

cyclopentenylene-vinylene
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Figure 3. Two Possible Pathways for the Cyclopolymerization of 1,6-Heptadiynes
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expand the scope of this polymerization. Choi et al. succeeded in synthesizing soluble substituted
PCPV by living cyclopolymerization of 1,6-heptadiyne derivatives via the olefin metathesis
reaction promoted by the third-generation Grubbs catalyst.>” % This sophisticated living
cyclopolymerization produce selectively conjugated polymers composed of 5-membered-ring
structures with excellent control over molecular weight and polydispersity index. Because side
chains attached to the spiro carbon in a five-membered ring prevent n-conjugate backbones from
oxidation in the atmosphere, PCPV is more stable than other PAs derivertive. Perpendicular side
chain to backbone and five-membered ring eliminate r-staking on aggregate state, thus PCPV is
can be regarded as a kind of IMWs. The author assume that PCPVs is good platform for exploration
on one dimensional n-conjugate backbone and their configuration can be tuned by side chain

design.
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Chapter 1

Aggregation Dynamics in the Dilute Solution of the Poly(p-

phenylene ethynylene) Derivative

1.1 Introduction

The coil-to-rod-like transition of macromolecular chains is one of the most characteristic features
of polymeric materials, impacting their major physical properties not only in solutions*~ but also
in condensed phases.*® Sophisticated methodology has been developed to determine the chain
configuration of polymers,®® and it has provided excellent insights into the chain configurations
in diluted solutions, polymer melts, and amorphous phases.®° The primary quantitative parameter
representing configuration changes of macromolecular chains is the segment persistence length, g.
The elongation of q is the prerequisite to suppressing divergence in the configuration and
intramolecular entropy in macromolecular systems.'? Rod-like chains with g = 4x10 nm can
significantly contribute to the formation of ordered structures of a variety of macromolecular
systems and often give high crystallinity in their condensed phases. This is particularly important
for the application of macromolecules with electronically-conjugated backbones in organic opto-
electronics.!® Electron stabilization via delocalization over the backbone is advantageous for

preserving longer q values in conjugated polymers. However, the stabilization energy is always in
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competition with the total free energy of the isolated chains at room temperature.!* Once the
conjugated backbone forms the platform for electronic conducting pathways, excess electrons or
holes on the backbone tend to localize on specific sites in the chain with rather higher stabilization
energies via vibrational coupling.>*® Thus it has been presumed that long q values will be enough
to overcome KT, and that they are indispensable for facilitating a highly electronically conductive
migrating pathway along the macromolecular chains.

In chapter 1, I have successfully evaluated the dependence of g on T for the simplest linear
conjugated backbone: poly-(p-phenyleneethynylene) (PPE).1"8 An abrupt rod-like transition of
the PPE backbone was observed as a consequence of the gradual elongation of g upon cooling PPE
in solution, resulting in an extremely low energetic disorder in the PPE chains. These results

inspired us to propose new protocols to give a highly ordered phase of PPE.

1.2 Experimental Section

Unless otherwise noted, all commercial reagents were purchased from Wako Pure Chemical
Industries Ltd., Tokyo Chemical Industry Co. Ltd., or Sigma-Aldrich Co. and used as received.
Column chromatography was performed on silica gel 60N (spherical, neutral) from Kanto
Chemicals.

The crude polymers were purified by recycling preparative HPLC on a Japan Analytical Industry
Co. model LC-9210NEXT equipped with JAIGEL-2.5HH/-3HH columns using CHCI3 as an
eluent at a flow rate of 7.5 mL min~t. Molecular weights of polymers were determined by size
exclusion chromatography (SEC) in THF calibrated using polystyrene standards. SEC analysis
was performed on HITACHI L-2130, L-2455, and L-2530 chromatography instruments with

Shodex KF-804L/KF- 805L columns using THF as an eluent at a flow rate of 1 mL min™* at 40°C.
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Avrefractive index detector and multiwavelength photodiode array detector were used for detecting
the elution peaks. Electronic absorption spectra were recorded on a JASCO V-570 spectrometer
with a Unisoku CoolSpeK UV USP- 203 temperature controller. Photoluminescence spectra were
recorded on a HITACHI model F-2700 spectrofluorometer. tH NMR spectra were recorded by a
JEOL model JNM-AL400 spectrometer. Chemical shifts of *H NMR spectra are determined

relative to an internal tetramethylsilane standard (3) and are given in parts per million (ppm).

Scheme 1. Synthetic Scheme of Poly-p-(phenyleneethynylene) (PPE) Derivatives LPPE, and

CPPE
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1,4-dioxydecanoxy-2,5-bis(trimethylsilylethynyl)benzene (1)
To a dry EtsN solution (20 mL) of 1,4-diiode-2,5-oxydecanoxybenzene (500 mg, 1.00 mmol),St
Pd(PPh3)s (235 mg, 0.20 mmol), and Cul (18 mg, 0.40 mmol) was added trimethylsilylacetylene

(547 mg, 3.00 mmol) under N2, and the mixture was stirred at 60°C for 12 h. The mixture was



evaporated to dryness under reduced pressure, dissolved in CHCI3, and passed through a plug of
SiO2. The solution was evaporated and purified by chromatography on silica gel eluted with
CHCls/hexane (1/2) to afford 1 as a white solid. Yield: 352 mg (80%). *H NMR (400 MHz, CDCls)
§=7.01 (s, 2H), 4.32 (t, 4H), 1.67 (m, 4H), 1.23 (m, 4H), 0.98 (m, 4H), 0.84 (m, 4H), 0.26 (s,

18H).

1,4-diethynyl-2,5-dioctyloxybenzene (2)

To a dry THF solution (50 mL) of 1 (352 mg, 0.80 mmol) was added a 1 M THF solution of
tetrabutylammonium fluoride (2 mL, 2.0 mmol) at 0°C. After stirring for 15 min, the solution was
poured into water and extracted with CHCIs. The organic layer was washed with water, dried over
NaSOyg, filtered, and evaporated to dryness under reduced pressure. The residue was purified by
column chromatography on silica gel eluted with CHCls/hexane (1/2) to afford 2 as a white solid.
Yield: 224 mg (95%). 'H NMR (400 MHz, CDCls) & = 7.08 (s, 2H), 4.34 (t, 4H), 3.38 (s, 2H),

1.67 (M,4H), 1.23 (m, 4H), 1.01 (M, 4H), 0.79 (m, 4H).

LPPE: Poly(2,5-dioctyloxy-p-phenylene)ethynylene

To a dry EtsN/THF solution (2.6 mL, 1/1 v/v) of 1,4-diiode-2,5-octyloxybenzene (46 mg, 0.12
mmol) and 1,4-dioctyloxy-2,5-dioctyloxybenzene (71 mg, 0.12 mmol) were added Pd(PPh3)4 (7.7
mg, 6.0 mmol) and Cul (3.0 mg, 0.010 mmol), and the mixture was degassed by freeze-pump-
thaw cycles for 3 times. After stirring at 60°C for 24 h, the mixture was evaporated to dryness
under reduced pressure, dissolved in CHCIs, and passed through a plug of SiO.. Further
purification and fractionation were carried out by a recycling preparative SEC using CHCIs as an

eluent. SEC analysis: Mn =5.2x10% g molt, Mw = 6.2x10* g mol, D= 1.2.
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CPPE: Poly(2,5-oxydecanoxy-p-phenylene)ethynylene

To a dry EtsN/THF solution (7.0 mL, 1/1 v/v) of 1 (87.8 mg, 0.33 mmol) and 2 (96.3 mg, 0.33
mmol) were added Pd(PPh3)s (21 mg, 0.017 mmol) and Cul (7.4 mg, 0.034 mmol), and the mixture
was degassed by freeze-pump-thaw cycles for 3 times. After stirring at 60 °C for 24 h, the mixture
was evaporated to dryness under reduced pressure, dissolved in CHCI3, and passed through a plug
of SiOz. Further purification and fractionation were carried out by a recycling preparative SEC
using CHClIs as an eluent.

SEC analysis: Mn = 1.3x10* g molt, Mw = 2.3x10* g mol%, D = 1.8.
g
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1.3 Results and Disscussion

Soluble PPEs with symmetric linear chains'®'® (LPPE, Scheme 1) and one-side insulated
chains!®2! (CPPE, Scheme 1) were prepared by Sonogashira coupling reactions,?>2* giving
molecular weights of Mn = 5.2x10* and Mw = 6.2x10* (LPPE) and Mn = 1.3x10* and Mw =
2.3x10* (CPPE). The optical transitions of the polymers were recorded in THF as a solvent with
an optical path length of 1 cm, or in pristine solid films coated onto quartz substrates. Every
spectrum was recorded after attaining thermal stabilization within 0.1 K. The mismatch between
the linear thermal expansion coefficients of THF and fused quartz was less than ~8x10* K152
leading to a negligible change in the concentration of the polymers. The presence of isosbestic
points in the temperature-induced spectral change of LPPE (Figure 1) also indicated that there
were negligible effects fromthermal expansion and/or aggregate precipitation on the total

concentration of the chromophores. The electronically-conjugated system along the PPE chains

1.0
€038
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S 0.6 |
=
—J
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E/eV
Figure 1. Electronic absorption spectra of LPPE in THF (c = 2.1 x 10™° M) at a variety of

temperatures varying from 233 to 253 K.
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Figure 2 Electronic absorption spectra (solid lines) and fluorescence spectra (dotted lines) of
(a) LPPE and (b) CPPE in THF (¢ = 2.1x10"° M; base mol unit) (red) together with those of

spin-cast films (blue) from CHCIs solutions of the corresponding polymers (Aex = 420 nm).

exhibits a strong electronic transition dipole at 2.8 eV. The spectra are shown in Figure 2 for LPPE
and CPPE, both in diluted solutions and in the condensed phases. In solution, both of the polymers
LPPE and CPPE exhibited very similar absorption profiles at room temperature. The calculated
molar extinction coefficients at the maxima were 2.8x10* and 2.2x10* dm?3 mol* cm™ for LPPE
and CPPE, respectively, so the values are almost competitive. A weak vibronic feature in the
spectra of CPPE suggests configurational confinement by the interference of cyclic side chains in
CPPE.2"?8 In order to investigate the rod like transition as well as the aggregation, low temperature
absorption and emission experiments were performed.?’(Figure 3) An initial decrease in the
temperature led to a hyperchromic shift with a small red shift in the absorption maxima of both
polymers that can be attributed to the planarization of the n-backbone which eventually increases
the effective conjugation length, as well as the absorption cross section. However, further
deceasing the temperature caused an emergence of a red-shifted sharp absorption band at 2.5 eV

along with a vibronic feature in the absorption profile for LPPE, whereas CPPE showed only a
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Figure 3. Electronic absorption spectra (solid lines) and fluorescence spectra (dotted lines) of
(a) LPPE in THF (c = 2.1 x 105 M; base mol unit) and (b) CPPE in THF (c = 1.1 x 105 M; base
mol unit) at various temperatures (lex = 420 nm). Molar extinction coefficients were
calibrated against base mol units of the corresponding monomers. The inset in (a) shows an
enlarged view of the fluorescence spectra recorded for LPPE. The observed apparent emission

peak at 2.9 eV for LPPE below 233 K is due to the scattering of excitation light which is the

sign of aggregate formation.

hyperchromic shift. The vibronic features could be assigned to the 0—0 (<0’ |0>) and 0—1
(<1’|0>) transitions observed around 2.5 and 2.7 eV, respectively. The energy levels of the ground
and the first excited states of the conjugated n-electron system are presumed to have displacements
(d) in the nuclear coordinates for the energy minima of both states. Assuming harmonic vibrational
oscillations with the base frequency of ax, the relative ratio of the first and second vibronic peak

strengths can be parameterized by the Huang—Rhys parameter (S) as,

d*m*w,

5=

where m* and A are the effective mass of an electron and Dirac’s constant, respectively.®32 §

can be derived easily and experimentally by,
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where lo-o and lo-1 are the intensities of the 0-0 and 0-1 transitions. The parameter S for LPPE
was estimated to be 0.33 for LPPE below 230 K, which is less than half of the values observed
in the ordered condensation of P3HT3* and PPV.® The strong exciton-coupled band at low
temperature originates from the n-stacking of the available conjugated backbone of LPPE with a
small change of d in its excited state, while insulation restricts the r-stacking?’-?33¢ of the CPPE
backbone.

The narrow red-shifted band of LPPE is also a clear signature of well-ordered J-type aggregates;
this is the cause of the extremely small value of S for LPPE. In contrast to the sharp spectral
change of LPPE upon cooling, only a gradual bathochromic shift was observed for LPPE upon
addition of a poor solvent (methanol, Figure 4). Fluorescence of LPPE was quenched

significantly in this solvent mixture as the ratio of poor solvent increased, clearly suggesting the

(a) CH,Cl,/MeOH (b) CH,Cl,/MeOH

50/50 50/50

67/33 67/33
9 75/25 = 75/25
= 79/21 a 79/21
2 83/17 3 83/17 ‘
S 100/0 f 100/0 2.0 2:5 3.0
-2 o E/ eV

. . . \ A ,
1.5 2.0 2.5 3.0 3.5 40 1.5 2.0 2.5 3.0 3.5 4.0
E) BN E/eV

Figure 4. (a) Electronic absorption spectra of LPPE in CH2Clo,/MeOH mixtures (¢ = 2.5x10~
> M). (b) Fluorescence spectra of LPPE in CH2Clo/MeOH mixtures (¢ = 2.5x10-5 M) upon
excitation at 420 nm. Superimposed figure represents an enlarged view at the range from 2.0—

3.0eV.
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aggregation of LPPE chains (Figure 4b). The extent of aggregation of CPPE upon addition of
methanol is not apparent in the absorption spectra (Figure 5a) but is clear from the fluorescence
quenching (Figure 5b). The aggregation of the condensed phase was also monitored via thin film
absorption at room temperature. The condensed phase of LPPE showed a red-shifted absorption
compared to the solution at room temperature, and the broad absorption points towards the
formation of random aggregates unlike the behavior in solution at low temperature. On the other
hand, the absence of a clear bathochromic shift in the absorption maxima indicates that the —n
interaction was eliminated in the aggregate of CPPE even in the condensed phase. The
contrasting spectral changes of LPPE upon cooling to those in mixed solvent/solid films clearly
suggests a rod-like transition of isolated LPPE chains at the low temperature.

Furthermore, these rod-like structures of LPPE facilitate the formation of ordered J-type
aggregates at low temperature, while the transition is incomplete in the mixed solvents and in the

condensed phase. The molecular weight of the polymers is generally a primary factor that affects

(@) | CcH,Cl,/MeOH (b) | cH,Cl,/MeOH
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72/28 72/28
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1.5 2.0 2.5 3.0 3.5 40 15 2.0 2.5 3.0 3.5 4.0
E/eVv E/eVv

Figure 5. (a) Electronic absorption spectra of CPPE in CH2Cl,/MeOH mixtures (¢ = 2.2x10~
®> M). (b) Fluorescence spectra of CPPE in CH,Clo/MeOH mixtures (¢ = 2.2x10-5 M) upon
excitation at 420 nm. Superimposed figure represents an enlarged view at the range from 2.0—

3.0eV.
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Figure 6. Electronic absorption (solid line) of LPPE in THF (a) (Mw = 9.1x103, ¢ = 1.0x10"
> M; base mol unit) and (b) (Mw = 6.2x10% ¢ = 1.1x10° M; base mol unit) at various

temperature.

the aggregation of polymers. Although both the LPPE and the CPPE show high enough
solubility in the solvents used, the former, with its higher molecular weight and rigidity, is
presumed to be sensitive to molecular weight in its aggregation behavior. To address the effect of
molecular weight, the temperature dependent spectral changes of LPPE (Figure 6) was traced,
and found almost identical spectral changes with a small shift in the aggregation temperature
(233 K - 228 K). This implies that the impact of molecular weight is limited for the aggregation
of both LPPE and CPPE. Solution-state fluorescence spectra revealed that both of the polymers
are strongly emissive in the non-aggregated state. Similar to the absorption, a small increase in
emission intensity with more structural features was observed in the spectra upon cooling. Below
253 K, a sudden quenching with a bathochromic shift in fluorescence was observed for LPPE
due to aggregate formation. Interestingly, these aggregates exhibited rare mirror imaged emission
spectra with an ultralow Stokes shift (161 cm™) compared to the non-aggregated polymer, further

confirming the formation of well-defined J-type aggregates (Figure 3 and inset).3*
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On the contrary, a concomitant increase in fluorescence intensity was observed for CPPE upon
cooling, while the Stokes shift (867 cm™) remained unchanged, suggesting no aggregation. The
film of LPPE exhibited quenched, non-structured and red-shifted fluorescence with a large
Stokes shift (2349 cm™), due to the formation of disordered/random aggregates in the film state
at room temperature (Figure 2a). On the other hand, small bathochromic shifts for the film of
CPPE on structured fluorescence spectra was observed, originating from the rigidification of the
polymer backbone in the solid state. The formation of the highly defined J-aggregates suppressed
the energetic divergence of the vibrionic states, leading to an ultralow Stokes shift. From the
absorption spectra of LPPE and CPPE, the oscillator strengths ( f) and full width at half
maxima (FWHM) of the major optical transition band in each polymer were extracted by
numerical integration of the extinction coefficient from 300 to 600 nm. The temperature
dependence of the oscillator strength f is shown in Figure 7a. Initially a gradual decrease in f was
observed for both polymers upon cooling, indicating a decrease in the homogeneous energetic
disorder. The apparent discontinuity in both f and FWHM for LPPE (Figure 7b) around 230 K
clearly suggests a phase transition for the polymer backbone due to its aggregation, whereas
CPPE showed continuous changes across the whole temperature range. The average conjugation
length (n) in the backbone-conjugated polymers has often been discussed in terms of the
maximum energy or optical band gap of the characteristic electronic transition bands.>”®
However, the total transition dipole, and hence oscillator strength, is the primary choice for a
quantitative discussion of the total number of monomer units (N) contributing to conjugated
electronic systems.

Here the author discuss the segmental relaxation®®4° of LPPE and CPPE as a function of

temperature. Figure 7a plots the values of f against T. The gradual increase in f upon cooling
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clearly suggests an increase in N for both of the polymers. The free energy change (Ag) in the
segmental relaxation is estimated from the Arrhenius model (Figure 7 and Figure 8)®’ using the

least squares fit for f with the following equation,

f(T;L; fur — Aexp (_ i_?)

where f_7 is the oscillator strength of LPPE/CPPE at the lowest temperature. Eqn. (3) gave an
excellent linear fit for LPPE. However, non-Arrhenius behavior was observed for CPPE (Figure
8). It should be noted that the oxydecyloxy chain-strapped monomers have planar chirality*
(Figure 9), suggesting a considerable increase in Az upon cooling via stepwise segmental
relaxation at isotactic (RR/SS) or syndiotactic (RS) sequences at the chain end41 and/or
interference of the cyclic side chains depending on the sequence (RRR/RRS/RSR) with different
rotational barrier heights. The latter is the cause of the non-Arrhenius type segmental relaxation

in CPPE. The derived value of Agis 52 meV for LPPE. The rotational barrier of the model

compound diphenylacetylene has been predicted to be 18 meV which is much lower than Az,*
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Figure 7. Temperature dependence of oscillator strength (estimated by numerical integration
of electronic absorption over 2 to 4 eV) and (b) FWHM of the optical transition band of LPPE
(red) and CPPE (blue).
suggesting the key role of the rotational motion of the LPPE chain in determining N and hence
n_43
Within the sequence showing a gradual elongation of the segment with an increase of n upon
cooling, the rod-like chain of LPPE has a steep change in both f and FWHM for its characteristic
absorption. In particular, the FWHM value of LPPE drops from 480 to 74 meV upon cooling
from 298 to 243 K, suggesting that ultralow energetic disorder has been realized in the
electronically-conjugated system of LPPE. To date the minimum energetic disorder reported for
PPE is 94 meV for the PPE with bis[s-(+)-3,7-dimethyloctyl] side chains.** An extremely small
energetic disorder of the conjugated backbones was also realized in the rod-like helical

polysilanes® with the smallest FWHM of 60 meV.*®
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lines are given by the least square method for LPPE, and by visual guide for CPPE,

respectively.

(a) m (B} 1sotactic triad (mm) Syndiotactic triad (rr)

Figure 9. Schematic illustration of (a) stereoisomers of oxydodecyloxy chain-strapped

monomers and (b) examples of tacticity for triad.
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Figure 10. MALDI-TOF mass spectra of LPPE.
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1.4 Conclusion

bThe present results indicate that the author can achieve a more ordered backbone configuration
of PPE with simple substituents instead of chiral substituents that restrict the free rotation of the
backbones. The q value of PPE chains was reported as ~30 nm in diluted solutions at room
temperature.*” From the molecular weight of LPPE (determined using polystyrene (PS) as a
standard), the gyration radius of the polymer was estimated as ~8 nm which is much shorter than
the g value of PPE.**° Indeed, an absolute molecular weight of LPPE was determined by matrix
assisted laser desorption ionization coupled to time of flight (MALDI-TOF) mass spectrometry
(Figure 10), and it showed a striking agreement with the chain length of the polymer. Even upon
cooling, the increase in f (and hence, N) of LPPE was less than 20%, which suggests that the
chain configuration of LPPE is rod-like at room temperature. The Ax value estimated herein is
comparable to the thermal energy of the PPE backbone; this is consistent with a landscape in
which “twisting” of the backbone is predominant in determining the electronic-conjugation
length along a PPE backbone, although the shape of the chain is already rod-like at room
temperature. The configuration of PPE backbones in solution was studied by electronic
absorption spectroscopy and fluorescence spectroscopy of LPPE and CPPE as soluble PPE
derivatives, as a function of temperature. LPPE showed a remarkable electronic transition at 2.5
eV below 253 K, exhibiting an ultra-sharp 0-0 transitionband with a FWHM of 74 meV and an
ultralow Stokes shift of 161 cm™.

The fluorescence quenching below 253 K for LPPE confirmed the interchain aggregate
formation of LPPE in that temperature range, whereas CPPE showed no quenching of
fluorescence. The dramatic change in optical properties suggests an apparent ““electronic

conjugation” in which there is a steep increase in the persistence length along the backbones,
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although the extension of the geometrical g value is limited to 20%. Considering the quantitative
estimation of free energy in terms of f and the absence of a sharp 0-0 band when the aggregates
were prepared by the addition of a poor solvent, it appears that the small energetic disorder of the
conjugated backbone is only realized below 253 K. This phenomenon can be explained by the
suppression of rotational motions of the phenylene units in the PPE backbones via the
temperature decrease, which accelerates the chain aggregation. The rod-like transition occurs
first, and subsequently the chains assemble into ordered aggregates with the suppression of

twisting and rotational motions of the intrachain units.
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Chapter 2

Impact of Asymmetric Alkyl-Fluoroalkyl Side Chains of Soluble

Polyacetylenes on Aggregation Phase

2.1 Introduction

Polyacetylenes (PASs), the oldest and simplest conjugated backbones were synthesized in 1971 by
Shirakawa and co-workers.? As seen in the giant leap in electric conductivity upon chemical
doping to PAs,® the n—conjugated backbones have been recognized as an efficient platforms for
the charge carrier transporting pathways, pioneering to the first ‘flexible’ electronic materials
based on macromolecular systems.

Electronic nature of the conjugated backbone was been also of interests because of their unique
electronic systems of charged states. For instance, a positive charge on the backbone shows strong
coupling with the vibrational motion of the backbones, gaining solitonic states reflecting a
symmetric nature of wave functions of the charge states.*

The energetic status of such charged species were also well considered with very sophisticated
theoretical approaches started from well-known Su—Schrieffer—Heeger Hamiltonian.® The resulted
formulations gave eventually as a transition successful interpretation to the delocalization of
charge carriers on to conjugated systems, and hence the high electric conductivity upon doping.
The asymmetric nature of the wave functions thus depends strongly on the degree of ordering of

the conjugated backbones of polyacetylenes. Unfortunately, in contrast to the initial great success
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of the chemical doping, the precise control of backbone configuration had not been addressed
because of their extremely low solubility against any solvent.

The Ziegler—Natta catalyst had been one of the primary choices for the polymerization of
acetylenes,' resulting in PAs with high molecular weight, high melting point, and controlled
morphology in their condensed phase.®® However, this catalyst often encapsulated into polymer
chains; thus, it was difficult to remove it from the final product.”® Choi et al. succeeded in
synthesizing soluble substituted PAs by living cyclopolymerization of 1,6-heptadiyne derivatives
via the olefin metathesis reaction promoted by the third-generation Grubbs catalyst.!’"'® This
sophisticated living cyclopolymerization enabled us to produce selectively conjugated polymers
composed of 5-membered-ring structures with excellent control over molecular weight and
polydispersity index. The polymerization protocol has been extended into polymerization of
poly(cyclopentenylene-vinylene) (PCPV), showing the clear coil-to-rod transition of its
conjugated backbones by simple aging upon light exposure.*2 Unfortunately, the rodlike chain
is energetically favored but not chemically stable in good solvents of the polymers such as CHClIs,
and the conjugated backbones are going to degrade via an attack of radical species.'” To utilize the
rodlike form of the polymer backbone where excess charges are delocalized, it has been presumed
to fix the energetically stable rodlike configurations rapidly by aggregation in the condensed
phases.'®2° The ordered backbone configuration of conjugated macromolecular systems often
leads to stable molecular packing (crystalline domains) in the solid states, suppressing
simultaneous backbone degradation upon thermal stimuli.??> Nevertheless, in the solid state,
polymers with high crystallinity can be folded without hampering the charge transporting property
because of the large free volumes and intercrystallite disordered phases, which is considered as a

major advantage of polymer conductors/semiconductors in practical devices.?>** An effective
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strategy to facilitate the ordered solid-state structure of the polymeric materials is the introduction
of unsymmetrical side chains into the system.?? Asymmetric van der Waals interactions lead to
simultaneous ordering of the backbone configuration as well as aggregated structures with
asymmetric spatial alignment of alkyl side chains.?” Fluoroalkyl substituents are classical but
representative molecular motifs exhibiting strong interchain interactions in macromolecular
systems.?82% Even for the small molecular systems, solid-state ordering can be promoted by the
combination of fluoroalkyl and alkyl chains.?** The immiscible nature of superhydrophobic/
hydrophobic segments works as the major driving force to form fluoroalkyl/alkyl
nanodomains.®**® In view of practical device fabrication, the aggregation dynamics of the
conjugated polymer chains in precursor solution is the fundamental and key factor to obtain the
desired thin film morphology of polymer semiconductor films.3*—3® Herein, we report for the first
time that the combination of unsymmertical substitution and the introduction of fluoroalkyl side
chains allows us to control backbone configurations as well as aggregation of PAs in solutions and

to transfer them into condensed phases.
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Scheme 1. Synthetic Scheme of Poly(cyclopentenylene-vinylene) Derivatives C6—C6,

C6—C2F4, C6—C1FS5, and C2F4-C2F4
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Unless otherwise noted, all commercial reagents were purchased from Wako Pure Chemical

Industries Ltd., Tokyo Chemical Industry Co. Ltd. and Sigma-Aldrich Co. and used as received.

The detailed synthetic schemes are described in the supplementary material. Column

chromatography was performed on Silica Gel 60N (spherical, neutral) from Kanto Chemicals.

Molecular weights of polymers were determined by size exclusion chromatography (SEC) with

polystyrene standards. SEC analysis was performed on HITACHI model L-2130, L-2455, L-2530

chromatography instruments with Shodex KF-804L/KF-805L columns using THF as an eluent at

a flow rate of 1 mL min! at room temperature. A refractive index detector and multi-wavelength

photodiode array detector were used for detecting the elution peaks. Electronic absorption spectra
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were recorded on a JASCO model V-570 spectrometer with a Unisoku model CoolSpeK UV USP-
203 temperature controller.

'H-NMR spectra were recorded by a JEOL model INM-AL400 spectrometer. Chemical shifts of
'H-NMR spectra are determined relative to internal tetramethylsilane (TMS) standard (&), and
are given in parts per million (ppm). *F-NMR spectrum of C6-C2F4 was obtained
with a JEOL model JNM-ECS400 spectrometer and the chemical shifts was determined
relative to external ethyl trifluoroacetate (&= -78.00). *F-NMR spectra and DPFGSE NOE spectra
were recorded by a JEOL model INM-ECZ500R/S1 spectrometer. Chemical shifts of C6-C1F5 of

F-NMR spectra were determined relative to external sodium trifluoromethanesulfonate (5= -

78.80). The selective 180° pulses in the DPFGSE NOE were 20 ms long Gaussian pulses. The

length of the applied pulsed field gradients (60, 90, and 30 mT/m) was 1 ms.

General polymerization procedure

All the polymers were synthesized in a similar way to the reported procedure of PCPV (ref). The
monomer was added to a 30 mL Schlenk flask. The flask was purged with nitrogen, and dry THF
was added ([M]o= 0.5 M). The catalyst ([M] / [I] = 25) was added at once under vigorous stirring
at 0 °C for 1h. The reaction was quenched by excess ethyl vinyl ether, and precipitated by methanol.

The dark purple solid was obtained by filtration and dried in vacuum.

C6-C6: The polymer was synthesized according to the literature. 12

C6-C2F4: 'H-NMR(400 MHz, CDCl3) 5= 0.85 (m, br, 3H), 1.27 (m, br, 6H), 1.64 (m, br, 2H),
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2.34-2.60 (m, br, 2H), 3.14-3.42 (m, br, 4H), 4.17 (m, br, 2H), 4.50 (m, br, 2H), 6.23-6.68 (m, br,
2H); 1®F-NMR(400 MHz, CDCl3) 6 =-128.37 (m, br, 2F), -126.80 (m, br, 2F), -116.22 (m, br, 2F),

-83.42 (m, br, 3F)

C6-C1F5: 'H-NMR(400 MHz, C4DsO) 5= 0.88 (m, br, 3H), 1.31 (m, br, 6H), 1.63 (m, br, 2H),
3.21-3.45 (m, br, 4H), 4.12 (m, br, 2H), 4.83 (m, br, 2H), 6.34-6.90 (m, br, 2H); **F-NMR(500
MHz, C4Dg0O) 6 =-127.47 (m, br,2F), -124.68 (m, br, 2F), -124.09 (m, br, 2F), -120.68 (m, br, 2F),

-82.37 (m, br, 3F)

3-((1H,1H,2H,2H-nonafluorohexyl)oxy)-3-oxopropanoic acid (1): A mixture of 1H,1H,2H,2H-
nonafluoro-1-hexanol (2 g, 7.57 mmol) and meldrum’s acid (1.31 g, 9.09 mmol) was heated at
120 °C under vigorous stirring for 3h. After cooling to room temperature, the product was dried in
vacuum to afford compound 1 as a white solid (2.47g, 7.04 mmol, 93%). *H-NMR (400 MHz,

CDCls) 6= 2.50 (m,2H), 3.46 (s, 2H), 4.47 (t, J = 6.4 Hz, 2H)

Hexyl (1H,1H,2H,2H-nonafluorohexyl) malonate (2): A solution of compound 1 (1.5 g, 4.28
mmol), 1-hexanol (0.53 g, 5.14 mmol), and 4-DMAP (62.3 mg, 0.51 mmol) in dry CH2Cl, (70
mL) was cooled to 0 °C under nitrogen atmosphere. DCC (1.06 g, 5.14 mmol) in dry CH2Cl (10
mL) was added subsequently. After stirring the solution for 1h at 0 °C, the reaction mixture was
warmed to room temperature, stirred overnight. Then, the reaction mixture was evaporated, poured
into hexane, and filtered from a white powder. The solution was evaporated and purified by column
chromatography on silica gel (ethyl acetate : hexane = 1:9) to afford compound 2 as a colorless oil

(1.54 g, 3.55 mmol, 83%). H-NMR(400 MHz, CDCls) 5= 0.87 (t, J = 6.8 Hz, 3H), 1.31 (m,
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6H), 1.62 (m, 2H), 2.48 (m, 2H), 3.38 (s, 2H), 4.12 (t, J = 6.8 Hz, 2H), 4.44 (t, J = 6.6 Hz, 2H)

1-hexyl 38-(1H,1H,2H,2H-nonafluorohexyl) 2,2-di(prop-2-yn-1-yl) malonate (3): Under
nitrogen, sodium hydride (0.21 g, 60 wt% in mineral oil, 5.3 mmol) was suspended in dry THF (5
mL) at 0 °C. Compound 2 (1 g, 2.3 mmol) in dry THF (0.5 mL) was added dropwise to the
reaction mixture that was afterwards stirred for 30 min and allowed to warm to room temperature.
Then, propargyl bromide (0.63 g, 80% in toluene, 5.3 mmol) was added dropwise and stirred
overnight at room temperature. The reaction mixture was quenched with saturated NH4Cl aqueous
solution and stirred for a few minutes. The mixture was extracted by ethyl acetate and the organic
layer was dried with Na,SOs4 and evaporated. The crude product was purified by column
chromatography on silica gel (ethyl acetate : hexane = 1:30) to afford compound 3 as a colorless
0il (0.63 g, 1.24 mmol, 54%). *H-NMR (400 MHz, CDCl3) §=0.87 (t, J = 7.0 Hz, 3H), 1.30 (m,6H),
1.61 (m, 2H), 2.02 (t, J=2.8 Hz, 2H), 2.46 (m, 2H), 2.99 (d, J = 3.2 Hz, 4H), 4.14 (t, J = 6.6 Hz,

2H), 4.46 (t, J = 6.4 Hz, 2H)

3-0x0-3-((1H,1H,-undecafluorohexyl)oxy) propanoic acid (4): A mixture of 1H,1H-
Undecafluoro-1-hexanol (2g, 6.67 mmol) and meldrum’s acid (1.15 g, 7.98 mmol) was heated at
120 °C under vigorous stirring for 3h. After cooling to room temperature, the product was dried in
vacuum to afford compound 4 as a white solid (2.37g, 6.14 mmol, 92%). *H-NMR (400 MHz,

CD,Cl) 5= 3.58 (s, 2H), 4.70 (t, J = 13.6 Hz, 2H)

Hexyl (1H,1H-undecafluorohexyl) malonate (5): A solution of compound 4 (1.5 g, 3.88 mmol),

1-hexanol (0.48 g, 4.66 mmol), and 4-DMAP (47.6 mg, 0.39 mmol) in dry CH2Cl> (70 mL) was
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cooled to 0 °C under nitrogen atmosphere. DCC (0.96 g, 4.66 mmol) in dry CH2Cl, (10 mL) was
added subsequently. After stirring the solution for 1h at 0 °C, the reaction mixture was warmed to
room temperature, stirred overnight. Then, the reaction mixture was evaporated, poured into
hexane, and filtered from a white powder. The solution was evaporated and purified by column
chromatography on silica gel (ethyl acetate : hexane = 1:9) to afford compound 5 as a colorless oil
(1.46 g, 3.10 mmol, 80%). *H-NMR(400 MHz, CDsCl) 5= 0.82 (t, J = 6.8 Hz, 3H), 1.26 (m, 6H),

1.57 (m, 2H), 3.43 (s, 2H), 4.09 (t, J = 6.8 Hz, 2H), 4.59 (t, J = 13.6 Hz, 2H)

1-hexyl 3-(1H,1H-undecafluorohexyl) 2,2-di(prop-2-yn-1-yl) malonate (6): Under nitrogen,
sodium hydride (0.19 g, 60 wt% in mineral oil, 4.8 mmol) was suspended in dry THF (5 mL) at
0 °C. Compound 5 (1 g, 2.1 mmol) in dry THF (0.5 mL) was added dropwise to the reaction
mixture that was afterwards stirred for 30 min and allowed to warm to room temperature. Then,
propargyl bromide (0.57 g, 80% in toluene, 4.8 mmol) was added dropwise and stirred overnight
at room temperature. The reaction mixture was quenched with saturated NH4Cl aqueous solution
and stirred for a few minutes. The mixture was extracted by ethyl acetate and the organic layer was
dried with Na2SO4 and evaporated. The crude product was purified by column chromatography on
silica gel (ethyl acetate : hexane = 1:80) to afford compound 6 as a colorless oil (0.49 g, 0.90 mmol,
43%). 'H-NMR(400 MHz, CDsCl) 5= 0.87 (t, J = 6.8 Hz, 3H), 1.31 (m, 6H), 1.61 (m, 2H), 2.05

(t, I = 2.6 Hz, 2H), 3.02 (dd, J = 1.4 Hz, 4H), 4.15 (t, J = 6.6 Hz, 2H), 4.65 (t, J = 13.2 Hz, 2H)
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2.3 Results and Discussion

Table 1. Molecular Weights, Polydispersity Indices, Absorption Maxima, and Fitting Results
for Vibronic Absorption Bands by Gaussian Functions

Ml’la M“'a Amax

entry (gmol™) (gmol™) PDI  (nm)
C6—Cé6 1.8 x 10*  2.0x10* 1.11 586
C6—C2F4 28 x 10* 29 x 10* 1.04 583
C6—CIF5 25x10* 34x10* 1.36 582

0—0 0—1 0—2 0—=3

Amax (FWHM) Amax (FWHM) Amae (FWHM) Amax (FWHM)
entry (eV) v (eV) it (eV) 1° (eV) 1°
C6—C6 0.1064 1 0.1707 0.98 0.1852 0.62 0.1565 0.34
C6—C2F4 0.1086 1 0.1737 1.05 0.1928 0.72 0.1548 0.39
C6—C1F5 0.1091 1 0.1685 0.99 0.2044 0.70 0.1485 0.34

a Determined relative to polystyrene calibration standards. b Relative components of vibronic

absorption bands resolved by fitting with Gaussian functions to lo_.o at 298 K.

Living cyclopolymerization with a third—generation Grubbs catalyst could be successively
applied to all the series of monomers designed in the present study to afford corresponding
polymers with the high enough molecular weight. Table 1 shows the number and weight average
molecular weight of the resulting polymers. A relatively longer chain length was recorded for the
polymers with fluorinated alkyl chains, and their polydispersity indices were less than 1.4. Alkyl-
symmetric (C6-C6) and alkyl—fluoroalkyl asymmetric (C6-C2F4, C6—C1F5) exhibited sufficient
solubility in some representative solvent such as THF, chloroform, dichloromethane, etc. All the
polymer could be dissolved in THF for the subsequent spectroscopic analysis.

Figure 1 shows electronic absorption spectra of the series of polymers: C6-C6, C6-C2F4, and

C6-C1Fb5 respectively. All the polymers exhibited electronic transitions in the range from 2.0 to

48



@6 s (b) g s (© 46 s

0h 2.52 ) Oh 3.29 Oh 2.98
1.2 1.2

3h 0.98 3h 1.05 3h 0.99

0.8 0.8

Absorbance
SO
[}

Absorbance

Absorbance

o
KN

0.4 0.4

0 g 4 /) . V)
1.6 1.8 20 22 24 26 28 30 32 16 1.8 20 22 24 26 28 30 32 16 18 20 22 24 26 28 30 32
Energy / eV Energy / eV Energy / eV

Figure 1. Electronic absorption spectra of (a) C6—C6 (¢ = 5.1x10> M), (b) C6—C2F4 (c =

8.1x107° M), and (c) C6—C1F5 (c = 6.6x10°M) in THF. All of the spectra were recorded at 0,

1, and 3 h after starting the aging process.
2.8 eV with the clear signature of vibronic states, which can be attributed to the ground to the first
excited states of the conjugated n—electron system along the main chain. The vibronic features are
importantly remarkable for the transitions assignable to 0—0 (<0’ |0>) and 0—1 (<1°|0>) ones
observed around 2.1 and around 2.3 eV, respectively. The spectra were monitored at the energy
stage of aging by ambient light, where photo—isomerization occurred in the configuration of the
conjugated backbones. The aging duration was optimized for each polymer giving maximum
absorbance of the lowest energy transition. Further aging by exposure to light caused a significant
decrease in the absorbance of the whole spectra.

The representative model for the appearance of vibronic peaks is schematically displayed in
Figure 2. The energy levels of ground and the first excited states of the conjugated n—electron
system are presumed to have a displacement (d) in the nuclear coordinates for the energy minima
of both states. Assuming harmonic vibrational oscillations on the states with the base frequency of
w,, the relative strength of the first and second vibronic peak can be parameterized by Huang—
Rhys parameter (S) as,

d*m*w,

S="n
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Figure 2. Two electronic states displaced as harmonic oscillators.

where m* and 7% are mass of one eclectron (effective mass is one can consider 1-dimensional
electronic band structure with the direct gap) and Dirac’s constant, respectively.3®*°

All of the polymers exhibited vibronic structures in the absorption spectra (Figure 1) that were
deconvoluted and fit by multiple Gaussian functions, consisting of a set of four distinct Gaussian
functions. The resulted component of the lowest (I,_,) and the second lowest (/,_,,) transition

energy were used to estimate S experimentally,

Iy,
S = 0-1
To-so
and this analytic protocols were employed for successive spectra of the polymers under variable
temperature.
The values of S were gradually decreased from around 3.0 to 1.0 with aging for all the polymers.

This is suggestive that the aging was successfully worked for all the polymer via photo—

isomerization and the global main chain configuration turned from coil to rod-like ones. The
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transition observed in C6-C6 was also reproducible of the precious report by Tae-Lim Choi. 1112
To confirm the coil-to-rod transition of the conjugated backbones, decrease of the number of
chain segments cooperative to the backbone conjugation (the portions of the units in the
disordered structures) was discussed by the change in total transition dipoles in visible range.*®-

49 The total transition dipoles (oscillator strength, f) were estimated numerically by an integration

of the spectra over the regime of 1.65 eV (750 nm) to 2.76 eV (450 nm), where all the vibronic

peaks in the inter—band transition has been taken into account.

The aging of C6-C6, C6-C2F4, and C6-C1F5 gave a big leap in f with about 26% increase.
Photoismerization in aging process leads significantly the orientation of the trans—conformers in
the backbone and giving rod—like shape of the polymers.

The coil-to—Rod transition is presumed to be advantages to facilitate molecular aggregates into
more ordered manner in both solution and condensed phases. To address the aggregation dynamics,
electronic absorption spectra was traced under variable temperature. The absorption spectra of C6-
C6 were recorded at the modulated temperature from 298K to 193K before and after aging process
(Figure 3a,b). A slight red shift in absorption spectra was observed both before and afterbaging.
However, the vibronic structures become sharp particularly after aging. The valueand S went down
to 0.8, which was the lowest one for the polyacetylenes derivatives and suggestion of highly
extended conjugation in these polymers (Figure 3d). In contrast, the full width at half maximum
(FWHM) for 0—1 and 0 —0 peaks were almost constant suggesting energetic divergence of the
vibronic states was not suppressed enough even in the lowest temperature at 193K. The values of
f for both before and after aging decreased monotonically upon cooling, implying that as lowering
temperature, the thermal vibration of the isolated backbone was more suppressed and became more

planar, thus the number of the electrons participating in the conjugated systems was increased
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(Figure 3c).
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Figure 3. Extinction coefficient of C6—C6 (c = 5.1x10~° M) (a) before and (b) after aging in THF

at various temperatures. (c) Oscillator strength of C6—C6 before and after aging in THF at various

temperatures. (d) The Huang—Rhys factor S (red) and full width at half-maximum (FWHM) of

the 0—0 (blue) and the 0—1 (green) vibronic peaks of C6—Cé6 in the Gaussian function at various

temperatures.
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In the case of C6-C2F4 as shown in Figure 4(a) and 4(b), the change depending on temperature

showed a similar behavior with C6-C6 before aging, while for after aging, the new peak around

1.9 eV clearly appeared below 213K with an isobestic point around 2.1 eV, suggesting an

interconversion of two forms of the conjugated backbones. The value of f and S was plotted against

temperature in Figure 4(c) and 4(d). The clear kink points of these curve was seen only for after

aging. Temperature dependent spectra of C6-C1F5 changed in a totally different manner, as shown
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Figure 4. Extinction coefficient of C6—C2F4 (c = 8.1x10° M) (a) before and (b) after aging in

THEF at various temperatures. (c) Oscillator strength of C6—C2F4 before and after aging in THF

at various temperatures. (d) The Huang—Rhys factor S (red) and full width at half-maximum

(FWHM) of the 0—0 (blue) and the 0—1 (green) vibronic peaks of C6—C2F4 in the Gaussian

function at various temperatures.
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in figure 5(a) and 5(b). For both before and after aging, evident and clear new peak observed in
range of 1.8 to 2.0 eV. This new peak was gradually intensified upon cooling with an tic point
around 2.1 eV. The value of f was also plotted against temperature in Figure 5(c). Unlikely to the
case of C6-C6, a clear kink of the curve was seen at 220 K and 260K respectively for before and
after aging. The decrease in f below the kink indicates clearly the correlation of the transition dipole
along the conjugated electron systems in the backbone.

The cancellation can be interpreted by the backbone aggregation in the solution even at the diluted
conditions, and the well-ordered parallel alignment of the rodlike chains into aggregates
contributes significantly to the reduction of the total transition dipoles of the systems.® It should
also be noted that the spectra did not show any clear signature of the light scattering in the overall
range of the spectra (no gradual shift of the baseline, clear observation of isosbestic points),
suggesting that the size of the aggregates was smaller than the visible wavelength (Figures 4b and
5b). The observed shift in the temperature at the kink point is also supportive of the formation of
the ordered aggregates, where the increase in the inter chain aggregation enthalpy between the
rod—like chains after aging facilitates an effective aggregation of the polymers at the higher
temperature than that of coil-forms before aging.

In case of the rod—like chains after aging, the appearance of the new peak explicitly consumes
both 0—0 and 0—1 transitions with an isobestic point (Figures 4b and 5b). This is suggestive of
the simple aggregation of rod-like chains without any conformational change in the backbone
constituents. A contrasting change in the value of f with temperature was observed for both
C6—C2F4 and C6—C1F5 polymers before and after aging (Figures 4c and 5c). For C6—C1F5, the
former showed a first increase followed by a decrease at 233 K, while the latter showed a

monotonic decrease from 273 K. It is rational that the polymer before aging was associated with
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the conformational transformation of isolated chains upon cooling from 298 to 223 K.
Considering the dimer model of the conjugated segments in nearby chains in the aggregates, the
decrease in the transition dipole can be well interpreted by the formation of J-type aggregates as
well from the peak shift.>! Given the perfect rodlike chains and the stacked aggregates with a phase
shift, the overall transition dipoles cancel with each other within the stacked phases due to a small
contribution from off-diagonal terms in bimolecular Hamiltonian for excited states, leading to the

reduction of the total dipoles. In contrast, the uncanceled dipoles are arranged in line and the
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Figure 5. Extinction coefficient of C6—C1F5 (¢ = 6.6x10° M) (a) before and (b) after aging in
THF at various temperatures. (c) Oscillator strength of C6—C1F5 before and after aging in THF
at various temperatures. (d) The Huang—Rhys factor S (red) and full width at half-maximum
(FWHM) of the 0—0 (blue) and the 0—1 (green) vibronic peaks of C6—C1F5 in the Gaussian

function at various temperatures.
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resulting transition shifts toward lower; this is the case giving a new peak at around 1.9 eV via the
J-type aggregates of conjugated segments. The S parameter jumped dramatically from 1.0 to 2.2.
The jump was associated with the appearance of the new peak, where the aggregation of the rod—
like chains occurred (Figure 5d). The aggregation of the conjugated chains facilitates the interchain
conjugation that was well represented by the evident bathochromic shift in the new peak. It is
evident that the new peak grows with the consumption of the 0—1 transition predominantly as
seen in Figure 5a, while the intensity of the 0—0 transition is almost constant. This gives a decrease
in S upon cooling and hence the extension of effective conjugation length due to aggregation of
the conjugated backbone (Figure 5d). The value of FWHM of each vibrational peak for C6—C2F4
and C6—C1F5 was almost constant at the temperature where the aggregation occurred (Table 1).
This is because the backbone was shielded and structurally confined by a 5- membered-ring and
side chains, so that the vibrational mode of the conjugated chains was not suppressed even when

the aggregate was formed.
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The spectroscopic results so far revealed that the introduction of semifluoroalkyl chains
accelerates the aggregation of the PA main chains and the length of fluorinated segments affects
the thermal stability of the aggregates. A simple increase of concentration did not result in the
aggregation behavior for the nonfluorinated C6—C6 polymer (Figure 6).

The solvophobic and dipole—dipole interactions of fluoroalkyl segments are considered to be the
dominant reasons for the aggregation.®? An analogous polymer with higher fluorine content,
C2F4—C2F4 (Scheme 1), was synthesized and investigated by absorption spectroscopy. Similar
to the cases of C6—C2F4 and C6—C1FS5, a shoulder peak at ~2.0 eV appeared upon decreasing
the temperature of the THF solutions of C2F4—C2F4 both before/after aging (Figure 7a,b). It
should be noted that this peak was even observed at room temperature (~298 K) after the aging
protocol, indicating the stronger thermal stability of the aggregates. Upon heating up to 333 K, the
shoulder peak gradually disappeared and the vibronic absorption bands became more obvious

(Figure 7c). This spectral change was reversible upon heating and cooling (Figure 7c,d).
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Figure 6. Electronic absorption spectra of C6—-C6 (a) before and (b) after aging in THF solution

(c = 1.0 x 1072 M) at various temperature. A quartz cell with an optical length of 0.05 mm was

57



Although absorption spectroscopy is powerful for studying the association of chromophore
segments, it is difficult to discriminate intra and interchain aggregations explicitly. Dynamic light
scattering (DLS) measurements were carried out to further support the interchain aggregation
proposed in Scheme 2. The scattering profiles were recorded at room temperature (298 K) and a
higher temperature (323 or 328 K). Figure 8 shows the representative distributions of the
hydrodynamic diameter analyzed by the DLS measurements of diluted THF solutions of the
polymers. The observation of scattering from the sizes of Dn = 1-10 nm is reasonable for the

isolated single polymer chain with random coil conformations. In sharp contrast, much larger sizes
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Figure 7. Extinction coefficient of C2F4—C2F4 (c = 9.0x10° M) (a) before and (b) after aging

in THF at various temperatures below room temperature. The extinction coefficient of
C2F4—C2F4 (c = 8.1x107° M) after aging in THF at various temperatures over room temperature

on (a) heating and (b) cooling.
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Scheme 2. Schematic Representation Depicting the Coil-to-Rod Transition for (a) C6—C6 and
(b) C6—C2F4/C6—CI1F5 via Photoisomerization and Further Self-Assembly To Stabilize the

Rod Conformation upon Cooling

Aging Cooling .
SR = No Aggregation
Photoisomerization
2 Coil
’E‘ Agmg Cooling
—
Photmsomenzatnon Aggregation
pe Roaau Coil Self-assembled Rod
R= Ao’w / (1 F £

of Dnh = ~500 and 1000 nm were observed for C2F4—C2F4 before and after aging respectively,
which supports the interchain aggregation predicted by the absorption spectra in Figure 7. The
sizes were decreased down to ~100 nm by increasing the temperature to 328 K for the polymers
both before and after aging. The absorption and DLS results allow the conclusion that the
absorption spectral changes by decreasing the temperature for C6—C2F4, C6—C1F5, and

C2F4—C2F4 solutions are the consequence of interchain aggregation of PA backbones induced by

the side-chain fluoroalkyl segments.

59



—_—
Q)
~—

©

298 K

298K
3 323K 3 323K
© ©
~ ~
oy Z
a c
[ [
£ E
01 10 10 102 10®* 104 01 10 10 102  10®  10°
D,/ nm D,/ nm
(b) (f)
298 K 298 K
o 323K 3 323K
> =
= €
01 10 10 102 10* 104 01 1.0 10 102 10%  10%
D,/ nm D,/ nm
(c) ros & (g) 208 K
3 328K 2 328K
~ ~
z Z
= 2
@ @
£ £
01 10 10 102 10®* 104 01 1.0 10 102 10°  10¢
D,/ nm D,/ nm
d h
( ) 298 K ( ) 298 K
3 328K 3 328K
(1] (1]
~ ~
= oy
G 3
c c
@ [}
£ E
01 10 10 102 10®) 104 01 10 10 10®  10®  10°

D,/ nm

D,/ nm

Figure 8. Hydrodynamic diameter distributions of (a) C6—C6 before aging (c = 7.9x10°° M), (b)
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THF at 298, 323, or 328 K.
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To confirm the aggregation of the polymers at low temperature, precise NMR spectroscopies were

carried out by the difference NOE for C6—C6 and C6—C1F5 (Figures 9—11).
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Figure 9. (a) 'H NMR spectra of C6-C1F5 in THF-d8 1D difference NOE with selective

irradiation of proton e at (b) 293 K and (c) 223 K.
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Figure 10. (a) *H NMR spectrum of C6-C1F5 in THF-d8 at 293 K and 1D difference NOE with

selective irradiation of proton f at (b) 293 K and (c) 223 K.
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Figure 11. (a) *H NMR spectrum of C6-C6 in THF-d8 at 293 K and 1D difference NOE with

selective irradiation of proton d at (b) 293 K and (c) 223 K.

However, the long relaxation time of the protons gave negative NOE signals, which is due to the
spin diffusion limit in the molecules with high molecular weight.>*~>> Double-pulsed field gradient
spin-echo (DPFGSE) NOE spectra was examined and corrected. Two nonselective 180° pulses
spaced within this interval can suppress the longitudinal magnetization arising during the mixing
time due to relaxation. Thus, DPFGSE NOE is suitable for polymers with high molecular
weights.>®°” The interdistance of protons in the aggregated forms of the polymers was discussed
below by DPFGSE NOE spectra.

Figure 12 shows the DPFGSE NOESY spectra for C6—C1F5 with selective inversion of proton e
in a 200 ms mixing time. Generally in NOE spectra, the correlation among protons whose
interdistance one within 0.6 nm contributes remarkably in the spectra as the NOE signals. It is
reasonable that no NOE peak was observed in 1.31 and 1.63 ppm at 293 K, which were assigned
to the signals from protons g and h, respectively, where the polymer chain was isolated (Figure
12b). However, the intensity of both the signals showed an increase upon cooling down to 253 K

(Figure 12c). This is suggestive that the spin correlation between e and g or h in the interchain
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Figure 12. (a) 1H NMR spectra of C6—C1F5 (c = 5.0x1072 M) in THF-d8 at 293 K and DPFGSE
NOE spectra with selective inversion of proton e at (b) 293 K and (c) 253 K. The mixing time

was 200 ms.

manner (direct effect) was remarkable due to the formation of the aggregates upon cooling, but it
is also possible that the intramolecular spin diffusion (indirect effect) affected the far away proton
in the isolated chain because the backbone was stabilized upon cooling.>*~>> When proton e was
irradiated selectively, it is assumed that only the direct effect would contribute to the NOE peak of
proton d, which is spatially close to proton e, and both the direct and indirect effects would give
the NOE peaks of protons g and h, which are spatially far away from proton e. The NOE intensity
ratios of protons g/d and h/d were plotted against temperature and mixing time (Figures 13 and
S10). Using a mixing time of 500 ms, both the intensity ratios increased monotonically with
decreasing temperature, suggesting that intramolecular spin diffusion had an impact more

significantly as the backbone was more stabilized upon cooling. Furthermore, the experiment was
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repeated for mixing times of 50, 100, 200, and 500 ms at 253 K, resulting in the fact that the value
of the intensity ratios was almost constant in the range from 50 to 200 ms, whereas the ratio at 500
ms was larger (Figure 14). These DPFGSE NOE results implied that the effect of intramolecular
spin diffusion was negligible in the range from 50 to 200 ms; thus, the NOE signals were
contributed dominantly by the direct effect derived from protons e and g or h belonging to the

nearby but separate chains in the aggregates.
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Figure 13. DPFGSE NOE intensity ratio of the proton g/d (red) and h/d (blue) for C6-C1F5 in
THF-d8 as a function of temperature. The proton e was inverted selectively and a mixing time of

500 ms was used.
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Figure 14. (a) DPFGSE NOE intensity ratio of the proton g/d (red) and h/d (blue) for C6—C1F5

in THF-d8 at 253 K as a function of mixing time. The proton e was inverted selectively.
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2.4 Conclusion

The aggregation dynamics of the substituted soluble polyacetylenes was examined by electronic
absorption spectra at various temperature. Fluoroalkyl-Alkyl asymmetric substituted polymer
(C6-C2F4 and C6-C1F5) showed the formation of the aggregates with clear new peak at around
1.9 eV upon cooling, reducing the total transition dipoles by the cancellation of each transition
dipoles. DPFGSE NOE also supported the formation of the aggregates at low temperature. When
a long mixing time (500 ms) was used, intramolecular spin diffusion contributed in a large way to
the NOE peaks. However, this effect was negligible in a shorter mixing time because the direct
effect dominantly had an impact on the NOE signals. The simple introduction of semifluoroalkyl
chains was found to serve as an efficient tool for controlling the aggregation behavior of soluble
PA derivatives. The finding demonstrated in this work would give a general strategy to stabilize a

particular conformer of polymer for practical applications.>® %
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Chapter 3

Impacts of Thermal Fluctuation on Opto-Electronic Properties of
Microcrystalline Oligophenyleneethynylene Chains: An Analog of

Crystalline Domains of Linear Conjugated Polymers

3.1 Introduction

The optical properties of conjugated polymers are impacted not only by the primary chemical
structure, but also by the configuration of the polymer chains and the inter-chain interactions.
Conjugated polymers have often been anticipated to be applied in their amorphous form in thin
solid films, considering such advantages as flexibility and printability; however, this conflicts with
the desirable characteristics of their regularly aligned forms/crystallites with respect to their
optoelectronic properties in condensed phases . It has been reported that such regularly aligned
forms have a significant impact on the charge transport properties?. However, crystalline phases
of polymeric materials do coexist with their amorphous counterparts, and perfect single crystals
have long been pursued in the field of solid state polymeric materials. Tie chains that connect
crystallites of polymers have been revealed to play an important role in charge carrier transport®#.

Charge transport in direct-current (DC) mode reflects overpassing processes in these tie chains,
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which results in breakdown by the chains over the entire process. This has also been suggestive of
the importance of crystalline domains to facilitate efficient/smooth charge transport pathways in
highly developed crystalline domains of conjugated polymer chains. The flash photolysis-time-
resolved microwave conductivity (FP-TRMC) measurement technique is a contactless evaluation
method of intra-crystalline domain motion and the charge carriers in alternating-current (AC)
modes®. In FP-TRMC, transient charge carriers are injected into the domains via photoionization,
and the coexisting disordered parts of the polymers are often expected to immobilize counter
charges via localization of the charges by strong electron-phonon coupling and/or trapping with
impurities®’. The features in solid phase diagrams of macromolecular chains are generally
dependent on the average chain length and distribution®. Oligomer analogs of identical conjugated
chromophores with shorter chains and no distribution are expected to enrich the crystallinity, and

thus simulate the inherent electrooptical properties of the conjugated backbones®.

Poly/oligo-p-phenylene ethynylenes (PPE/OPE) are simple and linear conjugated macromolecular
systems with relatively long persistence length in the backbone configurations'’; they are an ideal
motif to address the impact of oligomer aggregation on their properties. OPEs with long alkyl
peripheries have been systematically synthesized up to heptamers and their condensed phases have
been characterized'!. Supramolecular aggregated structures of OPEs with shorter alkyl peripheries
exhibit characteristic phase behavior in contrast to simple solid-isotropic transition (7m) of OPEs;
however, no detailed discussion has been given with regard to the microscopic structural changes
in the transition below Tw. I have also reported on the optoelectronic properties of poly(2,5-
dioctyloxy-p-phenylene)ethynylene that yields ordered aggregates with suppression of the twisting
and rotational motion of the intrachain units, even in solution at low temperatures in chapter 1'2.

The morphology and associated optical properties in condensed phases/films of phenylene
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ethynylene oligomers have often been subjects of debate'*!4; the electronic properties including
the charge carrier mobility are still unclear at this stage. Here, I synthesize oligo(2,5-butoxy-p-
phenylene ethynylene) with distinct chain lengths: trimer (P3) and pentamer (P5). The impact of
thermal fluctuation on the optoelectronic properties of microcrystalline oligo(phenylene

ethynylene) were investigated both in solution and in the solid film state.

P3
OC4Hg OC4Hg OCy4Hg
N\ N/ N/
C4HgO C4HgO C4HgO
OC4Hq OC4Hg OCy4Hg OC4Hg OC4Hg
WA N N N A
C4HgO CyHgO CyHgO CyHgO C4HgO

Figure 1. The chemical Structure of P3 and P5.
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3.2 Experimental Section

Unless otherwise noted, all commercial reagents were purchased from Wako Pure Chemical
Industries Ltd., Tokyo Chemical Industry Co. Ltd., or Sigma-Aldrich Co., and used as-received.
P3 and PS5 were prepared by Sonogashira coupling reactions. The compounds were purified by

recrystallization from solution in methanol.

Electronic absorption and fluorescence spectra of P3 and P5 were recorded in tetrahydrofuran
(THF) as a solvent with an optical path length of 1 cm, or in pristine solid films coated onto quartz
substrates. Differential scanning calorimetry (DSC) measurements were performed on a
PerkinElmer DSC8000 calorimeter. X-ray diffraction (XRD) measurements of the mixtures were
conducted using a Rigaku MiniFlex600 diffractometer (A = 1.54A) with a D/teX Ultra
semiconductor detector. MALDI-TOF mass spectral data were obtained using a Bruker made flex
series TOF/TOF instrument with laser repetition rate of 50 psec. 1,8,9-Anthracenetriol was used
as the matrix for MALDI-TOF mass spectrometry. Electrochemical measurements of P3 and P5
were performed with cyclic voltammetry (CV) and differential pulse voltammetry (DPV) with a
potentiostat (ALS 760E) in CH2Cl; solutions using 0.1 M tetrabutylammonium tetrafluoroborate
(n-Bus-NBF,) as supporting electrolyte, Ag/AgCl as reference electrode, and platinum as working
and counter electrode. FP-TRMC measurements were performed in a N> flow with a resonant
cavity under various temperatures from 293 to 373 K. The third harmonic generation (THG; 355
nm) of a Nd:YAG laser (Spectra-Physics Inc., INDI, 5-8 ns pulse duration, 10 Hz) and X-band
microwaves (ca. 9 GHz, 3 mW) were used as the excitation source and microwave probe,
respectively. The photon density of the excitation pulse was set at 9.1x10' photons per cm? per

pulse. The film samples were prepared by drop-casting from chloroform solution (ca. 10 wt%)
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onto quartz substrates, drying for 30 min. at room temperature, and then thermal annealing at the

melting point of the corresponding compounds.

Synthetic Details

Scheme 1. Synthetic scheme of P3 and P5

OC4Hg OC,Hq OC4Hg OC4Hg OCyHg
e e
C.H.O C4HeO ( 3)4 C4HeO C4HeO C4HoO
4 Et;N/THF P3
0C,Ho 0C.Hs 0C4Hs 0C.Hs OC4Hs
OC,Hg OC4Hg OCyHy Cul — — — — —
—— — — — —
. = — Y N\ / \ /
H_ | ——</ />—— .
O O + Pd(PPh), C4HgO CaHyO CaHsO C:HgO CaHsO
CaHeO CyHy0 C4HyO Et;N/THF
P5

P3

To adry EtsN/THF solution (20 mL, 1/1 v/v) of 1,4-diiode-2,5-butoxybenzene (3.15 g, 6.64 mmol)
and 1,4-diiode-2-ethynylbenzene (1.64 g, 6.64 mmol) were added Pd(PPhs)4 (383 mg, 0.33 mmol),
and Cul (126 mg, 0.66 mmol), and the mixture was degassed by freeze-pump-thaw cycles for
3times. The mixture was evaporated to dryness under reduced pressure, dissolved in CHCl3, and
passed through a plug of SiO.. After stirring at 60°C for 24 h, the mixture was evaporated to
dryness under reduced pressure, dissolved in CHCls, and passed through a plug of SiO». Further
purification and fractionation were carried out by a recycling preparative SEC using CHClI3 as an
eluent. The compounds were purified by recrystallization from methanol solution. Yield: 1.65 g
(35%). 'H NMR (400 MHz, CDCls) 1 = 7.00 (m, 8H), 6.83 (2, 4H), 4.05 (m, 16H), 3.93 (t, 4H),
1.84 (m, 20H), 1.53 (m, 20H), 0.97 (m, 30H). 13C NMR (400 MHz, CDCl3) 8¢ =13.8, 19.3, 31.4,

68.4,69.4,69.7, 90.0, 114.4, 116.7, 117.4, 118.5, 152.9, 153.5, 154.0.
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P5

To a dry EtsN/THF solution (3.0 mL, 1/1 v/v) of 1,4-butoxy-2,5diethynyl-benzene (170 mg, 0.63
mmol) and 1-iode-2,5-di(dodecanoxy)-4-((2,5-di(dodecanoxy)phenyl)ethynyl)benzene (932 mg,
1.57mmol) were added Pd(PPhs)s (383 mg, 0.33 mmol), and Cul (126 mg, 0.66 mmol), and the
mixture was degassed by freeze-pump-thaw cycles for 3times. The mixture was evaporated to
dryness under reduced pressure, dissolved in CHCI3, and passed through a plug of SiO». After
stirring at 60°C for 24 h, the mixture was evaporated to dryness under reduced pressure, dissolved
in CHCIs, and passed through a plug of SiO». Further purification and fractionation were carried
out by a recycling preparative SEC using CHCI3 as an eluent. The compounds were purified by
recrystallization from methanol solution. Yield: 452 mg (59%)

IH NMR (400 MHz, CDCl3) 81 = 7.01 (m, 8H), 6.83 (2, 4H), 4.03 (m, 16H), 3.93 (t, 4H), 1.81 (m,
20H), 1.53 (m, 20H), 1.00 (m, 30H). 13C NMR (400 MHz, CDCl3) 5c =13.9, 19.3, 31.4, 68.4,
69.3, 69.6, 89.8, 91.4, 91.6, 114.0, 114.1, 114.3, 114.6, 116.7, 117.4, 118.5, 152.9, 153.5, 154.0.

2.2.
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3.2 Results and Disscussion

The chemical structures of P3 and P5 are illustrated in Figure 1. The compounds were
unambiguously identified using 'H and '3C nuclear magnetic resonance spectroscopy (NMR) and

matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF-MS)

Figure 2 shows electronic absorption and fluorescence spectra, which indicate a significant
bathochromic shift in PS5 relative to that of P3. This suggests the elongation of intramolecular
conjugation proportional to the number of backbone units; the rod-like configuration of the chains
is still preserved in both P3 and PS5 that bear shorter total chain length than the persistence length

of PPE.
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Figure 2. Electronic absorption spectra (solid lines) and fluorescence spectra (dotted lines)

for (a) P8 in THF (c = 1.5%X10% M) and (b) P5 in THF (c = 1.0x10% M).
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Figure 3 shows DSC thermograms of P3 and PS. A clear melting peak was observed at 366 K
in P3 (AHm = 71.7 kJ mol™"), which is associated with the crystallization peak at 336 K (AH. =
—46.3 kJ mol™) in the reverse scan. In contrast, PS5 shows an additional endothermic peak at 356
K (S1-S2, AH = 10.4 kJ mol ") other than a melting peak at 427 K (AHm = 60.0 kJ mol™). It should
be noted that the corresponding exothermic peaks were recorded in the reverse scan at 344 K (AH

=9.9 kJ mol™) and the crystallization peak at 403 K (AHc = —65.1 kJ mol™).
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Figure 3. DSC curves of air-dried CHCls-cast films of (a) P3 and (b) P5 at 10 K min!
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Figure 4. XRD patterns of (a) P3 at 298 K and (b) P5 at 298 K (blue) and 373 K (red).
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Figure 5. XRD pattern of P5 at 298 K CHCIs-dropcast film (black) and second cycles (blue).
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Reproducibility/reversibility was confirmed for the S1-S2 endo/exothermic peaks around
344-356 K in successive thermograms, as represented in the second runs in Figure 4. The enthalpy
change (AH) of the S1-S2 peak was recorded as one-sixth of AH.: the transition into the isotropic

liquid.

Temperature dependent XRD analyses were conducted for CHCls-cast films of P3 and PS5 to
confirm the condensed phase structures of P3 and PS5, and the results are also shown in Figure 5.
All the patterns were recorded in the second heating cycles, and distinct double peaks were
observed for P5. It was noteworthy that the diffraction pattern of the as-cast film of PS5 in the first
heating cycle was almost featureless, which is in striking contrast to that for the melt-crystallized
film after the second heating cycle; P5 can be effectively crystallized during the first and later
cooling processes. Almost identical patterns were obtained for both P3 and PS at room temperature,
which consisted of two major peaks with d-spacings of 1.45 and 0.399 nm in P3, and 1.36 and
0.403 nm in PS. The larger d-spacings at 1.36—1.45 nm represent the inter-molecular distances
orthogonal to the rod-like molecular axes with interference by the long alkyl peripheries. Given
that the chain lengths of the peripheries in P3 and P5 were identical, the slightly shorter d-spacing
in PS5 may be due to interdigitation of the alkyl chains in the peripheries. The diffraction peaks at
0.399-0.403 nm were assigned to m-stacking of the conjugated backbones, which were ca. 6%
extended from the reported n-stacking distances in PPEs'>!%. No clear change was observed in the
XRD pattern of P3 upon heating, and the pattern became featureless above the melting point. In
contrast, PS showed clear fingerprints of crystalline phases below and above the S1—-S2 phase
transition temperature, which was associated with a slight peak shift observed only for the m-stack
spacing. Rod-like molecules with relatively higher molecular aspect ratios have often exhibited

solid—mesophase transition, which leads to the nematic/smectic liquid crystalline phases!”!%.
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However, the characteristic S1—S2 phase transition in PS5 is unlikely to be such a case, but rather
a solid—solid transition, according to the XRD analyses. The stepwise change in the d-spacing of
the m-stacking is due to partial melting of the peripheral alkyl chain ends, which plays a key role

in the intermolecular locking via alkyl interdigitation'®.

Electronic absorption spectra of P3 and P5 films were measured in terms of intermolecular
electronic coupling upon the S1-S2 phase transition (Figure 6). Despite the larger m-stacking

distances, and thus the presumption of less electronic coupling, vibronic features appeared clearly.

(a)

Normalized Abs.

Normalized Abs.

15 2.0 25 3.0 35
E/eV

Figure 6. Electronic absorption spectra of CHCls-cast films of (a) P3 at 298 K and (b) P5 at

298 K (blue) and 373 K (red)
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The relative transition dipole strength that represents vibronic modes provides key information on
the spatial arrangements of adjacent conjugated backbones?’. The dipole strength of the lowest
energy 0—0 and the second 0—1 transitions have been a good indicator of the stacking mode. The
results suggest J-type aggregates of PS5, as evidenced by the larger transition dipole of the 0—0

transition.

No clear change was observed in the electronic absorption spectra of P3 upon heating. In contrast,
a significant blue shift of the absorption maxima was observed in PS upon heating from the S1 to
S2 states, which can be attributed to a reduction in the intermolecular electronic coupling. The J-
type stacking mode was still realized, even in the S2 phase of P5 without change of the relative

vibronic dipoles.

Here we discuss the simple solid-solid phase transition of PS5 with uniaxial anisotropic expansion
and how it impacts the electronic transport in both phases. Intracrystalline domain local charge
carrier motion was assessed by FP-TRMC measurement to address this question. CV as well as
DPV spectra of P3 and P5 (Figure 7) show the first oxidation potential at 1.22 and 1.18 V (vs.

ferrocene/ferrocenium) with small dependence on the chain length, suggesting equivalent photo
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Figure 7. Cyclic Voltammetry (CV) and Differential Pulse Voltammetry (DPV) spectra of P3
(a, b) and P5 (c, d) in CH2Cl> solutions using 0.1 M tetrabutylammonium tetrafluoroborate (n-
Bus-NBF4) as supporting electrolyte, Ag/AgCl as reference electrode, and platinum as
working and counter electrode.
ionization yield upon excitation at 355 nm in FP-TRMC measurements.?!*> P3 exhibited a marked
pseudo transient conductivity of 5.7x10° m? V! s at 293 K, which was increased slightly up to
6.6x10° m?> V! s at 353 K. The weak intermolecular electronic coupling was expected both in
P3 and PS5, as presumed by XRD and UV-vis measurements, and thus a thermally activated
hopping regime is responsible in all the crystalline phases of these compounds. This is the case
give small rise in the pseudo transient conductivity. On the other hand, the pseudo transient
conductivity of P5 was decreased slightly from 8.4x10° m? V! s! at 293 K to 7.9x10° m? V! 5!
at 373 K. Note that the conductivity was significantly higher in PS5 than in P3, but with negative

temperature dependence. The uniaxial anisotropic expansion in PS5 causes a steep rise in the
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Figure 8. FP-TRMC photoconductivity transients recorded for (a) P3 at 293 K (blue) and 353

ol

K (red), and for (b) P5 at 293 K (blue) and 373 K (red) upon excitation at 355 nm, 9.1x10%°

photons per cm? per pulse. The samples were prepared by drop-casting from chloroform

solution.

intermolecular hopping barrier, which leads to this contrasting result. A maximum of ca. 6%
compression/expansion of crystalline unit cells is observed by pressurization/relaxation of typical
van der Waals solids with similar long alkyl chain peripheries to as much as 0.5-1 GPa*. The

conductivity change in the S1 and S2 phases of PS5 is consistent with that observed in the
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pressurization/relaxation of poly(3-hexylthiophene) (P3HT) at room temperature. Another
characteristic feature in the conductivity transients was in the decay kinetics, which exhibited long-
lasting components, particularly in PS upon heating. Intermolecular gap expansion upon heating

may suppress the bulk (Langevin) recombination of photogenerated electron—hole pairs.

3.4 Conclusion

The optoelectronic properties of the OPE trimer (P3) and pentamer (P5) were investigated as a
function of temperature. A unique solid-solid phase transition was observed only in the analog of
P5 at 356 K. The phase transition can be assigned as uniaxial anisotropic expansion of the
crystalline phase via the partial melting of interdigitated alkyl chain peripheries. The impact of the
solid-solid phase transition was assessed with respect to the electronic conductivity in crystalline
domains, which revealed that the thermal activation of charge carrier hopping interplayed with the
reduction of intermolecular electronic coupling induced by uniaxial thermal expansion of the

intermolecular r-stacking distance up to ca. 6%.
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General Conclusion

In this thesis, the author has studied the correlation between the configuration/conformation and
the optoelectronic properties of conjugate polymer and oligomer. The new findings in this thesis

are summarized as follows.

In chapter 1, the author achieve a more ordered backbone configuration of PPE with simple
substituents instead of chiral substituents that restrict the free rotation of the backbones. The
configuration of PPE backbones in solution was studied by electronic absorption spectroscopy
and fluorescence spectroscopy of LPPE and CPPE as soluble PPE derivatives, as a function of
temperature. LPPE showed a remarkable electronic transition at 2.5 eV below 253 K, exhibiting
an ultra-sharp 0-0 transitionband with a FWHM of 74 meV and an ultralow Stokes shift of 161
cmL. The dramatic change in optical properties suggests an apparent ““electronic conjugation” in
which there is a steep increase in the persistence length along the backbones, although the
extension of the geometrical g value is limited to 20%. Considering the quantitative estimation of
free energy in terms of oscillator strength and the absence of a sharp 0-0 band when the
aggregates were prepared by the addition of a poor solvent, it appears that the small energetic
disorder of the conjugated backbone is only realized below 253 K. This phenomenon can be
explained by the suppression of rotational motions of the phenylene units in the PPE backbones

via the temperature decrease, which accelerates the chain aggregation. The rod-like transition
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occurs first, and subsequently the chains assemble into ordered aggregates with the suppression

of twisting and rotational motions of the intrachain units.

In chapter 2, alkyl symmetrically (C6-C6) and alkyl-fluoroalkyl asymmetrically (C6-C2F4, C6-
C1F5) -substituted polyacetylenes were synthesized. The correlation between the backbone
configuration and the difference of aggregation enthalpy in the side chains was investigated by
electronic absorption spectra at variable temperature. The total transition dipoles were calculated
numerically in the visible range, and the Huang-Rhys factor was used to estimate the
conformational disorder of conjugated polymers. As a result, unlikely to the case of C6-C6,
ordered aggregates of C6-C2F4 and C6-C1F5 were confirmed after aging. It was evident that the
configuration of the isolated main chains significantly affected the aggregation dynamics. In the
case of C6-C1F5, a clear kink of the curve plotted with the total transition dipoles against
temperature was seen at 220 K and 260 K respectively for before and after aging. The observed
shift in the temperature at the kink point supports the formation of the ordered aggregates, where
the rod-like chains after aging facilitate the effective aggregation of the polymers at higher
temperatures than that of coil forms before aging. The simple introduction of semifluoroalkyl
chains was found to serve as an efficient tool for controlling the aggregation behavior of soluble

PA derivatives.

In chapter 3, the author focused on conjugate oligomer, which identical conjugated chromophores
with shorter chains and no distribution are expected to enrich the crystallinity, and thus simulate
the inherent optoelectrical properties of the conjugated backbones. Conjugated oligomers with

distinct chain length: trimer (P3) and pentamer (P5) of phenylene-ethynylene units have been

89



investigated in this work to lead ordered crystalline phases of the linear chain molecules, and
serendipitously unique phase transition only in the pentamer was found. Unlike the case of
crystalline-liquid crystalline phase transition, the pentamer revealed to show unique solid-solid
transition with uniaxial expansion in its condensed phase. TRMC measurement suggests an
interplay of the thermal activation of charge carriers enhancing their hopping probability and the

uniaxial expansion reducing electronic coupling in r-stacking of adjacent molecules.

Through these studies, the author has developed optoelectric properties of structurally confined
conjugate molecules and molecular aggregate. Ordered aggregate structure is promoted by the rod-
like chains, temperature modulation and semifluoroalkyl side chains are efficient tool for
elongation on the persistence length. The finding demonstrated in this thesis would give a general

strategy to stabilize a particular conformer of polymer for practical applications.
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