|

) <

The University of Osaka
Institutional Knowledge Archive

. Synthesis and Functions of New Block Copolymers
Title . .
Possessing Dense Triazole Blocks

Author(s) |Yang, Yangiong

Citation |KFRKZ, 2019, HIHwX

Version Type|VoR

URL https://doi.org/10.18910/73521

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Synthesis and Functions of New Block Copolymers

Possessing Dense Triazole Blocks

A Doctoral Thesis
by
Yanqiong Yang

Submitted to

The Graduate School of Science, Osaka University
August 2019



Acknowledgement

This work was carried out from 2016 to 2019 under the supervision of
Professor Akihito Hashidzume at the Department of Macromolecular Science,
Graduate School of Science, Osaka University. 1 would like to express my
sincerest gratitude to Professor Akihito Hashidzume for his kindest guidance and
assistance throughout this study. I also would like to express my deep gratitude
to Assistant Professor Yuri Kamon for her helpful advice and discussions.

I would like to express my deep gratitude to Professor Sadahito Aoshima,
Professor Tadashi Inoue, and Professor Takahiro Sato for their careful review and
valuable comments. I also would like to express my gratitude to Professor
Yoshinori Takashima, Associate Professor Arihiro Kanazawa, Associate Professor
Osamu Urakawa at Osaka University for their kind support on some
measurements and suggestions.

This work is partly financial-supported by Sasakawa Scientific Research
Grant from the Japan Science Society. Many thanks!

I would like to express my deep gratitude Professor Sadahito Aoshima again

at Osaka University, and Professor Nathaniel A. Lynd at the University of Texas



at Austin for their kind support on my stay at the University of Texas at Austin for
two months. The small angle scattering measurements in this work were
conducted at the University of Texas at Austin with the kind help from Mr. Paul
W. Meyer.

A special gratitude extends to Professor Frangoise M. Winnik at University
of Helsinki for her helpful suggestions and valuable discussions on this work.
Many thanks!

Many thanks to all the group members of Hashidzume laboratory for their
continuous help and warmest friendship. I appreciate the financial support from
Japanese Government, MEXT (Ministry of Education, Culture, Sports, Science
and Technology) (October, 2016-present).

Finally, sincerest thanks to my parents and friends for their constant support
and warmest encouragements.

August 2019

15 3835

Yanqgiong Yang



Contents

Chapter 1. General Introduction
1-1. Fundamental Properties of 1,2,3-Triazole Moieties
1-2. Huisgen Reaction to CuAAC Reaction
1-3. Triazole-Based Functional Polymers
1-4. Block Copolymers
1-5. Scope of This Thesis

References

10

14

Chapter 2. Synthesis of New Diblock Copolymers of Poly(ethylene glycol) and

Dense 1,2,3-Triazole Blocks: Self-Association Behavior and Thermoresponsive

Property in Water

2-1. Introduction

2-2. Materials and Methods

2-3. Results and Discussion

2-4. Conclusions

20

22

28

46



References 47

Chapter 3. Emission Properties of Diblock Copolymers Composed of

Poly(ethylene glycol) and Dense 1,2,3-Triazole Blocks

3-1. Introduction 52
3-2. Materials and Methods 53
3-3. Results and Discussion 57
3-4. Conclusions 69
References 69

Chapter 4. Tough and Strong Self-Healing Elastomer Formed from Triblock

Copolymers Possessing Dense 1,2,3-Triazole Blocks

4-1. Introduction 74
4-2. Materials and Methods 75
4-3. Results and Discussion 79
4-4. Conclusions 92

References 93



Chapter S. Summary

List of Publications

95

98



Chapter 1

General Introduction

1-1. Fundamental Properties of 1,2,3-Triazole Moieties

1,2,3-Triazole is a nitrogen-rich functional group composed of three
nitrogen and two carbon atoms, as show in Figure 1-1. It is an intriguing
functional group, in which the carbon atoms and the nitrogen atom on the 1-
position are expected to be positively charged, while the 2- and 3-nitrogen atoms

show negative partial charges.!”

On the basis of the relevant contributing
structures and inductive effects, 1,2,3-triazole ring has various advantageous

properties.

Aromatic Heterocyclic

Large Dipole Moment (\ =5-7D)

R R2 Hydrogen Bonding Acceptor and Donor
5

o Complexation Ability with lons

Figure 1-1. Structural features of 1,2,3-triazole moiety.

Firstly, it has high chemical stability,>* that is inert against oxidation,

reduction, and hydrolysis even under acidic or basic conditions, in all solvents,



and in the presence of various functional groups.>*

Secondly, it has a very large
dipole moment.”®  The three nitrogen atoms of the 1,2,3-triazole located together
cause a strong polarization of the aromatic system and the ¢ framework, so that a
large dipole moment is produced by this unique structure."'® Therefore, 1,2,3-
triazole moiety can interact with polar molecules through dipole—dipole
interaction.

Moreover, 1,2,3-triazole can also form hydrogen bonding.!''> The two
different lone pairs on the N atoms can act as hydrogen bonding acceptor, but the
ability of hydrogen bonding formation of these two N atoms is different. A
theoretical calculation suggests that the N-3 lone pair has a higher basicity than
does the N-2 one in the gas phase, indicating that the N-3 lone pair is a stronger
hydrogen bonding acceptor.'® It should be noted here that 1,2,3-triazole may act
as a potent hydrogen bond donor as well, because the extrinsic polarization of
carbon atom can afford hydrogen bonds involving the C—H group that may be as
strong as for classical, intrinsically polarized hydrogen bond donors (N-H and O—
H).!#1®  From the 1,2,3-triazole ring structure, it can be seen that the large dipole
moment is almost aligned with the C—-H bond. Therefore, the relatively high CH-
acidity on the 5C-position qualifies the 1,2,3-triazole as a potent hydrogen
bonding donor.

Finally, in combination with the relatively high CH-acidity on the C5-
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position and the lone pair on basic N-2 and N-3, 1,2,3-triazole is a good

1720

noncovalent interaction site through coordination bonding with metal ions and

complexation with anion through (charge-assisted) hydrogen bonds. 2!-2*

Scheme 1-1. Formation of 1,2,3-triazoles.

A. Huisgen cycloaddition

100 °C N R, N

Ri=N; + Ry,—=—= o N’\;] + N‘N'—/z

slow

B. Cu(l)-catalyzed azide.alkyne cycloaddition

—_ N"N R
R1_N3 + R2 prm— ’ ' ]
N

1-2. Huisgen Reaction to CuAAC Reaction
Concerning the preparation of 1,2,3-triazle ring, reactions that inevitably

need to know are Huisgen cycloaddition?>-%’

and copper(I)-catalyzed azide—alkyne
cycloaddition (CuAAC) reaction, especially CUAAC. CuAAC has been reported
by Sharpless®® and Meldal et al.?® in 2002. Before the reporting of CUAAC in
2002, 1,2,3-triazole was synthesized by the non-catalyzed azide/alkyne reaction

(Huisgen cycloaddition). Compared with CuAAC, Huisgen cycloaddition is a

slow and unselective process which produces a mixture of 1,4 and 1,5-

3



disubstituted products.’%3!

Whereas, due to the application of copper(I) species
in CuAAC, this 1,3-dipolar cycloaddition reaction is markedly accelerated, which
proceeds highly efficient in various solvents, including water, even in the presence
of a wide variety of functional groups. Another significant advantage of CuAAC
compared to Huisgen cycloaddition is that CuAAC selectively produces 1,4-
disubstituted 1,2,3-triazoles instead of a mixture of 1,4 and 1,5-disubstitution
products, as shown in Scheme 1-1.

Thus, CuAAC has become one of the most important “click” reactions. It
has been widely employed in a variety of fields ranging from biorelated
chemistry*? 3¢ to materials science.’” *’ CuUAAC has been also applied to polymer

41

chemistry, e.g., elongation of the main chain,*' side chain modification,*

cyclization,” cross-linking,** and the formation of dendrimers and hyper-branch

447 However, most of these studies, so far, deal with the 1,2,3-triazole

polymers.
moiety just as a simple, ‘non-interfering’ linker to connect two independent
molecular or macromolecular species together, and the properties of the formed

1,2,3-triazole unit and the properties of polymer composed of 1,2,3-triazole

moieties have been scarcely addressed.

1-3.  Triazole-Based Functional Polymers

As mentioned above, 1,2,3-triazole is actually an interesting heterocycle. It

4



can offer diverse supramolecular interactions, e.g., hydrogen bonding with protic
compounds, coordination bonding with ions, m—m stacking, and dipole—dipole

interaction.*®*

However, the researches on triazole-based functional polymers
are still at elementary level. One main reason for this situation should be the
difficult preparation of 1,2,3-triazoles before the development of CuA AC reaction.
Therefore, since the development of CuAAC, which provides a highly efficient

modular synthetic strategy to prepare triazole moiety, more and more researchers

have been attracted to explore 1,2,3-triazole-based new functional materials.
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Figure 1-2. Triazole-containing hydrogels and their sustained swelling and drug
release behaviors. Reprinted with permission from ref. 51. Copyright 2013

WILEY-VCH.



At present, some examples have been reported on functional polymers by
utilizing the properties of 1,2,3-triazole units. These polymers were utilized for

gelation, sensing, and control of clouding point of thermosensitive polymers,

50-56

controlled release of drugs, and tough network polymers. For example, Lee

et. al®! prepared triazole-containing hydrogels. Because of the n—x stacking of
triazole rings in the side chain, the hydrogels showed continuous swelling up to 7

days and sustained model drug release properties (Figure 1-2).
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Figure 1-3. Metallosupramolecularly crosslinked gels (a), and triazole-pyridine-
based self-healable metallopolymers (b), via metal-ligand interactions. Reprinted
with permission from refs. 50 (a) and 56 (b). Copyright 2008 (a) and 2015 (b)

WILEY-VCH.



Hecht et al.>° prepared helical triazole-pyridine/benzene copolymers using
2,6-bis(1,2,3-triazol-4-yl) pyridines as building blocks. Utilizing the main chain
of these copolymers as ligands for transition metal ions, metallosupramolecularly
crosslinked gels were prepared (Figure 1-3a).  Schubert and coworkers>®
reported triazole-pyridine-based self-healable metallopolymers via metal-ligand
interactions between attached bidentate triazole-pyridine ligands with Fe(II) and

Co(Il) salts (Figure 1-3b).

{——— Thermally recoverable deformation region ——>

<@ Non-aged at R.T.
se— 24h-aged atR.T.
w7 24h-aged & Heated >T;

Stress

Yield stress

ssauybnoy

Strain
Figure 1-4. Cross-linked triazole-containing networks and noncovalent
interactions of the triazole rings. Reprinted with permission from ref. 57.

Copyright 2018 WILEY-VCH.

Very recently, Bowman and coworkers®’ prepared flexible and sterically
hindered triazole-based glassy polymer networks. The sterically hindered

triazole-based networks show dramatically enhanced toughness, elongation to
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break, and tensile strength based on the in-situ formation of the noncovalent
interactions of the rigid triazole rings and freely rotational bonds between network
junctions (Figure 1-4).

To date, an increasing number of researchers are taking part in the exploration
of triazole-based functional polymers. However, in these poly(triazole)s, the
triazole units are generally separated by relatively longer spacer or sparsely

distributed in polymer side chains.’? 8

These triazole units cannot efficiently
interact with each other either because they enjoy a higher degree of
conformational freedom on the side chain or because they are located too far away
from each other. Hence, the function of triazoles would be eclipsed. As for the
network cross-linked, hyperbranched-linked, and dendritic-linked compounds, the
triazole units are anchored within a rigid structure framework. Therefore, almost
no conformational freedom was allowed for the generation of ordered structures.

Recently, Hashidzume et al.*

carried out the polymerization of 3-azido-1-
propyne (AP) and 3-azido-1-butyne (AB) by CuA AC polymerization and obtained
oligomers composed of dense 1,2,3-triazole moieties in the backbone (Scheme 1-
2). To the best of the author’s knowledge, these oligomers possess the densest
1,2,3-triazole moieties. These AP and AB oligomers exhibited significantly

strong inter/intramolecular interactions. This observation indicates that

polymers composed by dense triazoles are highly promising as new functional

8



polymers. However, the strong inter/intramolecular interaction also caused a
problem that is poor solubility. The oligomers are only soluble in strong acids,
e.g., concentrated hydrochloric acid, sulfuric acid, and nitric acid, but are insoluble
in water and all the organic solvents examined. Investigation on the properties of

these dense triazole-based polymers is an important challenge.

Scheme 1-2. Structures of oligomers composed of dense 1,2,3-triazole

moieties.>’

poly(3-azido-1-propyne)  Poly(3-azido-1-butyne)
(PAP) (PAB)

1-4.  Block Copolymers

Block copolymers (BCPs) represent an important class of microstructurally
engineered materials in large quantity because their properties can be
systematically controlled by tuning the macromolecular structure, chain
architecture, and relative block lengths.®®  One of the most intriguing points of

block copolymers is that on one hand these polymers can efficiently combine the



properties of each blocks, and, on the other hand, the unique structure and
properties of the individual blocks are almost maintained. Up to now, numerous
advanced BCPs with specific properties suitable for targeted application have been
prepared.5°62

Owning to the excellent chain structure of block copolymers, it is believed
that by incorporating the correct type of functional group partners or segments

with the dense oligo- and poly(triazole) backbone, novel supramolecular dense

triazole-based functional polymer can be created.

1-5.  Scope of This Thesis

The aim of this work is to synthesize dense triazole-based block copolymers,
which are well soluble and processable, and to investigate their properties and
application as new functional materials.

Chapter 2 presents the synthesis of a new type of diblock copolymers
possessing a dense 1,2,3-triazole block by CuAAC polymerization. The author has
chosen poly(ethylene glycol) (PEG) as a well-soluble and thermoresponsive block,
and synthesized a series of diblock copolymers, poly(ethylene glycol)-b-poly(3-
azido-1-propyne) (EGm-b-APn) and poly(ethylene glycol)-b-poly(3-azido-1-
butyne) (EGm-b-ABn), where m and n denote the degrees of polymerization of

PEG and dense 1,2,3-triazole blocks, respectively. The block copolymer samples

10



obtained are well soluble in water. Their association behavior and
thermoresponsive properties in aqueous solution are systematically investigated.
The block copolymers self-assemble into various nanostructures, i.e. spherical
micelles, vesicles, and cylindrical micelles, depending on the relative length of
blocks. Aqueous solutions of these assemblies undergo lower critical solution
temperature (LCST)-type phase separation. The thermoresponsive association
behavior can be controlled by adjusting the ratio of block lengths and by attaching

methyl substituents.

100 100
EG18-b-AP10 | | EG45-b-AP14

@ +o\/+"9 ri:’\rlv\/l'

50+

Transmittance (%)

: P

@ 0% 75 5 8'(?' g

Temperature (°C) Temperature (°C)

Figure 1-5. Typical illustration of the EGm-b-APn aggregates formed and their
thermoresponsive behavior.

Chapter 3 reveals the novel photophysical properties of the diblock
copolymers in different solvents. A new type of dense triazole-based fluorescent

polymers are developed. The author systematically studies the absorption and

11



emission properties of the block copolymers. The experimental data have
exhibited that APn block is an intrinsic fluorophore. The emission of EGm-b-
APn can be easily tuned from ultraviolet to green fluorescence by changing the
excitation wavelength. This enables fine-tuning of its optical property without
the need of changing the chromophore. Moreover, the block copolymers show a

fluorescence response to metal ions, e.g., Cu®*.

WS e N — e
m 7 ——Na’
Gu?

100+

0 /'/'I\II .
400 450 500 550 600 650
Wavelength (nm)

Intensity (a.u.

Figure 1-6. Optical picture of emission and the effect of metal ions on

fluorescence.

Chapter 4 describes a new class of BAB-type triblock copolymers, consisting
of the middle PEG and terminal dense 1,2,3-triazole blocks. Because of the strong

supramolecular interaction of triazole blocks, the block copolymers form a strong

12



and tough network structure that provides excellent tensile mechanical properties
and efficient healability. A series of triblock copolymers with different relative
length are prepared. The detail nanostructure of the networks and the effect of
relative length on the mechanical property and self-healing properties are

investigated.

\Of\,oer

N/ ¥\~ dipole-dipole interaction

W) %
v X A
{ e
, v y
-4 2 A0
= g

‘ ~ | strong & tough elastomer

oo T self-healing ability

Figure 1-7. Illustration of the network structure of the elastomer formed by

triblock with dynamic dipole—dipole interaction and microphase separation.

The main findings and conclusions from this research are summarized in

Chapter 5.
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Chapter 2
Synthesis of New Diblock Copolymers of Poly(ethylene glycol)
and Dense 1,2,3-Triazole Blocks: Self-Association Behavior

and Thermoresponsive Property in Water

2-1.  Introduction

Since the appearance of stimuli-responsive polymeric materials,
thermoresponsive block copolymers are currently a center of active researches.!”
These copolymers, which are able to self-organize depending on temperature into
a variety of aggregates,*> e.g., spherical and cylindrical micelles, and vesicles,
give rise to structures as “smart” carriers and nanoreactors that have a broad range
of application, including drug delivery, encapsulation, catalysis, metal
nanoparticle, and in vivo imaging.®"

To date, poly(N-isopropylacrylamide) and poly(ethylene glycol) (PEG) or
oligo(ethylene glycol) (OEG) are the most widely used polymers to build
thermoresponsive block copolymers, especially the latter two due to their
combination of lower critical solution temperature (LCST) behavior and

20-23

biocompatibility. It is well-known that the self-assembling properties and

applications of block copolymer are tailored by many factors, including chemical
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structure, composition, molecular weight of each block, and architecture.?*?’

The combination of different types of polymers with those thermoresponsive
polymers to develop new block copolymers is an interesting challenge to enhance
the application possibilities and diversity in polymer science.?®3?

As demonstrated before, 1,2,3-triazole is an interesting nitrogen-rich

34-36

aromatic heterocycle. It can offer diverse noncovalent interactions, e.g.,

hydrogen bonding with protic compounds, coordination bonding with metal ions,

n—m stacking, and dipole—dipole interaction.?”!

This group is interested in
functional polymers based on dense 1,2,3-triazole rings. Recently, Hashidzume
et al. have prepared oligomers composed of dense 1,2,3-triazole moieties in the
backbone (Scheme 1-2 in Chapter 1). The oligomer chains are strongly
interacted with each other. It is believed that utilizing the dense 1,2,3-triazole
block, new types of associative block copolymers can be developed.

Herein, the author has chosen well soluble and thermoresponsive PEG as one
block, and synthesized a series of diblock copolymers, poly(ethylene glycol)-b-
poly(3-azido-1-propyne) (EGm-b-APn) and poly(ethylene glycol)-b-poly(3-
azido-1-butyne) (EGm-b-ABn), where m and n denote the degrees of
polymerization of PEG and dense 1,2,3-triazole blocks, respectively. The block

copolymer samples obtained are well soluble in water. Their association

behavior and thermoresponsive properties in aqueous solution are investigated by
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several characterization techniques. These characterization data indicate that the
dense 1,2,3-triazole block acts as hydrophobe in water, which promoted the block
copolymers to self-assemble into various nanostructures although 1,2,3-triazole
ring is a highly polar functional group. The influence of the relative block length
and composition of triazole-based block, concentration on self-association

behavior as well as the cloud point temperatures are discussed.

2-2.  Materials and Methods

Materials. 3-Bromo-1-propyne (BrP), 3-bromo-1-butyne (BrB), sodium
azide (NaN3), sodium (+)-ascorbate (NaAsc), and copper(Il) sulfate pentahydrate
(CuS0O4¢5H20), (= 99.9%) were purchased from FUJIFILM Wako Pure Chemical
Co. (Osaka, Japan). Poly(ethylene glycol) (PEG) monomethyl ether (EGm, M,
=750 (PDI=1.15) and 2000 (PDI=1.30), where m is the degree of polymerization
(DP) of PEG) was purchased from Sigma-Aldrich (St. Louis, MO). Solvents, i.e.,
acetone, toluene, dichloromethane, diethyl ether, and N,N-dimethylformamide
(DMF), were purchased from FUJIFILM Wako Pure Chemical Co. Water was
purified by a Millipore Milli-Q system. Other reagents were used without further
purification.

Measurements. "H NMR spectra were recorded on a JEOL JNM ECA500

spectrometer using tetramethylsilane or the residual solvent signal as an internal
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standard in CDCI3 or dimethyl sulfoxide-ds (DMSO-ds). Size exclusion
chromatography (SEC) measurements were carried out at 40 °C on a TOSOH
HLC-8320GPC equipped with a TOSOH TSKgel SuperAWM-H column, using
dimethyl sulfoxide (DMSO) containing 10 mM LiBr as eluent at a flow rate of 0.4
mLmin™'. Molecular weights were calibrated with PEG and poly(ethylene oxide)
(PEO) standards (Scientific Polymer Products, Inc. (Ontario, NY)). All the SEC
samples were passed through a 0.50 um DISMIC JPOSOAN membrane filter
(ADVANTEC (Tokyo, Japan)) just prior to measurements. Static and dynamic
light scattering (SLS and DLS, respectively) measurements were conducted using
an ALV/SLS/DLS-5000 light scattering goniometer with vertically polarized light
of 532nm. The light scattering system was calibrated using toluene as reference.
Specific refractive index increments (0n/0c) were measured for aqueous polymer
solutions at 25 °C using a Shimadzu modified Schulz-Cantow type differential
refractometer with 436, 488, and 546 nm light. Interpolating of the on/Oc values
at 436, 488, and 546 nm, the values of on/Oc at 532 nm at 25 °C were determined.
Transmission electron microscopy (TEM) images were recorded by a JEOL JEM-
2100 transmission electron microscope at an acceleration voltage of 120 kV.
TEM specimens were prepared by dropping a 5.0 g L™! aqueous solution of EG18-
b-AP10 or EG45-b-AP14 onto a carbon-coated copper grid followed by drying in

air. The transmittances of aqueous polymer solutions were measured at 650 nm
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using a JASCO V500 UV-visible spectrometer equipped with a Peltier-type
thermostatic cell holder, model ETC-505. The heating and cooling rates were
fixed at 1.0 °C min ..

Preparation of Monopropargyl-Terminated EGm (EGm-P). A typical
procedure for preparation of EGm-P is described below (Scheme 2-1).

EG18 (11.25 g, 15.0 mmol) was added in toluene (50 mL) with stirring at
room temperature for 30 min. Then NaOH (2.60 g, 65.0 mmol) and BrP (1.5 mL,
20.0 mmol) were added. After stirring for 4 h, BrP (1.5 mL, 20.0 mmol) and
NaOH (2.60 g, 65.0 mmol) were further added to the reaction mixture with
continuous stirring for 26 h. After the colorless precipitate was removed by
filtration, the solvent was also removed under reduced pressure. The residue was
dissolved in saturated NaCl (100 mL). Then the product was extracted from the
aqueous solution with dichloromethane (3 x 50 mL). The organic phases were
combined. The combined organic layer was washed with saturated NaCl (2 x
100 mL). After drying the organic phase with anhydrous MgSOs,
dichloromethane was evaporated under reduced pressure to obtain a crude product.
Finally, the product was purified by reprecipitation twice using dichloromethane
and hexane. After drying under vacuum at 45 °C for 24 h, the product EG18-P
was recovered as pale yellow gel (10.1 g, 85.7% yield). Dichloromethane must

be removed completely from EG18-P because it may react with NaN3 to form
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diazidomethane in the next reaction. 'HNMR (500 MHz, CDCls) 6 (ppm): 4.23—
4.17 (br, 2H), 3.75-3.50 (br, 4H), 3.38-3.35 (br, 3H), 2.45-2.40 (br, H).

Preparation of Diblock Copolymers EGm-b-APn and EGm-b-ABn. A
typical procedure of preparation of EGm-b-APn, where n is DP of AP block, is
described below (Scheme 2-1).

EG18-P (1.88 g, 2.5 mmol) was dissolved in DMF (3 mL). CuSO4¢5H>0
(0.0625 g, 0.25 mmol) and NaAsc (0.0600 g, 0.3 mmol) were added to a 100 mL
flask under a nitrogen atmosphere. The mixture was stirred for 5 min. Then,
NaN3 (1.95 g, 30 mmol) and BrP (2.8 mL, 25 mmol, 80 wt% in toluene) were
added to the reaction mixture. The reaction mixture was warmed with an oil bath
thermostated at 80 °C with stirring.  After 72 h, the reaction mixture was poured
into DMF (50 mL). The precipitate was removed by filtration. The solution
was passed through a neutral Al,0O3; column. The volatile fraction was removed
under reduced pressure and then the residue obtained was dissolved in water (100
mL). The precipitate formed was removed from the solution by centrifugation.
Water was removed under reduced pressure. The product obtained, EG18-b-
APm, was then extracted with dichloromethane (3 x 50 mL) to remove inorganic
salt. EGI18-b-APm was recovered as brown solid after drying at 80 °C under

vacuum (2.09 g, 53.6% yield). 'H NMR (500 MHz, DMSO-ds) 6 (ppm): 8.49—
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7.54 (br, H), 6.16-5.45 (br, 2H), 4.75-4.35 (br, 2H), 3.75-3.31 (br, 4H), 3.30-3.25
(br, 3H).

Diblock copolymer EG18-b-AB7 was prepared in the same method by using
the corresponding monomer precursor BrB.

Analysis of Light Scattering Data.***

The intensity autocorrelation
function g®(¢) obtained by dynamic light scattering was analyzed by a CONTIN
program to estimate the spectrum A(z, k) of the relaxation time 7 in the logarithmic
scale at each scattering angle or the magnitude of the scattering vector £. In the
case where A(z, k) was bimodal, the sample contains two scattering components
with fast and slow relaxation times. Using the A(z, k) data, Ry obtained from
static light scattering measurement was divided into the fast- and slow-relaxation
components according to the following equations

Rﬁ,fast =R6 z A(T’k) R@,Slow = R@ z A(T’k)

refast s reslow ( 1 )

where A(z, k) is assumed to be normalized.
When the solution is dilute enough, Ry, (i = fast, slow) can be written as

1/2

0.

(2)
and
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llm E =;l/2 1+1<S2>Zik2+"'
M. 6

3)

where K is the optical constant, c is the total polymer mass concentration, and w;,
My, {S%).;, and A2, are the weight fraction (in the total polymer), weight average
molar mass, z-average mean square radius of gyration, and second virial
coefficient of the component i, respectively.  If Wsiow << Wrast, A2,fast 1S €qual to the
second virial coefficient between fast-relaxation components, while A2 siow
approximately equals to the one between the fast- and slow-relaxation components
multiplied by WastMw, fast/ WstowMw,slow-

From bimodal A(z, k), the first cumulants of the fast component I'r.st and the

slow component ['siow were estimated by

[,.=Y 7 'A(zk) / Y Azk) T, =Y 7'A(z.k) / > A(r.k)

re fast re fast 5 reslow reslow (4)
The diffusion coefficient Do; and the hydrodynamic radius Ru,; of the

component i (i = fast, slow) were determined by

k.c—0

im T /k*=D,, g _k1/6mm, D, s5)

where kg7 is the Boltzmann constant multiplied by the absolute temperature, and

Nsolv 1s the solvent viscosity.
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Scheme 2-1. Synthetic Route of EGm-b-APn and EGm-b-ABn Diblock

Copolymers
Br

Br = NzN
— NaNs, ,\)/]f\ 0]
b0k = e ~otsof Ao,
Ry

m  NaOH CuSOy4/ NaAsc

EGm-b-APn, R, = H

EGm EGm-P EGm-b-ABn, Ry= CH,

2-3.  Results and Discussion

To prepare EGm-b-APn and EGm-b-ABn, PEG monomethyl ether (EGm)
was initially modified with a propargyl group by reaction with BrP in the presence
of NaOH to obtain EGm-P.* 1In the presence of the EGm-P obtained, CUAAC
polymerization of AP or AB was carried out in DMF at 80 °C using
CuS0O4°5H>0/NaAsc pair as a Cu(I) catalyst. Since it is likely that AP and AB are
highly explosive, BrP or BrB was used as the monomer precursor, respectively,
and converted to the monomer in situ by reaction with NaN3 (Scheme 1). In this
study, two EGm samples of different molecular weights (M, = 750 and 2000) were
employed. From the 'H NMR spectra in Figure 2-1, m values of two EGm-P
samples were determined to be ca. 18 and 45, which agreed with the information
given by the supplier. Using the ratio of area intensities of signals at 2.4 and 3.4
ppm, the degrees of substitution were determined to be ca. 97 and 88 % for EG18-

P and EG45-P, respectively.
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Figure 2-1. 'H NMR spectra of EGm-P in CDCl3 (500 MHz, 25 °C).
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Figure 2-2. 'H NMR spectra for EGm-b-APn and EGI18-b-AB7 diblock

copolymers in DMSO-ds (500 MHz, 25 °C), respectively. Asterisks denote

signals due to the residual solvents.
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Figure 2-2 presents the "H NMR spectra of diblock copolymers prepared. The
spectra for EGm-b-APn and EG18-b-ABn do not indicate any signals ascribable
to the ethynyl and methylene protons of EGm-P at 2.4 and 4.2 ppm in Figure 2-1,
whereas new signals assignable to the methylene protons neighboring the 1,2,3-
triazole ring at 4.5 ppm and broad signals assignable to the proton in 1,2,3-triazole
ring and the methylene protons between 1,2,3-triazole rings at 7.5 — 8.5 and 5.5 —
6.3 ppm were observed, indicating that all the propargyl functional groups in
EGm-P reacted with monomers. Figure 2-2¢ presents the 'H NMR spectrum for
EG18-b-ABn, proton signals of the methylene, methine, and 1,2,3-triazole protons,
as well as the new signal ascribed to the methyl side chain in AB# block at ca. 1.9
ppm were observed. On the basis of the ratio of area intensities, the n values for
EG18-b-APn were evaluated to be ca. 4 and 10, and those for EG45-b-APn to be
ca. 6 and 14, and for ABn block to be ca. 7. EGm-P and corresponding diblock
copolymers were also characterized by SEC (Figure 2-3) using DMSO as eluent,
which is a good solvent for diblock copolymers from Table 3-2 and Figure 3-2 in
Chapter 3. In comparison to EGm-P, all the SEC traces of block copolymers shifted
toward a shorter eluent time, indicative of an increased molecular weight.
Moreover, this figure shows unimodal molecular weight distributions for EGm-b-
APn and EG18-b-AB7 samples, indicating the successful preparation and

purification. (The polymerization mixture should contain PAP or PAB
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homopolymer.) These 'H NMR and SEC data are indicative of successful
preparation of EGm-b-APn and EG18-b-AB7 samples. The basic characteristics
of the copolymer samples are summarized in Table 2-1. It should be noted that
with the increase of APn block length, the control over the polymerization and
solubility in DMSO decreased. A broader polydispersity and deviation of M,

determined by SEC and NMR of EG18-h-AP10 were thus observed.

Table 2-1. Basic Characteristics of Diblock Copolymers in This Study

polymer molar feed ratio  m/n ¢ Monwvr € Masec?  Mw/My ¢
code ¢ EGm : precursor ” /103 /1073

EG18-b-AP4 1:3 4.5 1.1 1.5 1.3
EG18-b-AP10 1:10 1.8 1.6 3.0 2.0
EG45-b-AP6  1:10 7.5 2.5 2.7 1.4
EG45-b-AP14 1:20 3.2 3.1 2.7 4.2
EG18-b-AB7 1:5 2.6 1.4 1.5 1.2

a. DP values were determined by 'H NMR spectroscopy. 5. BrP and BrB were
used as the monomer precursor for CuAAC polymerization. c¢. Calculated from
the DP data determined by 'H NMR spectroscopy. ~d. Determined by SEC using

DMSO as eluent. Molecular weights were calibrated with PEG standard samples.
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Figure 2-3. SEC data for EG18-P, EG18-b-AP4, and EG18-h-AP10 (a); EG45-P,

EG45-b-AP6, and EG45-b-AP14 (b); EG18-P and EG18-5-AB7 (c).

All the EGm-b-APn and EG18-b-AB7 diblock copolymer samples were well
soluble in water, although AP and AB oligomers are insoluble in water. The self-
association behavior has been thus studied in water by 'H NMR, SLS, DLS, and

TEM.

SO N GRS I W I
MUL d, \ . JJ M’M

Figure 2-4. 'H NMR spectra of EG18-b-AP10 (a, b), EG45-b-AP14 (c, d), and

9 8 7 L 5 4 3 2

EG18-b-AB7 (e, f) at 5.0 g L™! in D0 (a, ¢, €) and DMF-d5 (b, d, f), respectively.
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Figure 2-4 compares '"H NMR spectra measured for EG18-b-AP10, EG45-b-
AP14, and EG18-b-AB7 in DMF-d; and DO at 5.0 g L', As can be seen in
Figures 2-4b, 4d, and 4f, the 'H NMR spectra in DMF-d7 indicate rather sharp
signals ascribable to the PEG and dense 1,2,3-triazole blocks, indicating that all
the EGI18-h-AP10, EG45-b-AP14, and EGI18-b-AB7 chains are dispersed
molecularly in this medium. While the spectra in D>O exhibit markedly weak
and broad signals due to the dense 1,2,3-triazole blocks although signals due to
the PEG blocks are still sharp (Figures 2-4a, 4c, and 4e). These observations
indicate that EG18-b6-AP10, EG45-b-AP14, and EGI18-b6-AB7 chains form
aggregates in D>0, in which the mobility of dense 1,2,3-triazole blocks is highly
restricted. It is thus likely that the aggregates are formed through dipole—dipole
interaction of the dense 1,2,3-triazole blocks.

Figure 2-5 displays typical examples of DLS data measured for 5.0 g L™!
aqueous solutions of EGm-b-APn and EG18-b-AB7 at 25 °C.  Here, the abscissa
is the delay time (f) or relaxation time (r) multiplied by (ksT/6mys)k?, i.e.,
(ks T/67ns)k* or (ks T/67ns)k?, which corresponds to the apparent hydrodynamic
radius (Ruapp). The DLS data for shorter diblock copolymers, EG18-b-AP4,
EG18-b-AP10, and EG18-h-AB7, show unimodal size distributions (Figures 2-5a,
5b, and 5e), whereas those for the longer diblock copolymers, EG45-b-AP6 and

EG45-b-AP14, exhibit bimodal distributions (Figures 2-5c and 5d). It should be

34



noted here that all the DLS data include a relaxation component with Ry app > 10
nm, indicative of the formation of aggregates because the end-to-end distance of

stretched chain for EG18-h-AP10 was calculated to be only ca. 11.0 nm.
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Figure 2-5. DLS data for 5.0 g L™! aqueous solutions of EG18-b-AP4 (a), EG18-

b-AP10 (b), EG45-b-AP6 (c), EG45-b-AP14 (d), and EG18-b-AB7 diblock

copolymers (e).
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To investigate detail structure of aggregates, SLS and DLS measurements at
different scattering angles and concentrations were carried out. In the cases of
bimodal distribution, the SLS data were divided into the fast and slow modes using
the DLS data (see experimental section).*** It should be noted here that EG18-
b-AB7 show unimodal size distribution (Figure 2-5¢), while bimodal size

distributions were observed at concentration less than 5.0 g L!. The scattering

)1/2 )1/2

angular dependencies of (Kc/Rp)"'~ and concentration dependencies of (Kc/Ro
(obtained by extrapolating (Kc/Ro)"? to scattering angle 6 = 0°) and I'/k? are
reasonable as shown in Figures 2-6 and 2-7. Analyzing these data for the fast
and slow modes separately, the hydrodynamic radius (Ru), molar masses of the
fast mode (M fast) and radii of gyration of the fast and slow modes ((S?),st""> and
(SHzs10w'?, respectively) were evaluated. The data evaluated for the fast and
slow modes are summarized in Tables 2-2 and 2-3, respectively. Here, the
(SP),.tast"”? values were too small for EG18-b-AP10 and EG18-b-AB7 to be
determined. The specific structure of the fast mode formed by EG18-b-AP10
and EG18-b-AB7 cannot be determined from these data. Further measurements,
e.g., SAXS are helpful for the structure analysis. For the fast modes, M, fast
ranges (2.6 — 15.5) x 10° and thus the aggregation number (Nag), i.€., the number

of polymer chains per aggregate, ranges (1.76 — 6.24) x 10*>. The p (=

(%), tast”*/Rus.ast) values for EG45-b-AP6 and EG45-b-AP14 (0.735 and 0.817,
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Figure 2-6. Angular dependencies of fast- (a, ¢, e) and slow-relaxation

components (b, d, f) of (Kc/Re)"? for aqueous solutions of EG18-b-AP10 (a, b),

EG45-b-AP14 (c, d), and EG18-b-AB7 (e, 1) at different concentrations.

respectively) are indicative of the formation of spherical micelles in aqueous
solution. Using these data, the surface areas (4peG = 4mRu>/Nagg) occupied by a
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PEG block in the spherical micelles were calculated to be 23.3 and 4.7 nm? for
EG45-b-AP6 and EG45-b-AP14, respectively. These Apeg values indicate that
EG45-b-AP14 chains are packed more densely in the spherical micelle than EG45-
b-AP6 chains because the longer AP14 blocks interact more strongly with each
other than do the shorter AP6 blocks. On the basis of the p values for slow
component in Table 3, it is likely that EG18-b-AP4 and EG18-5-AP10 chains form
vesicles (p = 1.01 and 1.02), whereas EG18-b-AB7 chains form rodlike micelles
(p= 2.31). It was not possible to determine My;iow, because the weight fraction
of slow mode is usually too small and it is not possible to evaluate the

concentration of slow mode.
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Figure 2-7. Concentration dependencies of (Kc/Ro)rst”’? (a) and (I tast/k*)i=o (b) for

aqueous solutions of diblock copolymers.
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Table 2-2. Structural Parameters of the Fast Relaxation Component in Water

polymer code  Myfast/ 10° (8%, fast'?/nm  Nagg/ 10> Riifast/ DM prast

EG18-b-AP10  4.38 - 2.74 9.9 -
EG45-b-AP6 15.5 25 6.24 34 0.735
EG45-b-AP14 143 10.7 4.61 13.1 0.817
EG18-b-AB7  2.57 — 1.76 7.0 -

Table 2-3. Structural Parameters of the Slow Relaxation Component in Water

polymer code (), sow'?/nm  Rugiow / NM Pslow
EG18-b-AP4 93 92 1.01
EG18-b-AP10 42 41 1.02
EG45-b-AP6 94 95 0.99
EG45-b-AP14 107 148 0.72
EG18-b-AB7 125 54 2.31

The aggregates formed from EG18-b-AP10 and EG45-b-AP14 were also
characterized by TEM observations, as shown in Figure 2-8. TEM specimens
were prepared by dropping a 5.0 g L™! aqueous polymer solutions onto a carbon-
coated copper grid followed by drying in air. The TEM images display that

EG18-b-AP10 forms spherical objects of 90 — 130 nm in diameter (Figure 2-8a).
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It is noteworthy that Figure 2-8a contains hollow objects, as can be seen in the
inset. This observation is indicative of the formation of vesicles from EG18-b-
AP10, in which the shell is ca. 50 nm thick. On the other hand, EG45-h-AP14
forms dominantly smaller spherical objects of 20 — 30 nm in diameter as well as
larger aggregates of 100 — 300 nm in diameter as minor components (Figure 2-8b).
These observations agree well with the data obtained by SLS and DLS

measurements (Tables 2-2 and 2-3).

‘Accelerating Voltage Magnification
120 kv 10000 x

Figure 2-8. TEM images for aggregates formed from EG18-b-AP10 (a) and
EG45-b-AP14 (b). The specimens were prepared by dropping a 5.0 g L™

aqueous polymer solution onto a carbon-coated copper grid and then drying in air.

It is well-known that aqueous solutions of PEG and OEG undergo phase
separation at higher temperatures, i.e., LCST-type phase separation.*® Currently,

most research used OEG in side chains to develop thermoresponsive polymers
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since the LCST of PEG is typically higher than 100 °C. But aqueous solutions of
EG18-b-AP10, EG45-b-AP14, and EG18-b-AB7 copolymers exhibited reversible
thermal phase transitions behavior with a broad variable temperature range from
42 — 80 °C, depending on the copolymer composition, structure, and concentration
as shown in Figure 2-9a. These temperatures are far below the cloud point of the
PEG precursor, i.e. 170 — 180 °C for EG45 (Mw = 2.0 x 10° g mol ') and even
higher for EG18. However, the aqueous solutions of EG18-b-AP4 and EG45-b-
APG6 exhibited higher constant transmittances in the whole temperature range
examined and did not undergo phase separation. Since these polymers of lower
n/m (< 0.22) are hydrophilic, it is likely that the LCST-type phase separation
requires n/m higher than a certain critical value. As can be seen in Figure 2-9a,
a 5.0 g L' aqueous solution of EG18-h-AP10 shows lower transmittances (ca.
60%) even in the lower temperature regime, indicative of the formation of larger
aggregates, 1.e., vesicles. As the temperature is increased, the transmittance
abruptly decreases to 0% in a narrow temperature range of 65 — 70 °C, resulting
in phase separation. As the temperature is decreased, the transmittance returns
to the initial value in a slightly lower temperature range than that for the heating
process.  Using these transmittance data for 5.0 g L' EG18-b-AP10, the
clouding-point temperature (7cioud) in the heating process and the clearing-point

temperature (7ciear) in the cooling process were evaluated to be 64.8 and 60.0 °C,
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Figure 2-9. Transmittance data for aqueous solutions of EG18-56-AP10 (2.0 and
5.0 g L") (a), EG45-b-AP14 (5.0 g L") (b), and EG18-b-AB7 (5.0 g L) (¢)

monitored at 650 nm with heating (red) and cooling (blue) at 0.10 °C min™".

respectively. A 2.0 g L! aqueous solution of EG18-b-AP10 shows higher
transmittances than those for 5.0 g L' EG18-b-AP10, i.e., ca. 80 and 50% in the
lower and higher temperature regimes, respectively, indicative of a weak
concentration dependency of aggregation of the diblock polymer. However, it
should be noted here that Tciouda (67.5 °C) and Tciear (63.8 °C) are only slightly
higher than those at 5.0 g L™!, indicating that the LCST-type phase behavior is
dependent predominantly on the ratio of block lengths, i.e., n/m. Similarly,

values of Ttioud and Teiear were also evaluated for aqueous solutions of EG45-b-
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AP14 and EGI18-b-AP7 using the data in Figures 2-9b and 2-9c. Table 2-4
summarizes the Tcioud and 7clear Values determined.  7Ttcioud and Teiear for EG18-b-
AP10 are lower than those for EG45-b-AP14, and the difference between Tcioud
and Tgiear, 1.€., the hysteresis, for EG18-6-AP10 is larger than that for EG45-b-
AP14. These data indicate that EG18-h-AP10 is more hydrophobic than EG45-
b-AP14, consistent with the n/m values of these diblock copolymers. Tcioud and
Teiear for EG18-b-AP10 are higher than those for EG18-b-AB7, and the hysteresis
for EG18-b-AP10 is smaller than that for EG18-b-AB7, indicating that EG18-b-
AB7 is more hydrophobic than EG18-b-AP10. It is thus likely that the methyl

substituent in AB unit makes the polymer more hydrophobic.

Table 2-4. Clouding-Point and Clearing-Point Temperatures for Aqueous

Solutions of EGm-b-APn and EG18-b-AB7

polymer code n/m concentration / gL' Teioud / °C  Tetear / °C

EG18-b-AP4 0.22 5.0 — —
EG18-b-AP10 0.56 5.0 64.8 60.0
EG18-b-AP10 0.56 2.0 67.5 63.8
EG45-b-AP6 0.13 5.0 - -
EG45-b-AP14 0.31 5.0 79.7 77.1
EG18-b-AB7 0.39 5.0 51.5 42.3
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How the polymer aggregates behave at higher temperatures was investigated
by 'H NMR and DLS. Figure 2-10 demonstrates '"H NMR spectra measured for
a 5.0 g L' solution of EG18-b-AP10 in D20 at varying temperatures. The broad
signals due to AP10 block at ca. 5.5 and 8.0 ppm did not change significantly,
whereas the signals ascribed to EG18 block at ca. 3.6 ppm became weaker at
temperatures > 70 °C, indicative of the restricted mobility of EG18 blocks. It is
thus concluded that EG18 blocks are dehydrated and then aggregate at temperature
higher than Teioud (or Teciear). A typical example of DLS measured for 5.0 g L™
EG18-b-AP10 at 70 °C were also carried out (not shown). A narrow unimodal
size distribution at Ry app ~ 200 nm is detected. This observation indicates that a
certain number of EG18-b-AP10 vesicles form a larger aggregate at 70 °C, which

is a temperature slightly higher than Tcioud.

85 °C 1 N

80 °C J N
70 °C J PN
60 °C l i .

w0 |
25 °C L k

9 8 7 6 5 4 3
ppm

Figure 2-10. '"H NMR spectra for a 5.0 g L! solution of EG18-5-AP10 in D>O at

varying temperatures from 25 to 85 °C.

On the basis of the characterization data described above, the association
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behavior of EG18-b-AP10 and EG45-b-AP14 in water is illustrated in Scheme 2-
2. These diblock copolymers form aggregates presumably through the dipole—
dipole interaction of dense 1,2,3-triazole blocks; EG18-6-AP10 chains form
vesicles, whereas EG45-b-AP14 chains form spherical micelles, depending on the
ratio of block lengths, n/m. Both the vesicles and micelles further aggregate at
higher temperatures because of dehydration of EG blocks, resulting in the LCST-
type phase separation. It is thus concluded that the thermoresponsive association
behavior can be controlled by adjusting the ratio of block lengths, n/m, or by
attaching methyl substituents. We expect that the results presented in this study
contribute to the development of new materials based on dense 1,2,3-triazole

block.

Scheme 2-2. Schematic illustration of thermoresponsive self-association

behavior of EG18-6-AP10 and EG45-b-AP14 in water.
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Domains formed from dense 1,2,3-triazole blocks provide locally highly
polar media, which are different from hydrophobic domains formed from aliphatic
or aromatic hydrocarbons. It is thus expected that aggregates of EGm-b-APn and
EGm-b-ABn capture polar molecules or metal ions, which interact with 1,2,3-
trizole. Since 1,2,3-triazole block can be quarternized with alkyl halide to form
a polymeric ionic liquid,*** quarternized EGm-b-APn and EGm-b-ABn may be

utilized to electrochemical applications, e.g., polyelectrolyte membranes.

2-4. Conclusion

New diblock copolymers, EGm-b-APn and EG18-b-AB7, possessing a dense
1,2,3-triazole block, were synthesized by CuAAC polymerization of AP and AB,
respectively, in the presence of EGm-P. All the EGm-b-APn and EG18-b-AB7
copolymer samples were well soluble in water. The self-association behavior in
water was systematically studied. The dense 1,2,3-triazole blocks act as
hydrophobe in water presumably through the strong dipole—dipole interaction
offered by the dense 1,2,3-triazole rings, although 1,2,3-triazole rings has large
dipole moment and can form hydrogen bonding. All the diblock copolymers can
self-assemble into different aggregates, i.e. spherical micelles, vesicles, and
cylindrical micelles even with relative short dense 1,2,3-triazole blocks, e.g.

EG18-b-AP4 and EG45-b-AP6. The self-assemblies formed by EG18-b-AP10,
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EG45-b-AP14, and EG18-b-AB7 underwent further aggregation and exhibited
thermoresponsive properties. The thermoresponsive association behavior was
controlled by the relative block length and composition of dense 1,2,3-trizole
blocks. The domains formed from dense 1,2,3-triazole blocks provide highly polar
media and offer diverse supramolecular interactions are highly promising as new

nanoreactor or drug delivery carriers for specific applications.
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Chapter 3
Emission Properties of Diblock Copolymers Composed of

Poly(ethylene glycol) and Dense 1,2,3-Triazole Blocks

3-1.  Introduction
As demonstrated that 1,2,3-triazole is an interesting nitrogen-rich

I3 In 2002, the advent of copper(I)-catalyzed azide-alkyne

heterocycle.
cycloaddition (CuAAC) provides a straightforward strategy to produce 1,2,3-
triazoles. The facile accessibility, coupled with the structural and
physicochemical uniqueness, has made 1,2,3-triazole an attractive motif to
develop functional materials. One of the particular interests is chemosensors,*”
by incorporating 1,2,3-triazole moieties to change the emission characteristics of

10-13

appended fluorophore. Azide-based fluorogenic probes are the typical

examples, in which non-fluorescence azide-probes were activated by conversion

1416 However, most of these fluorescent materials

to the corresponding triazoles.
share similar structures, which are azide or 1,2,3-triazole groups connected to an
appended fluorophore.!” The photophysical properties of 1,2,3-triazole and its

derivatives have been an underexamined subject.

In Chapter 2, diblock copolymers, EGm-b-APn, and EGm-b-ABn, have
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been synthesized to investigate the properties of APn block in solution.
Unexpectedly, these diblock copolymer samples emitted fluorescence in solution
state. EGm-b-APn is fluorescent by itself although APx block, in which 1,2,3-
triazole moieties are connected through a methylene, is not conjugated.
Fluorescent polymers have been widely applied to important fields, e.g., molecular

18-20

Sensors, nonlinear optical materials,?*2!

and organic electroluminescence,’?

a new type of fluorescent polymers should be developed.

In this chapter, the photophysical properties of EGm-b-APn are investigated
by absorption and steady-state fluorescence spectroscopies. Interestingly, the
emission of EGm-b-APn can be easily tuned from ultraviolet to green fluorescence
by changing the excitation wavelength. This enables fine-tuning of its optical
property without changing the chromophore. @~ We have also discussed the
fluorescence behavior of EGm-b-APn by comparing the experimental data with
the results of density functional theory calculation. The experimental data have
exhibited that APn block is an intrinsic fluorophore. ~Moreover, the block

copolymers show a fluorescence response to metal ions, e.g., Cu?’.

3-2. Materials and Methods
Materials. 3-Bromo-1-propyne (BrP), sodium azide (NaN3), copper(Il)

sulfate pentahydrate (CuSO4-5H20), and sodium (+)-ascorbate (NaAsc) were
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purchased from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan).
Poly(ethylene glycol) (PEG) monomethyl ether (M, ~750 and 2000, EG18 and
EG45, respectively) and N,N-dimethylformamide (DMF) (>99.9%) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Solvents (e.g., acetone,
toluene, dichloromethane, diethyl ether, and DMF), were purchased from
FUJIFILM Wako Pure Chemical Co. (Osaka, Japan). Water was purified with a
Millipore Milli-Q system. All the reagents were used without further purification.

Measurements. 'H NMR spectra were recorded on a JEOL JNM ECA500
spectrometer using CDCl; or DMSO-ds as a solvent. Chemical shifts were
referenced to the solvent value (7.26 and 2.50 ppm for CDCl; and DMSO-ds,
respectively). Size exclusion chromatography (SEC) measurements were carried
out at 40 °C on a TOSOH HLC-8320GPC equipped with a TOSOH TSKgel
SuperAWM-H column, using DMSO containing 10 mM LiBr as eluent at a flow

rate of 0.4 mL min .

Molecular weights were calibrated with PEG and
poly(ethylene oxide) (PEO) standards (Scientific Polymer Products, Inc., Ontario,
NY, USA). All sample solutions for SEC were filtrated with a DISMIC-13JP PTFE
0.50 pm filter (ADVANTEC, Tokyo, Japan) just prior to injection. UV—visible
absorption spectra were collected on a HITACHI U-410 0 spectrophotometer by

using a 1.0 cm path length quartz cuvette at room temperature. Fluorescence

measurements were performed on a HITACHI F-2500 equipped with a single
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cuvette reader at room temperature. The slit widths for both the excitation and
emission sides were kept at 5.0 nm during measurement. Absolute quantum yields
(®) were evaluated with a Hamamatsu Photonics C€9920-02 absolute
photoluminescence (PL) quantum yield measurement system. Pulse field gradient
spin-echo (PGSE) NMR data were obtained on a Bruker AVANCE 700 NMR
spectrometer at 30 °C using N,N-dimethylformamide-d; (DMF-d7) as a solvent.
The bipolar pulse pair stimulated echo (BPPSTE) sequence was applied.>!* The
strength of pulsed gradients (g) was increased from 0.96 to 47.2 gauss cm ', The
time separation of pulsed field gradients (A) and their duration (6) were 0.05 and
0.004 s, respectively. The sample was not spun, and the airflow was disconnected.
The shape of the gradient pulse was rectangular, and its strength was varied
automatically during the course of the experiments.

Preparation of Monopropargyl-Terminated Poly(ethylene glycol) (EGm-
P). A typical procedure for EGm-P is described below.

EG45 (15.02 g, 7.5 mmol) was added in toluene (50 mL) with stirring at
room temperature for 0.5 h to make sure that all the EG45 was dissolved in toluene.
Then NaOH (1.83 g, 45.8 mmol) and BrP (1.2 mL, 15.0 mmol) were added. After
stirring for 4 h, BrP (1.2 mL, 15.0 mmol) and NaOH (1.80 g, 45.0 mmol) were
further added to the reaction mixture with continuous stirring for 26 h. The

colorless precipitate was removed from the reaction mixture by filtration, and the
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solvent was then removed under reduced pressure. The residue was dissolved in
an aqueous solution of NaCl (5.1 wt %, 100 mL). Then the product was extracted
from the aqueous solution with CH>Cl> (3 x 50 mL). The organic layers were
combined. The combined organic phase was washed with an aqueous solution of
NaCl (5.1 wt %, 2 x 100 mL). After drying the organic phase with anhydrous
MgSOs, the MgSO4 was removed by filtration. The solvent was removed under
reduced pressure to obtain crude product. Finally, the product was purified by
reprecipitation with CH2Cl> and hexane twice. The final product was recovered as
pale yellow gel after drying under vacuum at 45 °C for 24 h; yield 13.1 g (86.4%).
Preparation of EGm-b-APn Block Copolymers. A typical example of the
preparation of diblock copolymers of PEG and dense 1,2,3-triazole blocks (EGm-
b-APn, where m and n denote the degrees of polymerization) is described below.
A solution of EG45-P (2.52 g, 1.25 mmol) in DMF (5 mL), CuSO4-5H>0
(0.030 g, 0.125 mmol), and NaAsc (0.050 g, 0.25 mmol) were added to a 100 mL
flask under a nitrogen atmosphere. The mixture was stirred for 5 min. Then, NaN3
(1.95 g, 30 mmol) and BrP (2.8 mL, 25 mmol, 80 wt % in toluene) were added to
the reaction mixture. The reaction mixture was warmed with an oil bath at 80 °C
with stirring. After 72 h, the reaction mixture was added to DMF (50 mL). The
precipitate was removed by filtration. The solution was then passed through a

neutral A[,O3 column. The volatile fraction was removed under reduced pressure.
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The polymer obtained, EG45-b-AP22, was purified by reprecipitation by using
pairs of solvents (i.e., a DMF/CH:Cl (1/20, v/v) mixed solvent and acetone three
times). The final product was dried at 80 °C under vacuum; brown solid, 1.2 g,
34.9%.

Density Functional Theory (DFT) Calculations. To investigate the
highest-occupied and lowest-unoccupied molecular orbitals (HOMO and LUMO,
respectively), DFT calculations were carried out for model systems of EGm-b-
APn using the Gaussian 09 program.?’  In all the calculations, DFT with B3LYP
functional was used, and 6-31+G(d) basis sets were applied for the hydrogen,
carbon, nitrogen, and oxygen atoms. All the geometries of the model systems

were fully optimized.

3-3.  Results and Discussion

Samples of EGm-b-APn were prepared by CuAAC polymerization of 3-
azido-1-propyne (AP) in the presence of PEG modified with a propargyl group at
one end (EGm-P), which is the same as the method in Chapter 2. Table 3-1
summarizes the basic characteristics of EGm-b-APn samples. These samples
were characterized by SEC and '"H NMR.  Our previous work has demonstrated
that AP homopolymer is insoluble in all the common solvents examined, e.g. DMF,

DMSO, NMP, methanol, acetone, THF, chloroform, and toluene.?*?* Thus, the
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solubility of the EGm-b-APn diblock copolymer samples was examined, and the
results are summarized in Table 3-2. Because of the EGm block, the EGm-b-
APn samples were soluble in many common solvents. Especially, the samples

were well soluble in polar organic solvents.

Table 3-1. Molecular characteristics of EGm-b-APn prepared by CuAAC

polymerization.
polymer code 2 My x 10°3° M x 103 ¢ Mu/Mp €
EG18-b-AP4 1.1 1.5 1.26
EG18-b-AP12 1.8 3.3 1.98
EG45-b-AP6 2.5 2.7 1.40
EG45-b-AP22 3.6 2.5 2.37

a. The numbers denote DP determined by 'H NMR spectroscopy. b. Determined
by '"H NMR. c. Determined by SEC in DMSO at 40 °C calibrated with PEG and

PEO standards.

58



Table 3-2. Results of solubility test for EGm-b-APn samples.”

solvent EG18-b-AP4 EG18-b-AP12 EG45-b-AP6  EG45-b-AP22

water ++ + ++ +
methanol + _ ++ +
acetic acid ++ ++ ++ ++
NMP ++ ++ ++ ++
DMSO ++ ++ ++ ++
DMF ++ ++ ++ ++
acetonitrile ++ + ++ +
acetone ++ — + _
dicholromet ++ ++ ++ +
hane

chloroform ++ ++ + +
pyridine ++ ++ ++ +
THF + _ + _
ethyl acetate + - _ _
toluene - — — _

a. “++7, “+”, and “-” denote well soluble (= 1 wt%), slightly soluble (< 1 wt%),

and insoluble, respectively.
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Figure 3-1. Photographs of EG45-b-AP22 in DMF at 1.0 g L™! under visible (left)
and UV (4 = 365 nm) light (right) (a), UV-visible absorption spectra normalized
at 270 nm for 1.00 g L! solutions of EGm-b-APn in DMF (b), and steady-state
fluorescence spectra for 1.00 g L™! solutions of EG18-b-AP4 (c), EG18-b-AP12
(d), EG45-b-AP6 (e), and EG45-b-AP22 (f) in DMF with excitation at varying

wavelengths.
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When a solution of EGm-b-APn in DMF was measured by dynamic light
scattering in order to characterize the polymer chains in the molecularly dispersed
state, emission from the solution was observed. Thus, the photophysical
behavior of solutions of the EGm-b-APn samples in DMF was examined by
absorption and steady-state fluorescence spectroscopy. As can be seen in Figure
3-1a, a solution of EG45-b-AP22 in DMF emits blue fluorescence under
irradiation with 360 nm UV light. Figure 3-1b displays UV-visible absorption
spectra for solutions of the EGm-b-APn samples in DMF. These spectra exhibit
absorption in the wavelength range of 270 — 450 nm, which is ascribable to the
dense 1,2,3-triazole block. It should be noted here that EG45-H6-AP22 shows
absorption bands in the near UV and visible regime of 300 — 500 nm, which are
stronger compared to that for EG45-b-AP6. This observation indicates that a
longer dense 1,2,3-triazole block absorbs light of a longer wavelength. Figures
3-1c to 3-1f indicate steady-state fluorescence spectra for DMF solutions of EGm-
b-APn with excitation at varying wavelengths from 300 to 440 nm. These
spectra exhibit that the solutions emit fluorescence of a wavelength increasing
from UV to green with increasing excitation wavelength. This may be because
the EGm-b-APn samples possess a rather broad molecular weight distribution, and
APn blocks of different lengths are excited at different wavelengths.?®?” The

excitation and emission bands of APn block are dependent on the degree of
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polymerization. Since EGm-P did not emit fluorescence,?®* it is likely that the
emission observed is from the dense 1,2,3-triazole block.  The absolute
fluorescence quantum yields were evaluated for the EGm-b-APn samples in DMF,
acetonitrile, and water. As listed in Table 3-3, the quantum yield ranges 1.4 —
3.4 %, indicating that the quantum yields in DMF are higher than those in the other

solvents.

Table 3-3. Fluorescence quantum yields for the EGm-b-APn samples in DMF,

acetonitrile, and water (1.00 g L™).

()
polymer code in DMF in acetonitrile in water
EG18-b-AP4 0.034 0.020 0.018
EG18-b-AP12 0.020 — —
EG45-b-AP6 0.029 0.019 0.014
EG45-b-AP22 0.024 — —

Recently, aggregation-induced emission (AIE) has attracted increasing
interest from researchers because of its potential application for molecular
sensors.>®  Some examples of AIE from polymers possessing no aromatic

moieties have been reported. It is important to know whether or not the emission
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observed from EGm-b-APn is AIE. The association behavior of EGm-b-APn
was preliminarily investigated in DMF by PGSE NMR.?!  The PGSE NMR data
are presented in Figure 3-2a. The intensity data practically obey a straight line
at four different concentrations, indicative of a unimodal distribution. The

unimodal distribution is confirmed by DOSY data as can be seen in Figure 3-3.
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Figure 3-2. PGSE NMR data for 10.0 g L-1 solution of EG45-b-AP22 in DMF-

d7 (a) and the concentration dependencies of D.

From the slopes of straight lines, apparent diffusion coefficients (D) were
evaluated and plotted in Figure 3-2b against the polymer concentration. The
diffusion coefficient (Do) was determined by extrapolation to zero concentration.
Using Einstein—Stokes equation, the hydrodynamic radius (Ru) was calculated to
be 1.35 nm for EG45-b-AP22. The Ry value is almost the same as that for PEG

of the same molecular weight, indicating that most of EG45-b-AP22 chains are
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molecularly dispersed in DMF.  As discussed in a later subsection, the
fluorescence intensity decreased markedly when a small amount of water was
added to a solution of EGm-b-APn in DMF to induce aggregation because water
is a rather poor solvent for EGm-b-APn. This observation confirms that the

emission observed for DMF solutions is from EGm-b-APn in the molecularly

dispersed state.
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Figure 3-3. DOSY spectrum for a 10.0 g L™! solution of EG45-b-AP22 in DMF-

d7 at 298 K.
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Figure 3-4. Optimized structures as well as the HOMO and LUMO for EG2-b-

AP4 (a), EG5-b-AP4 (b), and EG5-b-AP7 (c) obtained by DFT calculations using

a B3LYP/6-31+G(d) basis set with a Gaussian’09 program (Blue: N; red: O; grey:

C; white: H).

To understand the detail mechanism of the fluorescence observed, the HOMO
and LUMO of EGm-b-APn were estimated by DFT calculations. As shown in
Figure 3-4, the HOMO is located on the 1,2,3-triazole unit directly connecting the
PEG block. On the other hand, the LUMO is located on the terminal 1,2,3-
triazole unit. These observations indicate that the emission is from the dense
1,2,3-triazole block. The absorption and fluorescence wavelengths were also
evaluated by DFT calculation, as listed in Table 3-4. The length of PEG block
has no or only a little effect on the absorption and fluorescence wavelengths. On
the other hand, as the degree of polymerization of APn block is increased from 4

to 7, the absorption and fluorescence wavelengths become longer, i.e., a red shift.
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The red shift is larger for fluorescence than that for absorption. These data
indicate that the absorption and fluorescence wavelengths depend on the length of
APn block. It is noteworthy that the fluorescence wavelength calculated agrees
well with the fluorescence maximum observed.’>**  On the basis of these
observations, it is concluded that the emission from solutions of EGm-b-APn is
not AIE, and the fluorescence from the dense 1,2,3-triazole blocks in the

molecularly-dispersed state.

Table 3-4. Time-dependent DFT -predicted properties of models of EGm-b-APn.

Model Abs. 2/ nm Emission ® / nm
EG2-b-AP4 231.1 456.6
EG5-b-AP4 231.4 455.7
EG5-b-AP7 237.1 473.9

a. Energy (TDDFT) using the optimized structure in ground state.  b.

Optimization (TDDFT, root = 1) using the optimized structure in ground state.

The effects of the solvent and polymer concentration on fluorescence
behavior were examined. Figure 3-5a displays fluorescence spectra for EG45-b-

AP22 in different solvents with excitation at 360 nm. The block copolymer
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shows an emission band depending on the solvent used. When a small amount
of water was added to the solution of EG45-b-AP22 in DMEF, the fluorescence
intensity decreased remarkably. As can be seen in Table 2, water is not a good
solvent for EG45-b-AP22 compared to DMF and DMSO. Since our light
scattering data indicated that EG45-b-AP22 forms aggregates in water (Chapter
2), it is likely that the aggregation of EG45-b-AP22 quenches fluorescence.
Figure 3-5b exhibits fluorescence spectra for EG45-b-AP22 in a mixed solvent of
DMF and THF, a poor solvent, indicating that the fluorescence intensity decreases
with increasing the THF content. As can be seen in Figure 3-5c, the fluorescence
intensity decreases with increasing the polymer concentration from 1 to 20 g L'

These observations confirm that aggregation quenches fluorescence.

; 50
600 (a) #2. =360 (nm). EG,-D-AP, | 5001 fo) Dy =360 (N), EG,5-b-AP,, (c) EG,,-b-AP,, , 4, =360 (nm)
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Figure 3-5. Steady-state fluorescence spectra for solutions of EG45-b-AP22 (1.00
g L") in water, DMF, and DMSO (a), in mixed solvent of DMF and THF with
different THF contents (b), and in DMF at different concentrations with excitation

at 360 nm (c).
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As described in Chapter 1, it is known that 1,2,3-triazole moieties can act as metal
ligands.>* It is thus expected that the fluorescence behavior of EGm-b-APn
diblock copolymers should be responsive to the metal ion added. In this study,
the effect of addition of Na*, Zn>", or Cu®>" was investigated. Figure 3-6 shows
fluorescence spectra for an aqueous solution of EG18-56-AP10 in the absence and
presence of Na®, Zn?*, or Cu?". In the presence of Na* or Zn**, the fluorescence
spectra are almost the same as that in the absence. In the presence of Cu?",
however, the fluorescence intensity is markedly weaker. This may be because
dense 1,2,3-triazole moieties coordinate Cu®" ions and fluorescence are quenched
through the heavy metal effect. These observations indicate that the fluorescence

of EGm-b-APn can be applicable to a molecular sensor of metal ions.
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Figure 3-6. Steady-state fluorescence spectra for a 1.0 g L™! aqueous solution of
EG18-b-AP10 with excitation at 360 nm in the absence and the presence of 0.10

M Na*, 0.10 M Zn*", or 0.005 M Cu*".
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3-4. Conclusions

The solubility and phogophysical properies of dense triazole-based block
copolymers, EGm-b-APn, in solution state were studied. The incorporation of
EGm block significantly enhanced the solubility of bock copolymers in common
polar solvents. Their solubility decreased with increasing the length of APn
block. Significantly, without attachment of any extra fluorophore, the as-
prepared block copolymers emitted fluorescence in solution state. The emission
of block copolymers was tunable from ultraviolet to green fluorescence by
changing the excitation wavelength presumably because a longer APx block was
excited at a longer wavelength. PGSE NMR analysis and theoretical calculation
indicated that the copolymers were molecularly dispersed in DMF-d7 and APn
block was an intrinsic fluorophore. It is noteworthy that the emission of block
copolymer was responsive to metal ions because of the interaction with dense

1,2,3-triazole blocks dependent on the ionic species.
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Chapter 4
Tough and Strong Self-Healing Elastomer Formed from

Triblock Copolymers Possessing Dense 1,2,3-Triazole Blocks

4-1. Introduction
Exploiting dynamic noncovalent interaction to develop new polymeric
materials that are strong, stretchable, and healable has attracted a dramatic growth

13 The reversible features of noncovalent interactions

of interest in recent years.
allow ones to construct structurally dynamic polymeric systems that can adapt
their structure and therefore show reversible healing ability.*> Recently, several
polymers with high mechanical properties have been developed by utilizing

12-14 and

hydrogen bonding,®® metal-ligand interaction,’ ! host—guest interaction,
n—n stacking.!>!®  As mentioned in Chapter 1, 1,2,3-triazole can offer diverse
supramolecular interactions, including hydrogen bonding, n—x stacking, anion
complexation, metal ion coordination, and dipole—dipole interaction.!” In
Chapter 2, diblock copolymer, EGm-b-APn, forms aggregates through the strong
dipole—dipole interaction of the dense triazole blocks, in which individual triazole

rings interact cooperatively. This chapter deals with the concept that takes

advantage of the strong dipole—dipole interactions to achieve high strength,
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stretchability, and healing ability.

In this chapter, BAB type-triblock copolymers, in which B block is
associative one, are prepared from PEG and dense triazole blocks (poly(3-azido-
1-propyne)-block-poly(ethylene glycol)-block-poly(3-azido-1-propyne) (APn-b-
EGm-b-APn, Scheme 4-1)), aiming at supramolecular materials that offers good
strength, stretchability, and healing ability based on the strong dipole—dipole

interaction of the dense triazole blocks.

Scheme 4-1. Synthetic Route of APn-b-EGm-b-APn Triblock Copolymers

N~
0P = oo = ey oot L,

EGm EGm-diP APn-b-EGm-b-APn

4-2. Materials and Methods

Materials. Sodium azide (NaN3), sodium (+)-ascorbate (NaAsc), and
copper(Il) sulfate pentahydrate (CuSO4¢5H20), (= 99.9%) were purchased from
FUJIFILM Wako Pure Chemical Co. (Osaka, Japan). 3-Bromo-1-propyne (BrP,
80wt% in toluene) and poly(ethylene glycol) (PEG) (M, = 1500 and 3000, EGm,
where m is the degree of polymerization (DP) of PEG) was purchased from Sigma-
Aldrich (St. Louis, MO). Dithranol was purchased from ICN Biomedicals, Inc.

(Aurora, OH). Solvents, i.e., acetone, toluene, dichloromethane, diethyl ether,
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and N,N-dimethylformamide (DMF), were purchased from FUJIFILM Wako Pure
Chemical Co. Water was purified by a Millipore Milli-Q system. All the reagents
were used without further purification.

Measurements. 'H NMR spectra were recorded on a JEOL JNM ECAS500
spectrometer using CDCI3 or dimethyl sulfoxide-ds (DMSO-ds) as a solvent.
Tetramethylsilane or the residual solvent signal was used as an internal standard.
Size exclusion chromatography (SEC) measurements were carried out at 40 °C on
a TOSOH HLC-8320GPC equipped with a TOSOH TSKgel SuperAWM-H
column, using dimethyl sulfoxide (DMSO) containing 10 mM LiBr as eluent at a
flow rate of 0.4 mL min'. Molecular weights were calibrated with PEG and
poly(ethylene oxide) (PEO) standards (Scientific Polymer Products, Inc. (Ontario,
NY)). All the SEC samples were passed through a 0.50 pm DISMIC JPO5S0AN
membrane filter (ADVANTEC (Tokyo, Japan)) just prior to measurements.
MALDI-ToF mass spectrometry was conducted using a Shimadzu/KRATOS
AXIMA-CFR spectrometer with dithranol as a matrix. A solution of matrix,
dithranol (10.0 g L!, 2 uL), in acetone and a solution of sample (5.0 g L™!, 2 uL)
in acetone were applied to the target plate. ToF detection was performed using an
appropriate accelerating voltage. Tensile testing was carried out by an Autograph
AG-X plus (Shimadzu Co.) equipped with a 50 N load cell, at a strain rate of 10

mm s~'. Small-angle X-ray scattering measurements (SAXS) measurements were
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performed in transmission configuration on a SAXSLAB Ganesha instrument
using Cu Ka (1.54 A) radiation. The rheological measurements were conducted
using an ARES G2 (TA Instruments, Tokyo, Japan) equipped with parallel plates
of 4 mm in diameter. The temperature of the bottom plate was monitored by a
thermocouple and regarded as the sample temperatures. Differential scanning
calorimetry (TA 2500) was used to characterize the film thermal properties and
was performed from —80 °C to 120 °C at a 10 °C min ™! heating rate under nitrogen
flow.

Preparation of Dipropargyl-Terminated EGm (EGm-diP). A typical
procedure for preparation of EGm-diP is described below.

EG68 (15.0 g, 5.0 mmol) was added in toluene (50 mL) with stirring at room
temperature for 0.5 h to make sure that all PEG was dissolved in toluene. Then
BrP (1.5 mL, 15.0 mmol) was added. Under stirring, NaH (0.72 g, 30.0 mmol) was
added slowly. After stirring for 12 h, BrP (1.5 mL, 15.0 mmol) and NaH (0.72 g,
30.0 mmol) were further added to the reaction mixture with continuous stirring for
36 h. The inorganic precipitate was filtered out from the reaction mixture and the
solvent was removed under reduced pressure. The residue was dissolved in an
aqueous solution of NaCl (5.1 wt%, 100 mL). Then the product was extracted from
the aqueous solution with CH2Cl> (3 x 50 mL). The organic phases were combined.

The combined organic layer was washed with an aqueous solution of NaCl (5.1%,

77



2 x 100 mL). After drying the organic phase with MgSOs4, the MgSO4 was
removed by filtration. The solvent was evaporated under reduced pressure and the
product was dried under vacuum at 45 °C for 24 h. Pale yellow solid was obtained
(13.8 g, 92% yield). Dichloromethane must be removed completely from EG18-P
because it may react with NaN3 to form diazidomethane in the next reaction. 'H
NMR (500 MHz, CDCI5) 6 (ppm): 4.23—4.17 (brs, 2H), 3.75-3.50 (br, 4H), 2.45—
2.40 (brs, H).

Preparation of Triblock Copolymers APn-b-EGm-b-APn. A typical
procedure of preparation of APn-b-EGm-b-APn, where n is DP of AP block, is
described below.

A solution of EG68-diP (2.1 g, 0.7 mmol) in DMF (6 mL), CuSO45H,0
(0.0175 g, 0.07 mmol), and NaAsc (0.0198 g, 0.2 mmol) were added to a 100 mL
flask under a nitrogen atmosphere. The mixture was stirred for 5 min. Then, NaN3
(0.9751 g, 15 mmol) and BrP (0.84 mL, 7 mmol) were added to the reaction
mixture. The reaction mixture was warmed with an oil bath thermostated at 80 °C
with stirring. After 72 h, the reaction mixture was added to DMF (50 mL). The
precipitate was removed by filtration. The volatile fraction was evaporated under
reduced pressure. Then, dichloromethane (100 mL) was added and the precipitate
was removed by centrifugation. The polymer obtained was dried at 60 °C under

vacuum. Brown solid was obtained (1.6 g yield). 'H NMR (500 MHz, DMSO-
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ds) 5 (ppm): 8.49-7.54 (br, H), 6.16-5.45 (br, 2H), 4.75-4.35 (br, 2H), 3.75-3.31

(br, 4H).

4-3.  Results and Discussion
Material Design and Characterization. The synthetic route to APn-b-

EGm-b-APn is shown in Scheme 4-1. Two EGm samples, i.e. EG34 and EG6S,

were initially modified with two propargyl moieties at both the ends by reaction

with BrP in the presence of NaH to obtain EGm-diP. The EGm-diP samples were

characterized by 'H NMR and MALDI-ToF mass spectra (Figures 4-1 and 4-2,

respectively). MALDI-ToF mass spectra show only a series of signals EGm-diP,

indicative of quantitative modification of the EGm with propargyl moieties.

PDIs were measured by SEC to be 1.71 and 1.11 of EG34-diP and EG68-diP,

respectively. Then, CuUAAC polymerization of AP in the presence of EGm-diP
was carried out in the same manner as that for the EGm-b-APn diblock copolymers.
A series of APn-b-EGm-b-APn samples were prepared at varying the molar ratios

of BrP and EGm-diP. On the basis of characterization of APn-b-EGm-b-APn

samples by '"H NMR (Figure 4-3), attenuated total reflection FTIR (not shown),

and SEC measurements, the basic characteristics of the copolymer samples were

determined (Table 4-1). Noteworthily, the M, values determined by SEC (My,skc)

are significantly higher than those determined by 'H NMR (M, nmr).  This may
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be because APn-b-EGm-b-APn form intermolecular aggregates in DMSO, i.e., the

eluent of SEC.
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Figure 4-1. "H NMR spectra of EGm-diP in CDCl3 (500 MHz, 25 °C).
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Figure 4-2. MALDI-ToF-MS for EG34-diP(a) and EG68-diP (b).
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Figure 4-3. '"H NMR spectra for APn-b-EG34-b-APn (a) and APn-b-EG68-b-APn
in DMSO-ds (b). Using the ratio of area intensities of signals b and c, the n values

were evaluated. Asterisks denote signals due to the residual solvents.
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Table 4-1. Basic Characteristics of APn-b-EGm-b-APn Prepared in This

Study
polymer code ¢ EGm-diP : BrP Mn,NMRb Musec ¢ Mw/My €
/103 /10°
AP8-b-EG34-b-APS8 1:20 2.8 4.5 43
APS5-b-EG68-b-AP5 1:10 3.8 - -
AP8-b-EG68-b-APS8 1:20 4.3 15.4 23
AP10-b-EG68-Hh-AP10 1:20 4.6 29.1 34

a. DP values were determined by 'H NMR spectroscopy. b. Calculated from the
DP data determined by 'H NMR spectroscopy. c. Determined by SEC using
DMSO as eluent. Molecular weights were calibrated with PEG and PEO standard

samples.

Preparation of Elastic Films from APn-b-EGm-b-APn Samples. Test
specimens were prepared as follows. A sample of APn-b-EGm-b-APn was
dissolved in DMF. The solution was placed in a poly(tetrafluoroethylene) mold.
The solvent was removed in a fume cupboard at 60 °C for an appropriate time,

and the residual solvent was then removed at 80 °C under reduced pressure to

obtain a flat film of APn-b-EGm-b-APn.
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Figure 4-4 shows the DSC data, indicating that the APn-b-EGm-b-APn
samples exhibit the glass transition temperatures (7g) blow 0 °C and no melting
point. These observations indicate that the APn-b-EGm-b-APn samples are

amorphous and rubbery elastomer at room temperature.

5 | AP8-b-EG34-b-AP8 APn-b-EG68-b-APn s
E ——AP10
[]
L
.40 0 40 80 120 -40 0 40 80 120
Temperature (-C) Temperature (°C)

Figure 4-4. DSC profiles of AP8-b-EG34-b-AP8 and APn-b-EG68-b-APn

copolymers.

As can be seen in Table 4-1, Manmr of APn-b-EGm-b-APn samples range
(2.8 — 4.6) x 10>. These molecular weights may be low for elastic properties.
However, the flat films prepared by casting showed excellent elastic properties
presumably because of dipole—dipole interaction of dense triazole blocks. The
inner microstructure of the elastic films formed from AP8-b-EG68-b-AP8 and
AP10-b-EG68-b-AP10 was characterized by SAXS. Figure 4-5a displays a typical
example of SAXS profiles of AP8-b-EG68-b-AP8 and AP10-b-EG68-b-AP10.
Both the SAXS profiles exhibit a weak but significant signal at ¢ = 0.031 A™!,

which corresponds to a regular spacing of 20 nm. It should be noted here that the
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Figure 4-5. SAXS profiles of AP8-b-EG68-b-AP8 and AP10-b-EG68-H-AP10 (a),

and a proposed network structure (b).

profile of AP8-b-EG68-h-APS also indicate a higher order signal at g = 0.11 A1,
On the basis of these SAXS profiles, it is concluded that APn-b-EGm-b-APn
chains form a regular structure based on microphase separation of EGm and APn
blocks, in which aggregates of dense triazole blocks act as crosslinks, as illustrated
in Figure 4-5b. Since the SAXS profiles contains only a higher order signal
presumably because of the broader molecular distribution of APn-b-EGm-b-APn
samples, it was not possible to identify the regular structure formed, e.g.,
hexagonal or body-centered cubic. SAXS measurements were also performed
for AP8-b-EG68-b-AP8 and AP10-b-EG68-H-AP10 at varying temperatures.

The SAXS profiles obtained at 25 and 30 °C were the same for each sample. On
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the other hand, the SAXS profiles recorded at 100 °C exhibited a signal at a higher
g (=0.10 A™"). This observation indicates that the regular structure remains at a
temperature as high as 100 °C, but the regular spacing becomes slightly shorter.
Mechanical and Rheological Studies of the APn-b-EGm-b-APn Films.

Figure 4-6 presents a typical example of the results of tensile test for AP8-b-EG68-
b-AP8 and AP10-b-EG68-b-AP10. (The other two samples, AP8-b-EG34-b-
AP8 and APS5-b-EG68-b-APS, exhibited lower mechanical strength and
stretchability presumably because of shorter EGm or APn blocks (data not shown).)
The dumbbell shaped specimens of AP10-b-EG68-H-AP10 exhibited good
mechanical strength and stretchability; the rupture strain and stress were ca. 550%
and 7.2 MPa at 25 °C, and 770% and 5.0 MPa at 35 °C, respectively. From the
stress—strain curve in a lower strain region (< 10%), Young’s modulus was
evaluated to be ca. 29.6 MPa at 25 °C. The toughness was also calculated to be
high from the area of the strain—stress curve, indicative of the strong dipole—
dipole interaction of dense triazole blocks. Both the stress—strain curves
obtained for the AP8-b-EG68-b-AP8 and AP10-H-EG68-b-AP10 samples at 25 °C
contain an initial stiffening region, in which the tensile stress significantly
increases with the strain, and exhibit a yield point at a higher strain. After the yield
point, the tensile stress decreases and then increases gradually with increasing the

strain. These two samples show good stretchability although yield point is seen;
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the rupture strains were ca. 400% and 550% for AP8-b-EG68-b-AP8 and AP10-b-
EG68-b-AP10, respectively. At higher temperatures (30 and 35 °C), the tensile
stress increases with the strain, showing no yield point presumably because of
higher mobility of chain segments. On the other hand, the tensile stresses are thus
reduced and the rupture strains are enhanced. It is noteworthy that Figure 4-6
exhibits different effects of temperature on the mechanical properties for AP8-b-
EG68-b-AP8 and AP10-b-EG68-b-AP10. In the case of AP8-b-EG68-H-APS,
the stress—strain curves are different; the tensile stress decreases remarkably with
increasing temperature from 25 to 35 °C, whereas the rupture strain increased
markedly with temperature. These observations indicate that aggregates of the
shorter AP8 blocks, i.e, noncovalent crosslinks, are readily rearranged under stress
at higher temperatures. The stress—strain curves for AP8-b-EG68-b-AP8 at 30 and
35 °C contain a significant signal around 300% strain. At present, the reason for
signal is not clear, but it is likely that aggregates of AP8 blocks are considerably
rearranged at this strain.  In the case of AP10-b-EG68-b-AP10, on the other hand,
the stress—strain curves are almost the same at 30 and 35 °C. It is noteworthy
that AP10-b-EG68-b-AP10 of Manmr = 4.6 x 10° shows good mechanical
properties. These observations indicate that the mechanical properties of APn-
b-EG68-b-APn are more sensitive to temperature for smaller », and the small

difference in #n (8 and 10) is critical for the mechanical properties although the
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molecular weight (i.e., n) distributions are rather broad.
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Figure 4-6. Typical examples of strain—stress curves of AP8-b-EG68-H-AP8 and

AP10-b-EG68-b-AP10 films.

To investigate detail dynamic properties of AP10-b-EG68-b-AP10, rheology
measurements were carried out at varying temperatures with an appropriate strain
and varying oscillatory shear frequencies from 0.01 to 100 s™' (Figure 4-7). As
shown in Figure 4-7a, both the storage and loss moduli (G’ and G", respectively)
decrease with increasing temperature, but G’ is always larger than G" even at
120 °C. This observation also confirms that AP10-b-EG68-b-AP10 acts as an
elastomer in the wide temperature range based on the network structure formed by
aggregation of AP10 blocks. By using the time—temperature superposition of

rheological data at 25 °C from —25 to 80 °C, a master curve was drawn in Figure
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4-7b, which allows ones to see the moduli, G'and G", over a wide frequency range.
This figure demonstrates that the G’ values are higher than or equal to G” values

in the whole frequency range from 10 3to 10°s7".

While the superposition does
not work in a higher frequency regime at temperatures > 80 °C as shown in Figure
4-7c. This figure shows that G’ values decrease with increasing temperature,
indicating that the crosslinking density decreases under shear as the temperature
increases from 80 to 150 °C. Since the network structure is based on the
aggregation of dense triazole blocks, it is likely that the aggregates of APn blocks
become less stable under shear at temperatures > 80 °C, as illustrated in Figure 4-
7d. It should be noted here that the complex modulus G* values obtained by
rheology measurements are different from Young’s modulus obtained by the
tensile test. This discrepancy may be caused by reprocessing of the AP10-b-EG68-

b-AP10 sample to prepare films with a proper thickness for rheology

measurements.
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Figure 4-7. Storage and loss moduli, G" and G”, as functions of angular frequency
® at varying sweeping temperatures (a), the time—temperature superposition
curves of G' and G" at 25 °C from -25 to 80 °C (b), composition curves of G’
superposed in a high frequency regime at 80, 100, 120, and 150 °C (c), and a
conceptual illustration on dissociation of the aggregates of APn blocks at high

temperatures under shear (d).

Self-Healing Property. The films formed from AP10-6-EG68-b-AP10 not

only have high stretchability and toughness, but also exhibits good self-healing
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capability, because of the network structure based on aggregation of dense triazole
blocks. No stretchability and self-healing capacity of common PEG based triblock
copolymers, e.g. polystyrene-b-poly(ethylene glycol)-b- polystyrene (PS-b-PEG-
b-PS),["8111%1 were observed. To demonstrate the self-healing capability, a film of
AP10-h-EG68-b-AP10 was cut into two pieces and the cut surfaces were made in
contact to allow healing at different times and temperatures. The healed films were
1

then applied the strain—stress measurements at a stretching speed of 1 mm s .

Figure 4-8 presents the pictures of the AP10-b-EG68-b-AP10 healed at

Figure 4-8. Self-healing tests of AP1I0EG68AP10 films. An illustration of the self-
healing experiments, in which the cut surfaces were slightly shifted and brought
into contact (a), and photographs of the film of AP10-EG68-AP10 healed at 55 °C

for 24 h (b, c, and d). The red circles indicate the heald interface.
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55 °C for 24 h. The two cut surfaces were slightly shifted and brought into contact
in a preliminary self-healing experiment to make the healed interface more
distinguishable, as illustrated in Figure 4-8a. Figures 4-8b — 4-8d demonstrate that
the healed film can be stretched, in which the healed interface is indicated with a
red circle. The stress—strain curves for the healed film are compared with that for
the virgin sample in Figure 4-9. This figure indicates that the moderate self-healing
capability under the present conditions. As expected, the film healed at the higher
temperature shows higher rupture stress and strain; Healing at 55 °C for 24 h led
to a recovered rupture strain of ca. 400% and rupture stress of ca. 2.5 MPa. The

conditions of self-healing experiments should be optimized to improve the self-

healing capability.
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Figure 4-9. Stress—strain curves for the virgin AP10-6-EG68-b-AP10 film and the
films healed at 45 and 55 °C for 24 h (a), and the healing ratio of rupture stress
and strain for the healed films (b).
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4-4. Conclusion

In this chapter, a new highly stretchable and self-healable material has been
developed using the strong dipole—dipole interaction of dense triazole-based
blocks. The dense triazole-based systems exhibited distinct characteristics. First,
comparing to the other self-healing materials reported to-date, the self-healing
APn-b-EGm-b-APn copolymers had the lowest molecular weights < 4.6 x 10°, but
possessed robust mechanical properties showing a maximum tensile stress of 7.2
MPa and a strain as high as 770%. The second, the APn-b-EGm-b-APn
copolymers showed good self-healing ability. Full-cut fractured AP10-b-EG68-b-
AP10 films reached more than 80% recovery of strain after 24 h at 55 °C. The
third is the simple and efficient preparation of the APn-b-EGm-b-APn triblock
copolymer compared with other robust materials, which often requires additional
synthetic steps. The excellent mechanical and self-healing properties of these
copolymers were derived from the rational molecular design of dense triazole
blocks, in which individual triazole rings interact cooperatively. The strong
intermolecular interaction of APx blocks in turn prompted microphase separation,
resulting in enhanced mechanical properties. The author believes that the design
concept presented here may represent a general approach to the preparation of new

highly stretchable functional materials.

92



References

1)

@)
(3)

(4)
()

(6)
(7)

(8)

©)

Patrick, J. F.; Robb, M. J.; Sottos, N. R.; Moore, J. S.; White, S. R. Nature

2016, 540, 363—-370.
Yang, Y.; Ding, X.; Urban, M. W. Prog. Polym. Sci. 2015, 49—50, 34—59.

Diesendruck, C. E.; Sottos, N. R.; Moore, J. S.; White, S. R. Angew. Chem.

Int. Ed. 2015, 54, 10428-10447.
Yang, Y.; Urban, M. W.; Chem. Soc. Rev. 2013, 42, 7446—7467.

Binder, W. H. Self-Healing Polymers: From Principles to Applications,

Wiley-VCH, 2013.
Yanagisawa, Y.; Nan, Y.; Okuro, K.; Aida, T. Science 2018, 359, 72—76.

Chen, Y.; Kushner, A. M.; Williams, A. G.; Guan, Z. Nat. Chem. 2012, 4,

467-472.

Kang, J.; Son, D.; Wang, G-J. N.; Liu, Y.; Lopez, J.; Kim, Y.; Oh, J. Y.;
Katsumata, T.; Mun, J.; Lee, Y.; Jin, L.; Tok, J. B.-H.; Bao, Z. Adv. Mater.

2018, 30, 1706846.

Li, C.-H.; Wang, C.; Keplinger, C.; Zuo, J.-L.; Jin, O.; Sun, Y.; Zheng, P.;
Cao, Y.; Lissel, F.; Linder, C.; You, X.-Z.; Bao, Z. Nat. Chem. 2016, 8,

618—624.

(10) Burnworth, M.; Tang, L.; Kumpfer, J. R.; Duncan, A. J.; Beyer, F. L.; Fiore,

93



G. L.; Rowan, S. J.; Weder, C. Nature 2011, 472, 334—337.

(11) Lai, J. C.; Jia, X. Y.; Wang, D. P.; Deng, Y. B.; Zheng, P.; Li, C. H., Bao, Z.

Nat. Commun. 2019, 10, 1164.

(12) Appel, E. A.; Biedermann, F.; Rauwald, U.; Jones, S. T.; Zayed, J. M.;

Scherman, O. A. J. Am. Chem. Soc. 2010, 132, 14251-14260.

(13) Liu,J.; Tan, C. S.Y.; Yu, Z. Y.; Li, N.; Abell, C; Scherman, O. A. Adv.

Mater. 2017, 29, 1604951.

(14) Liu,J.; Tan, C. S.Y.; Yu, Z. Y.; Li, N.; Abell, C; Scherman, O. A. Adv.

Mater. 2017, 29, 1605325.

(15) Mei, J.-F.; Jia, X.-Y.; Lai, J.-C.; Sun, Y.; Li, C.-H.; Wu, J.-H.; Cao, Y.; You,

X.-Z.; Bao, Z. Macromol. Rapid Comm. 2016, 37, 1667-1675.

(16) Fox, J.; Wie, J.; Greenland, B. W.; Burattini, S.; Hayes, W.; Colquhoun, H.

M.; Mackay, M. E.; Rowan, S. J. J. Am. Chem. Soc. 2012, 134, 5362—5368.
(17) Schulze, B.; Schubert, U. S. Chem. Soc. Rev. 2014, 43, 2522-2571.

(18) Bouchet, R., Phan, T. N. T., Beaudoin, E., Devaux, D., Davidson, P.,

Bertin, D., Denoyel, R. Macromolecules 2014, 47, 2659-2665.

(19) Beaudoin, E., Phan, T. N. T., Robinet, M., Denoyel, R., Davidson, P.,

Bertin, D., Bouchet, R. Langmuir 2013, 29, 10874-10880.

94



Chapter 5

Conclusions

In this study, new block copolymers possessing poly(ethylene glycol) and
dense 1,2,3-triazole blocks have been prepared. Various properties and functions
of these copolymers were systematically investigated.

In Chapter 2, diblock copolymers diblock copolymers, EGm-b-APn and
EG18-b-AB7, possessing a dense 1,2,3-triazole block were successfully prepared
by CuAAC polymerization of AP and AB, respectively, in the presence of EGm-P.
All the EGm-b-APn and EG18-b-AB7 copolymer samples were well soluble in
water. The self-association behavior in water was studied. Interestingly, the
author has found that the dense 1,2,3-triazole blocks act as hydrophobe in water,
although 1,2,3-triazole ring has a large dipole moment and can form hydrogen
bonding. The reason may be the strong dipole—dipole interaction offered by the
dense 1,2,3-triazole rings. Various self-assembled nanostructures in water were
obtained, i.e., spherical micelles, vesicles, and cylindrical micelles even with
relatively short dense 1,2,3-triazole blocks, e.g., EG18-b-AP4 and EG45-b-AP6.
Moreover, the self-assemblies formed from EG18-6-AP10, EG45-b-AP14, and
EG18-b-AB7 underwent further aggregation at higher temperatures, which

showed thermoresponsive properties. The thermoresponsive association behavior
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can be controlled by the relative block length and composition of dense 1,2,3-
trizole blocks.

In Chapter 3, the solubility and photophysical properties of EGm-b-APn in
solution state were investigated. The incorporation of EGm block significantly
enhanced the solubility of bock copolymers in common polar solvents. Increasing
the length of APn block, the solubility decreased in these solvents. Unexpectedly,
the block copolymers emitted fluorescence in solution state. The emission of block
copolymers was tuned from ultraviolet to green fluorescence by changing the
excitation wavelength. This emission behavior may be based on the polydispersity
of copolymers. PGSE NMR analysis and theoretical calculation have indicated
that the copolymers are molecularly dispersed in DMF-d7 and APn block is an
intrinsic fluorophore. Finally, the emission responsive property of block
copolymer to metal ions was studied because of the interaction with dense 1,2,3-
triazole blocks dependent on the ionic species.

In Chapter 4, the author prepared BAB type dense 1,2,3-triazole-based
triblock copolymers, APn-b-EGm-b-APn. Using the strong dipole—dipole
interaction of dense triazole-based blocks, new strong and highly stretchable
elastomer with good self-healing ability was developed. This new dense triazole-
based elastomer exhibited distinct characteristics. To the best of the author’s

knowledge, this self-healable APn-b-EGm-b-APn copolymer had the lowest
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molecular weights < 4.6 x 10%, but with strong mechanical properties possessed a
maximum tensile stress of 7.2 MPa and a strain as high as 770%. Moreover, the
preparation of these copolymers was simple, robust, and efficient. No
requirements of tedious synthetic steps, specific chemicals, and harsh
experimental condition were required. The excellent mechanical and self-healing
properties of these copolymers resulted from two factors; (1) rational molecular
design of dense triazole blocks, in which individual triazole rings interact
cooperatively, and (2) the presence of microphase separation. The strong
intermolecular interaction of APn blocks caused microphase separation, which in
turn enhanced mechanical properties.

In conclusion, the author successfully synthesized new 1,2,3-triazole-based
diblock and triblock copolymers. The copolymers are soluble in some common
solvents. The properties and functions of these new copolymers were investigated.
The author believes that this work presented here will afford a new aspect for

fabricating new novel triazole-based functional materials.
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