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Chapter 1
Introduction

Stimuli-sensitive polymers are a kind of polymers which can change physical
properties or chemical structure abruptly and abundantly responding to small changes of
external stimuli in environment. Until now, many external stimuli can be employed to
induce stimuli-sensitive behavior of polymer and these external stimuli can be
temperature, light, magnetic or electric field, acoustic field, mechanical forces, pH value
or ionic strength in aqueous media, or some additives in some proper media.'

In the past great enthusiasm has been plunged into the research on stimuli-sensitive
polymers and many kinds of stimuli-sensitive polymers have been developed. Light can
be controlled conveniently without the limitation of time or space and the light
irradiation processes can be tuned by switching on/off the light source or changing the
light parameter such as the wavelength or the intensity, so a lot of light-sensitive
polymers have been prepared®. Usually some photo-sensitive moieties such as
azobenzene® or o-nitrobenzyl (:hromophores3 were incorporated into polymers and
theses light responsive polymers can be used in many fields such as drug delivery,
holography, and nanoporous materials.* As an electric field was imposed on some
polymers, those polymer materials may bend, shrink or swell. Those polymers are
called electro-responsive polymers which will change their properties in respond to
external electro field. Electro-responsive polymers can change electrical energy into
mechanical energy and can be used as smart materials which may be useful for sensing,
artificial muscle actuation, energy transduction and controlled drug delivery.” > As
polymer chain was immobilized directly onto the surface of magnetic particles by
covalent bond or polymer network entrapped magnetic particles, polymer system can

respond to magnetic field." '*"”

Due to responding to external magnetic field, the
magnetic-responsive polymers can be used for sensors, cancer therapy agents, switches,
separation media, and drug delivery systems.l’20 Some particular polymers which can
be sensitive to some special agents especially to biological molecules also were
synthesized and these stimuli-responsive polymers own the potentiality for
biosensing/diagnostics, controlled drug delivery, smart films/matrices for tissue
engineering. Polymers with disulfide bond can be reversibly converted to thiols
expose to reducing agents or undergo disulfide exchange meeting other thiols and these
polymers can be considered redox-/thiol-responsive polymers."” *' Because in many
bio-processes transformation from thiol to disulfides is very important for proteins, so

1, 22-24

redox-/thiol-responsive polymers can be used for drug delivery. Polymers



composed of enzyme-sensitive substrates are enzyme-responsive polymers which can
lead to supramolecular architecture or macroscopic transition and these polymers can be

: : . . 1, 25-28
used in some bio-engineering fields.”

Polymer which can respond to glucose is
another class of biological molecule-sensitive polymers owning great potential
applications for glucose sensing or insulin delivery'. The glucose-responsive polymer

. . -1 . . 12932
can be synthesized based on reversible reaction’ between glucose and boronic acid,

reaction between glucose and oxygen catalyzed by glucose oxidase®*

and competitive
binging of glucose with glycopolymer-lectin complexes™. The glucose-responsive
polymer can be used for insulin delivery and so on.*® The pH-responsive polymer is also
a very important kind of stimuli-sensitive polymers and attracts research attention. The
pH-responsive polymer can change their conformation according to the pH value of
aqueous solution resulting in changes of solubility in water. Usually, the pH-responsive
polymers bear weakly ionizable groups and will change the degree of ionization with
the change of pH value'. So the pH-responsive polymers are some polyacids or
polybases. ' Polyacids such as poly(acrylic acid)’’ and poly(methacrylic acid)*® accept
protons at low pH value and release protons at neutral and high pH value in water.
When polyacids release protons at higher pH values polyelectrolyte will be formed and
the electrostatic repulsion between polymer chain segments will reinforce the
solubilization of polymer chains, however, when the pH value is low the polymer chain
segments will be protonated and the electrostatic repulsion between polymer chains will
disappear resulting in aggregation of polymer chain because of the dominance of
hydrophobic effect between protonated polymer chain.'”’ Whereas polybases such as
Poly(N,N-dimethyl  aminoethyl —methacrylate)®, poly(N,N-diethyl —aminoethyl
methacrylate)*’, Poly(vinylpyridine)*'and Poly(vinyl imidazole)** will be protonated at
alkaline condition and positively ionized at low and neutral solution conditions.' The
positively ionized polymer chains own reinforced solubilization because of electrostatic
repulsion between ionized polymer chain segments. Usually, polybases with a pendent
amine group accept protons at acidic solution conditions with a low pH value and
release them at high pH value resulting in aggregation of polymer chains due to

1,40

hydrophobic interactions between the polymer chains.” ™ The pH-responsive polymer

can be grafted onto a membrane and obtain a material with a pH-responsive surface." *>
* The pH-responsive polymer also is used widely in some bio-related fields such as

intelligent bioconjugate' *>- 4 1,47-49.

and drug delivery
Besides those stimuli-sensitive polymers mentioned above, because of conveniently
control and easy application to some fields, temperature is a most common and popular

stimulus in responsive-stimuli polymer systems. So thermoresponsive polymer is also a



very important kind of stimuli-sensitive polymers. Thermoresponsive polymer could
abruptly change their some properties such as solubility and chain conformation
responding to small changes of temperature. Usually, thermoresponsive polymer system
exists as a solution state at which polymer solution owns a critical solution temperature
depending on the polymer concentration, and according to the phase behavior with
respond to temperature change thermoresponsive polymer can be divided into two
classes. One owns an upper critical solution temperature (UCST) above which polymer
solution is one phase, while below UCST the polymer solution is heterogeneous. The
other has a lower critical solution temperature (LCST) and above LCST phase
separation will occur.' !

In the past several decades LCST polymers in water has provoked lots of interest
and many LCST-related applications have been developed. Water soluble LCST
polymers usually contain hydrophilic and hydrophobic moieties, and between
macromolecule and water there exist some intermolecular forces such as hydrogen
bonding or balance between hydrophilic and hydrophobic interaction.'”">' As the
temperature is lower than LCST, because the hydrophilic interaction dominates or there
exist a relatively strong hydrogen bonding between polymer chain and water the
polymer can dissolve in water with a coil conformation." ! As the temperature is
above LCST, the hydrophobic interaction dominates or the hydrogen bonding between
macromolecule and water is disrupted, and the polymer becomes insoluble in water
resulting in phase separation.” "' At the temperature above LCST, the conformation of
polymer chain will change from coil to globule. Until now many water soluble

d.'"%3! The water soluble

thermoresponsive polymers have been synthesized and studie
thermoresponsive polymer can be grafted onto surfaces or interfaces and an intelligent
surface or interface can be obtained, which can be used in some fields such as

3253 The water soluble

chromatograph and temperature modulated membrane.
thermoresponsive polymer can be conjugated to some bio-molecules and the activity of
obtained bio-molecules can be controlled by the temperature. Based on the interaction
or affinity between a certain bio-molecules and bio-conjugated thermoresponsive
polymer, some intelligent applications in bio-related fields can be developed.' > For
example, bio-conjugated themroresponsive polymers can be used for proteins separation,
and some materials modified by the thermoresponsive polymer can also be used for cell
manipulation.”® A very important application of water soluble thermoresponisve is drug
delivery, and based on the thermoresponsive polymers many controlled release systems
have been developed.”® Water soluble thermoresponsive polymers can also be made into

hydrogel and hydrogels based on water soluble thermoresponsive polymers also own



some important applications such as drug delivery, shape memory materials and tissue
engineering materials.>®

Thermoresponsive behavior of polymer in some nonaqueous media such as in ionic
liquids or organic meida also attracts much research interest. Researches on ionic liquid
is booming because of some advantages such as chemical stability, nonflammablity, and
thermoresponsive polymer systems in ionic liquid have also been studied.””*

Nowadays, due to academic interest and industrial applications thermoresponsive
polymers in organic media have started to attract much attention. Though
thermoresponsive polymers have been studied many decades ago, the conventional
thermoresponsive polymer system such as UCST-type and LCST-type usually exhibits
thermoresponsive behavior at some tough conditions such as at high temperature near or
above the boiling point of solvent or in sealed cells.”’®’ It is not so convenient to study
the conventional thermoresponsive polymer systems due to the need for tough
conditions. Though the study on conventional organic thermoresponsive polymer
system can help to understand polymer science and build some theory especially on
polymer solution chemistry, applications based on organic thermoresponsive polymer
systems were seldom developed with a comparison with aqueous thermoresponsive
polymer systems. So it is necessary to discover new thermoresponsive organic polymer
systems which can exhibit thermoresponsive behavior at mild conditions, and until now
only very a few new organic thermoresponsive polymer systems have been
developed.®"

As for LCST-type thermoresponsive polymer systems, there usually exist two kinds
of systems based on the driving force which causes phase separation with increasing
temperature. One is polymer aggregation resulting from the hydrophobic interaction due
to the collapse of hydrogen bonding or amphiphilic balance, and usually this kind of
polymer systems is aqueous.””>' In aqueous polymer solution the interaction between
polymer chain and water molecule is strong enough, which can be recognized by many
kinds of measurements,”® and the volume change of polymer usually is very large
during phase separation. In the other LCST-type thermoresponsive polymer system, the
phase separation with increasing temperature is because of the difference of expansivity
or free volume between polymer and solvent, and usually this kind of thermoresponsive
behavior happens at critical conditions of solvent, e.g., close to or higher than the
boiling point of solvent.®’®” The second LCST-type phase behavior of polymer solution
usually occurs in organic media, of course, at critical conditions of solvent, and this
kind of thermoresponsive behavior can be understood well by some classic free volume

7

theories,”” e.g. the solvent is much more expanded than the polymer and the this



difference can lead to the phase separation, so high molecular weight polymer usually
incline to occur phase separation close to critical condition of the solvent such as near
the boiling point of the solvent.”® Nowadays, some attention is being paid to the
research on novel LCST-type thermoresponsive polymer systems in organic media.
These novel themeroresponsive polymer systems were different from conventional
LCST-type polymer systems, and they can exhibit thermoresponsive behavior at mild

conditions.®7°

Usually in these novel thermoresponsive polymer systems polymer
owned unique chemical structure or there exist some unique interactions between
polymer and organic solvent molecules, e.g., poly(vinyl ether) with ionic liquid
pendants,” fluoroalkyl-end-capped polymer68 and heat-set gel-like networks with metal
complexes® can exhibit LCST characteristic behavior in organic media.

In our study, we discovered a novel organic polymer solution which can exhibit
LCST characteristic behavior at mild conditions and the cloud point of polymer solution
can be tuned conveniently. Because the discovered polymer systems exhibit LCST
characteristic behavior at mild condition not at solvent critical, the possibility for the
reason why phase separation happens is the difference of free volume between polymer
and solvent is small. In another hand because polymer exhibited LCST-type
thermoresponsive behavior in some weak polar organic solvent at mild conditions, so
there could exist no strong interaction between polymer and organic solvent. So the
reason why our discovered polymer system can exhibit LCST-type behavior may be that
there exist a unique interaction between our synthesized polymer and used solvent, and
this interaction may change with temperature changes resulting in phase separation in a
critical point.

As for UCST-type thermoresponsive organic polymer solution, it is very important
and useful to discover a tunable UCST-type thermoresponsive organic polymer solution
though it is common that polymer can exhibit UCST-type thermoresponsive behavior.
Until now only very a few tunable UCST-type organic polymer solution system were

obtained.”"

These tunable UCST-type organic polymer systems especially at mild
conditions own some useful applications. As polymer chains were grafted onto the
surface of some colloid particles, based on the UCST-type thermoresponsive behavior in
organic media the aggregation of related colloidal particles can be controlled by
temperature, e.g., tempeagure-induced aggregation of megnetic nanoparticles grafted by
poly(2-methoxyethyl methacrylate) in methanol” or polystyrene in cyclohexane™.

In our study on UCST-type thermoresponsive polymer solutions, a novel tunable
organic copolymer solution was discovered. The discovered organic polymer system

can exhibit UCST characteristic behavior at mild conditions, and it is distinct that the



cloud point of organic polymer solution can be tuned conveniently in a wide

temperature range.

If the organic thermoresponsive polymer system owns a well tunable ability to
switch with the temperature change, there is a possibility that some smart or intelligent
materials can be designed based on that thermo switch. For example, based on the
LCST or UCST thermo moieties, the thermo switchable self-assembly micellar system
can be designed, which is useful for some applications such as sensor or nano-reactor in
organic media.

The study in this thesis focuses on discovering novel organic thermoresponsive
polymer systems at mild conditions, investigating the thermoresponsive behavior of
those thermoresponsive systems and trying to comprehending the possible related
theories.
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Chapter 2
Reversible Thermoresponsive Behavior of Poly(2-chloroethyl vinyl
ether-alt-maleic anhydride) in Organic Media under Mild Conditions

2-1 Introduction

The thermoresponsive behavior of the lower critical solution temperature (LCST) in
an aqueous polymer solution is common and has been studied widely. However, it is
rare that a polymer exhibits a sensitive LCST characteristic in organic media. As a result
of academic interest and industry applications, much attention has been drawn to
thermoresponsive polymers in organic media. In the past, a few studies'® investigated
the LCST-type phase separation in organic solvents under tough conditions such as at a
high pressure above the boiling point of the solvent in a sealed cell. While the
temperature increases, the difference in the size or expansion coefficient between the
polymer and solvent increases and causes phase separation at a certain critical
temperature, as explained by the theory of free volume.” Although some theories and
models”"'* have tried to elucidate and predict the phase behavior of polymer/organic
solvent systems, until now novel LCST-type systems of the polymers in organic media
have seldom been identified especially in mild conditions.">"’

In this paper, experimental observations of unique phase behavior in a
poly(2-chloroethyl vinyl ether-al/t-maleic anhydride) (P(CVE-MA)) solution are
reported. In some organic solvents, the polymer presents LCST-type thermoresponsive
phase behavior under mild conditions. The clouding temperature of the polymer
solution can be tuned easily in a wide range with different media. In some organic
media, the polymer solution can form a relatively stable dispersion system above a
certain temperature. This dispersion system can recover to become a dilute polymer
solution as the temperature of the system falls below the clouding temperature. This
kind of process is reversible and very similar to the behavior of poly(N-isopropyl

acrylamide) aqueous solutions.
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2-2 Experimental

2-2-1 Materials

Sodium hydroxide (NaOH;Nacalai tesque; 97%), anhydrous sodium sulfate (Na;SOy;
Nacalai tesque; 97%), calcium hydride (CaH,; Nacalai tesque; EP), and
2,2’-azobisisobutyronitrile (AIBN; Wako; >98%) were used as received. 2-Chloroehtyl
vinyl ether (TCI;>97.0%) was washed three times with equal volume of water made
slight alkaline with NaOH, dried with Na,SO,4 and refluxed in the presence of CaH, for
2h and distilled under reduced vacuum. Maleic anhydride (TCI, >99.0%) was
recrystallized in benzene. Methyl ethyl ketone (MEK; TCI; >99.0%) was refluxed in the
presence of CaH, for 2h, distilled under reduced pressure and kept in the presence of
molecular sieve. Propyl acetate (TCI; >98.0%), ethyl acetate (TCI; >98.0%), butyl
acetate (Aldrich; ACS reagent, >99.5%), octane (TCI; >97.0%), decane (TCI; >99.0%),
dodecane (TCI; >99.0%), 1,2-dichloroethane (Wako; >99.5%), and tetrahydrofuran
(THF; Wako; >99.5%) were used without further purification.

2-2-2 Synthesis of Polymer

Copolymerization of maleic anhydride and 2-chloroethyl vinyl ether was carried out
by free-radical solution polymerization. Typically, maleic anhydride (1.225 g),
2-chloroethyl vinyl ether (1.332 g), AIBN (0.006 g), and methyl ethyl ketone (5 g) were
added into a 50 mL three-neck flask equipped with a condenser and an inlet of nitrogen
gas. The reaction solution was stirred for 2h at the 70 °C. The resultant polymer was

precipitated in diethyl ether and dried in vacuum at 100 °C for at least 8h.
2-2-3 Nuclear Magnetic Resonance (NMR)

The structure of the alternating copolymer was characterized by *C NMR and 'H
NMR spectra using BRUKER AVANCE 600 (600 MHz) spectrometer and acetone-ds as

the solvent.
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2-2-4 Fourier Transform Infrared Spectroscopy (FT-IR)

Infrared spectrum of copolymer was recorded in a Nicolet AVATAR 320S FT-IR
spectrophotometer in KBr pellet.

2-2-5 Gel Permeation Chromatograph (GPC)

Molecular weight of the prepared copolymer were determined by GPC using 2
columns of TSKgel GMHx; and one column of TSKgel G2000Hx; connected to
integrated HLC-8020 system (TOSOH) at a 1.0 mL/min flow rate of THF. Polystyrene
standards were used for calibration.

2-2-6 Thermoresponsive Measurement of Polymer Solution

1) Sample Preparation
Smg polymer was dissolved in 5g solvent. The composition of the used solvents was
different from one to another. The sample was sealed and kept in a refrigerator at about

3 °C overnight before the measurements were done.

2) Static Light Scattering (SLS) Measurement

The thermoresponsive phase behavior of the polymer solution was characterized by
the scattered light intensity at different temperatures at a fixed angle of 90°. Static light
scattering was measured by a laboratory-made apparatus equipped with an
ALV/SO-SIPD detector using He-Ne laser (the wavelength A, = 633 nm).” Sample
solutions were optically purified by a Millipore filter of nominal pore size of 1.0 pm and
transferred into optical tube. The heating and cooling rate of the system is about 0.2
°C/min. The scattered light intensity of the polymer solution was measured immediately

as the temperature of the system reached the desired temperature.
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2-3 Results and Discussion

2-3-1 Synthesis of Copolymer
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Fig. 2-1. GPC chromatogram of the synthesized copolymer
The GPC chromatogram of synthesized copolymer is shown in Fig. 2-1 and the
weight-averaged molecular weight of the resultant polymer is 66,000 g/mol with the
molecular weight distribution of 3.14.
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Fig. 2-2. FT-IR spectrum of P(CVE-MA)

The FT-IR spectrum of P(CVE-MA) is shown in Fig. 2-2. Peaks at 1850 and 1780
cm ' correspond to the asymmetric and symmetric C=0 stretch. Peaks at 1225 and 927
cm’™ are due to ring stretching vibrations of a saturated cyclic five-membered anhydride.

Peaks at 1110, 736 and 665 cm™ are the characteristic adsorption of groups of
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2-chloroethyl vinyl ether repeating unit. It is concluded that the resultant polymer is a

copolymer of maleic anhydride and 2-chloroethyl vinyl ether.
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Fig. 2-3. NMR spectrum of the copolymer in acetone-dg: (A)°C NMR, (B) "> C NMR
resonance for the alternating structure, (C) "H NMR.

It is well known that vinyl ethers and maleic anhydride can form alternating
copolymers with 1:1 overall composition by free radical polymerization.'® The structure
of the alternating copolymer was characterized by *C and 'H NMR spectra using
BRUKER AVANCE 600 (600 MHz) spectrometer and acetone-ds as the solvent. The
spectrum of *C NMR measured at 35 °C is shown in Fig. 2-3 (A) and (B) in which the
resonance for main chain methylene carbon (e) at 37-32 ppm for alternating structure
exists, and it can be concluded that the copolymer of 2-chloroethyl vinyl ether and
maleic anhydride is an alternating polymer."® "H NMR spectrum of copolymer is also
shown in Fig. 2-3 (C), and the integrated area ratio of 3.3-4.0 ppm (protons a, b, e and f)
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to 4.2-4.8ppm (proton d) approaches to 6 which indicates that the mole fraction of
2-chloroethyl vinyl ether and maleic anhydride group is 1:1.

2-3-2 Reversible Thermoresponsive Behavior
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Fig. 2-4. Temperature dependence of scattered light intensity for the poly(2-chloroethyl
vinyl ether-a/t-maleic anhydride) solutions in mixed solvents of THF and hexane. The
weight percentage of THF is indicated in the graph, and the polymer concentration in

the solution is about 0.1wt%. The solid and hollow symbols represent heating and

cooling process, respectively.

Fig. 2-5. Photograph of the polymer solution in THF/hexane with 81wt% THF at
different temperatures: A, 20°C; A1, 40°C.

In THF/hexane mixed solvent with proper composition, the dilute solution of

poly(2-chloroethyl vinyl ether-a/t-maleic anhydride) exhibited abrupt increase in the
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scattered light intensity at a certain temperature (Fig. 2-4). At a higher temperature, the
polymer solution became turbid as shown in Fig. 2-5. This turbid solution became
transparent again as the system cooled down. That is to say, the polymer became
insoluble above a critical temperature, and phase separation was observable by eyes in
the final stage. In other words, poly(2-chloroethyl vinyl ether-a/t-maleic anhydride)
presents LCST-type thermoresponsive phase behavior in organic media such as
THF/hexane under relatively mild conditions, i.e., much lower than the boiling point of
the solvent. With the increase of THF in the mixed solvent, the clouding temperature of
the polymer solution increased. Because the concentration of the polymer in the solvent
was low (about 0.1 wt%), the cloud point temperature observed by eyes to be higher
than the critical solution temperature, as measured by SLS. For example, in the mixed
solvent with 81wt% THF shown in Fig. 2-5, the visually observed clouding temperature
is about 40°C, which is higher than the critical temperature of 25°C measured by SLS. It
can also be seen from Fig.2-4 that there exists a discrepancy in the temperature
dependence of the scattered light intensity comparing the cooling curve with heating

curve at a lower weight percentage of THF in the mixed solvent.
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Fig. 2-6. Temperature dependence of scattered light intensity for the polymer solution in
mixed solvents of propyl acetate and various n-alkanes with 83wt% of propyl acetate.

The solid and hollow symbols represent heating and cooling process, respectively.

The thermoresponsive behavior of polymer in the mixed solvent of propyl acetate and
various n-alkane was also observed and reversible (Fig. 2-6). It can be seen from Fig.
2-6 that the slope of the curves becomes low with the size increase of n-alkane, i.e., the
sensitivity to the temperature for solution turbidity becomes weaker and weaker with
the size increase of n-alkane. It is obvious that the increasing rate of scattered light
intensity of polymer solution in the mixed solvent of propyl acetate and n-dodecane and

n-decane (about 52 a.u. / °C) is slower than that in other mixed solvents containing
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shorter n-alkanes (at least 60 a.u. / °C), and this tendency also exists during cooling
processing. There also exists discrepancy between curves for heating and cooling

processes in these mixed solvent to some extent.
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Fig. 2-7. Temperature dependence of scattered light intensity for the polymer solutions
in mixed solvents of propyl acetate and 1,2-dichloroethane. The weight percentage of
propyl acetate in the mixed solvents is indicated in the graph. The solid and hollow

symbols represent heating and cooling process, respectively.

The clouding temperature of the polymer solution decreases with the weight increase
of 1,2-dichloroethane in the mixed solvent of propyl acetate/1,2-dichloroethane
(Fig.2-7). The discrepancy between heating and cooling processes becomes remarkable

as the weight percentage of propyl acetate in the mixed solvent decreases.
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Fig. 2-8. Temperature dependence of scattered light intensity for polymer solutions in
different organic media: (A) heating (solid square) and cooling (hollow square) process
in the mixed solvent of butyl acetate and n-octane with 83wt% of butyl acetate. The data
points a and b represents the results for 1h and 3h after finishing the cooling process,
respectively; (B) heating (solid circle) and cooling (hollow circle) process in the mixed
solvent of ethyl acetate and n-octane with 83wt% of ethyl acetate; (C) heating (solid
triangle) and cooling (hollow triangle) process in butyl acetate. In the upper photograph,
the bottles A and B represent the polymer solutions of butyl acetate/n-octane and ethyl
acetate/n-octane, respectively, at 20°C. These solutions become turbid after heating to
70°C as shown by Al and B1.

For poly(2-chloroethyl vinyl ether-a/f-maleic anhydride), THF and propyl acetate are
good solvent and n-alkane and 1,2-dichloroethane are nonsolvent. As the nature of the
media becomes poor, i.e., with increase of nonsolvent, the clouding temperature of the
polymer solution decreases and the discrepancy between heating and cooling scans
becomes remarkable. A much more remarkable discrepancy during cooling is observed
in the mixed solvent of butyl acetate/n-octane and a much long time is needed to
recover to the original transparent state (Fig.2-8, a — b). It can be concluded that the
butyl acetate is not a very good solvent especially at a higher temperature though the
polymer can be dissolved in it. So the measurement of SLS only in the butyl acetate was
done and the LCST-type phase behavior was observed as shown in curve C in Figure 5.
The clouding temperature of the polymer in the butyl acetate is high (about 95°C) but

enough below its boiling temperature (124-126 °C) and not so much more remarkable
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discrepancy is observed.

One of reasons why alternating copolymers of 2-chloroethyl vinyl ether and
maleic anhydride exhibit LCST-type behavior may be attributed to that there exist
unique interaction between polymer and solvent duo to the unique chemical
composition of this polymers. In our preliminary experiments, some polymers with
similar chemical structure did not exhibit LCST behavior in some related organic
media, i.e., poly(ethyl vinyl ethr-a/t-maleic anhydride) did not exhibit any LCST
behavior at same conditions. Unfortunately, it is difficulty to prepare random
copolymers of 2-chloroethyl vinyl ether and maleic anhydride, so the influence of the
monomer sequence can not be evaluated. In this kind of thermoreversible system, the
conformation of polymer in the solvent, the morphology and stability of the dispersed
particles change during the phase separation, which could help us to understand the
polymer solution chemistry much more deeply. Furthermore, this kind of polymer with
the groups of carboxylic anhydride and alkyl chloride can be made modification
conveniently. Therefore basing on the novel LCST thermosensitivity of this polymer,
self-assembly of polymer with different composition or topology could be studied and

some novel sensors or smart materials are expected to be developed.

2-4 Conclusion

The reversible LCST-type phase behavior of poly(2-chloroethyl vinyl ether-a/t-maleic
anhydride) can be obtained in some proper organic media under mild conditions, and
the clouding temperature of the polymer solution can be tuned conveniently in a wide

range
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Chapter 3
Reversible Thermoresponsive Behavior of Poly(2-chloroethyl vinyl
ether-alt-maleic anhydride) in Mixed Solvent of
Tetrahydrofuran/Hexane

3-1 Introduction

Thermoresponsive polymers can undergo relatively large and abrupt physical or
chemical property changes in response to small external changes of temperature in the
environment, and those polymers generally have a lower critical solution temperature
(LCST) or upper critical solution temperature (UCST). Most interest is related to
LCST-type polymers, and based on this kind of polymers many applications have also
been developed.'”

As for LCST-type phase behavior of polymers in water some theories have been
developed in order to predict the thermoresponsive behavior and discover new polymers
which can exhibit LCST-type phase behavior*®, and water-soluble thermoresponsive

6. 79 guch as controlled drug delivery7,

polymers have been used in many fields
thermoresponsive stabilizers® and bioconjugates'. However, in the past LCST-type
phase behavior of polymers in organic media did not attract so much attention, and one
of reasons may be that LCST of conventional polymer systems in organic media occurs
at some tough conditions such as near or above boiling point of solvent, so it is not
convenient to study this kind of phenomena'”'”. Nowadays LCST-type phase behavior
in organic media at mild conditions has started to attract some interest, but only a few
novel examples have been reported'*?’, for example, polymers capped by fluoroalkyl
groups'®, heat-set gel-like networks of lipophilic Co(Il) triazole complexes'’ and
polymers with ionic liquid pendants®.

Here we report an organic polymer solution system which can exhibit LCST-type
phase behavior at mild conditions. In chapter 2 we simply reported the phenomenon that
alternating copolymer of 2-chloroethyl vinyl ether and maleic anhydride (P(CVE-MA))
can present LCST-type phase behavior in proper organic media®'. It is commonly
reported that some polymers can exhibit LCST-type phase behavior in mixed solvent of

. . .22-31
water and organic media**”

. However, it is novel that organic polymer solution exhibits
LCST-type phase behavior by changing the quality of mixed solvent at mild conditions,

and studying this kind of thermoresponsive phase behavior can help us to understand
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the polymer solution properties deeply. Herein we study LCST-type behavior of
P(CVE-MA) in mixed THF/hexane solvent in detail and try to comprehend the

mechanism of reversible thermoresposive behavior

3-2 Experimental part

3-2-1 Materials

Sodium hydroxide (NaOH; Nacalai tesque; 97%), anhydrous sodium sulfate (Nax;SOys;
Nacalai tesque; 97%), calcium hydride (CaH,; Nacalai tesque; EP), and
2,2’-azobisisobutyronitrile (AIBN; Wako; >98%), hexane (Kishida Chemical; 96%)
were used as received. 2-Chloroethyl vinyl ether (CVE; TCI; >97.0%) was washed three
times with equal volume of water made slight alkaline with NaOH, dried with Na,SO4
and refluxed in the presence of CaH, for 2 hours and distilled under reduced vacuum.
Maleic anhydride (MA; TCI; >99.0%) was recrystallized in benzene. Methyl ethyl
ketone (MEK; TCI; >99.0%) was refluxed in the presence of CaH; for 2 hours, distilled
under reduced pressure and kept in the presence of molecular sieve. Tetrahydrofuran
(THF; Wako; >99.5%) was distilled before using. THF-dg (Nacalai tesque) was used as
received.

3-2-2 Synthesis of polymers

Copolymerization of MA and CVE was carried out by free-radical solution
polymerization: i.e. , MA (1.225 g), CVE (1.332 g), AIBN (0.006 g), and MEK (5 g)
were added into a 50 mL three-neck flask equipped with a condenser and an inlet of
nitrogen gas. The polymerization solution was stirred for 2 hours at the 70°C. The
resultant polymer was precipitated in diethyl ether and dried under vacuum at 100°C for
at least 8 hours. In order for polymerization of lower molecular weight polymer, MA
(1.225 g), CVE (1.332 g), AIBN (0.01 g), and THF (10 g) were also reacted in the same
system at 60°C for 6 hours.

3-2-3Gel Permeation Chromatograph (GPC)

Molecular weight of the prepared copolymer were determined by GPC using 2
columns of TSKgel GMHy; and one column of TSKgel G2000Hx; connected to
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integrated HLC-8020 system (TOSOH) at a 1.0 mL/min flow rate of THF. Polystyrene

standards were used for molecular weight calibration.
3-2-4 FT-IR measurement

Infrared spectrum of copolymer was recorded in a Nicolet AVATAR 320S FT-IR
spectrophotometer in KBr pellet.

3-2-5 Sample preparation of polymer solution

Certain amount of polymer was dissolved in the mixed solvent of THF and hexane.
The composition of the used solvents was different from one to another. The sample was
sealed and kept in a refrigerator at about 3 °C overnight before the measurements were

done.
3-2-6 Static light scattering (SLS) measurement

Thermoresponsive phase behavior of the polymer solution was characterized by the
scattered light intensity (/) at different temperatures at a fixed angle of 90°. I was
measured by a laboratory-made apparatus equipped with an ALV/SO-SIPD detector
using He-Ne laser (the wavelength A, = 633 nm)*. Sample solutions were optically
purified by a Millipore filter of nominal pore size of 1.0 um and transferred into optical
tube. The heating and cooling rate of the system is about 0.2 °C/min. /5 of the polymer
solution was measured immediately as the temperature of the system reached the

desired temperature.
3-2-7 "H NMR measurement

About 0.088 g polymer was dissolved in 0.52g THF-dg in a NMR tube with an outer
diameter of 5 mm, and '"H NMR spectra in THF-ds at different temperature were
measured using BRUKER AVANCE 600 (600 MHz) spectrometer. Weight percentage
of polymer in THF-ds was about 15wt%. After 'H NMR spectra at different
temperatures in THF-dg, about 0.02 g polymer (to keep the same polymer concentration)
and 0.105g hexane was added into the former polymer solution, and "H NMR spectra at

different temperatures were also measured in the mixed solvent. The weight percentage
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of polymer was about 15wt% in mixed THF-dg/hexane solvent, and the weight
percentage of THF-dg in the mixed solvent was about 83.2wt%. Scanning times was 128

and receiver gain was kept constant in all NMR measuring experiments.

3-3 Results and Discussion

3-3-1 Synthesis and chemical composition of copolymers

The GPC graph of synthesized copolymer is shown in Fig. 3-1. P(CVE-MA)-H,
with a weight-averaged molecular weight (M,,) of 66000 g/mol, was synthesized in
MEK (Fig. 3-1 a), and another copolymer P(CVE-MA)-L with M,, of 6000 g/mol was
prepared in THF (Fig. 3-1 b). P(CVE-MA)-H owns a broad molecular weight
distribution and the ratio of M, and number-averaged molecular weight (M,) was 3.14,
while P(CVE-MA)-L owns M,,/M, of 1.89.

a Mw 66000 g/mol 1}
- - -b Mw 6000 g/mol Y

0 5 10_ 15 20 25 30
Time / min

Fig. 3-1. GPC graph of prepared polymers.
3-3-2 LCST-type phase behavior of polymer solution

The solution of P(CVE-MA) in the mixed solvent of THF/hexane can exhibit reversible
thermoresponsive behavior. In SLS measurements, /; of polymer solution increased
substantially above a certain critical temperature (Fig. 3-2). Visually, the polymer
solution would become turbid as the temperature increased to a certain temperature,
means phase separation occurred at higher temperature region. The turbid system can
recover to the original state of clear polymer solution as the temperature became lower

than the critical temperature, and this kind of process was reversible. The temperature at
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which the polymer solution becomes turbid depends on the polymer concentration in the
solution at a certain solvent composition. Especially at lower polymer concentrations,
the temperature at which / increased sharply was lower than the temperature at which
the polymer solution became turbid visually’'. Here, the former temperature is
considered as the cloud point (7¢,) of the polymer solution. T, is defined from the curve
of I versus temperature, i.e., the temperature at the intersection point of the tangent of
two part curves with different increase ratio, as indicated by point A in Fig.3-2.

400

A heating M
3001 ¥ cooling

— 2004
~0

100

20 30 40 50 60 70 80
Temperature / °C
Fig. 3-2. Temperature dependence of Is for P(CVE-MA)-H solution in the mixed
solvent of THF and hexane. The weight percentage of THF in the mixed solvent is 83

wt%, and concentration of P(CVE-MA)-H is 0.4 wt%.

3-3-3 Effect of polymer concentration and solvent composition on T,

P(CVE-MA) solution can occur phase separation at desired temperature by tuning the
solvent composition of mixed solvent of THF and hexane. First we investigated the
thermoresponsive behavior of P(CVE-MA)-H (M,, = 66,000 g/mol). As the polymer
concentration was above 0.1 wt% and the weight percentage of THF in the mixed
solvent was enough low (usually, < 79 wt%), T, of polymer solution was below 0 °C
(observed by naked eyes in refrigerator). As the weight percentage of THF was far high
(usually, > 88 wt%) and polymer concentration was below 2 wt% , the polymer solution
maintained clear state below boiling point of THF and hexane. So in order to
characterize thermoresponsive behavior, the weight percentage of THF in mixed solvent
ranged from 81 to 85 wt% in this paper. Temperature dependence of /5 of polymer
solutions in different solvent compositions is shown in Fig. 3-3. It can be seen from Fig.
3-3 that / increases abruptly at a certain 7, which indicates thermoresponsive behavior

of polymer solution.
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Fig. 3-3. Temperature dependence of Is of P(CVE-MA)-H solutions at different weight
percentage of THF (a) 81 wt%, (b) 83 wt%, and (c) 85 wt%. The weight percentage of
polymer in solution is indicated in the graph.

As shown in Fig. 3-3 the increasing behavior of /i with temperature depends on

polymer concentration. At higher concentrations, /s increased much more abruptly and
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its temperature dependence after phase separation was much steeper than those of lower
polymer concentration.

It can be seen from Fig. 3-3 that 7,, of polymer solution is relied on polymer
concentration and solvent compositions to a certain extent. 7¢, as a function of polymer
concentration can be obtained from Fig. 3-3 and plotted in Fig. 3-4. It can be seen from
Fig. 3-4 that P(CVE-MA)-H presents LCST-type phase behavior in the mixed solvent of
THF/hexane with proper weight percentage of THF. In low concentration region, 7T,
decreased as the increase in polymer concentration, and then approached to a certain
constant value. This phenomenon is often observed in various LCST-type
thermoresponsive polymer solution®>® and also observed in P(CVE-MA)/n-butyl
acetate solutions in chapter 47 THF is a good solvent for P(CVE-MA) and hexane is
nonsolvent, so with increase in THF in the mixed solvent, the homogeneous one-phase
region below the 7, curve in Fig. 3-4 became wider. Similar result was also observed in

mixed aqueous solution of poly(N-isopropyl acrylamide)™.

35 > ©
1 O 81wt%
30 O 83wt%
25 | A 85wt%
20 T T T T T T T T
0.0 0.5 1.0 1.5 2.0

Weight percentage of polymer / wt%

Fig. 3-4. T, of polymer solution at different polymer concentrations for P(CVE-MA)-H.
The weight percentage of THF in mixed solvent is indicated in the graph.

Thermoresponsive behavior of P(CVE-MA)-L with lower M,, (6,000 g/mol) was
also investigated in the mixed solvent of THF and hexane as shown in Fig. 3-5. In the
mixed solvent with THF weight percentage of 81 wt%, LCST-type thermoresponsive
behavior was observed at the polymer concentration ranging from 1 wt% to 10 wt%,
and T¢, decreased with increase of polymer concentration (Fig. 3-5a). When the THF
weight percentage was 83 wt%, the abrupt increase in /s was not observed at the
polymer concentration of 1 wt%, and LCST-type thermoresponsive behavior was

recognized above 1.5 wt% (Fig. 3-5b). By further increase in THF weight percentage to
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85 wt% (Fig. 3-5¢), there was no thermoresponsive behavior even at high polymer

concentrations of 10 wt%.
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Fig. 3-5. Temperature dependence of Is of P(CVE-MA)-L solutions at different weight
percentage of THF (a) 81 wt%, (b) 83 wt%, and (c) 85 wt%. The weight percentage of
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polymer in solution is indicated in the graph.
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T, as the function of polymer concentration for P(CVE-MA)-L is shown in Fig. 3-6.
It can be seen that polymer concentration owns less influence on 7, in solutions with
higher THF weight percentage. As similarly observed in Fig. 3-4, T, line for 83 wt%
THF solution located at high temperature region than those for 81 wt% THF solution.

60

1 O
55 -] \D\B\D
50 - -
1 |
© 45
° 4
40 -
© -
35 -
30 -
] W 8lwt%
O 83wt%
20 T T T T T T T
0 2 4 6 8

Weight percentage of polymer / wt%

Fig. 3-6. T, of polymer solution at different polymer concentrations for P(CVE-MA)-L.
The weight percentage of THF is indicated in the graph.

From comparison between Fig.3-4 and Fig.3-6, it can be concluded that 7, of
P(CVE-MA)-H solution is lower than that of P(CVE-MA)-L solution under same
solvent conditions. Similar results was also observed in P(CVE-MA)/n-butyl acetate

system in chapter 4°,
3-3-4 NMR spectra of polymer solution

NMR spectroscopy can be used for studying thermoresponsive phase behavior of
polymer solution and can help to understand the phase transition in molecular level**™*.
High resolution "H NMR spectra of different protons of P(CVE-MA)-H in pure THF-dj
measured at different temperature and their assignments are shown in Fig. 3-7a. In pure
THF-ds all the protons of the polymer revealed a fine spectrum. The spectrum was
almost identical in the range of 25 °C - 60 °C, indicates the almost same chemical

environment for all protons within this temperature region.
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Fig. 3-7. '"H NMR spectra of P(CVE-MA) at different temperatures. (a) In pure THF-ds,
and (b) in THF-ds/hexane mixed solvent.

'H NMR spectra of P(CVE-MA)-H in mixed THF-dg/hexane solvent measured at
different temperatures are shown in Fig. 3-7b. It should be noted that no phase
separation happened visually below 25 °C, and the solution in NMR tube became turbid
above 35 °C. Comparing to the '"H NMR spectrum in pure THF-ds, line shape for
polymer protons broadened and splitting of the resonance disappeared. This indicates
that the mobility of polymer chains was restricted with addition of hexane. We can also
point out that the spectrum became sharper with the increase of temperature, which is in
contrast to the spectrum in pure THF-dg, suggesting that the chemical environment or
mobility of the polymer chain are strongly influenced by temperature in solution around
T.,. However, any discontinuous changes in the spectra at 25 °C and 35 °C, between
which the phase separation occurred, could not be recognized. In usual LCST or UCST
systems, NMR signals will be broadened and decreased in intensity by the phase
separation because of the decrease in mobility of the polymer chain. Therefore, the
results in Fig 3-7b seems strange because the peak intensity continued to increase even
after the phase separation occurred above 35 °C.

One possible explanation of the above results is as follows. For P(CVE-MA),
THF is good solvent and hexane is non-solvent. So in the THF/hexane mixed solvent,
the polymer should be solvated by more THF molecules than hexane, presumably
because of some specific interaction between THF and polymer. As the result, the
solution can be recognized as the system of THF-solvated polymers dissolved in
THF/hexane. If the amount of the solvated THF will be reduced with increasing
temperature, the mixed solvent THF/hexane will become worse for the solvated polymer,

and the polymer start to aggregate resulting into phase separated state. Even after the
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phase separation into polymer-rich and polymer-poor phases, chain mobility in the
former phase will be enough high because of the solvated THF, that is why any changes
in "H NMR spectrum was not recognized by the phase separation and only the peak
sharpening with increasing temperature was observed.

In order to inspect the above speculation, further researches for understanding this
LCST behavior in molecular level much more deeply and accurately, such as vibrational

spectroscopies, should be necessary, and will be conducted in future.

3-5 Conclusion

Alternating copolymer P(CVE-MA) with higher or lower molecular weight exhibited
LCST-type phase behavior in mixed THF/hexane solvent. Cloud point of copolymer
solution can be tuned by changing the solvent composition of mixed solvent or
copolymer concentrations. Higher molecular weight polymer revealed lower 7, than
lower molecular weight polymer. As the weight percentage of THF increased in mixed
THF/hexane solvent, T, was increased and effect of polymer concentration on T,
became smaller. '"H NMR spectra suggested that addition of hexane into polymer
solution in THF may create proper medium condition in which temperature change can
induce variation of polymer chain’s environment or mobility largely. However, any

discontinuous changes in NMR signals around 7, could not be observed.
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Chapter 4
LCST-type Phase Behavior of Poly(2-chloroethyl vinyl ether-alt-maleic
anhydride) in n-Butyl Acetate

4-1 Introduction

Much attention to lower critical solution temperature (LCST)-type phase behavior
of polymer solution has been attracted. Polymers with LCST are kind of
stimuli-sensitive polymers which are soluble at the temperature below LCST and
become insoluble above LCST. A lot of LCST-type phase behaviors of aqueous polymer
solution have been studied, and many theories and applications have been developed in
the past.'” Nowadays LCST-type phase behavior of polymer in some other
nonaqueous media is also coming into study in order to research and develop some
smart materials. For example, LCST polymer solutions of thermoresponsive
polymer/ionic liquid systems have been reported.*”

In conventional LCST polymer solutions in organic media, the critical temperature

is usually higher than the boiling point (BP) of solvent.*'*

These reported systems can
exhibit LCST-type phase behavior at some tough conditions such as in sealed
high-pressure cells above the BP of solvent or with considerably high molecular weight
polymers. Some theories have been tried to explain or predict this kind of LCST-type
phase behavior.”"" In free-volume theories, the difference of density or expansion
coefficient between polymer and solvent above BP is proposed to lead to phase
separation at elevated temperatures.'’ Because these conditions is not convenient to
research, a novel solution system of polymer/organic media which can present LCST at
some mild conditions is expected to be discovered. Recently, very a few these novel
polymer solution systems in organic media have been reported,'®™ for example,
polymers with some unique structure or chemical composition can exhibit LCST-type
phase behavior. Fluoroalkyl-end-capped polymer presented LCST behavior which may
be mainly related to the oleophilic-oleophobic balance corresponding to the oleophilic
character from adamantyl segments and the oleophobic character from fluoroalkyl
groups.'® Thermally reversible, heat-set gel-like networks with LCST characteristic in
organic media were developed by combining the elements of the one-dimensional metal
complexes and mesoscopic supramolecular assemblies.'” Poly(vinyl ether) with ionic
liquid pendants of imidazolium or pyridinium salt can also undergo sensitive LCST-type

. . . )
phase separation in organic media.*’
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Herein we report a novel polymer solution system in common organic media which
can present LCST behavior at mild conditions. As reported in chapter 2,*' alternating
copolymer of 2-chloroethyl vinyl ether (CVE) and maleic anhydride (MA),
poly(2-chloroethyl vinyl ether-alf-maleic anhydride), P(CVE-MA), can occur
LCST-type phase separation in n-butyl acetate (BuAc), while the critical temperature
was enough lower than BP of BuAc. In this paper, detailed phase behavior of BuAc
solutions of P(CVE-MA) with various molecular weight will be described, and effect of

addition of various co-solvents on LCST behavior will also presented.

4-2 Experimental

4-2-1Materials

Benzene (Nacalai tesque; 99.5%), toluene (Nacalai tesque; 99.5%), cyclohexane
(Nacalai tesque; 99.5%), dimethylsulfoxide (DMSO; Kishida Chemical Co. LTD; 99%),
2-hexanone (TCI; > 98.0%), sodium hydroxide (NaOH; Nacalai tesque; 97%),
anhydrous sodium sulfate (Na,SOy; Nacalai tesque; 97%), calcium hydride (CaHy;
Nacalai tesque; EP), and 2,2’-azobisisobutyronitrile (AIBN; Wako; > 98%) were used as
received. 2-Chloroethyl vinyl ether (CVE; TCI; > 97.0%) was washed three times with
equal volume of water made slight alkaline with NaOH, dried with Na,SO4 and refluxed
in the presence of CaH, for 2 hours and distilled under reduced pressure. Maleic
anhydride (MA; TCI; > 99.0%) was recrystallized in benzene. Methyl ethyl ketone
(MEK; TCI; > 99.0%) was refluxed in the presence of CaH, for 2 hours, distilled under
reduced pressure and kept in the presence of molecular sieve. Propyl acetate (TCI; >
98.0%), n-butyl acetate (BuAc; Aldrich; ACS reagent; > 99.5%), 1,2-dichloroethane
(Wako; > 99.5%), and tetrahydrofuran (THF; Wako; > 99.5%) were distilled before

using.
4-2-2 Synthesis of Copolymer

Copolymerization of MA and CVE was carried out by free-radical solution
polymerization. Typically, certain amounts of MA, CVE, AIBN, and solvent were added
into a 50 mL three-neck flask equipped with a condenser and an inlet of nitrogen gas.
The reaction solution was stirred for certain hours at a certain temperature. The resultant

polymer was precipitated in diethyl ether and dried in vacuum at 100 °C for at least 8
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hours.
4-2-3 Gel Permeation Chromatograph (GPC)

Molecular weight of the prepared copolymer was determined by GPC using 2
columns of TSKgel a-3000 and a-5000 connected to SD-8022 system (Tosoh) at a 1.0
mL/min flow rate of N,N-dimethylformamide/lithium bromide (the concentration of
lithium bromide was 15 mg/L). Polystyrene standards were used for molecular weight

calibration.
4-2-4 Preparation of Polymer Solutions

Polymer solutions in BuAc were prepared by direct dissolution of certain amounts
of polymer in BuAc. The bottle containing polymer and BuAc was placed in an oven at
60 °C for about 8 hours in order to dissolve the polymer. Then the bottle containing the
polymer solution was kept in a refrigerator at about 3 °C before measurements.

Polymer solutions in BuAc/co-solvent were prepared as follows: firstly, certain
amount of polymer was added into BuAc and then the bottle was kept in an oven at
60 °C for about 8 hours, and secondly certain amount of co-solvent was added into the
prepared polymer solution. The bottle containing polymer solution in BuAc/co-solvent
was kept in a refrigerator at about 3 °C before measurements.

Polymers for measurements were used immediately after polymerization in order to

avoid degradation, oxidation, or water absorption.
4-2-5 Light Scattering

The thermoresponsive phase behavior of the polymer solution was characterized by
using light scattering technique. The scattered light intensity (/) at different
temperatures at a fixed angle of 90° was measured by a laboratory-made apparatus
equipped with an ALV/SO-SIPD detector using He-Ne laser (the wavelength A, = 633
nm).”> Sample solutions were optically purified by a Millipore filter of nominal pore
size of 1.0 um and transferred into optical tube. The heating and cooling rate of the
system were about 0.2 °C/min. /s of the polymer solution was measured immediately as

the temperature of the system reached the desired temperature.
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4-3 Results and discussion

4-3-1 Synthesis of Copolymers

CVE has electron-releasing alkoxyl group and is usually used in the cationic

polymerization,

23-27

while MA contains electron-withdrawing

group of carboxylic

anhydride. They can form charge transfer complexes of donor-acceptor monomer

systems, in which MA and CVE act as accepter monomer and donor monomer,

respectively.”® It is well known that an alternating copolymers of vinyl ether and MA

can be formed in free-radical polymerization.”’* As pointed out in chapter 2,*' the

molar composition of MA and CVE in the formed copolymer evaluated from 'H NMR

was 1:1, and these monomers were alternately polymerized as suggested by °C NMR

spectrum.
Table 1  Polymerization condition of P(CVE-MA) with different molecular weight.
condition P(CVE-M P(CVE-M P(CVE-M P(CVE-M P(CVE-M
A)-1 A)-2 A)-3 A)-4 A)-5

solvent MEK MEK MEK THF THF
MA/g 4.9 4.9 2452 4.9 2.452
CVE/g 53 53 2.615 53 2.615
AIBN /g 0.0200 0.0248 0.04 0.04 0.4
solvent/ g 40 20 55 40 100
reaction temp. / °C 60 70 70 60 60
reaction time / hour 6 2 2 6 6
M,, / g/mol 77,200 92,200 36,400 17,500 7,700
My/M, 1.87 1.90 1.42 2.77 1.48
conversion / % 57.8 58.8 52.5 90.7 40.5

Copolymers

with different weight-averaged molecular

weight (My) were

synthesized. Their reaction conditions and M,, evaluated from the GPC are listed in

Table 1, and they are designated as P(CVE-MA)-1, -2, -3, -4 and -5.

Higher

molecular weight polymers (M, = 36,400, 77,200 and 92,200 g/mol) were synthesized
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in MEK, and polymer with lower M,, (7,700 and 17,500 g/mol) was synthesized in THF

with much more added amounts of initiator.
4-3-2 LCST-type Phase Behavior of Polymer Solution

Temperature-sensitive behavior of polymer solution can be studied by various
methods such as turbidity, differential scanning calorimetry, light scattering
measurement, viscometry, fluorescence and so on’ In our research, the
temperature-sensitive behavior was characterized by scattered light intensity /; at a fixed
90° angle. It can be seen in Fig. 4-1 that /5 of polymer solution increased abruptly at a
certain temperature in heating process. Above a certain polymer concentration (> 0.1
wt%), the polymer solution became turbid visually, means the phase separation occurred
above a certain temperature, and this is called cloud point temperature (7). In other
words, polymer is soluble below T¢, and insoluble above T,, which is the character of
LCST-type phase behavior of polymer solution. In our experiment, the T, is defined
from the temperature dependence of /i in Fig. 4-1, i.e., the temperature at the
intersection point of the tangent derived from the plots for upper and lower temperature
region around T, (the points A, B, C and D for different polymer solutions in Fig. 4-1).
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Temperature / C

Fig. 4-1. Temperature dependence of scattered light intensity (/s) of polymer solutions
in BuAc with different weight-averaged molecular weight. (<) 0.05wt% solution of
P(CVE-MA)-2 (M,, = 92,200), (V) 0.05 wt% solution of P(CVE-MA)-1 (M, = 77,200),

(A) 0.05 wt% solution of P(CVE-MA)-3 (M, = 36,400), (O) 1 wt% solution of
P(CVE-MA)-4 (M,, = 17,500), and ([]) 10 wt% solution of P(CVE-MA)-5 (M,, =7,700).
The points A, B, C and D indicate T¢, for each solution, and the broken lines are tangent

lines in order to evaluate 7.
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Fig. 4-2. Temperature dependence of scattered light intensity (/5) of P(CVE-MA)-5

solutions with 1wt% polymer concentration in mixed solvent of BuAc and n-octane.

The weight percentage of n-octane is indicated in the graph.

T, of polymer solution decreased with the increase of M, of polymer. Higher
molecular weight polymer (P(CVE-MA)-1, 2 and 3) can exhibit LCST-type phase
behavior at a relative lower ¢, (< 90 °C) at lower polymer concentration range, and 7,
of lower molecular weight polymer P(CVE-MA)-4 was about 97 °C even at relative
higher polymer concentration of 1wt%. The lowest molecular weight polymer
P(CVE-MA)-5 could not exhibit thermoresponsive phase behavior until 99 °C (the
upper limit of the apparatus) even at concentration of 10 wt%. In order to evaluate T,
for P(CVE-MA)-5 in pure BuAc, n-octane as a nonslovent was added into the polymer
solution of BuAc. As shown in the latter part of this report, the addition of co-solvent
can influence T, with depending on solvent quality of the co-solvent. Fig. 4-2 indicates
that a small amount of n-octane (5 wt%) added into the polymer solution in BuAc could
not induce the thermoresponsive behavior below 100 °C. As the weight percentage of
n-octane in mixed solvent was over 10wt%, the LCST-type phase behavior can be
recognized, and by further increase in n-octane content in mixed solvent, the increasing
ratio of /; became distinct and 7., became small. In Fig. 4-3, T, values for 1 wt%
polymer solutions in BuAc/n-octane are plotted against n-octane content in the mixed
solution. T, decreased linearly with increase in n-octane content, and the intercept on
the vertical axis by the extrapolated line was about 132 °C, which is higher than BP of
BuAc. This value could be a clue about the 7, of P(CVE-MA)-5 in pure BuAc with

polymer concentration of 1 wt%.
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Fig. 4-3. Octane weight percentage dependence of 7¢, of P(CVE-MA)-5 solution.

The plots of T¢, of polymer solution versus polymer concentration in BuAc are shown
in Fig. 4-4. T, values increased with the decrease of M,, of P(CVE-MA), and this kind
of molecular weight dependence of T, or LCST behavior has been often observed in
aqueous polymer solutions.”*>° As mentioned above, the lowest molecular weight
P(CVE-MA)-5 could not exhibit thermoresponsive phase behavior even in 10 wt%
solution, and evaluated Tt, from the extrapolation method in Fig.4-3 is indicated in
Fig.4-4. The T, of P(CVE-MA)-4/BuAc was much higher than that of other higher
molecular weight polymers such as P(CVE-MA)-1, -2, and -3, and can be changed in a
wide polymer concentration range from 1 wt% to 10 wt%. Molecular weight
dependence on T¢, became small as the M,, of polymer approached higher values. For
these polymers, 7T, initially decreased significantly with increase of polymer
concentration and then converged to an almost constant value above a certain polymer
concentration (> 1 wt%). Similar polymer concentration dependences of T¢, have been

reported in other water soluble polymers.**
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I
Weight percentage of polymer / wt%
Fig. 4-4. T, of polymer solutions at different polymer concentrations in BuAc. M,, is
(O) 7,700, (1) 17,500, (A) 36,400, (V) 77,200 (<) 92,200 g/mol. For these molecular
weight polymers, binodal curves were calculated by using Equations (5) and (6), and
presented by solid (P = 38), broken (P = 86), dashed (P = 178), thin solid (P = 378) and

thin broken (P = 451) lines, respectively.

It should be noted that the 7, for P(CVE-MA)/BuAc with higher M, is enough
below the BP of BuAc (126 °C), so this LCST phase behavior is not caused by the
free-volume difference between the polymer and solvent, but probably originated from
some specific interaction between polymer and solvent. This kind of phase behavior of
polymer solution can be conventionally described by Flory-Huggins (F-H) lattice model
based on mean-field theory, in which the chemical potential of the solvent (1) and
polymer (2) is expressed by Equations (1) and (2), respectively, considering that used

polymers are monodisperse in molecular weight.

o=y = A, =RT{ln(l—¢)+(l—;)¢+z¢2} (D

1, =118 = Aty = RT{ing—(P=1)1— )+ zP(1— )’ | @)

Here, R is the gas constant, 7 is the absolute temperature, P is the number of segments
per polymer chain, and ¢ is the volume fraction of polymer in solution.  y is the
thermodynamic segmental interaction parameter between polymer and solvent, and its
temperature dependence is conventionally assumed by Shultz-Flory equation®® defined

by Equation (3).
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In Equation (3), @ is the theta temperature and i is the entropy parameter. The lower
molecular weight polymer revealed the higher critical temperature, which means that
the apparent y value becomes larger with the increase of temperature, so the sign of
parameter y must be negative. According to Equation (3), 7, at the critical point, T,
can be represented by Equation (4).*°

i_l+1»(1+1) "
T. © Ow\JP 2P

Because the minimum value of T, for each polymer in Fig. 4-4 can be regarded as the

critical point, inverse of the minimum 7, was plotted against 1/ JP + 1/2P as shown

in Fig. 4-5. Here, P was evaluated by M,,/M,, where My= 204.6 is the molecular weight
for repeating unit of P(CVE-MA).  Derived values of intercept and slop for the
straight line in Figure 4-5 give the parameters in Equations (3) and (4), and evaluated as
@ =333 Kand w=-1.62. The value of ®= 333 K = 60 °C means that BuAc is a
good solvent for P(CVE-MA) below 60 °C (y < 1/2), and above 60 °C (y > 1/2), BuAc
becomes a poor solvent and the quality of solvent for polymer becomes poorer and
poorer with increase in temperature, resulting in the phase separation at a certain

temperature.
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Fig.4-5. Plot of versus %4‘# ).

Because the y parameter varies with temperature, the chemical potential in Equations

cp
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(1) and (2) can be represented as a function of P, 7, and ¢, i.e., Ay, (¢, T, P). In

liquid-liquid phase separated state, the chemical potential for solvent (i = 1) and
polymer (i = 2) in each separated phase should satisfy Equations (5) and (6),

respectively.

Aw, (@', T,P)= A, (¢",T,P) (5)

A, (¢',T,P)= A, (¢",T, P) (6)

Here, ¢' and ¢" are the volume fractions of polymer in the phase-separated dilute and
concentrated solutions, respectively.  For solution of polymer with its degree of
polymerization is P, y can be calculated at a given temperature 7 from Equation (3), and
by solving Equations (5) and (6), values of ¢’ and ¢" for each separated phase can be
obtained at the given temperature. By this procedure, binodal curves for
P(CVE-MA)/BuAc with different molecular weight can be calculated, and are shown by
lines in Fig. 4-4.  In these calculations, P values for P(CVE-MA)-1 (M, = 77,200), -2
(92,200), -3 (36,400), -4 (17,500), and -5 (7,700) was assumed to be 378, 451, 178, 86,
and 38, respectively.  The calculated curves almost reproduced the experimental
phase diagram reasonably, i.e., (i) the binodal lines exhibit lower-critical-type curve, (ii)
the lines shift to lower temperature with increase in molecular weight of polymer, and
(ii1) when My, is high, the lines shows sudden decrease in lower concentration region
and level off in higher concentration region. ~ The deduced value of T, = 132 °C for
P(CVE-MA)-5 from BuAc/octane mixed solvent at 1 wt% is also located near the
calculated line. Of course, the present calculation is based on the condition that the
polymer is monodisperse, although the used polymers in experiments own a certain
molecular weight distribution. This may be a reason why some quantitative
discrepancies between the experimental and calculated 7., was observed, for example,
the concentration dependence of T, for P(CVE-MA)-3 was broader than the calculated
binodal line, and in P(CVE-MA)-1, the calculated line locates at lower temperature
region than the experimental results. In spite of these discrepancies, the trend of T,
variation with polymer concentration and molecular weight can be reproduced by F-H
calculation, which suggests that the LCST-type phase diagram of P(CVE-MA)/BuAc
can be described within the framework of the basic F-H theory. However, the negative

temperature dependence of y parameter cannot be explained by the original concept for
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y based on van Laar type segmental interaction between polymer and solvent, so some
other specific interactions should exist.

4-3-3 Effect of Addition of Co-solvent on the T¢, of P(CVE-MA)/BuAc

The effect of the addition of various co-solvents on 7, of P(CVE-MA)/BuAc
solution was investigated by using P(CVE-MA)-2. In these experiments, the polymer
concentration was fixed at 0.1 wt%. The temperature dependences of [ in different
mixed solvents are shown in Fig.4-6. Similarly with the behavior in pure BuAc, /5 of
polymer solution increased sharply at a certain 7c,. When the co-solvents were benzene,
toluene, cyclohexane, and 1,2-dichloroethane, 7¢, decreased with the increase of added
amounts of co-solvent in BuAc as shown in Fig.4-6a, 6b, 6¢, and 6d, respectively, as
observed in P(CVE-MA)-5/BuAc/n-octane solutions in Fig.4-2. This phenomenon can
be ascribed to that these solvents make the mixed solvent more poor than BuAc, in

other words, these used solvents as well as n-octane should be non-solvent for

P(CVE-MA).
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Fig. 4-6. Temperature dependence of /; of polymer solution with different added

amounts of various co-solvents. (a) benzene, (b) toluene, (c) 1,2-dichloroethane, (d)

cyclohexane, (e) 2-hexanone, (f) propyl acetate, (g) DMSO.

Relationship between 7, and added amounts of these solvents is shown in Fig.4-7.

There exists an overall tendency that 7, of polymer solution decreased with increasing

added amounts of co-solvents.

In case of addition of benzene, toluene and

1,2-dichloroethane, there was a little difference among the slope of lines although the

effectiveness for lowering the 7, was in the following order: 1,2-dichloroethane >

benzene > toluene. As for cyclohexane, it owns a highest effectiveness for lowering the

T.p. This means that the aliphatic cyclohexane is the most non-solvent for P(CVE-MA)

among the solvents in Fig.4-7.
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Fig. 4-7. T, of polymer solutions in BuAc with different added amounts of co-solvents

as indicated.

On the other hand, in Fig. 4-6e — 6g, 2-hexanone, propyl acetate, and DMSO were
used as co-solvents added to P(CVE-MA)/BuAc solutions.  As 2-hexanone was
added into the polymer solution in BuAc, 7, shifted to higher temperature until the
added weight percentage of 2-hexanone was up to 15 wt%, at which no
thermoresponsive behavior was observed below 100 °C (Fig. 4-6e). T, shifted to higher
temperature slowly with increasing added amount of propyl acetate into BuAc (Fig.
4-61). In the experiments of addition of DMSO in Fig.4-6g, the solution maintained in
transparent until 100 °C without any thermoresponsive behavior even when the added
DMSO amounts was 2 wt%.

Fig. 4-8 shows T, of polymer solution as a function of added amounts of solvents
such as 2-hexanone and propyl acetate. It is obvious that 2-hexanone was more effective
for increasing the T¢, of polymer solution in BuAc than propyl acetate. The behavior
that T, increases with increasing addition of good solvent was also observed in aqueous
poly(vinyl methyl ether) solutions, and these phenomena may be attributed to that
interaction between added good solvent and polymers are much more favored than the
interaction between polymer and original solvent.*' The increase of T, op in Fig. 4-8 may
be attributed to that these co-solvents interact with polymer more strongly than with
BuAc. These phenomena in Fig. 4-7 and 8 present a clue about the quality of solvent for
polymer. In our experiments, P(CVE-MA) can be dissolved in 2-hexanone and propyl
acetate, but can not be dissolved in solvents in Fig. 4-7. Fig. 4-6g shows that DMSO
should be the most good solvent used in this work, and gave a pink solution by

dissolution of polymer.
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Fig. 4-8. T, of polymer solutions in BuAc with different added amounts of co-solvents

as indicated.

Table 2 Various physical properties of used co-solvents
lone® dielectric solubility polar term in
slope
co-solvent P constant parameter solubility
(°C/wt%)
g o parameter &,
cyclohexane -2.1 2.02 16.8 0
1,2-dichloroethane -1.8 10.4 20.9 7.4
benzene -1.7 2.27 18.6 0
toluene -1.6 2.38 18.2 1.4
propyl acetate 1.6 ~5.5" 17.8" 4.5
2-hexanone 2.0 ~17¢ 17 6.1
DMSO very large 46.5 26.6 16.4

“Slope of the plot for T, against co-solvent’s weight fraction in Fig. 3-7 and 8.

> Approximated value from ethyl acetate and n-butyl acetate.

¢ Approximated value from 2-butanone and cyclohexanone.

The slope of the curve in Fig. 4-7 and 8 should represent the quality of solvent for

P(CVE-MA).

Evaluated values of the slope for the used co-solvents are listed in

Table 2. For these solvents, dielectric constant (&) and solubility parameter (0) are also
indicated; the former value relates to polarity of solvent, and the latter value is
conventionally used to consider the solubility of polymer solution.** These lists indicate
that o values do not have linear relationship with the solubility of P(CVE-MA), on the

other hand, the value of slope seems to increase with ¢ except for 1,2-dichloroethane.
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In Table 2, polar term in solubility parameter proposed by Hansene, o, 1s also listed.*?
Values of ¢, and the slope have similar relationship with the case of . In Fig. 4-9,
values of slope are plotted against ¢,, which shows good linear relationship except for
1,2-dichloroethane.  Therefore, except for the results of 1,2-dichloroethane, we can
point out that the solvent quality of P(CVE-MA) is determined by the polarity of the
solvent.  As reported in chapter 2 and 3,”'* THF is good solvent for P(CVE-MA),
and n-hexane is non-solvent. ~ Probably, some polar interactions between P(CVE-MA)
and solvent might be an important factor for solubilization, and which seems reasonable
that P(CVE-MA) contains polar ether and carboxylic anhydride groups and the good
solvents also contain oxygen atoms in its chemical structure, but the non-solvents are

oxygen-free non-polar solvents.

Slope of curve / ‘C/wt %

o 2 4 6 8 10
Solubility parameter 5 / MPa"?
Fig. 4-9. Relationship between the slope of curve for 7¢, versus added amounts of
co-solvent evaluated from Figures 7 and 8, and polar term in solubility parameter (,) of
co-solvent. (@) cyclohexane, (©) benzene, (m) toluene, (O0) propyl acetate,

( A)2-hexanone, and (A) 1,2-dichloroethane. The straight line is guide for eye.

The LCST behavior of P(CVE-MA)/BuAc suggest that the polar interaction between
polymer and solvent become weak with increase of temperature, which results in the
segregation and precipitation of P(CVE-MA).  Because of the similar chemical
structure, 1,2-dichloroethane would prefer to make interaction between the
2-chloroethyl group in P(CVE-MA) and prevent the interaction between the polymer
and BuAc, which might be the reason why 1,2-dichloroethane did not follow the linear
relatioship in Fig. 4-9.
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4-4 Conclusion

Novel LCST-type phase behavior for polymer solutions in common organic media at
mild conditions has been investigated. Alternating copolymers of 2-chloroethyl vinyl
ether and maleic anhydride gave LCST-type solution when dissolved in BuAc, and T,
values for higher molecular weight polymers were much lower than the boiling
temperature of the solvent. ~ With the increase of M,, of polymers, the T¢, of polymer
solution decreased. Experimental LCST-type phase diagram of polymer solution can be
reasonably described by Flory-Huggins theory. The T¢, of polymer solution in BuAc can
be tuned by addition of co-solvent. Addition of non-solvent can decrease the T, and
addition of proper good solvent can increase the ¢, of polymer solution in BuAc, which
can be ascribed into the polar interaction between P(CVE-MA) and solvent. Effects that
can strengthen the polar interaction between polymers and solvents are inclined to
increase T, of polymer solution.

In order to understand these LCST behavior of P(MA-CVE)/BuAc systems, dilute
polymer solution properties such as second virial coefficient 4, and its temperature
dependency from precise light scattering or viscosity measurements around the
evaluated @ temperature (= 60 °C) will offer useful information. Further
investigations for these novel polymer solution systems with LCST-type phase behavior
will be reported in our future study.

Finally, we should point out that this copolymer can be chemically modified
conveniently because it has functional alkyl chloride and carboxilic anhydride groups,
so developments of some research and application are expected based on this novel
polymer solution in organic solvent exhibiting the tunable LCST thermoresponsive

behavior at mild condition.
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Chapter 5
Thermoreversible UCST-type Phase Behavior of Comb-like
Poly(phenyl maleimide-co-n-octadecyl vinyl ether) Copolymer in
Organic Media

5-1 Introduction

Thermoresponsive polymers can respond to change of temperature in the
environment, and as one class of stimuli responsive polymers many important
applications such as sensors', controlled release™, intelligent gels*” and smart
materials’ have been developed. Usually, there exist two kinds of solution phase
behavior according to the phase diagram. One is that polymer solution is homogeneous
at lower temperature and becomes heterogeneous at higher temperature and in this case
the polymer solution owns lower critical solution temperature (LCST) and the this
thermoresponsive behavior can be called LCST-type phase behavior. In contrast, the
other behavior is that polymer solution is homogeneous at higher temperature and phase
separation will occur at lower temperature, and this kind of polymer solution presents
upper critical solution temperature (UCST) in the phase diagram and this phase
behavior is called UCST-type. UCST-type as well as LCST-type polymer solution has
been studied a lot in the past’” and the enthusiasm for research on thermoresponsive
polymers is still full nowadays'*".

Though LCST-type thermoresponsive water soluble polymer systems have been paid

much attention and many theories and applications have been developed® * '* '

UCST-type thermoresponsive polymer systems also attract much research interest in the
past and nowadays'>"’. UCST-type water soluble polymer systems is useful for some
applications such as drug delivery'®'®, however it is also necessary and important for
industry to investigate the UCST-type phase behavior of polymer in organic media'®"’,
which can help to understand the properties of polymer solution and can present some

. . . . 16. 20-2
useful clues for some industrial applications'® 2.

Recently besides those studies on the conventional UCST-type polymer systems'®"”,
some new UCST-type thermoresponsive polymer systems in which the phase separation
and the cloud point (CP) of polymer in organic media can be well tuned attract much
attention”®>'. Some studies on new UCST-type phase behavior in organic media are as
follows. Stereocontrolled poly(N-isopropylacrylamide) can exhibit UCST-type

thermeoresponsive behavior and study on the UCST-type behavior of stereocontrolled
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poly(N-isopropylacrylamide) in organic media can help to understand the rule of
tacticity of polymer chain on thermoresponsive behavior?. Poly(vinyl ethers) with
proper pendants can exhibit UCST-type phase behavior in some certain organic media,
and phase separation can be controlled by solvent species, polymer concentration and so
on**?. Recently well-tunable UCST-type phase behavior of poly[oligo(ethylene glycol)
methyl ether methacrylate] in organic media was also studied, and the cloud point of
polymer solution in organic depended on the solvent species, addition of co-solvent,
molecular weight and chemical structure of polymer chain®. As polymer chains were
grafted onto the surface of some colloid particles, based on the UCST-type
thermoresponsive behavior in organic media the aggregation of related colloidal
particles can be controlled by temperature, e.g., tempeagure-induced aggregation of
magnetic nanoparticles grafted by poly(2-methoxyethyl methacrylate) in methanol®’ or
polystyrene in cyclohexane®'. Based on UCST-type behavior in organic media some
potential applications may be developed, for instance smart materials or self assembly
of related macromolecules.

Herein a novel reversible thermoresponsive UCST-type behavior in organic media is
reported. The copolymer of N-phenyl maleimide and n-octadecyl vinyl ether can exhibit
UCST-type behavior in some proper organic media and the cloud point of polymer
solution can be tuned by some aspects such as solvent and addition of co-solvent

conveniently.

5-2 Experimental

5-2-1 Materials

Toluene (Nacalai tesque; 99.5%), dimethylsulfoxide (DMSO; Kishida Chemical Co.
LTD; 99%), azobisisobutyronitrile (AIBN; Wako; > 98%), ethylene glycol (Nacalai
tesque; 99%), 1-butanol(Nacalai tesque; 99%), 1-octanol (TCI; >98.0%), 1-hexanol
(TCI; >98.0%), n-octadecyl vinyl ether (ODVE; TCI; >85.0%), N-phenylmaleimide
(PMI; TCI; >97%), ethanol (Nacalai tesque; 99.5%), ethylene glycol (EG; Nacalai
tesque; 99%), diethyl ether (Kishida Chemical Co. LTD; >99.0%), chloroform (Wako;
>99.0%), 1,2-dichloroethane(Nacalai tesque; 99.5%), dichloromethane(Nacalai tesque;
99.5%), 1,4-dioxane (Kishida Chemical Co. LTD;>99.0%), methanol (Kanto Chemical
Co. LTD; >99.8%), isopropanol (Nacalai tesque; 99.7%) acetone (Kishida Chemical
Co. LTD;>99.0%), cyclohexane(Nacalai tesque; 99.5%), benzene(Nacalai tesque;
99.5%), N, N-dimethylformamide(DMF; Nacalai tesque; 99.5%),
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N,N-dimethylacetamide =~ (DMAc; Kishida Chemical Co. LTD; 99.0%),
chloroform-d;(CDCl;; SCETI Co. LTD; 99.9%), N,N-dimethylformamide-d; (DMF-d;

Aldrich; 99.5 atom% D) were used as received.
5-2-2 Synthesis of polymers

N-Phenyl maleimide (2.165 g), n-octadecyl vinyl ether (3.707 g), AIBN (0.01 g),
toluene (15 g) were added into a 50 mL three-neck flask. The reaction was carried out at
an atmosphere of nitrogen at 70 °C for 4 hours. Resultant copolymer solution was
poured into ethanol and precipitated polymers were filtered and dried in vacuum drying

oven at 80 °C for 12 hours.
5-2-3 Gel Permeation Chromatograph (GPC)

Molecular weight of the prepared copolymer was determined by GPC using 2
columns of TSKgel -3000 and -5000 connected to SD-8022 system (Tosoh) at a 1.0
mL/min flow rate of THF. Polystyrene standards were used for molecular weight

calibration.
5-2-4 FT-IR measurement

Infrared spectrum of copolymer was recorded in a Nicolet AVATAR 320S FT-IR
spectrophotometer in KBr pellet.

5-2-5 'H NMR measurement

'H NMR in CDCl;: Polymer solution with 1wt.% polymer concentration was added
into a NMR tube with an outer diameter of 5 mm, and '"H NMR spectrum in CDCl; at
40 °C was measured using BRUKER AVANCE 600 (600 MHz) spectrometer.

'"H NMR in DMF-d;: Polymer solution with 1wt.% polymer concentration was
added into a NMR tube with an outer diameter of 5 mm, and '"H NMR spectra in
DMF-d; at different temperature were measured using BRUKER AVANCE 600 (600
MHz) spectrometer. Scanning times was 128 and receiver gain was kept constant in all

NMR measuring experiments.
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5-2-6 *C NMR measurement

Polymer solution with 10wt.% polymer concentration was added into a NMR tube
with an outer diameter of 5 mm, and >C NMR spectrum in CDCl; at room temperature
was measured using BRUKER AVANCE 200 (200 MHz) spectrometer.

5-2-7 Preparation of polymer solution

Polymer solutions were prepared by dissolving certain amount of polymer in various
organic solvents above temperature of cloud point (7¢p) above which polymer can

dissolve in solvent resulting in a homogeneous transparent solution.
5-2-8 Static Light Scattering (SLS) Measurement

Thermoresponsive phase behavior of the polymer solution was characterized by the
scattered light intensity (/) at different temperatures at a fixed angle of 90°. Iy was
measured by a laboratory-made apparatus equipped with an ALV/SO-SIPD detector
using He-Ne laser (the wavelength Ao = 633 nm)**. The transparent polymer solution
above T, was transferred into optical tube immediately and then the static light
scattering (SLS) measurement was carried out directly. The heating and cooling rate of
the system was about 0.2 °C/min. I of the polymer solution was measured immediately
as the temperature of the system reached the desired temperature. Unless pointing out,

the /s of polymer solution at different temperature was measured during cooling process.

5-3 Results and discussion

5-3-1 Synthesis of copolymer

It is well known that N-phenyl maleimide and electron-rich vinyl ether monomer
3334 and the

copolymer of maleimide owned some useful applications such as thermo stable

form alternating copolymer in conventional free radical polymerization

materials, Langmuir-Blodgett (LB) films and functional surface®>°. Herein, copolymer
of N-phenyl maleimide and n-octadecyl vinyl ether (PPMIODVE) was synthesized by
conventional free radical polymerization in the solution of toluene with AIBN as

initiator and 1:1 molar mixture of PMI and ODVE. After copolymerization, some
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amounts of polymer were obtained with a conversion of 60% (conversion=Wp/Wm ,
where W, is quantity of obtained polymer, and W, is the total quantity of added
monomer of PMI and ODVE). Due to long n-alkyl (n-octadecyl) group of ODVE, a
copolymer with comb-like side chains would be obtained after copolymerization as
shown in Fig 5-1a. The GPC graph of synthesized copolymer was shown in Fig 5-1b,
and the weight-averaged molecular weight of copolymer was 79600 g/mol and the

molecular weight distribution was 3.06.
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Fig. 5-1. (a) scheme for synthesis and chemical architecture of copolymer. (b) GPC
graph of synthesized copolymer

In order to determine the chemical composition of copolymer, spectrocopy of FT-IR,
'H and "CNMR was used and related spectra were shown in Fig 5-2. The peaks
between 2932 and 2830 cm™ associated with the C-H stretching vibrations. Peaks at
1467 and 1389 cm™' associated with the -CH; asymmetric and symmetric vibrations.
Peaks at 3070, 1193, 1082 and 750 cm™" are characteristic adsorption of CH vibration of
phenyl group. Peaks between 1600 and 1450 cm™ associated with the C-C vibration of
phenyl group. Strong peaks at 1722 cm™ associated the C=O vibrations. It can be
deduced from the FT-IR spectra shown in Fig 5-2a that the synthesized copolymer was a
copolymer of PMI and ODVE. The 'H NMR spectrum and the assignments of proton
resonances of copolymer was shown in Fig 5-2b. The molar ratio of PMI to ODVE (y/x)
in copolymer was calculated by the ratio of integral areas of the proton signals from the
PMI units (phenyl group) and ODVE units (methyl group) in '"H NMR spectrum. The
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value of y/x was calculated by the following formula:% = (Aphenst | 5) [ (Amenst 1 3) ,

where Aphenyt Was the integral area of protons from phenyl group in PMI unit and Amenyi
was integral area of proton from methyl group in ODVE unit in copolymer. The
calculated y/x ratio of PMI to ODVE in copolymer was about 1.8, which indicated that
the obtained copolymer was not a strictly alternating copolymer and there existed much
more PMI unit in the structure of copolymer. Although there exists a big trend of
forming alternating structure during copolymerization of maleimide monomer and vinyl
ether monomer in theory, the obtained copolymer contained more PMI unit and this
kind of results has been reported previously’>*’. *C NMR spectrum of copolymer in
CDCIl; and the assignments of resonances for different protons in copolymer were
shown in Fig 5-2c. It can be confirmed from the ?C NMR spectrum that the synthesized
polymer was a copolymer of PMI and ODVE.
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5-3-2 UCST-type thermoresponsive behavior of polymer solution

The thermoresponsive behavior of polymer solution was characterized by the
scattered light intensity of polymer solution at different temperature at a fixed angle 90°
in the measurement of SLS. The /5 of polymer solution in DMF decreased with
increasing the temperature and the /5 remained constant with a small /; value (Fig 5-3 a)
as the polymer solution was heated, and after that the cooling process was carried out.
As the temperature is below a critical solution temperature (51 °C in Fig 5-3a), the I; of
polymer solution increased abruptly, and the critical temperature during the cooling
process is defined as the temperature of cloud point (7,), €.g. point A in Fig 3a. At low
temperature (20 °C in Fig 5-3a) the polymer solution in DMF was turbid and above Tg,
the polymer solution was transparent (60 °C Fig 5-3a), which indicated that the polymer
solution exhibited upper critical solution temperature (UCST) type behavior in DMF.
Furthermore, the transition between the turbid and transparent state was reversible.
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Fig. 5-3. Temperature dependence of /; of copolymer in organic solvent. (a)lwt.%
polymer solution in DMF, (b) 0.1 wt.% polymer solution in 1-butanol. The temperature
at which photograph was token is indicated in the graph.
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Similar to the solution in DMF, polymer solution in 1-butanol also exhibit reversible

UCST-type behavior. The /5 of polymer solution in 1-butanol also exhibited temperature

dependence and T, defined during cooling process was a little higher, e.g., point B (67
°C) in Fig 5-3b. The transition of polymer solution state between turbid (20 °C in Fig
5-3b) and transparent (80 °C in Fig 5-3b) was also reversible.
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Fig. 5-4. (a) Temperature dependence of /s of copolymer in DMF. (b) Temperature
dependence of s of copolymer in 1-butanol. Polymer concentration is indicated in graph
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The Iy of polymer solution at different polymer concentration at different
temperature during cooling process was shown in Fig 5-4. I of polymer solution with
different polymer concentration in DMF (Fig 5-4a) and 1-butanol (Fig 5-4b) depended
on the temperature. The 7, of polymer solution at different polymer concentration was
shown in Fig 5-4c. It can be seen that the phase behavior of polymer solution in DMF
and 1-butanol was UCST-type and T, of polymer solution in 1-butanol was higher than
that of in DMF. In experiments, polymer solution became much more turbid visually
after phase separation in 1-butnaol than in DMF with same polymer concentration. It
can be deduced that for this polymer DMF owns better solvent quality than 1-butanol.

5-3-3 Effect of solvent and co-solvent on UCST-type thermoresponsive behavior

In preliminary experiments, this copolymer can be dissolved in some nonpolar and
weak polar solvents such as diethyl ether, toluene, chloroform, 1,2-dichloroethane,
dichloromethane, 1,4-dioxane, cyclohexane, and benzene. This polymer can not
dissolve in some strongly polar solvents such as methanol, ethanol, isopropanol, acetone,
EG, and DMSO. Distinct from polymer solution in DMF, polymer can be dissolved in
DMACc rather than exhibit UCST-type phase behavior. Although polymer solution in
1-butanol can exhibit reversible UCST-type behavior, polymer in methanol, ethanol, and
propanol can not be dissolved even above the boiling point of used solvent. It seemed
that some polar especially strongly polar solvents were non-solvent for this polymer and
some nonploar or weak polar solvents were solvent for this polymer, of course,
depending on the situations. In some proper solvent such as DMF, 1-butanol, 1-hexanol,

1-octanol or in some mixed solvents, polymer can exhibit UCST-type behavior.
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Fig. 5-5. Temperature dependence of /s of copolymer in different alcohols. Triangle:
1-octanol, circle: 1-hexanol and square: 1-butanol. The solid and hollow symbols stand
for heating and cooling process respectively.
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Thermoresponsive behavior of polymer in some selected n-alkyl alcohols was also
investigated, and the /5 of polymer solution at different alcohols during heating and
cooling processes were shown in Fig 5-5. It can be seen polymer in all selected alcohols
can exhibit UCST-type behavior. The value of T¢, of polymer solution during cooling
processes in these selected alcohols was as follows: 1-butanol>1-hexanol>1-octanol,
and the decreasing order of T, in alcohols was in accordance with the decreasing order
of solvent polarity. So for this polymer some higher alcohols owned better solvent
quality than some lower alcohols especially at higher temperatures. Compared with
thermoresponsive behavior of polymer solution in 1-hexanol and 1-butanol, curve of /g
versus temperature in 1-octanol presented a distinct discrepancy between cooling and
heating processes. This distinct discrepancy may be attributed to higher solvent
viscosity which may restrict the diffusion of polymer in solvent resulting in the delay of

precipitation of polymer during cooling process.

Effect of addition of co-solvent on thermoresponsive behavior of polymer solution
in DMF was investigated, and results were shown in Fig 5-6. Polymer can dissolve in
toluene, so toluene as a good solvent was added into the polymer solution in DMF. In
the added toluene range shown in Fig 5-6a, polymer solution in mixed solvent of DMF
and toluene can exhibit UCST-type behavior and 7¢, of polymer solution decreased with
increase in toluene as shown in Fig 5-6¢. The decreasing in 7, may be attributed to
stronger interaction between polymer and good solvent. Because polymer can not
dissolve in EG, EG was considered as a nonsolvent and added the polymer solution in
DMF. In experimental added EG range shown in Fig 5-6b, polymer solution can also
exhibit UCST-type behavior in mixed solvent of DMF and EG as shown in Fig 5-6b,
and T¢, of polymer solution increased with increasing EG as shown in Fig 5-6¢. With
increasing EG, the solvent quality of the mixed solvent became poor and the polymer

would soluble only at higher temperature resulting in increasing in 7.
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Effect of co-solvent on thermoresponsive behavior of polymer solution in 1-butanol

was also studied, and results were shown in Fig 5-7. At the experimental added
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co-solvent range, polymer solution can exhibit UCST-type behavior in mixed solvent of
co-solvent and 1-butanol as shown in Fig 5-7a and 5-7b. Similar to situation of addition
of co-solvent in DMF, the addition of toluene as good solvent decreased the 7, of
polymer solution and addition of EG as nonsolvent increased the T, of polymer
solution, as shown in Fig 5-7c.

As mentioned above, T, of the polymer solution can be changed by addition of
proper co-solvent conveniently, which present an easy way to tune the 7, of polymer
solution. Addition of co-solvent usually can tune the solvent quality and based on the
changes in solvent quality some very useful applications can be obtained in the field of
polymer solution, coordination and supramolecular chemistry. So well tunable
thermoresponsive polymer systems in organic media may own some perspectives in the

interdiscipline of polymer science, coordination or supramolecular systems.

5-3-4 High resolution *H NMR spectra of copolymer in DMF-d; at different

temperatures

Although many measurements can be used for studying the thermoresponsive
behavior of polymer solutions, NMR is good choice for investigating mechanism of the
thermoresponsive behavior of polymer in molecular level®®. High resolution '"H NMR
(600 MHz) measurement was made, and '"H NMR spectra of polymer at different
temperatures and assignments of resonances to various protons in the copolymer were
shown in Fig 5-8a. At low temperatures, e.g., 20 °C, 25 °C and 30 °C the signals of
protons from phenyl group and most of protons from n-octadecyl group can be
recognized and the shape line of related protons seemed broaden, while the signals of
protons from the backbone of the copolymer did not appear. These phenomena of 'H
NMR signals at low temperatures indicated that the mobility of polymer segments in
DMF-d; was restricted at low temperatures resulting in broadened and poorly resolved
proton lines in "H NMR spectra. With increasing the temperature the peaks of protons
from methyl and methylene groups became sharp and intensity of these peaks became
large, and similar tendency for peaks of protons from phenyl group was also observed.
Further more, at higher temperature (e.g. above 55 °C) the signals of protons from the
backbone of copolymer chain can be recognized and the shape line of all protons
seemed resolved better than that at lower temperatures, which indicated that the
mobility of polymer segments increased. However, compared to 'H NMR (600 MHz)
spectrum in CDCl3(Fig. 2), the "H NMR (600 MHz) spectrum of copolymer in DMF-d7
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seemed a little poorly resolved, which may indicate that chloroform was a better solvent
than DMF for polymer even at high temperatures.

The half-height width (HW) of protons from methyl group (peak at 0.92 ppm) at
different temperature in DMF-d; was shown in Fig 5-8b. The behavior of HW with
increasing the temperature can be divided into two stages by a critical temperature (CT).
It can be seen that the HW decreased sharply at the first stage (from 20 to 50 °C) and
then remained almost constant (from 55 to 70 °C) at the second stage. The tangent
intersection of those two stages can be defined as CT and the value of CT was about
52.5 °C which was close to the Tg, (51 °C) of polymer solution in DMF in Fig 4c. It is
well-known that the HW can reveal the mobility of related polymer segments and
narrower HW indicates better mobility of related polymer segments. So it can be
deduced that the mobility of methyl group increased with increasing temperature and
the mobility of polymer chain also did. In view of phase separation at lower
temperatures visually, the decreasing mobility of methyl group can be attributed to the
aggregation of polymer chains.

So according to the high resolution '"H NMR spectra at different temperatures in
DMF-d;, the mechanism of thermoresponsive behavior could be described as follows.
At high temperatures the polymer chain can be dissolved well in DMF resulting in a
homogeneous transparent polymer solution and as the temperature decreases to a critical
temperature the solvent quality of DMF becomes poor for polymer and the poor solvent
condition leads to the aggregation of polymer resulting in phase separation. After phase
separation the mobility of polymer segments decreases resulting in broadening of the

proton line in '"H NMR spectrum.
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5-4 Conclusion

Comb-like copolymer of N-phenyl maleimide and n-octadecyl vinyl ether was
synthesized by conventional free radical solution polymerization. The synthesized

copolymer was not a strictly alternating copolymer, while there were more units of
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N-phenyl maleimide in the copolymer. The copolymer can exhibit UCST-type behavior
in DMF, I-butanol and other proper organic media reversibly. The cloud point of
polymer solution in organic media can be tuned conveniently by adding proper certain
co-solvent, and the good solvent decreased the cloud point while the nonslovent
increased the cloud point. The high resolution 'H NMR spectrum in DMF-d; indicated
that with decreasing the temperature solvent quality became poor and poor leading to
phase separation at a critical temperature in the end and the mobility of polymer

segments decreased after phase separation.
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Chapter 6
Conclusion

Copolymer of 2-chloroethyl vinyl ether and maleic anhydride can exhibit LCST-type
thermoresponsive behavior reversibly in some organic media under relatively mild
conditions. The thermoresponsive behavior of copolymer solution depended on the
organic media. The copolymer solution exhibited higher critical temperature in organic
media with better solvent quality. There existed discrepancy between heating and
cooling processes and this phenomenon became remarkable as the solvent quality
became poorer.

Copolymer of 2-chloroethyl vinyl ether and maleic anhydride can exhibit
LCST-type thermoresponsive behavior in mixed solvent of THF and hexane with proper
solvent composition. The temperature of cloud point of polymer solution was lower
than boiling point of THF and hexane. With increase in THF the temperature of cloud
point of copolymer solution increased. The phase behavior of copolymer solution was
LCST-type in the phase diagram of cloud temperature versus polymer concentration,
and with increasing polymer concentration the temperature of cloud point decreased
firstly at lower polymer concentration and then the curve in phase diagram leveled off in
a wide range of polymer concentration. Higher molecular weight polymer owned lower
temperature of cloud point than that of lower molecular weight polymer. 'H NMR
spectra suggested that addition of hexane into polymer solution in THF may create
proper medium condition in which temperature change can induce variation of polymer
chain’s environment or mobility largely.

Copolymer of 2-chloroethyl vinyl ether and maleic anhydride can presented
LCST-type behavior in pure n-butyl acetate. In most cases, the temperature of cloud
point of copolymer solution was lower than the boiling point of n-butyl acetate. The
higher molecular weight copolymer owned lower temperature of cloud point than that of
lower molecular weight copolymer. The phase behavior of copolymer in n-butyl acetate
was LCST-type and the temperature of cloud point of polymer solution decreased
initially and then the curve in phase diagram of cloud point versus polymer
concentration became flat in a wide polymer concentration range. The LCST-type phase
behavior of copolymer in n-butyl acetate can be described by Flory-Huggins mean field
theory in some degree although there existed some discrepancies between experimental
results and theory values. The addition of good solvent increased the temperature of

cloud point of copolymer solution, while the addition of nonsolvent decreased the
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temperature of cloud point of copolymer solution. The effect of cosolvent on
thermoresponsive behavior can be attributed to the interaction between polymer and
solvent, especially the polar interaction between polar groups in polymer chain with
solvent.

A comb-like copolymer of N-phenyl maleimide and n-octadecyl vinyl ether can be
synthesized by conventional free radical solution polymerization. The synthesized
copolymer contained more unit of N-phenyl maleimide. The copolymer can exhibit
UCST-type thermoresponsive behavior reversibly in DMF and 1-butanol. The
temperature of cloud point of copolymer solution with same polymer concentration was
higher in 1-butanol than in DMF. The temperature of cloud point of polymer solution
both in DMF and 1-butanol was lower than boiling point of solvent. The addition of
nonsolvent increased the temperature of cloud point of polymer solution, while addition
of good solvent decreased the temperature of cloud point. It can be deduced from 'H
NMR spectrum that at higher temperature the copolymer can dissolve in DMF well with
good mobility of polymer chain segments but aggregation occurred at lower
temperature resulting in phase separation and the mobility of polymer segments

deceased with decreasing temperature.

As mentioned above the reversible thermoresponsive behavior of polymer in organic
media can be obtained under mild conditions. Further more, the critical temperature of
polymer solution can be tuned conveniently, which is advantageous for designing some

supramolecular systems based on thermoresponsive polymer systems in organic media.
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