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Chapter 1

General Introduction

Control over spatial arrangement of m-electronic groups is an important goal in
designing functional polymeric materials because it significantly affects performances
of m-electronic polymers and molecular systems exhibiting photo electronic properties
such as conduction, emission, optical non-linearity optical, and even photo catalytic
activity.! Such properties and functions are based on electronic or energetic interactions
in the m-conjugated systems, within a molecule and between molecules. It is hence
important to design a polymer system so a charge or energy can be
transported/transferred smoothly in a regulated way.

The most successful and practical examples in this discipline are main-chain conjugated
polymers represented by polyacetylene whose conduction has been ascribed to mobility
of charged injected by doping through a conjugated chain and among chains. Since the
finding of conduction of polyacetylene by Shirakawa, Heeger, and MacDiarmid (The
Nobel Prize in Chemistry 2000),> various main-chain conjugated polymers have been
designed and synthesized, among which poly(3,4-ethylenedioxythiophene) (PEDOT) in
combination of poly(styrenesulfonate) (PSS) is one of the most industrially applied
example.” With the excellent conduction behaviors of main-chain conjugated polymers,
they have drawbacks including deep color, poor solubility, and chemical fragileness
through oxidation. These drawbacks are inherent to the long main-chain conjugation: a
narrow HOMO-LUMO levels gap due to the long conjugation allows photoexcitation
by visible light, rigidity of the polymer chain arising from limited rotation freedom of
bonds that constitute the long main-chain conjugation system promotes inter-chain
interactions, and oxidation by O, in the air deteriorating electronic properties rather
easily occurs due to relatively high HOMO levels.

These aspects can be overcome through an alternative m-electronic macromolecular



design, a m-stacked structure. A stack of aromatic groups is an ideal structural motif

where charge transport and energy transfer are realized.
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Piling up multiple aromatic groups without forming covalent bonds among them in an
orderly stack in a polymer system may create novel photo electronic polymeric
materials free from the shortcomings noted above and even with improved properties.
Based on this idea, artificial m-stacked polymeric and molecular systems have been
designed (Figure 1.1); the examples include oligo(m-phenyleneethynylene)s,4
oligomers consisting of alternating donor and acceptor monomeric units,”® oligomers
consisting of acceptor monomeric units in the main chain that interact with a low-
molecular-weight donor molecule,’ oligomers having perylene moieties in the main

10-12 3 polymer of bezofulvene

chain,®® polymers consisting of cyclophane units,
derivative,”'* and polymers of dibenzofulvene (DBF) and its derivatives.">® Among
these examples, poly(dibenzofulvene) (poly(DBF)) is the first, n-stacked vinyl polymer.
In this work, in order to expand and deepen the synthetic and structural aspé;:ts of
poly(DBF), monomer and polymer syntheses were studied from views that had ‘never
been assessed. In addition, solid-state structure of poly(DBF) was examined for the first
time by means of various analytical methods. This thesis summarizes and discusses
these aspects and comprises of four chapters. Chapter 1 introduces the background
information, Chapter 2 describes a novel method of the synthesis of DBF monomer

which is based on photo excited-state chemistry, Chapter 3 discusses the cationic

polymerization of DBF which leads to a new m-stacked structure which have been

15,16 118

unforeseen in the anionic and radica

polymerizations, and Chapter 4 explores into

the solid-state structure of poly(DBF) where chain alignments were found.
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Chapter 2

Photo-induced B-elimination of 9-fluorenylmethanol leading to

dibenzofulvene

2.1 Introduction

Photochemistry is an important discipline in organic synthesis because light promotes
various reactions which are not driven by heat.! Typical elemental reactions induced by light
include E-Z isomerization, bond scission leading to radicals or carbene, ring closure and
cycloaddition. Although various products have been obtained through these photochemical
reactions, a clean, photo-induced dehydration (B-elimination) of alcohols leading to olefins
in the absence of side reactions is unprecedented. Because olefins can be used as source
materials for functional vinyl polymers, their synthesis through alcohol dehydration is as
important as the other methods, including the aldol condensation,” Wittig reaction,’ Tebbe-
reagent-based olefination,* Peterson  olefination,’ Julia-Lythgoe olefination,® McMurry
reaction (carbonyl coupling),’ Shapiro and related reactions,® and hydrogenation of
acetylenes.” In the ground state, the dehydration of alcohols can be achieved by pB-
elimination through contact with a base or an acid.

Herein we report the first, efficient photo-induced B-elimination of alcohol to olefin through

a radical-mediated mechanism which converts 9-fluorenylmethanol (FM) to dibenzofulvene
(DBF) (Scheme 2.1).

OH
H
' Irradiation ‘
Q O B-Elimination Q Q
FM DBF

Scheme 2.1. Synthesis of dibenzofulvene (DBF) through photo-induced B-elimination of 9-
fluorenylmethanol (FM).



DBF is an important olefin that leads through vinyl polymerization to poly(DBF) having a
unique 7-stacked conformation.'® On the basis of the conformation, the polymer exhibits
characteristic photoelectronic properties such as high charge mobility and remarkable
hypochromism as well as charge delocalization over the stacked fluorene units. DBF
monomers have been synthesized in the ground state from FM in the presence of a base such
as +-BuOK where dehydration is considered to occur through an Elcb mechanism."" The
present study discloses that DBF is obtained in the absence of base upon photoirradiation
and proposes that the reaction occurs through P-elimination via a radical-mediated

mechanism.

2.2 Experimental

2.2.1 Materials

9-Fluorenylmethanol (FM) (TCI), potassium t-butoxide (TCI) and 2,2,6,6-tetramethyl4-
piperidinol (Sigma-Aldrich) were used as obtained. Hexane (Kanto) was washed with
conc. H,SO4, aq. NaOH, and water in this order and distilled over CaH, under N,.
Methanol (Kanto) was distilled over CaH, under N,. Acetonitrile (Kanto) was dried on
MS4A and distilled under N,. Distilled H,O was obtained through the purified water
supply system at Institute for Catalysis, Hokkaido University. Dibenzofulvene (DBF),

the pristine sample, was synthesized according to the literature.'

2.2.2 Instrumentation and measurements

NMR spectra were recorded on JEOL JNM-ESC400 spectrometer (400 MHz for 'H,
100 MHz for *C). Size-exclusion chromatography (SEC) measurements were carried
out using a chromatographic system consisting of a JASCO DG-980- 50 degasser, a
HITACHI L-7100 pump, a HITACHI L-7420 UV-Vis detector and a HITACHI L7490
RI detector, equipped with TOSOH TSKgel G3000H HR and G6000H HR columns (30



x 0.72 (i.d.) cm) connected in series (eluent: THF, flow rate: 1.0 mL/min). UV-Vis
spectra were taken in quartz cells on JASCO V-550 and V-570 spectrophotometers, and
fluorescence spectra were measured using quartz cells on a JASCO PF-8500
fluorescence spectrophotometer. FT-IR spectra were recorded on a J ASCO FT/IR-6100
apparatus. Photo irradiation was conducted using a 300-W Xe lamp (Cermax Y-1089)
in a R300-3J lamp house driven with a model CX-04E power source with a MR 60/90-
ALM 45-deg reflecting mirror unit equipped with a CM2 UV cold mirror, an Asahi

Spectra 1200 50x50 cold filter, and a quartz-made focus lens.

2.2.3. Irradiation experiments

Solutions at 3.9 x 10 M were prepared in the following manner (samples for the data in
Table 2.1). A hexane solution of FM at 3.9 x 10”> M was prepared as follows (a sample
for the data in Table 2.1). A hexane solution: a 10-mL solution of FM in hexane (3.78
mg, 1.9 x 10 M) was prepared in a volumetric flask from which a 2-mL portion was
transferred using a 2-mL graduated pipette to a 100-mL volumetric flask where a
solution at 3.9 x 10 M in hexane was made by dilution. A methanol solution: a 10-mL
solution of FM in methanol (0.41 mg, 2.1 x 10™* M) was prepared in a volumetric flask
from which a 4.6-mL portion was transferred using a 5-mL graduated pipette to a 25-
mL volumetric flask where a solution at 4 x 10> M in methanol was made by dilution.
An acetonitrile solution: a 10-mL solution of FM in acetonitrile (1.57 mg, 8.0 x 10 M)
was prepared in a volumetric flask from which a 1.2-mL portion was transferred using a
2-mL graduated pipette to a 25-mL volumetric flask where a solution at 3.9 x 10° M in
acetonitrile was made by dilution. An H,O solution: a 100-mL solution of FM in H,O
(9.81 mg, 5.0 x 10* M) was prepared in a volumetric flask from which a 0.77-mL
portion was transferred using a 1-mL graduated pipette to a 10-mL volumetric flask
where a solution at 3.9 x 10° M in H,O was made by dilution. A sample solution in a 1-

cm, two-face quartz cell was irradiated for a prescribed duration of time. The distance



between the reflecting mirror and the focusing lens was 15 cm, and that between the

lens and the sample cell was 10 cm. A home-made aluminum-foil reflecting chamber

was placed behind the cell.

2.2.4. Determination of molar absroptivities of FM in hexane, methanol, acetonitrile,
and H,O

Absorbance values were measured at five to six different concentrations (Figure 2.7),
and molar absorptivities were estimated by a linear plot of absorbance against
concentration. Sample solutions were prepared as follows and numerical data are
summarized in Table 2.3. A 100-mL solution of FM (9.81 mg, 5 x 10* M) was
prepared using volumetric flask from which 4.5-mL was transferred using a graduated
pipette to a 25-mL volumetric flask to made 9.0 x 10° M by dilution. A 1.5-mL portion
of the 5 x 10™ M solution was transferred to 10-mL volumetric flask to made 7.5 x 10
M by dilution. A 3-mL portion of 5 x 10* M solution was transferred using a whole
pipette to 25-mL volumetric flask to made 6.0 x 10° M by dilution. A 1-mL portion of
this solution of the 5 x 10™* M solution was transferred to 10-mL volumetric flask to
made 5.0 x 10° M by dilution. A 2-mL portion of the 5 x 10* M solution was
transferred using a graduated pipette to a 25-mL volumetric flask to made 4.0 x 10° M
by dilution. A 3-mL portion of the 5 x 10° M solution was transferred to 5-mL
volumetric flask to made 3 x 10”° M by dilution. A 0.5-mL portion of the 5 x 10* M
solution was transferred using a graduated pipette to a 10-mL volumetric flask to made
2.5 x 10° M by dilution. A 1-mL portion of 5 x 10 M solution was transferred using a
graduated pipette to 5-mL volumetric flask to made 1 x 10° M by dilution, and then 1-
mL 3 portion of this solution (1 x 10 M) was transferred using a whole pipette to 10-

mL volumetric flask to made 1 x 10 M by dilution.
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22.5. Determination of molar absorptivities of DBF in hexane, methanol, and
acetonitrile

Molar absorptivities were estimated by absorbance spectra taken in the solvents where
one spectrum was taken for each solvent at the concentrations indicated below. Sample
solutions were prepared as follows and numerical data are summarized in Table 2.2.
Molar absorptivity in H,O was not determined, and the value for methanol was used for
the experiments in H,O. A hexane solution: a 50-mL solution of DBF in hexane (17.75
mg, 1.99 x 10 M) was prepared in volumetric flask from which a 1-mL was transferred
using a whole pipette to a 100-mL volumetric flask where a solution at 1.99 x 10° M
was made by dilution. A methanol solution: a 50-mL solution (18.35 mg, 2.06 x 10° M)
was prepared in volumetric flask from which a 1-mL was transferred using a whole
pipette to a 100-mL volumetric flask where a solution at 2.06 x 10° M was made by
dilution. An acetonitrile solution: A 50-mL solution (15.13 mg, 1.70 x 10° M) was
prepared in volumetric flask from which a 1-mL was transferred using a whole pipette

to a 100-mL volumetric flask where a solution at 1.70 x 10" M was made by dilution.

2.2.6. Fluorescence measurements of FM as well as 9,10-diphenylanthracene as a
standard compound for emission quantum yield measurements in hexane, methanol,
acetonitrile, and H,O

Sample solutions were prepared as follows and numerical data are summarized in Table
2.4. FM solutions: a 100-mL solution of FM (9.81 mg, 5.0 x 10 M) was prepared using
volumetric flask from which a 1-mL portion was transferred using a 1-mL whole pipette
to a 5-mL volumetric flask where a solution at 1.0 x 10* M was made by dilution. A 1-
mL of this solution (1.0 x 10* M) was transferred to a 10-mL volumetric flask and
diluted to a solution at 1.0 x 10° M. A 1-mL portion of the solution (1.0 x 10 M) was
transferred to a 10-mL volumetric flask and diluted to a solution at 1.0 x 10 M. 9,10-

Diphenylanthracene solutions: a 10-mL solution (3.30 mg, 1.0 x 102 M) was prepared

11



using a 10-mL volumetric flask from which a 1-mL portion was transferred using a 1-
mL graduated pipette to a 10-mL volumetric flask where a solution at 1.0 x 10* M was
made by dilution. A 1-mL portion of this solution (1.0 x 10™* M) was transferred to a 10-
mL volumetric flask and diluted to a solution at 1.0 x 10 M, and also a 1-mL portion
of the solution (1.0 x 10” M) was transferred to a 10-mL volumetric flask and diluted to
a solution at 1.0 x 10 M. Fluorescence spectra were measured on excitation at 265 nm
in 1-cm, four-face quartz cell sealed with a screw cap using the solution which had been

bubbled with N, gas for 20 min.

2.2.7. Computational method

Geometry optimization was carried out with the density functional theory (DFT)
calculation with the B3LYP functional. For the basis functions, the 6-31G sets were
used for all the atoms. This computational set up is accurate enough to investigate
qualitative mechanism of organic reactions. Singlet excited states were calculated using
time-dependent density functional theory (TDDFT). For the lowest triplet state, the
ground-state DFT with single determinant was used. The Gaussian 09 package was used
for the computations. For geometry optimization of the minimum energy intersystem
crossing point, our in-house code was used. To connect reactant and product states in
triplet-state potential energy surface, the sphere contracting walk method (SCW) was
used. To locate some transition states, the scaled hypersphere search method (2PSHS)
was used. The SCW and 2SHS calculations were carried out using the GRRM14

package. 14
2.3 Results and Discussion

Figure 2.1 shows the UV spectral change of a hexane solution of FM upon irradiation

(panel A) along with the UV spectrum of pristine DBF (panel B).
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Figure 2.1. UV spectra of a hexane solution of FM observed upon irradiation using a
300 W Xe lamp (A) ([FM]o = 1.6 x 10” M), (cell path = 1 cm) and UV spectrum of
pristine DBF in hexane (B) ([DBF] = 2.0 x 10™ M, cell path =1 cm).

Upon irradiation, the signals due to DBF appeared and they became more intense with
an increase in irradiation time at the cost of the signals due to FM. The presence of clear
isosbestic points at 225 nm, 259 nm, and 304 nm indicates that the reaction system
contains only FM and DBF and that no side reaction occurred upon irradiation. The
production of DBF in hexane upon irradiation was further confirmed by the IR spectrum

(Figure 2.2).
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Figure 2.2. IR spectra of DBF (a), FM (b) and a photo-generated DBF-FM mixture ()
prepared in hexane (3.9 x 10 M) on irradiation for 70 min (KBr): full-range (A) and
expanded (B) spectra.

Additionally, the formation of poly(DBF) was not confirmed by size-exclusion

chromatography (SEC) (Figure 2.3), confirming that the reaction is clean.

8
a.— FM a.— FM
b. — DBF-FM mixture 4.2 4b.— DBF-FM mixture
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Figure 2.3. SEC profiles of FM (a) and a reaction mixture of FM containing DBF
([FM]o = 3.9 x 10° M, irradiation time = 70 min) (b): full-range (A) and expanded
chromatograms (B).
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In order to obtain information on the photochemical dehydration of FM, kinetic
analyses were conducted on reactions carried out under various conditions, i.e., at
different concentrations in hexane, in the presence and absence of a radical scavenger
and in different solvents (hexane, acetonitrile, methanol, and H,O) (Figure 2.4 and
Table 2.1). The amount of DBF generated by the reaction was quantified on the basis of

the intensity of the UV signal at 256 nm corresponding to DBF (Figure 2.5).

|a. Hexane
— 0.05 b. Methanol
- ¢. CH;CN
g 00414 H,0
S 0.03
=
= 0.02 -
=
=
~ 0.01 -
= XA

w o W AA
0.00 -%; 5 vV VvV v vy ¥y vV

0 100 200 300 400 500 600
Time (sec.)
Figure 2.4. First-order rate plots for DBF production from FM upon irradiation in

hexane ( [FM]o = 3.9 x 10”° M) (a), acetonitrile ( [FM]o = 3.9 x 10” M) (b), methanol
([FM]o = 4 x 10”° M) (¢), and H,O ([FM]p = 3.9 x 10” M) (d).
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Table 2.1. First-order rate constants for DBF production from FM upon irradiation in

hexane under various conditions at 23 °c?

Run Solvent FM (M) kP (sec’!) o ¢
1 Hexane 3.9x107 8.6x 107
1.89 0.12
2¢ Hexane 3.9x107 8.5x107
3 MeOH 4x1073 7x107 33.62 0.29
4 CH;CN 3.9x 107 3.2x1073 37.50 0.35
5 H,0 3.9x 107 ~0f 80.37 0.33

2 Irradiation using a 300 W Xe lamp. ® Determined at a conversion of 5.0% or lower by
UV spectroscopy. ° Dielectric constant data cited from ref. 12 . 4 Determined using
9,10-diphenylanthracene as a standard compound (F = 0.90, ref. 13). ¢ In the presence of
2,2,6,6-tetramethyl4-piperidinol (5.1 x 10* M). " No products were detected.
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Figure 2.5. Absorbance spectra of FM in hexane (1.99 x 10 M) (A), methanol (2.06 x
10° M) (B), and acetonitrile (1.70 x 10” M) (C) in different solvents (cell path length =

1 cm; temp. = 23 °C).
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Table 2.2. Molar absorptivities of DBF in various solvents®

Solvent Amax g Amax & Asmax €3 Agsmax g4

Hexane 3062 9080 2954 8930 278.0 10100 268.0 11200
Methanol 3054 7220 294.4 8040 276.8 9530 266.8 10400
Acetonitrile  305.4 8440 2944 9420 277.0 11400 266.6 12400
Solvent Asmax  &s Agmax &g Asmax €7 Agmax &g

Hexane 256.0 56500 251.8 25000 246.8 35500 224.0 32700
Methanol 255.4 52300 251.4 23600 246.2 33400 221.4 33900
Acetonitrile  255.4 58700 251.4 26900 246.4 37400 225.0 37500

®Minimum wavelength resolution setting = 0.2 nm.

First, the dependence of the initial reaction rate on the concentration of FM was
examined in hexane at [FM]o = 7.5x 10° M, 5.0 x 10° M, 3.9x 10° M, 1.5 x 10° M
and 1.0 x 10 M (Figure 2.6) for 600 s duration of the reaction (conversion < 5.0%);
the reaction was found to be almost first order with respect to [FM]y, where the slope

was 1.06. This result suggests that the photo-induced B-elimination of FM is an almost

unimolecular reaction.
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Figure 2.6. Conc. vs. initial reaction rate plots of photo-generated DBF in hexane at
[FMJo = 7.5x 10° M, 5.0 x 10° M, 3.9 x 10° M, 1.5 x 10° M, and 1.0 x 10 M for
different durations of reaction. The data have been normalized to match the results
reported in Table 2.1 and Figure 2.4 at [FMJo = 3.9 x 10° M in order to minimize

errors due to aging of the Xe lamp.

Figure 2.4 indicates the first-order plots of the reactions in different solvents. All the

reactions at low conversions ( < 5.0%) exhibited almost linear relations according the
[FM]o e
n —
[FM]t

where [FM]o and [FM]; are the concentrations of FM before starting irradiation and at a

following equation:

given duration of irradiation (t), respectively, k is the first-order rate constant, and t is
the duration of irradiation. The data points in all the reaction plots in this work were
well approximated by linear lines, and the first-order rate constant (k) values were

determined in the range of conversion of 0-5.0% (Table 2.1).
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The solvent remarkably affected the reaction rate; the rate constants decreased in the
following order of solvents, i.e., in hexane, in MeOH, in CH3CN, and in H,O (Figure
2.4 and Table 2.1). The order of the solvents seems to be in accordance with the order
of their dielectric constants (€). The solvent polarity effect is opposite to that expected
from the deprotonation-based mechanism in the ground state;'! a polar reaction
involving deprotonation would be faster in a solvent with a higher dielectric constant.
The reaction therefore may not go through an Elcb mechanism involving a raw
carbanion at the 9-position of the fluorene backbone. The reaction in excited states may
proceed rather through a mechanism which is not mediated by an ionic species.

In regard of these experiments in different solvents, it was confirmed that the
absorbance of FM had a linear relationship with the concentration in the range of
concentration discussed in this work (Figure 2.7 and Figure 2.8). This result strongly

suggests that FM is molecularly dispersed without aggregate formation in all solvents

including H,O.
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Figure 2.7. Absorbance spectra of FM in hexane (A), methanol (B), acetonitrile (C),
and H,O (D) at different concentrations (cell path length = 1 ¢cm; temp. = 23 °C).
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Figure 2.8. Absorbance-vs.-concentration plots for FM in hexane (A), methanol (B),
acetonitrile (C), and H,O (D) (cell path length = 1 cm; temp. = 23 °C).

In addition, as far as the organic solvents are concerned, the rate constant was higher in
a solvent in which the fluorescence efficiency (®) of FM was lower. This result may be
in line with an assumption that the reaction would occur through a triplet excited state
similarly to many other photo chemical reactions. A lower fluorescence quantum yield
may be caused in part by a higher efficiency of intersystem crossing leading to a higher

chance of generating a triple-state active species (quenching by the reaction) although
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efficient non-radiative deactivation to the ground state directly from singlet excited
states may also contribute.

Additionally, the molar absorptivity of FM was rather smaller in acetonitrile and in H,O
than in hexane and in MeOH (Table 2.3) (hypochromicity) which may be suggestive of

n-stacking interactions between FM molecules in the ground state.

Table 2.3. Molar absorptivies of FM in various solvents.

Solvent Amax (nm) e(L mol! cm‘l)
Hexane 265.8 20000
Methanol 265.5 24700
Acetonitrile 265.0 18400
H,0 265.2 16000

However, the emission spectral shape of FM with the emission maximum wavelength of
304 nm was unchanged without any new signals based on excimer formation upon
changing the solvent (Figure 2.9) These results suggest that & -stacking interactions in

the ground state, if any, may be too weak to promote excimer interactions in excited

states which could affect the reaction rate.
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Figure 2.9. Emission spectra of FM in various solvents (excitation wavelength = 265
nm; cell path length = 1 cm).

Table 2.4. The Fluorescence analysis of FM in hexane, methanol, acetonitrile, and H,O
at 23 °C?

Run Solvent A max1 (nm) Intensity (a.u.) @
1 hexane 304.2 1143.39 0.12
2 methanol 304.2 1815.95 0.29
3 acetonitrile 304.6 2362.57 0.35
4 H,0O 304.6 1855.03 0.33

[FM] = 1.0 x 10 M, Aex = 265 nm. "Determined using 9-10-diphenylanthracene as a
standard compound (F = 0.90).

Further, the presence of 2,2,6,6-tetramethyl-4-pieridinol, a radical scavenger, had little
effect on the reaction in hexane (runs 1 and 2 in Table 2.1). In addition, the presence
of oxygen contained in air did not significantly affect the reaction (Figure 2.10). These

results suggest that the reaction system does not involve free-radical species.
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Figure 2.10. First-order rate plots for DBF production from FM on irradiation in hexane
distilled under N; (A) and in hexane bubbled with air (B) ([FM]y = 3.9 x 10° M) . The
latter solution was bubbled for 10 min before starting the reaction, and further bubbled
for 1 min after each spectral measurement. The data have been normalized to match the
results reported in Table 2.1 and Figure 2.4 at [FM], = 3.9 x 10° M in order to

minimize errors due to aging of the Xe lamp.

In order to shed light on the reaction mechanism, density function theory (DFT)
calculations were conducted on the transformation of FM (Figure 2.11). Some of the
transition states were obtained using the GRRM package.'* The black, purple, and red
paths correspond to those in the Sy, S;, and T, states, respectively. When photoexcited
from the S, state to the S state followed by structural relaxation, the conformation of
FM slightly changes mainly through the rotation around the single bond connection of
the 9-poisiton carbon and the -CH,- group (S;-min). FM then proceeds to the key
transition state in the triplet state (T;-TS1) involving homolysis of the CH,-O bond
leading to an OH radical and an 9-fluorenylmethyl radical. The OH radical appears to

interact with the hydrogen at the 1-position of the fluorene backbone possibly through
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weak hydrogen-bonding (T;-IM1 and T,-IM2) before it interacts with the hydrogen at
the 9-position in the second transition state (T,-TS2) which leads to abstraction of the
hydrogen leading to DBF (T;-IM3). The methylene unit in DBF is perpendicular to the
fluorene backbone in the triplet state (T;-IM3) and becomes coplanar when it is

deactivated to the S, state via the minimum energy intersystem crossing point

(MEISCP).

Relative potential energy / kcal-mol?

Sp-min S;-min T,-min  Tj-twisted  T,-TS1 T-IM1 T,-IM2 T,-TS2 T,-IM3 MEISCP

Somin

ex?:ﬂgyc?on Transition from S, to T, Homolysis Rearrangement H-atl))strgtl:_%ion Intersystem

leading to -OH of -OH Y;® crossing

Figure 2.11. Proposed mechanism of the photo-induced B-elimination of 9-
fluorenylmethanol leading to dibenzofulvene. Numbers and E, denote relative potential

energies and activation energy in kcal mol”, respectively. MEISCP stands for the
minimum energy intersystem crossing point.

The B-elimination is thus expected to occur through a concerted mechanism where

radical species have a role. Although the reaction in the presence of a radical scavenger
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did not affect the rate constant (run 2 in Table 2.1), the life times of the proposed OH
and 9-fluorenylmethyl radicals may be too short in the concerted reaction that the two
species cannot collide with the scavenger or oxygen. The nature of the propoSed radical
species may be different from that of general free-radical species.

In connection to the proposed mechanism, the polar solvent effects discussed earlier
may be interpreted in terms of mobility of the reactive species. The OH radical may be
interacted with MeOH or CH3CN or H,O through hydrogen-bonding and/or dipole-
dipole interactions, and therefore have lower mobility in polar solvents than in hexane
leading to less efficiency in the rearrangements (T;-IM1 and Ti-IM2), depicted in
(Figure 2.11).

The mechanism predicted by the DFT calculations is in a sharp contrast to the facts that

516 and benzylalcohol derivatives'’ have been expected to form an

fluorene derivatives'
ion or radical on the carbon atom at the benzylic position where the active species can
be stabilized by conjugation with the aromatic system. Homolysis of the CH,-O bond
of FM is hence unexpected. As DFT methods have been used to successfully interpret

radical reactions,'®"

we believe that the predicted radial mechanism can be trusted.

2.4 Conclusion

We disclosed the first photo-induced B-elimination reaction through a radical-mediated
mechanism leading to a useful olefin compound. The observed effects of solvents and
additives and the results of theoretical calculations suggested that the radical species
may have a role in the olefin formation. Although the scope of the photo-induced B-
elimination reaction is still limited to the conversion of 9-fluorenylmethanol so far, the

scope of the substrate may be expanded through future research work.
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Chapter 3

Cationic polymerization of dibenzofulvene leading to a n-stacked

polymer

3.1. Introduction

Polymer chain conformation often affects the properties and function of polymeric
materials; conformational control through polymerization is thus important.
Representative macromolecules with controlled chain conformation include helical and

n-stacked polymers. ' n-Stacked conformations can be found in polymers including

9 0

poly(dibenzofulvene) (poly(DBF)) and derivatives,” polyether,l polyurethane,“

1415 and those

polyphanathroline,12 polyketone,13 poly(benzofulvene) and derivatives,
based on cyclophanes.'®"® Poly(DBF) is the first vinyl polymer having a m-stacked
conformation in which the main-chain C-C bonds are nearly all trans and the side-chain
fluorene moieties are stacked on top of each other (Scheme 3.1).%7 Such a
conformation was fully elucidated by spectroscopic and x-ray crystallographic analyses
of isolated oligomers having defined chain lengths. Poly(DBF) exhibits intriguing photo
electronic properties including a high charge mobility for a vinyl polymer (u= 2.7 x 10
em? Vst at 299 K at F =7 x 10° V/em) which is higher than those of some main-chain
conjugating polymers such as poly(p-phenylenevinylene) (1 x 10% cm? V! ) and
poly(methylphenylsilane) (1 x 10* cm® V''s™) due to its strictly controlled n-stacked
chain conformation.”

This polymer can be prepared by ionic or radical polymerization of DBF and full details

621 while cationic

of anionic and radical polymerization have been explored
polymerization has not yet been extensively studied. Herein we report the detailed
results of cationic polymerization of DBF with an emphasis on the stereochemistry of
polymerization (Scheme 3.1). In general, among various addition polymerization

techniques, anionic polymerization and coordination polymerization have been mostly
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applied for the synthesis of stereo-controlled polymers of a wide variety of chemical
structure, and there also have been examples of successful stereo regulation by radical
polymerization of monomers leading polymers with a rigid conformation and polar
monomers in the presence of Lewis acids. In a sharp contrast, achievements in stereo
regulation by cationic polymerization have been much less significant compared with
those by the other techniques. In this context, stereochemical studies on cationic
polymerization of DBF which is expected to lead to a rigid, n-stacked conformation of

resulting polymer may open a new phase of cationic polymerization chemistry.

BF,-OEt,
or
' protic acid . n
DBF Poly(DBF)

Scheme 3.1. Cationic polymerization of DBF.

3.2 Experimental

3.2.1 Materials

DBF was prepared according to the literature.>’ BFs-OEt, (95%, Kanto), CH3;CO,H
(TCI), CF3CO,H (TCI), were CH3SOsH (TCI) were used as obtained. Styrene (TCI)
and CH,Cl, were dried and distilled over CaH,.

3.2.2 Instrumentation

NMR spectra were recorded on a JEOL JMN-ECX400 spectrometer. Size-exclusion
chromatography (SEC) measurements were carried out using a chromatographic system
consisting of a JASCO DG-980-50 degasser, a HITACHI L-7100 pump, a HITACHI
L-7420 UV-Vis detector and a HITACHI L-7490 RI detector, equipped with TOSOH
TSKgel G3000H HR and G6000H HR columns (30 x 0.72 (i.d.) cm) connected in series

34



(eluent: THF, flow rate: 1.0 mL/min). Preparative recycling SEC was performed with a
JAI LC-9201 chromatograph consisting of a JAI PI-50 pump and a Soma S-3740
UV/Vis detector equipped with JAIGEL 1H and 2H columns (60 x 2 (i.d.) cm)
connected in series (eluent: CHCls, rate: 3.5 mL/min). UV-Vis spectra were taken using
quartz cells on JASCO V-550 and V-570 spectrophotometers, and fluorescence spectra
were measured using quartz cells on a JASCO PF-8500 fluorescence spectrophotometer.
MALDI-TOF mass spectra were collected on a Bruker UltraFlex III and autoflex
machine using dithranol (DIT) as matrix. 10.0 mg DIT dissolved in 1.0 mL THF.

3.2.3 Polymerization

Typical procedure of polymerization (entry 3 in Table 3.1): DBF (178 mg, 1.00 mmol)
was dissolved in 5 ml of CH,Cl, under N, atmosphere in a 10-ml round bottomed flask
sealed with a three-way stop cock. A BF;-OEt, solution in CH,Cl, (0.775 M) (261 pl,
0.202 mmol) was added with a hypodermic syringe to the monomer solution cooled at
0 °C, and the reaction was run for 24 h. After confirming the monomer conversion ratio
by NMR analysis of an aliquot of the mixture, the reaction mixture was poured into a
large excess of MeOH, and the MeOH-insoluble part was collected with a centrifuge.
The MeOH-insoluble part was further separated into THF-soluble and insoluble parts

through reprecipitation and collection with a centrifuge.

3.3. Results and Discussion

3.3.1. Polymerization behavior

Cationic polymerization of DBF was conducted in CH,Cl, using BF;-OEt; as catalyst at
-40°C, 0°C, and 40°C or using CH3CO,H, CF3;CO,H, or CH3SO;H as initiator at 0°C at
various monomer and catalyst concentrations. The conditions and results are
summarized in Table 3.1. In the polymerization using BF;-OEt, under all conditions at

[DBF], = 0.2 M and 0.1 M at 0°C, the monomer was almost completely consumed
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while the monomer conversion ratio was lower at [DBF], = 0.05 and 0.025 M. As we
previously reported, the anionic and radical polymerization products of DBF contained
significant amounts of insoluble polymers. The insolubility of the polymer is considered
to arise from close packing of chains with the controlled conformation. In addition, the
yield of insoluble polymer is known to be higher at a condition where the production of
a longer chain is expected. The cationic polymerization products were also mostly
insoluble in solvents, suggesting that the cationic polymerization products possess a
controlled conformation.

In more detail, the yield of THF-insoluble polymer tended to be higher at a higher
[DBF], at a constant [DBF]/[BF;] ratio ([C/I], in Table 3.1) of 5 (runs 3, 6, 7, and 8 in
Table 3.1). On the other hand, [DBF]/[BF;] ratio seemed not to clearly affect the yield
of THF-insoluble polymer at a constant [DBF], of 0.2 M. These results indicate that
DBF concentration is an important controlling factor of chain length in the cationic
polymerization while [monomer]/[initiator] ratio is not.

Temperature effects can be read from runs 3, 9, and 10 in Table 3.1 at [DBF],=0.2 M
and [BF3], = 0.04 M. While the monomer was almost completely consumed under
these three conditions, the yield of THF-insoluble product at 40°C was obviously lower
than those at -40°C and 0°C. These results might suggest that chain transfer may have
more significant role at 40°C than at 0°C and -40°C.

In addition, it is noteworthy that CH3SO;H effectively polymerized DBF (runs 11 and
12 in Table 3.1). The monomer was almost completely consumed in the systems with
CH3SO;H at 0°C while this initiator leads to much lower monomer conversions (3-4 %)
in the polymerization of styrene under the same conditions. DBF was also polymerized
using CF3;CO,;H and CH3CO,H (runs 13 and 14 in Table 3.1) while these initiators
were not effective for styrene polymerization under the same conditions. These results
clearly indicate that DBF is a highly reactive monomer in cationic polymerization as

well as in anionic and radical polymerizations.
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The monomer conversion in the polymerizations using the protonic acids at 0°C (runs
11, 13, 14 in Table 3.1) at [DBF], = 0.2 M and [acid], = 0.04 M seems to increase with
a decrease in pKa of the acids, i.e., 1.6 for CH3;SO:H, 3.4 for CF3COH, and 12.3 for
CH;CO,H (in DMSO0),”* supporting that proton is the initiating species. It is
interesting that CF3CO,H and CH;CO,H having largely different pKa’s led to rather
similar monomer conversions. Some interaction between DBF molecules and the acid
molecules or the corresponding counter anions may have a role in the polymerization

behaviors with the three acids.
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Table 3.1. Cationic polymerization of DBF in CH,Cl, for 24 n?

MeOH-insoluble product

THEF-

ru oo Temp. [DBFL [ Conv® Tnsol. THF-sol.
[°C] M] M] [%] d) Mn®
Yield Yield oo (vs
[%] %] pgy  DBF)
1 BF;-OEt, 0 02 02 >99 90 9P 340 490
2 BF3-OEt, 0 02 0.1 >99 96 30 370 520
3 BF;-OEt, 0 02 004 >99 95 49 320 460
4 BF;-OEt, 0 02 002 >99 98 19 320 460
5 BF;-OFEt, 0 02 001 >99 96 30 300 430
6 BFs-OEt 0 01 002 >99 78 9 640 920
7 BF;-OFt, 0 005 0.01 89 68 8 690 990
8 BF;-OFEt, 0 0.025 0.005 63 56 7P 680 970
9 BF3-OEt, 40 02 004 >99 13 29 1010 1440
10 BFs-OEt, 40 02 0.04 >99 74 11° 500 720
11 CH3SOsH 0 02 004 >99 80 4 590 840
12 CH;SO;H 0 0.05 001 >99 49 9 640 920
13 CFsCO.H 0 02 004 17 8 6 1640 2350
14 CH;COH 0 02 004 10 2 6 2250 3220

DBF (178 mg, 1.00 mmol); PC/I denotes “catalyst or initiator”’; “Determined on the
basis of '"H NMR analysis of crude products and the ratio of MeOH-lnsoluble THF-
1nsolub1e part, MeOH-insoluble, THF-soluble part, and MeOH-soluble part;

‘Determined by SEC using polystyrene standards; “Mn value relative to
poly(dlbenzofulvene). Calculated by multiplying the Mn values relative to standard
polystyrenes by a factor of 1.43 which was obtained through a comparison of ten
experimental Mn values relative to standard polystyrene and those relative to standard
poly(dibenzofulvene) reported in ref. 21. "Calculated on the basis of theoretical total
polymer yields and experimental yields of THF-insoluble products.
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Figure 3.1 indicates the IR spectra of insoluble poly(DBF)s prepared by cationic,
anionic and radical polymerizations. Through a change in aromatic substitution that can
occur through isomerization of the growing species may be reflected in IR spectra
typically in the range of 2000-1750 cm’, the three spectra in Figure 3.1 have very
similar spectral patterns, indicating that the cationic polymerization does not involve
isomerization of growing species as well as anionic and radical polymerization.

In addition, the polymers prepared using BF;-OEt, and CH3SO3H exhibited signals of
mass numbers of 875.4, 1055.6, 1233.6, 1411.8, 1589.8 and those of 875.5, 1055.6,
1233.708, 1410.8, 1589.9, respectively (Figure 3.2). The spacing of the peaks is ca.
178-180 which is close the DBF unit molar mass. These results support that the
polymers prepared by cationic polymerization have no chemical structural defects as

well as those made by radical and cationic polymerization.

a. Anionic

b. Free radical

c. Cationic

| I | U I I I | ! |
2000 1950 1900 1850 1800 1750
Wavenumber (cm™)
Figure 3.1. IR spectra of poly(DBF)s prepared by anionic (a), radical (b), and cationic
(¢) polymerizations. [THF-insoluble polymers, KBr pellet]
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Figure 3.2. MALDI-TOF mass spectra of THF-soluble poly(DBF)s prepared using
BF;-OEt, (run 10 in Table 3.1) and (A) and using CH3SOsH (run 11 in Table 3.1) (B).
Samples were prepared by depositing 1pL of poly(DBF) solution in CHCl; (7 mg/mL)
onto pre-formed thin layer of dithranol matrix by drop-casting 1uL of THF solution (10
mg/mL, 4.42 x 102 M) in a sample well.

3.3.2. Chain conformation and polymer properties
Because poly(DBF) does not have any centers of chirality, chain conformation is the
focus of stereochemical studies. Chain conformation of poly(DBF) prepared by cationic

polymerization was assessed by 'H NMR, UV absorbance, and fluorescence
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spectroscopic analyses of the THF-soluble part. Figure 3.3 shows the 'H NMR
spectrum of THF-soluble poly(DBF)s prepared using BF3;-OEt, (run 10 in Table 3.1)
and using CH3;SO3H (run 11 in Table 3.1) along with that of fluorene as a unit model
compound. In the spectra of the polymers, the aromatic proton signals appeared in the
range of 4.8-7.8 ppm which are remarkably up-field shifted compared with those of
fluorene (7.3 — 7.8 ppm). This remarkable magnetic anisotropy effect strongly suggests
that the side-chain fluorene moieties are stacked on top of each other, i.e., the polymers
have a well-controlled n-stacked conformation. It is interesting that the NMR spectrum
of the polymer prepared using BF3;-OEt, indicates —CH,- signals in a much broader
chemical shift range of 0.2-3.8 ppm than the polymer prepared using CH3SOsH with —
CH,- signals within the range of 1.6-2.8 ppm, suggesting that the two polymers have
different m-stacked structures. The spectral pattern of the polymer prepared using
CH;SO;H is very similar to those of poly(DBF)s prepared by anionic and radical
polymerizations.

It has been predicted by DFT calculations that the positions of -CH,- signals are very
sensitive to main-chain conformation of poly(DBF) and that they may largely up-field
shifted in a defective part in an all-trans n-stacked conformation and also in a n-stacked
conformation based on alternating trans-gauche main-chain structure’ which had never
been reported for the anionic and radical polymerization products. These results
suggest that cationic polymerization leads to two, different types of n-stacked
conformations depending on initiator or catalyst between which one is similar to those
of anionic and radical polymerization products with all-trans main-chain conformation
(Figure 3.4 a) and the other may be a mixture of conformations including n-stacked one
based on trans-gauche main-chain structure (Figure 3.4 b).

Polymer conformation thus varies depending on initiator/catalyst in cationic
polymerization of DBF. The difference in stereochemistry in DBF cationic

polymerizations using BF;-OEt, and using CH3SO;H may be ascribed to effects of
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counter anion, i.e., [BF3-OH] for the system with BF3-OEt; and CH3SO5’ for the system
with CH3;SO;H. Counter ion effects on stereochemistry of cationic vinyl
polymerization have been suggested in only very limited cases.”*?

It is also noteworthy that the polymer prepared using BF3-OEt, has much broader peak
shapes in the entire chemical shift range (Figure 3.3 b) while the one synthesized using
CH;SO;H has rather sharp signals (Figure 3.3 ¢) which are very similar to those of
soluble poly(DBF)s prepared by anionic and radical polymerizations 721 in spite of the
fact that the two polymers have similar Mn’s as revealed by SEC. Masses may be
largely different leading to different spin relaxation times in NMR experiments. The
conformation of the polymer prepared with CH;SO;H may be much more rigid leading

to a much shorter spin relaxation time compared with the all-trans, n-stacked polymer

prepared with BF3;-OEt,.
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a. Fluorene

CHCl,

b. Poly(DBF)
(BF3-OEty)

\

CHCl,

c. Poly(DBF)
(CH3SO3H) W
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Figure 3.3 'H NMR spectra of fluorene as unit model compound (a), THF-soluble
poly(DBF) prepared by cationic polymerization using BF;-OEt, in CH,Cl, at -40°C
under the conditions same as those in run 10 in Table 3.1 using 851mg (4.78 mmol) of
DBF (b) and THF-soluble poly(DBF) prepared by cationic polymerization using
CH3SO0sH in CH,Cl; at 0°C (run 11 in Table 3.1) (¢). X denotes impurity. [400 MHz,
CDCI3, room temperature].
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b. Trans-gauche n-stacked conformation

Figure 3.4. Proposed m-stacked conformations based on all trans main chain structure
(a) and trans-gauche main chain structure (b).

Stability of the new conformation of the polymer prepared using BF3;-OEt, was assessed
by heating the polymer in solution (Figure 3.5). 'H NMR spectral pattern did not
change through heating a polymer solution in CDCl; at 60°C for 6 h, indicating that the
conformation was stable under these conditions. This finding is interesting in
connection to stability test of a trans-gauche, m-stacked conformation by force-field
based molecular dynamics simulations which indicate that a trans-gauche conformation
swiftly transforms into an all-trans conformation; reliable force-field parameters for -

stacked polymers might still need to be sought.
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Figure 3.5 '"H NMR spectra of poly(DBF) prepared using BF3-OEt; (run 10 in Table
3.1) before (a) and after heat treatment in CDCl; solution at 60°C for 0.5 h (b), 1 h (c), 3
h (d), and 6 h (e). [400 MHz, CDCl3, 23°C]

Absorbance and fluorescent spectra of the THF-soluble poly(DBF) prepared with BF3-
OEt; are shown in Figure 3.6 A and B along with those of fluorene as a unit model
compound. The polymer indicated a remarkable red shifts and hypochromism with
respect to fluorene in the absorbance spectrum (Figure 3.6A), and it exhibited an almost
exclusive dimer emission centered at around 400 nm in the emission spectrum (Figure

3.6B). These results are consistent with the conclusion that the polymer has a n-stacked
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conformation. The spectral shapes are similar to those reported for poly(DBF)s

prepared by anionic and radical polymerizations.
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Figure 3.6 Absorbance (A) and fluorescence (B) spectra of THF-soluble poly(DBF)
prepared by cationic polymerization under the conditions same as those in run 10 in
Table 3.1 using 851 mg (4.78 mmol) of DBF (a) and fluorene as a unit model (b)
measured in THF. [Conditions for A; room temperature, cell path 10 mm, [fluorene]
1.00 x 10° M, [poly(DBF) (per residue)] 2.70 x 10° M: conditions for B; room

temperature, cell path 10 mm, [fluorene] 1.00 x 10° M, [poly(DBF) (per residue)] 2.70
x 107 M].

Further, effects of chain length on the new w-stacked conformational were investigated
using five different polymer samples obtained by preparative SEC fractionation of the
THF-soluble poly(DBF) prepared using BF3;-OEt, at 0°C.  Preparative SEC
fractionation led to the samples having Mn’s of 1430, 1000, 920, 820 and 740 whose
Mw/Mn’s were in the range of 1.0~1.1. UV and fluorescence spectra of these samples
are shown in Figure 3.7 A and B. All samples indicated red shifts and hypochromism
in absorbance spectra, and the extent of hypochromism was greater for a sample having
higher Mn (Figure 3.7A); this tendency is similar to that reported for poly(DBF)s

prepared by anionic polymerization.®” A longer chain may lead to stronger electronic
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interactions between neighboring, stacked fluorene moieties in the poly(DBF) chain
obtained using BF3-OEt, whose conformation involves trans-gauche n-stacked structure
as well as those in all-trans n-stacked poly(DBF) chain.

In the fluorescence spectra (Figure 3.7B), all samples indicated spectra consisting of
excimer (dimer) emission centered at around 400 nm and monomer emission centered at
around 310-320 nm between which the former had much higher intensity. As for the
intensity ratios between monomer and excimer emissions, no clear tendency of decrease
or increase depending on Mn was found. It is noteworthy that even the oligomer
sample having an Mn of 740 exhibited clear characters of n-stacked conformation in the
UV and emission spectra. This may mean that the polymer prepared using BF3-OEt,
has a stable nt-stacked conformation even when the chain is rather short.

In addition, the sample having the highest Mn of 1430 prepared at 0°C indicated the
clear monomer emission (Figure 3.7B b) while no clear monomer emission was
observed for the poly(DBF) (Mn 500) prepared at -40°C using BF3-OEt, (Figure 3.6B).

This result indicates that the extent of n-stacked conformational control is higher at -40

°C.
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Figure 3.7. Absorbance (A) and fluorescence (B) spectra of SEC-fractionated
poly(DBF)s obtained from the polymer prepared by cationic polymerization using BF3-
OEt, at 0°C under the conditions same as those in run 3 in Table 3.1 using 1.26 g (7.09
mmol) of DBF: Mn 1430 (a), 1000 (b), 920 (c), 820 (d), and 740 (e). The spectra in A
were normalized at 312 nm according to the spectra in ref. 7. The spectra in B were

normalized at 315 nm. [room temperature, cell path 10 mm, in THF]

3.4 Conclusion

Cationic polymerization of DBF was studied under various conditions. In the
polymerization using BF;-OEt,, both [DBF]/[BF;] ratio and DBF concentration
appeared to affect chain length of the products. In addition to BF;-OEt,, CH3SO3H,
CF3COzH, and CH3CO,H led to polymers. The fact that the three protonic acids can
lead to poly(DBF) indicates that DBF is a highly reactive monomer in cationic
polymerization. The cationic polymerization products were found to have well
controlled n-stacked conformations which may vary depending on initiator or catalyst.
The polymer obtained using BF3;-OEt, is proposed to possess a n-stacked conformation
based on trans-gauche main chain at least in part while the one prepared using
CH3SO3H has a n-stacked conformation based on all-trans main chain. There results

may arise from stereochemical effects of counter anion through cationic polymerization.
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These features are in a sharp contrast to the facts that counter anion effects have been
noticed in only in limited cases of cationic vinyl polymerization and that the extent of
stereo control in cationic polymerization of vinyl monomers is generally rather
moderate. In addition, even rather short chains prepared with BF;-OEt, were confirmed
to have a stable m-stacked conformation. This work hence clearly demonstrated that
cationic polymerization is not just an alternative, effective method to prepare all-trans
n-stacked poly(DBF) but also is a method to lead to a novel m-stacked conformation

contributed by trans-gauche main chain.
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Chapter 4

Solid-state Structure of n-Stacked Poly(dibenzofulvene)

4.1. Introduction

Conformation of single polymer chain is a determinant of properties of a polymer as an
isolated chain while structure of a solid material as a group of many chains is also an
important aspect from a view of polymeric materials. As for poly(DBF), detailed chain
conformation has been established for single-chain species using soluble oligomers
while polymerization of DBF by anionic, radical, and cationic polymerizations lead to
mostly solvent-insoluble materials.!” It has been established that soluble and insoluble
poly(DBF)s have the same chemical structure by means of IR spectroscopy.’ In addition,
insoluble poly(DBF) has been proposed to involve longer chains than the soluble
poly(DBF).2 The formation of the insoluble fraction is considered to be facilitated by
inter-molecular interaction which would be more significant for longer chains.

In this work, solid-state structure of tetrahydrofuran (THF)-insoluble poly(DBF) was
studied by various methods using the samples obtained by prepared polymerization, the

most conventional method of vinyl polymer synthesis.

4.2 Experimental
4.2.1 Materials

DBF was prepared according to the literature.'”

a,0’-Azobis(isobutyronitrile) (AIBN)
was recrystallized from an ethanol solution. Hexane, methanol, chloroform, and
benzene for radical polymerization were purified by distilled and stored under a N,
atmosphere. The other solvents were purified by the usual methods, degassed under

vacuum and flashed with N, and stored under a N, atmosphere.
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4.2.2 Instrumentation

NMR spectra were recorded on a JEOL JMN-ECX400 spectrometer. Size-exclusion
chromatography (SEC) measurements were carried out using a chromatographic system
consisting of a JASCO DG-980-50 degasser, a HITACHI L-7100 pump, a HITACHI L-
7420 UV-Vis detector and a HITACHI L-7490 IR detector, equipped with TOSOH
TSKgel G3000H HR and G6000H HR columns (30 x 0.72 (i.d.) cm) connected in series
(eluent: THF, flow rate: 1.0 mL/min). UV-Vis spectra were taken on J ASCO V-550 and
V-570 spectrophotometers, and fluorescence spectra were measured on a JASCO PF-
8500 fluorescence spectrophotometer. Thermal analysis was conducted using RIGAKU
Thermo Plus DSC8230 and TG8120. Scanning electron microscopy (SEM) images
were obtained a JEOL JSM-7400F microscope with an LEI detector at an acceleration
voltage of 3.0 kV and a working distance of 6.0 mm, and the samples were coated with
Pt using a JEOL JFC-1600 Auto Fine Coater (30 mA, 20 sec). Transmission electron
microscopy (TEM) analysis was performed using a JEOL JEM-2100F microscope
equipped with a CCD image sensor at an acceleration voltage of 200 kV using a
collodion film sample support. X-ray diffraction (XRD) profiles were obtained using a
Rigaku MiniFlex300 diffractometer with monochromated Cu-Ka radiation. A Surface
area of the polymers were measured by nitrogen sorption using an Autosorb 6AG

(Quantachrome), and determined by Brunauer-Emmett-Teller (BET) equation.

4.2.3 Radical polymerization

The radical polymerizations were carried out in a flask sealed with a glass-made three-
way stopcock. The joint was sealed with high-vacuum grease. A typical procedure is
described for run 1 in Table 4.1. DBF (1859.8 mg, 10.44 mmol) and AIBN (21.4 mg,
0.13 mmol) were placed in a 50-mL flask, and the flask was evacuated for 5 min at
room temperature and flashed with dry N, gas. Hexane (24.2 mL) was added using a

syringe, and the monomer and the initiator were completely dissolved. The
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polymerization was initiated by heating the solution at 60 °C, and the reaction mixture
was cooled at 0 °C after 24 h of heating. An aliquot (about 0.1 mL) of the solution part
of the reaction mixture was transferred to an NMR sample tube (5 mm diameter), 0.6
mL of CDCl; was added, and the resulting diluted solution was subjected to 'H NMR
analysis. Comparison of the intensity of the vinyl proton signals of remaining DBF (s,
6.0 ppm) with that of the benzene signal (s, 7.4 ppm) as an internal standard gave a
monomer consumption ratio of 83 %. After removing the solvents from the rest of the
reaction mixture, the residue was separated into tetrahydrofuran (THF)-soluble and -

insoluble parts with a centrifuge.

4.3. Results and Discussion

4.3.1. Sample preparation by radical polymerization

In order to obtain samples of poly(DBF), radical polymerization was conducted in
hexane, methanol, chloroform, and benzene using AIBN as initiator at 60°C under N,
atmosphere according to the literature® (Table 4.1). The reactions led to high
conversion ratio of DBF in most cases, and THF-insoluble materials were obtained by
fractionation with a centrifuge. Mn’s of the THF-soluble parts were less than 1,100,
confirming that poly(DBF) has a high tendency to form insoluble materials where the

chains would strongly interact with each other.
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Table 4.1. Radical polymerization of DBF in various solvents using AIBN at 60°C

(1 Conversion® . Tliﬂ;- art IT:lIF- art THE-sol. Part
Run M) MY/1] %) 1nsc(>(y.o) SO u( (;)p D Mwn Mp
1?  0.005 80 83 63 25 859  1.096 802
2% 0.005 80 73 48 51 412 1.000 909
39 0.005 80 >99 14 86 561 1.035 497
49 0.005 80 >99 85 15 1066 3.486 584

“DBF (1859.8 mg, 10.44 mmol), (1887.6g, 10.60 mmol), ¥(801.0 mg, 4.50 mmol),
9 (1820.4 mg, 10.22 mmol); 9Determined on the basis of "H NMR analysis of crude
products; “Determined by SEC using polystyrene standards; D Mn values relative to
standard polystyrenedetermined by SEC.

4.3.2. Thermal properties

Figure 4.1 shows the profiles of TGA (thermo gravimetry analysis) and DTA
(differential thermal analysis) for the THF-insoluble poly(DBF) samples prepared by
radical polymerization. The polymers indicated an onset temperature of decomposition
in the range of ca. 260-280°C.

In addition, the polymers prepared by radical polymerization exhibited transitions at
around 160-170°C with very clear signals for the polymers prepared by radical
polymerization. The transitions at 160-170°C are considered to be based on the
detachment of DBF monomer from the chain terminal through depolymerization. This
has been supported by an independent experiment conducted by Mr. Jiyuie Luo and
Prof. Tamaki Nakano (Hokkaido University); they confirmed the presence of a
significant amount of DBF monomer by '"H NMR analyses on the product which had
been heated to 180°C. The endothermic transitions in Figure 4.1 A, C, and D mean that
detachment of DBF monomer form a chain (depolymerization) is an endothermic
reaction while the exothermic transitions in Figure 4.1 B may mean that detached DBF

monomer crystallized exothermically in situ.
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Figure 4.1. TGA and DTA profiles of THF-insoluble poly(DBF)s prepared by radical
polymerization.

4.3.2. XRD profiles

Figure 4.2 indicates the XRD profiles of the THF-insoluble poly(DBF)s prepared by
radical polymerization. All polymers, regardless of how they were synthesized,
exhibited clear reflections at 20 = 6.5, 11.0, 19.4, 24.1, and 26.7 degrees which
correspond to d-spacing values of 13.4, 8.04, 4.57, 3.69, and 3.35 angstroms,
respectively. The d-spacing values of 4.57, 3.69, and 3.35 angstroms may be ascribed
to intra-chain m-stacking between side-chain fluorene moieties; m-stacking in the solid
state may have at least three typical forms due to chain packing. On the other hand, the
d-spacing values of 13.4 and 8.04 angstroms are too long to be ascribed to any intra-
chain ordering, and they would be more reasonably ascribed to inter-chain ordering.
Although the exact structures of inter-chain ordering in the solid state is not yet clear at

this point, it would be imagined that two poly(DBF) chains may tangle on each other to

57



form a structure where two chains forming a double helix or a structure like a chain

carrying another chain on its back.
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Figure 4.2. XRD profiled of THF-insoluble poly(DBF) prepared by radical

polymerization in hexane (A), methanol (B), chloroform (C), and benzene (D).

4.3.3. Microscopic analysis

The THE-insoluble polymers were analyzed by SEM and TEM (Figures 4.3 and 4.4).
Figure 4.3 shows the SEM images of the polymers; the polymers did not show flat
surface images and indicated rough which are indicative of rather porous structure. In
addition, the image varied depending on polymerization solvent, suggesting that solid-
state morphology of poly(DBF) may change due to difference in solvent properties.
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Figure 4.3. SEM images of THF-insoluble poly(DBF)s by radical polymerization in
hexane (A), methanol (B), chloroform (C), and benzene (D).

Figure 4.4 shows the TEM images of the polymers prepared in hexane, and MeOH. All
images in the figures exhibit very fine structures whose sizes may be approximately
similar to those of single chains of poly(DBF). The images may support alignments of
poly(DBF) chains in the solid state although the image resolution is not high enough to
allow precise determination of chain size and inter-chain spacing. Images with higher
resolution will be indispensable in clarifying further details of solid-state structure of
poly(DBF). Nevertheless, the image of the polymer made in MeOH may appear to
represent finer structures. The insoluble poly(DBF) may have different, fine and

ordered chain orientations depending of polymerization solvent.
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Figure 4.4 TEM images of THF-insoluble poly(DBF)s prepared in hexane (A) and in
MeOH (B).

4.3.4 Surface area analysis

Surface areas of the THF-insoluble poly(DBF) samples were estimated by nitrogen gas
absorption on the basis of the Brunauer-Emmett-Teller (BET) theory.” The surface
areas of the polymers prepared in hexane, methanol, chloroform, and benzene were 4.10
m?/g with total pore volume = 0.006058 cc/g for pores smaller than 931.7 A (diameter),
11.63 m?¥g with total pore volume = 0.1593 cc/g for pores smaller than 2197.1 A
(diameter), 29.00 m?/g Total pore volume = 0.1178 cc/g for pores smaller than 1263.6 A
(diameter), and 3.95 m?g with Total pore volume = 0.009931 cc/g for pores smaller
than 837.4 A (diameter), respectively. These surface areas were less than that of non-
porous polystyrene samples (29 m¥g);® poly(DBF)s as they are would not fall into
categories of porous materials. However, since the solid-state structure of poly(DBF)s
seem to vary both at the levels of nanometer and micrometer on the basis of the SEM
and TEM results, the observed variation of surface area could arise from a structure

composed of a few chains or from a structure composed of a much greater numbers of
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chains. In either case, further polymer designs including those of poly(DBF)
derivatives from a wide view encompassing molecular aggregation of a few chains
through nano~micro particle formation will be necessary in obtaining a poly(DBF)-
based organic material having a larger surface area which may be used as catalysis

support.

4.4. Conclusions

Solid-state structures of insoluble poly(DBF) were studied by thermal analysis, powder
x-ray diffraction, BET-theory-based N, gas absorption analysis, SEM and TEM. The
XRD patterns and TEM results suggest that chain ordering is present in the solid-state
samples of poly(DBF) in the solid state. The solid-state structure may vary depending
on polymerization solvent as implied by the SEM images. Although surface areas of the
poly(DBF) samples were smaller than that of non-porous polystyrene as indicated by
the gas absorption analysis, it could be improved by altering the polymer structure
especially by introducing side-chains at the 2- and 7-positions of fluorene backbone of
monomeric units. Further, the chain ordering could be utilized as sterically confined
reaction space for catalysis if proper metallic species are chemically or physically bound

to the surface of insoluble polymer.
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