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ABSTRACT
Stimuli responsive polymers are of great interest in biorelated applications
ranging from actuators, microfluidics, delivery systems and tissue scaffolds. The
specifications of an appropriate polymer system that shows a response to one or more
external stimuli vary from application to application, depending on desired functionality.
In most cases, the response to an environmental change is desired to be sharp and fast,
such as for microfluidics and actuators, while the stability of the collapsed structure is
also typically required, such as in tissue scaffolds and in stimulated delivery systems. In
addition, the onset of the stimulus response varies depending on application. Thus, a
general design strategy for polymer systems to meet specific applications’ needs can be a
big challenge. This dissertation describes the design, syntheses, and aqueous phase
behavior of two polymer classes that show a sharp solution phase transition in different
manners: The first polymer class is in the form of a segmented/blocky copolymer and its
solution phase separation is designed to occur via micellization, while the second
polymer class is designed as an alternating copolymer and it exhibits a first order LCST
phase behavior.
Copolymers of methyl methacrylate (MMA) and methacrylic acid (MAA),
poly(MMA-co-MAA)s, were prepared to have a segmented blocky comonomer
distribution along the chain backbone, with sequences composed predominantly of MMA
or MAA units. Turbidity (cloud point) measurements were employed to investigate the
phase behavior of these copolymers in aqueous solution. The solutions showed sharp
solubility transitions upon pH change, and the pH-onsets of the copolymers’ transition
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showed a systematic dependence on the copolymers’ MAA content and an almost-linear
dependence on the polymer concentration. A strong hysteresis was observed when
lowering versus increasing pH, indicating a stable collapsed structure. Dynamic light
scattering demonstrated almost monodispersed polymer aggregates for each pH, rather
than random/polydisperse structures. TEM images of the collapsed morphology showed
polymer aggregates that included numerous small hydrophobic cores, demonstrating that
the phase transition of these copolymers involved the formation of micelles with many
hydrophobic clusters. Finally, these copolymers were used to prepare hollow
microcapsules that provided an exceptional protection and a prolonged stability of an
encapsulated matter at acidic conditions (pH 2) and a sharp and fast pH-triggered release
at physiological conditions (pH 7).
A second series of copolymers was synthesized to compose of ethylene glycol
oligomers (EOm) connected in an alternating fashion with hydrophobic alkyls (EEn),
(EOm-alt-EEn). Also, terpolymers were synthesized to compose of EOm connected in an
alternating fashion with EEn and lysine ethyl ester (LyE), (EOm-alt-(EEn;LyE). Both
copolymers and terpolymers demonstrated temperature responsive LCST phase behavior
in aqueous solution, whose critical temperature is dictated by the thermodynamics of the
hydrophilic/hydrophobic balance. In addition, the terpolymers’ LCST can be further
tuned by tailoring the ratio of EEn to LyE yielding dual responsive, viz. temperature and
pH responsive, polymers upon conversion of LyE to ionizable Lysine (Lys). These last
polymers that included ionizable units showed a reversible temperature and pH sensitive
phase transition, allowing for such polymers to exhibit a phase separation with both-oreither temperature increase and pH-decrease. The extended phase diagrams, collected
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from turbidity measurements and modulated differential scanning callorimetry (MDSC),
showed that the phase diagram remained a genuine LCST binodal throughout the
complete concentration range. In addition, 1H-NMR provided additional strong evidence
that the phase transition proceeded without micelle formation. Finally, hydrogels were
prepared from EOm-alt-EEn, which exhibited reversible swelling/deswelling during
temperature cycling (albeit with strong kinetic signatures). These temperature responsive
hydrogels may be used in biomedical applications such as a rate-controlled swelling
device.
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Chapter 1
Introduction and Literature Review

1.1

Motivation
The term “smart polymers” has spread through the scientific community in the
past decades. This term refers to those polymers having the ability to change their
physical or chemical properties in response to an environmental variation. These
changes occur because the systems need to maintain their thermodynamic stability
within a surrounding that undergoes some change. For example, when subjected to a
change in temperature, some polymer solutions phase-separate to lower their free
energy, exhibiting a critical solution temperature, i.e. LCST or UCST. Charged
polymers undergo ionization/deionization governed by the concentration of hydrogen
ions (H+) in the solution, also known as pH, which can promote conformational
changes of the polymer chains, i.e. chain expansion/collapse, driven by the
electrostatic interaction. Finally, some aromatic-containing polymers display change
in color when exposed to ultraviolet radiation. Other responses, associated with the
polymer conformational alteration, can be manifested such as shape changes, sol-gel
transition, degradation and micellization.
Stimuli responsive polymers are of great interest in biorelated applications
ranging from actuators, microfluidics, delivery systems and tissue scaffolds. The
specifications of an appropriate polymer system that shows a response to one or more
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external stimuli vary from applications to applications. In most cases, the response to
an environmental change is desired to be fast, such as microfluidics and actuators,
while the stability of the collapsed structure is required for most purposes, such as in
tissue scaffolds and in stimulated delivery systems. Thus, design of the polymer
systems with such properties as needed in specific applications can be a big
challenge.
Most living systems greatly involve water. Since water serves as a medium for
various enzymatic and chemical reactions that are important in life. Water also acts as
a solvent to dissolve, transport and circulate nutrients, hormones, antibodies and
everything around the living organisms. Nowadays, several polymers are used
alongside human organs and tissues including some that try to mimick physiological
functions. In particular, responsive polymers are used in biomedical devices to help
transport small molecules to target sites. Beyond the biocompatibility, the properties
of polymer in aqueous solution need to be optimized and tailored in order to maintain
the functions with a living organism.

1.2

Stimuli responsive polymers
As mentioned earlier, smart polymers or responsive polymers are a group of
polymers that dramatically change their physical or chemical properties in response to
an external stimulus. They are also known as intelligent polymers, stimuli-sensitive
polymers, or environmentally sensitive polymers.1-3 The external stimuli can be
classified as physical and chemical stimuli. Physical stimuli, such as temperature,
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light, electromagnetic radiation and electric field, act to influence the polymers’ or
solutions’ free energy, which leads to a change of thermodynamic equilibrium; while
chemical stimuli, such as pH, ionic strength and chemical agents, generally act by
altering the molecular interactions between polymers or between polymers and
solvent. The responses of polymers to both physical and chemical stimuli are shown
when crossing critical/onset points. Some polymers can respond to a single stimulus,
while a few polymers are designed to simultaneously response to more than one
stimuli. This dissertation focuses on temperature and pH responsive mechanisms of
synthetic polymers. The polymer systems were designed to respond to either
temperature, or pH, or both temperature and pH, which will be manifested as
solubility changes in aqueous solutions.

1.2.1

Temperature responsive polymers
Temperature plays an important role in any studies of living systems, both in

vitro and in vivo, and also for non living systems. It is a common parameter that is
easy to control and, in fact, it is already applicable in most cases. Temperature
response of smart polymers is primarily recognized on the solubility of poly(Nisopropylacrylamide) (PNIPAM) in aqueous solutions.4 PNIPAM (Figure 1-1) shows
a reversible transition from hydrophilic to hydrophobic when subjected to
temperature increase. It is soluble below the LCST and becomes insoluble in water
above the LCST. The transition temperature of PNIPAM experimentally lies between
30 and 35 °C, which is not too far away from the body temperature. The
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hydrophilicity of PNIPAM originates from the pendant amide nitrogens that are
capable to hydrogen bond with water molecules.

CH 2

CH
C

n
O

NH
CH
H3C

CH3

Figure 1-1 Chemical structure of PNIPAM

The dissolution of PNIPAM in water is facilitated by hydrogen bonds between
the polar amide NH groups with the water molecules. Also, a reorientation of water
molecules, from their pre-existed network, is required to accommodate the non polar
groups of PNIPAM. This phenomenon is known as hydrophobic effect, which acts to
decrease the entropy of mixing of a solution. However, at low temperatures the
favorable enthalpy from the hydrogen bonding dominates, therefore the negative free
energy of mixing permits the polymer solubility. At higher temperatures the entropy
term dominates, resulting in the positive free energy of mixing and, thus, the polymer
phase separates above a temperature critical point. In addition, the hydrogen bonds
between PNIPAM and water are broken at high temperatures promoting a phase
separation.
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Recent research has shown that not only PNIPAM is sensitive to temperature
but other polymers, such as poly(N,N-diethylacrylamide) (PDEAM), poly(2carboxyisopropylacrylamide) (PCIPAM), poly(methylvinylether) (PMVE), poly(Nvinylcaprolactam) (PVCL) and poly(ethyleneoxide) (PEO), also demonstrate a
temperature-responsive solubility in aqueous solutions. These polymers share a
common foundation in having a building block which is capable of hydrogen bonding
with water.

1.2.2

pH responsive polymers
In vivo, different pH values are maintained at different sites to regulate the

proper physiological functions. This pH variation can be used to manipulated the
utilization of pH responsive polymers within the body. pH responsive polymers,
sometimes called hypercoiling polymers5, are defined as the polymers whose
transition from extended coils to collapsed structures is a result of the deionization,
arising from a variation in pH. This conformational transition is followed by a change
in polymer solubility. The transition due to pH change can be observed both in nature
and in man-made materials. Polypeptides, both synthetic and natural, undergo sharp
transitions between helix-to-coil conformations, whereas block copolymers exhibit
structural transition between order-to-disorder.6-8 The key point is that these polymers
contain chargeable groups to afford a reversible ionization. They can be classified
into polyacids and polybases. Polyacids contain weak acid groups that can donate
protons and give rise to anions. Likewise, polybases possess weak base groups that

6

can accept protons and generate cations. Some examples of polyacids and polybases
can

be

found

in

Chapter

2

where

poly(methylmethacrylate-co-methacrylic

the

acid),

pH

responsive

behavior

poly(MMA-co-MAA),

will

of
be

discussed.
At a critical pH, the hydrophobic interaction and the electrostatic repulsion
overcomes one another, hence a phase transition occurs. If the polymers bear weak
acid groups, they will ionize when pH is above the pKa. The sufficient intrachain
electrostatic repulsion from anions will drive the polymer chains to stretch, be
hydrated by water, and dissolve in solution. Decreasing pH will protonate the
ionizable groups and promote dominating hydrophobic interactions, leading the
polymer chains to hypercoil5 (a hydrophobic association to form a dense collapsed
globule) and phase separate from solution once the hydrophobic association is strong
enough. On the other hand, polymers containing weak base groups ionize and
promote dissolution at low pH whereas they deionize and phase separate when pH is
raised.

1.3

Analytical tenchniques for stimuli responsive polymers
Several techniques are employed to determine the onset point of the stimuli
responsive polymers. Cloud point measurement9,

10

utilizes transmission of visible

light to measure the change of transmittance/absorbance of the solution. The
macroscopic phase transition is manifested by the solution turning opaque.
Differential Scanning Calorimetry (DSC)11,

12

quantifies the amount of energy

7

absorbed/released during the precipitation/dissolution. The phase transition appears as
endotherm/exotherm on the DSC thermogram. Light scattering13,

14

monitors the

change of size and shape of the molecules. Expanded coils of polymer in solution
collapse to form aggregates or globules once the temperature is above LCST.
Visocometry4 measures the change of the intrinsic viscosity upon heating/cooling the
polymer solution. By using Mark-Houwink-Sakurada equation, the conformation of
polymer in solution can also be obtained. Proton nuclear magnetic resonance (1HNMR)6 gives the resonance signals that reflect the hydrated state of the polymer
segments. The dehydration of polymer chains, due to the polymer phase separates
from the solvent, leads to the decrease of the relevant 1H-NMR signals. Among these
techniques, cloud point measurement is the simplest and most convenient method.
Therefore, this work employs cloud point measurement as the main first tool to
determine the phase transition. Other techniques are also carried out to provide
additional or supportive information to the cloud point data.

1.4

Polymer solutions
Strictly speaking, the assumptions of the straight-forward Flory-Huggins
model outlined below fail both at low concentration solutions, as well as for systems
that include hydrogen bonds, or exhibit an LCST. However, the Flory-Huggins results
(temperature dependence , molecular weight dependence critical concentration, etc)
can be helpful to understand certain trends and behaviors.
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Polymers in solution15-17, in general, are described by Flory-Huggins theory.
The Flory-Huggins equation, derived from regular solution theory, describes the
miscibility of polymer and solvent system based on comparing the free energy change
(ΔG) of the system before and after mixing. The free energy change of the system is
comprised by changes in enthalpy (ΔH) and entropy (ΔS):
Δ

Δ

Δ

The dissolution of polymer in solvent is favorable, to a first approximation,
when the mixing has lower free energy than the two demixed phases.
The enthalpy of mixing is usually quantified through the change of the
interaction energy of pair contacts before and after mixing. Before mixing , there are
solvent-solvent contacts and polymer-polymer contacts.

Mixing polymers and

solvents gives rise to polymer-solvent contacts. If εpp, εss, εps are the pair interaction
energy

of

polymer-polymer,

solvent-solvent

and

polymer-solvent

contacts,

respectively, the change of the energy per pair contact after mixing will be
Δ

2

and the total number of contacts between polymers and solvent molecules is
the product of the number of contacts per monomer (e.g. a lattice coordination
number, Z), number of solvent molecules (ns) and polymer volume fraction (
. The

parameter is typically introduced and defined as

);

, where k is

the Boltzmann constant and T is temperature. The enthalpy change upon mixing is
thus obtained as:
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Δ
Δ

Δ
kT

The entropy of mixing can be quantified through enumeration of possible
arrangements assumed by randomly placing polymer and solvent molecules in a
lattice. It is defined as:
Δ
R
the volume fraction of polymers and solvent molecules are given by
and

, respectively; M is the number of lattice spaces occupied

by one polymer molecules (i.e., M is a direct reflection of the polymer’s degree of
polymerization, N). If M is large, the number of polymer molecules in a lattice is very
small compared to the number of solvent molecules, even at high concentrations.
Thus, the entropy change upon mixing of large molecules, such as polymer, is very
small. This is one reason why the miscibility is lower for polymer-solvent system
compared to that of small molecule-solvent systems.
By combining the change of enthalpy and entropy upon mixing, the FlorryHuggins equation is obtained as follows:
∆
Since the entropy change is typically very small, the miscibility is largely
governed by the enthalpy of mixing. Therefore

is important to determine the

miscibility of polymer-solvent systems and this parameter is temperature dependent.
In general, polymer-solvent systems,

is positive. This suggests that typically
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polymers are immiscible with solvents, and prefer to have polymer-polymer contacts
rather than polymer-solvent contacts. However, increasing temperature can lead to
becoming negative and then polymer-solvent contacts are preferred. Such a system
has an Upper Critical Solution Temperature, UCST, in the temperature-composition
phase diagram where the mixture is immiscible when temperature is below UCST and
becomes homogeneous when temperature is above UCST. In contrast, the systems
with hydrogen boding can have a negative

and it becomes positive when raising

temperature. This indicates that the systems prefer to have polymer-solvent contacts
at lower temperatures. The corresponding phase diagram has a Lower Critical
Solution Temperature, LCST, above which the mixture is immiscible. UCST and
LCST phase diagrams are shown in Figure 1-2.
In a first approach, polymer solution will start to phase separate when

is

larger than the critical value ( ) which is defined as:
1
1
2

1

/

1
2

/

1
√

at the critical composition:
1
√
Since M >> 1 for polymer,
thus the solution is miscible as long as

1
1

√

for a polymer solution is approximately 0.5,
is below 0.5 and becomes immiscible once

is above 0.5.
Empirically,

is written as the temperature dependent parameter consisted of

an entropic part (A), obviously a non Flory-Huggins term, and an enthalpic part (B):
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If B > 0 (typically for hydrocarbon polymer with only dispersion or Van der
Waals forces),

decreases upon raising temperature (a UCST system). On the other

hand, if B < 0 (for water soluble polymer with hydrogen bonding),

increases upon

increasing temperature (an LCST system).

Figure 1-2 Temperature-composition phase diagram of polymer solution showing miscible
and immiscible regions for a UCST type phase diagram (a) and an LCST type phase
diagram (b)
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1.5

Water soluble polymers in this study

1.5.1

Poly(ethylene oxide)
Poly(ethylene oxide) (PEO) or poly(oxyethylene) (POE) is a polymer of the

polyether class ( a group of polymers that contain ether oxygens in their backbones,
Figure 1-3). It is also known as poly(ethylene glycol) (PEG) for the low molecular
weight samples (less than 20 kDA18). The interesting feature of PEO is its
amphiphilicity that demonstrates excellent solubility in both water and organic
solvents. This property allows this polymer to be used in several applications ranging
from industrial manufacturing to biological uses. It is relatively easy to synthesize,
usually from ring opening polymerization of ethylene oxide19, therefore this polymer
is commercially available in a wide range of molecular weights.

CH2 O

n

Poly(methylene oxide)
PMO

CH2 CH

n

O

CH2 CH2 O

n

Poly(ethylene oxide)
PEO

CH2 CH

O

n

CH3

CH3

Poly(vinyl methyl ether)
PVMO
Figure 1-3 Polyethers

Poly(propylene oxide)
PPO
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The solubility of PEO in water is not common for other polyethers. In fact, it
is one of the two polyethers that readily dissolves in water at room temperature (the
other is poly(vinyl methyl ether). The solubility of PEO in water is facilitated by the
geometry of the polymer molecules for accommodating a mostly undistorted water
network while hydrogen bonding to PEO: The distance between the ether oxygens
allows water molecules to rearrange and encage the polymer within their hydrogen
bond networks.20 Poly(vinyl methyl ether) is another water soluble polyether. It
typically forms helical structures with the ether oxygens pointing outwards, which
readily enable the hydrogen bondings with water. Poly(propylene oxide) has quite the
same backbone as PEO, however its methyl groups substantially distort the water
structure around the molecules20 thus hindering its solubility in water. Despite
poly(methylene oxide) possesses a larger oxygen/carbon ratio, it is also water
insoluble because the shorter distance between the ether oxygens, compared to PEO,
cannot accommodate water structures either.20
The phase behavior of PEO homopolymer in water has been extensively
investigated20-24. The rearrangement of water, to form hydrogen bonds, around the
polymer is enthalpically favorable at room temperature and allows for the mixing of
PEO and water20,

21

. The hydrogen bonds can be broken by thermal energy when

increasing the temperature. The system is then entropically governed, resulting in
phase separation. The phase diagram of PEO in water, reported by Saeki et al24., is
shown in Figure 1-4. The LCST of PEO is lowered by increasing its molecular weight
and the closed loop type, with both LCST and UCST, could be completely traced in
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the low molecular weight samples. In addition, the size of the miscibility gap also
depends on molecular weight.

Figure 1-4 Temperature-composition phase diagram of PEO homopolymer in aqueous
solution shows the dependence of LCST on molecular weight; The molecular weights of
PEO are 1.02 x 106(U), 2.12 x 104(O), 1.44 x 104(), 8 x 103(V), 2.29 x 103(•), 2.27 x
103(U) and 2.18 x 103(+) (picture from Saeki et al.24)

PEO is largely nondegradable under simple hydrolysis, however the whole
polymer chains (MW<50 kDa) are completely eliminated from the human body. The
biocompatibility of PEO allows for using this polymer in biomedical applications. For
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example, it is used as a coating material on biomaterial surfaces to prevent protein
adsorption. The adsorption of proteins is effectively prevented since it takes some
energy to remove bound water from the hydrated polymer chains, which is
unfavorable.25,

26

PEO is also copolymerized with biodegradable polymers, such as

poly(lactic acid) or poly(glycolic acid), to use in temporary tissue scaffolds.27 These
polymers are hydrolytically degraded and eliminated after complete healing. PEO is
also utilized as a “plasticizer” to modify the thermal and mechanical properties of
polymers for biomaterials.28, 29

1.5.2

Poly(methacrylic acid)
Poly(methacrylic acid), PMAA, is an acrylic polymer whose IUPAC name is

poly(1-carboxy-1-methylene). The production of PMMA is usually carried out by
free radical polymerization. Polymethacrylic acid, PMAA can be synthesized by
hydrolysis of poly(methylmethacrylate) (PMMA). Since the synthesis of PMMA can
be controlled to produce specific stereo regularity, this hydrolysis method is proved to
be useful for the production of PMAA with specific steregoregular form30, i.e.
isotactic, syndiotactic and atactic.
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Figure 1-5 Phase diagram of PMMA solution (degree of polymerization 6900) showing
an LCST close to 50 °C in acidic environment (picture from Eliassaf et al.31)

At room temperature, PMAA is water soluble in an acidic environment. The
water solubility of PMAA is influenced by temperature and concentration as depicted
in Figure 1-5, reported by Eliassaf and Silberberg31. The solution (S) is found in
dilute concentration while the gel (G) is formed in concentrated regime due to
intermolecular hydrogen bonds. (The concentrated polymer is slightly ionized and the
pH of the solution was found to be 3.6) The solution phase separates when heating
and showed an LCST-type of phase change at around 50 °C. The phase transition is
completely reversible.
The interesting feature of PMAA in aqueous solution is that it undergoes a
reversible conformational transition, from collapsed globule to extended coil, that
reflects the change of solubility during the ionization. As observed by titration32-34,
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the solution of PMMA exhibits a discontinuous increase of the dissociation constant,
K, during the course of ionization (Figure 1-6 (a)). The negative slope on the plot
between pK and degree of ionization suggests the occurrence of the conformational
transition. This feature is not observed in the aqueous solution of poly(acrylic acid)
(PAA)35 (Figure 1-6 (b)), where pK continuously increases with degree of ionization.
Owing to the hydrophobic association of methyl groups in PMAA, the collapsed
globules are stabilized at the beginning of the ionization. Although the electrostatic
repulsion from the ionized acid groups tend to stretch the polymer chain, additional
energy is needed to overcome the hydrophobic association of the methyl groups.
Once the electrostatic repulsion is strong enough, the polymer chains become
extended. As a consequence, the pK drops since further ionization needs no extra
energy. The pK will increase again, similar to PAA in aqueous solution, as the
ionization of the still undissociated acid groups becomes more difficult in the crowd
of anions.
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Figure 1-6 (a) Plot of pK as a function of degree of ionization (α) for 0.0026 M PMAA
in aqueous solution in the absence of salt; The experiment was performed at 5 °C (curve
I) and at 50 °C (curve II). Both curves illustrate the discontinuous change due to the
conformational transition from collapsed globules to extended coils as increasing degree
of ionization (data from Mandel et al.32 ). (b) Plot of pK as a function of degree of
ionization (α) for 0.006 M PAA (Mw = 120,000) in aqueous solution; pK curves exhibit
the continuous change as a function of degree of ionization for every concentrations of
added salt. As the concentration of salt increase, the screening effect decrease the
electrostatic potential which result in the decrease of pK(data from Mandel35) .
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1.6

An LCST tuning concept
Polymer systems having LCST at non-extreme conditions used to be a rare
phenomenon until Taylor and Cerankowski succeeded to prepared hundreds of
polymers exhibiting LCST in aqueous solutions.36 They stated that “the LCST
phenomenon, rather than being rare curiosity, is a quite predictable one and easy to
achieve”. They summarized their results and called it general solubility rule saying:
“As a polymer which is soluble in water at all temperatures is made
increasingly hydrophobic, before complete water insolubility is reached, a range of
compositions will be found which will have temperature inverse solubility and the
more hydrophobic in the increment, the lower the LCST”
In other words, a solute will show an LCST when a proper
hydrophilic/hydrophobic balance is achieved. This solubility rule can, in principle, be
applied in the opposite manner. Thus, a hydrophobic polymer can be made water
soluble by addition of increasing numbers of hydrophilic groups. This rule only
applies to macromolecular materials because they can be constructed with fractions of
hydrophobic and hydrophilic components. The hydrophobic/hydrophilic ratio of the
polymer plays an important role in controlling the LCST. Figure 1-7 shows some
polymer systems, the hydrophobic/hydrophilic ratio and the corresponding LCSTs,
reported by Taylor and Cerankowski. All of the synthesized polymers showed flat
curves in the temperature-concentration phase diagram rather than the round curve
that concaves upwards, typical of the LCST type behavior (Figure 1-8). They pointed
out that the deviation was a result of the molecular weight distribution and the
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heterogeneity of their systems and no further explanation was given. Moreover, the
kinetics of phase separation were not reported.

Figure 1-7 The copolymers synthesized by Taylor and Cerankowski, with different
hydrophobic/hydrophilic ratio and their corresponding cloud point temperatures for 10 wt%
aqueous solution (picture from Taylor and Cerankowski36)
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Figure 1-8 Cloud point temperature of poly(diacetone acrylamide-co-acrylamide) in
aqueous solution. The ratio on curves represent diacetone acrylamide (hydrophobic) /
acrylamide (hydrophilic) (data from Taylor and Cerankowski36).

Several works have since reported attempts to tune the LCST of polymer in
aqueous solution using hydrophobic/hydrophilic ratio control, as proposed by Taylor
and Ceranskowski. Most of these works, initially, focused on PNIPAM backbone.37-44
The hydrophilic monomers were copolymerized on PNIPAM to successfully raise its
LCST close to physiological temperature. However, the cloud point curves showed
phase transition over a rather wide temperature range. From those polymers,
structures containing ionizable segments broadened even more the range of transition
temperature, although additional pH responsive solubility was achieved.37, 40, 44 More
recently, there was a report of PNIPAM toxicity, that reported a decrease in the
viability of human living cells in an in vitro experiment.45 Moreover, the residue
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monomer of PNIPAM is known to be toxic. Therefore, the tuning of LCST has been
henceforth directed to PEO, which is more biocompatible. PEO homopolymer
exhibits its LCST above the water’s boiling point. Lutz et al. grafted several
hydrophobic methacrylate species on the PEO backbones46-48 in order to decrease its
LCST. Their results appreciably demonstrated the tunability of phase transition
temperature below the boiling point of water, nevertheless the transition still covered
a rather broad temperature range. In addition, instead of showing a thermodynamic
phase separation ( i.e. polymer rich phase and solvent rich phase) above the critical
point, the solution stayed cloudy with no precipitation observed suggesting micelle
formation. Manias et al.9,

49

proposed that the grafting approach creates bulky

branches on the polymer backbone that can lead to micelle formation when polymer
phase separates from solution. Also, the alkyl groups on the side chain have
additional potential to form micelles through hydrophobic association. As a result the
phase transition is expected to be broadened and deviate from an LCST type
behavior. In the same work, they reported a series of polyester- or polyamidealternating copolymers prepared by step-growth polymerization of short chain PEG
and ethylene units.10 The alternating copolymers were tailored to have different
hydrophobic/hydrophilic ratios and their aqueous solutions demonstrated LCST type
behavior with tunable LCST. In addition, the cloud point curve exhibited sharp phase
transition that can be completed within extremely narrow temperature range.
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1.7

Stimuli responsive polymers in biomedical applications
Stimuli responsive polymers are of great interest in biomedical applications
because the variation of stimuli can be found in living organizations. The appearance
of such polymers in practical use can be categorized as follows:

1.7.1

Micelles
Owing to the integration of solvophobic and solvophilic part in a single

molecule renders the micelles to be well dispersed in both polar and nonpolar
solvents. Within the micelle structure, solvophobic cores are trapped inside while the
outer solvophilic shell stabilizes the structure in a medium. The micelles can act as
nanocontainers in transporting therapeutic substances to a target site. Stimuli
responsive polymers are designed to possess structures with distinct hydrophobic and
hydrophilic regions. These structures, such as block, graft and multiarm architectures,
enable the stretching of polymer coils and allow them to assemble as micelles above
the LCST. In addition, the assembly of polymers can be made more stable by shell
crosslinking.50 Such as example is illustrated by Figure 1-9. The copolymers are
prepared by grafting PNIPAM alone (A) or PNIPAM and PEO (B) on to vinyl
group-containing PAA backbones. The copolymers self assemble when heating due
to the temperature sensitive behavior of PNIPAM. The hydrophobic cores of A,
composed of PNIPAM and unionized PAA, associate hydrophobically. The residue
vinyl segments on PAA undergo free radical polymerization to stabilize the
nanoparticles by promoting a crosslinked structure. In contrast, the hydrophobic cores
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of B are composed of only PNIPAM, because the association between PNIPAM and
PAA were effectively prevented by the PEO segments. Therefore, the PAA and PEO
segments are located at the inner and the outer shells, respectively. The inner PAA
shells are further polymerized to produce the crosslinked structures. When subjected
to temperature fluctuation, both micelles undergo reversible swelling of the
crosslinked structure, that facilitated the release of encapsulated drugs. In addition,
the same assembly of these copolymers can be controlled by variation of pH, which
causes a change in the ionization degree of PAA.
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Figure 1-9 Temperature induced micelle formation and shell crosslinking (picture from
Chiang et al50). The micelle cores can host therapeutic molecules and the outer shells can
stabilize the structure in the medium. The release of the trapped molecules is regulated by
temperature.
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1.7.2

Hydrogels
The three dimensional structure of the hydrogels can serve as a reservoir to

host therapeutic molecules in a delivery system. Drug loaded hydrogels are prepared
by swelling the gel in the presence of a therapeutic agent and, then, collapse it in a
nonsolvent environment. The release of the entrapped substance is driven by the
diffusion of water and small solutes as a consequence of porosity changes due to the
gel expansion. The mechanism can also be made in the reverse manner, when stimuli
responsive polymers are incorporated. The responsive polymers cause the hydrogel to
shrinks as a response to external stimuli, such as temperature and pH. The collapse of
the structures accompanied by expulsion of water and small entrapped solutes, which
occurs at or slightly beyond the critical point of the responsive polymer. The
entrapped molecules can then be easily released, since they are only physically bound
within the matrix. Figure 1-10 shows the controlled release device of insulin from a
copolymer prepared from methacrylic acid (MAA) and ethylene glycol (PEG).2 The
enzyme glucose oxidase was immobilized in the matrix, which oxidizes glucose to
gluconic acid once the local glucose concentration is beyond a characteristic limit .
The presence of gluconic acid decreases the local pH and collapses the MAA
segments, due to protonation of acid groups. The collapse of the MMA promotes
contraction of the matrix and allows for the expulsion of insulin from the hydrogel.
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Figure 1-10 Controlled release of insulin from p(MAA-co-EG) responsive hydrogel; the
release of the insulin is achieved by the collapsed of the MAA segments as a result from
local pH change (picture from Alarcón C.D.H. et al.2).

The responsive hydrogels are not only found use in the delivery systems, but
they are also employed in other biomedical devices. A temporary tissue scaffold, for
example, was reported from a copolymer consisting of PEG and poly(amino
urethane). This polymer’s solution were injected into a mouse and it subsequently
formed a transparent gel, stimulated by physiological temperature, shortly after
injection (Figure 1-11).51 In another example, a microfluidic actuator was fabricated
using a responsive hydrogel.52 In this device, the hydrogel acts as a microvalve that
regulates flow control in response to stimuli. The response was fast and no external
power was required to operate the device. Thus, such a hydrogel was claimed that it
could eliminate the complex assembly of the regular microfluidic actuator.
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Figure 1-11 Gel formation of polymer composed of poly(ethelene glycol) and poly(amio
urethane); A transparent gel was formed shortly after injected in to a mouse (picture from
Dayananda K. et al.51). This hydrogel could be used as a temporary tissue scaffold.

1.7.3

Bioconjugates and cell cultivations
Purification of biomacromolecules, such as DNAs, enzymes or proteins, often

leads to a severe loss of their activities. The conventional method is to immobilize
these molecules on solid substrates that can cause damage to the molecules after
separation. An alternative method is to conjugate biomolecules with stimuli
responsive polymers, then separate them from the polymer systems using reversible
hydrophobic/hydrophilic changes. Target biomolecules are then recovered by
precipitation, after they undergo a phase transition dictated by their covalently-bound
polymers. Not only can these conjugated molecules be recycled from the products,
but they also retain their activities for several cycles, this technique is claiming.1
In another example, living cells can be cultured and easily transferred onto a
substrate utilizing responsive polymers. The general method for cell cultivation is to
grow the living cells on a hydrophobic substrate and remove them by using an
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enzyme (typically protease). The enzyme, however, might cause an appreciable
damage to the cultured cells. Temperature responsive polymers were introduced on
the surface of culture substrate (Figure 1-12). The living cells can then grow on the
hydrophobic substrate and can be detached from the substrate when the surface
becomes hydrophilic at a temperature below the LCST. It was also proven that the
detached living cells have no sign of damage.53

Figure 1-12 Cell cultivation using temperature responsive polymer. Lung cells are cultured
on temperature responsive polymer and transfered when the surface of the culture substrate
becomes hydrophilic below the LCST (picture from Nandkumar et al.53).
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1.8

Objectives
The objectives of the present dissertation can be enumerated as follows:
a) Synthesis:
i.

Prepare and characterize alternating linear copolymers of PEO and
ethylene units with tunable temperature responsive properties.

ii.

Prepare and characterize random (segmented blocky) copolymers
of MMA and MAA with tunable pH responsive properties.

iii.

Prepare and characterize alternating linear terpolymers of PEO,
with ethylene units and lysine, with tunable temperature and pH
(dual-stimuli) responsive properties.

b) Aqueous solution behaviors:
i.

Investigate the aqueous solution behavior of the synthesized
(segmented blocky) copolymers of MMA and MAA, i.e. determine
the cloud point pH and construct the pH-concentration phase
diagram of their aqueous solution.

ii.

Investigate the aqueous solution behavior of the synthesized
alternating copolymers of PEO and ethylene, i.e. determine the
cloud

point

temperature,

and

construct

the

temperature-

concentration phase diagram of their aqueous solution.
iii.

Investigate the aqueous solution behavior of the synthesized
alternating terpolymers of PEO, ethylene and lysine, i.e. determine
the cloud point temperature and pH, construct the temperature-
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concentration phase diagram of the polymer solution and
determine the LCST as a function of pH.
c) Examples of practical uses:
i.

Prepare hollow microcapsules from the synthesized copolymers of
MMA and MAA and study the stimulated release of an
encapsulated substance under physiological conditions.

ii.

Prepare hydrogels from the synthesized copolymers of PEO and
ethylene and study the temperature responsive swelling/deswelling
character.

The outline of the thesis is as follows:
Chapter 2 describes the preparations of pH responsive copolymers composed
of methylmethacrylate and methacrylic acid. 1H-NMR and potentiometric titration
were carried out to quantitatively determine the copolymer composition. Aqueous
phase behavior of the copolymers was investigated, and the pH of the phase transition
was determined. The copolymers were utilized to prepare microcapsules in order to
study the stimulated release of encapsulated materials. The content of this chapter
was already published in Materials Letters, 63, pp 1144-1147, 2009.
Chapter 3 described the pH stimulated structural changes of the copolymers
prepared in chapter 2. These results were compared to literature reports for
copolymers having different architectures. The formation of aggregates was
investigated and their morphology is discussed.
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Chapter 4 reports on the synthesis of temperature responsive linear
polyurethanes composed of alternating PEO and ethylene. Lysine was also
copolymerized to prepared temperature-pH responsive terpolymers. The molecular
weight determination was carried out by DMF-GPC in parallel with aqueous-GPC.
LCSTs of the copolymers were determined and the aqueous phase behavior was
mapped out. The temperature-composition phase diagrams were constructed and the
tunability of the polymers’ LCSTs was described.
Chapter 5 describes the preparation of temperature responsive hydrogels from
PEO and ethylene alternating copolymers using glycerol as a crosslinker. The
sensitity of this hydrogel to temperature changes was described in terms of
swelling/deswelling. The diffusion of water in these temperature responsive
hydrogels was also investigated as a function of composition.
Chapter 6 is the summary of the present dissertation and includes suggestions
for future work.
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Chapter 2
pH Responsive Poly(MMA-co-MAA)s and Their Aqueous Phase Behaviors

2.1

Introduction
pH responsive polymers are a group of polymers that undergo conformational
transitions in response to the environmental pH change. These polymers contain
ionizable groups that are able to donate or accept protons. Anionic pendant groups,
such as carboxylic acids, are ionized at pH greater than their characteristic pKa and
they are protonated (neutral) at pH below pKa. Cationic pendant groups, in contrast,
are charged when pH is lower than pKb and uncharged above pKb. Some examples of
pH responsive polymers, with anionic pendant groups, i.e. polyacids, or cationic
pendant groups, i.e. polybases, are illustrated in Figure 2-1. The ionization of the
pendant groups, due to pH change, is done in a progressive manner and leads to a
progressive increase of the intrachain electrostatic repulsion that stretches the
polymer chains from random coil conformation. On the other hand, protonation of the
pendant groups causes the progressive increase of hydrophobic association that
induces the collapse of the polymer chains to compact globules.
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Figure 2-1 pH responsive polyacids; (a) poly(acrylic acid)1, 2, (b) poly(methacrylic acid)3, 4,
(c) poly((2-ethyl acrylic acid)5 and pH responsive polybases; (d) poly(N,N’-dimethyl
aminoethyl methacrylate)6-8, (e) poly((N,N’-diethyl aminoethyl methacrylate)8, 9 and (f)
poly(vinylpyridine)9

Such ionizable or ion containing polymers are the focus of intensive research,
since their pH-dictated ionization can be utilized for the development of systems with
reversible pH-controlled solubility.1-10 These polymers are typically water-soluble
when charged, and become water-insoluble when neutral. Beyond the basic research
focused on their phase behavior, these materials also find application, e.g., in the form
of hollow microspheres, in fields such as controlled release of drugs10, protection of
sensitive species in acidic environments11, and microreactors12.
Acrylic and methacrylic acid copolymers, including commercial materials13,
14

, are particularly relevant for biomedical use because, beyond their biocompatibility,

they are neutral at low pH and become negatively charged at higher pH
(pKaCOOH ≈ 4). However their proliferation in drug delivery applications has been
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hampered by challenges in designing polymers with sharp transition tailored at a
predefined pH, while maintaining high stability when in their water insoluble state13,
14

. Both these requirements necessitate a well-defined copolymer microstructure that

contains long sequences of single type monomers –chargeable-only or hydrophobiconly strands–currently only common in block-copolymers7-9. Their much easier
preparation by free radical copolymerization5, 13, 14 suffers, in most cases, from poor
control over the comonomer distribution (cf. statistical monomer insertion) and over
the copolymer composition (cf. compositional drift during the reaction results in a
very wide distribution of copolymer compositions). Both these factors broaden the
copolymer transition15 and severely impact the ability to control the structure of the
collapsed state and the pH-onset of the phase separation16.
PMMA is a synthetic polymer that can easily be synthesized by free radical
polymerization. It is capable of being used in biomedical application such as bone
cement17, intraocular lenses18 and microencapsulation19. Here we report on an
approach to prepare copolymers of methyl methacrylate (MMA) and methacrylic acid
(MAA), by partial hydrolysis of PMMA in a bad solvent. These copolymers evidently
have a segmented block microstructure, with strands composed predominantly of
MMA or MAA, and show sharp transitions in aqueous solutions upon pH variation,
consistent with a hydrophobically-stabilized collapsed state. We further demonstrated
their use in preparing hollow microcapsules, which showed an exceptional and
prolonged stability at acidic environments (pH 2), and readily release at physiological
conditions (pH 7).
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2.2

Experiments

2.2.1

Controlled hydrolysis
All reagents were purchased from Sigma-Aldrich in purum grade and used

with no further purification; all water is deionized (>10 MΩ cm). The copolymer
preparation

was

carried

out

by

alkaline

hydrolysis20

of

a

commercial

poly(methyl methacrylate) (PMMA, Mw=350000 g/mol, Mw/Mn ≈ 4.5, SigmaAldrich), which yields well-controlled conversion of methyl methacrylate (MMA) to
methacrylic acid (MAA). In brief, for each copolymer, 10 g of PMMA were
hydrolyzed in a mixture of 1 eq NaOH and 1 eq deionized water in 80 g of isopropyl
alcohol at 85 °C (a rather poor solvent for PMMA). The degree of hydrolysis, cf. the
copolymer acid content, was controlled by varying the reaction time (12 to 72 hours).
The hydrolyzed product was dissolved in a large excess of water, and the copolymer
was precipitated by HCl, filtered, and dried at 50 °C (vacuum, 24-48 hours).

2.2.2

Potentiometric titration
Potentiometric titration was performed to determine the MAA content in

copolymers. Each sample at concentration 0.2 wt% solution was prepared in 0.05M
standardized NaOH, to complete solubilization. The solution was back-titrated by
slowly adding 0.05 M HCl and the pH change of the solution was recorded using pH
meter. Phenolphthalein might be used as an indicator, in parallel, to easily observe
the equilvalence point.
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2.2.3

Proton nuclear magnetic resonance
The hydrolysis degree of the copolymer was independently determined by

1

H-NMR spectroscopy. Polymer solutions were prepared in deuterated water, D2O,

and were operated on a Bruker Advance NMR spectrometer, performed at frequency
300 Hz at room temperature.

2.2.4

Turbidity measurement
Turbidity (cloud point) measurements followed the pH of a copolymer

solution (0.03 wt% to 2 wt%, in 0.125M aqueous NaOH) as acetic acid was added,
while recording the transmitted intensity of a laser (λ=650 nm, 2 mW) with a digital
photodetector. As the pH decreases, the solution remains optically clear
(transmittance ≡ Itransmitted/Iincident = 1) and upon phase-separation (demixing) it
changes abruptly to almost 0; the cloud point (binodal pH) is set ad hoc at 0.8
transmittance.

2.2.5

Microcapsule preparation and characterization
An oil-in-oil encapsulation method21,

22

was used to prepare copolymer

microcapsules containing an organic solution of a water-soluble dye (0.1 wt%
methylene-blue, MB, in 95/5 methanol/benzyl-alcohol). Specifically, a predefined
mass of copolymer (0.5, 0.7 and 1.0 g) was dissolved in 10 g of the MB solution and
was slowly emulsified in 53 g of a second oil phase (paraffin oil containing 1 wt%
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emulsifier, sorbitan trioleate) under constant stirring (ca. 150 rpm), at room
temperature, until all methanol evaporated (ca. 24 hours). The microcapsules were
retrieved, washed with n-hexane, and dried under vacuum at room temperature.
Preparation of the capsules is schematically represented in Figure 2-2.

Figure 2-2 Schematic preparation of an oil-in-oil encapsulation method

The microcapsules were characterized in saline suspension by optical
microscopy, and by environmental scanning electron microscopy (ESEM, FEI Quanta
200) for the dry capsules, also after freezing with liquid Nitrogen and fracturing.

2.2.6

Release experiment
Release studies were performed from 30 mg of microcapsules dispersed in

100 mL of two release media with different pH (phosphate buffered saline solution,
PBS, pH 7.4; and aqueous HCl solution at pH 2.3). Small amounts of the release
medium were withdrawn as a function of time, and the concentration of released
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encapsulant was measured by UV-vis absorbance (following the intensity of the
664 nm peak of MB).

2.3

Results and discussions

2.3.1 Controlled hydrolysis of PMMA

collapse in bad solvent
(isopropyl alcohol) and
hydrolyzed with NaOH
(85oC for 12 to 72 hours)

PMMA

P(MMA-co-MAA)

CH3

CH3
CH2 C

methacrylicacid group

precipitate
by HCl

C=O
OCH3

CH3

co

CH2 C
C=O

1-y

OCH3
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C=O
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Characteristic details of the poly(MMA-co-MAA) as a function of hydrolysis
duration
pH at the
Hydrolysis Methacrylic pKa
Duration

acid content

(hours)

φMAA (%)

[BB30]

12

31

[BB40]

24

[BB50]
[BB60]

cloud point
ϕ1

ϕ2

ϕ3

6.62

5.29

5.45

5.68

35

6.47

5.07

5.22

5.31

48

48

6.33

4.59

4.66

4.80

72

57

6.30

4.34

4.49
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Figure 2-3 Aqueous phase behavior and characteristics of the copolymers. (a) A schematic
of the PMMA hydrolysis and details of the P(MMA-co-MAA) copolymers as a function of
hydrolysis duration. (b) Potentiometric titration of 20 mL of 0.2 wt% polymer solution; the
MAA content can be determined from first equivalence point (at about pH 9) and increases
with more prolonged hydrolysis. (c) 1H-NMR spectrum of BB50 in D2O. The copolymer
was determined to compose of 49±1 mol% MAA. The copolymer composition was
confirmed by potentiometric titration suggested 47.77 ± 0.01 mol% of MAA.
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The partial hydrolysis of PMMA homopolymer resulted in
methyl methacrylate/methacrylic acid copolymers, poly(MMA-co-MAA), with the
same molecular weight but varied methacrylic acid content. The φMAA was controlled
by the duration of hydrolysis. Since the hydrolysis was carried out in a bad solvent
the copolymer microstructure is expected to be segmented15, 23, i.e., rather blocky
with long strands composed predominantly or exclusively by chargeable (MAA) or
by hydrophobic (MMA) groups. Schematic representation of polymer microstructure
and the results for four copolymers are shown in
Figure 2-3(a). The φMAA in the copolymer was determined by potentiometric
titration, shown in
Figure 2-3(b), from the first equivalence point around pH 9, and was varied
between 31.34 ±0.01 mol.% and 57.43 ±0.01 mol.%, for 12 to 72 hours of hydrolysis.
The pKa of each copolymer is determined at the midpoint of the buffer capacity
plateau (at ca. pH 6) and decreases with MAA content, as expected (moving towards
the pKa of the poly(acrylic acid) homopolymer as φMAA tends to 1); the width of this
plateau increases with φMAA, also as expected9. In addition,
Figure 2-3(c) shows 1H-NMR spectrum of BB50 in D2O. The φMAA was also
confirmed at 49 ±1 mol% MAA which is in quantitative agreement with the titration.
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Aqueous phase behavior
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Figure 2-4 (a) pH-induced phase separation of the copolymers’ aqueous solution at 25 oC,
including a schematic of the corresponding copolymer charge and conformations. The pH
onset of the transition shows systematic dependence on φMAA and polymer concentration in
solution (b) Hysteresis of the phase separation transition upon reducing (higher-to-lower) or
increasing the pH. The hysteresis reflects a high stability of the collapse structure, which is
similarly found in micelles.
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Figure 2-5 Phase diagram plotted between pH at cloud point and polymer concentration
demonstrated that the pH-onset of the copolymers’ transition shows a systematic
dependence on φMAA and an almost-linear dependence on the polymer concentration in
solution, which further indicate that these transitions are due to a microphase separation
mediated by interchain and intrachain hydrophobic-association.

The phase behavior of the copolymers’ aqueous solutions was determined by
turbidity measurements, shown in Figure 2-4(a), as the pH was lowered by gradual
addition of acetic acid. The MAA groups are ionizable, i.e., they are negatively
charged at high pH, promoting polymer solubility in water, and become uncharged at
lower pH, eventually rendering the copolymer water-insoluble. Despite its very sharp
character, this transition shows a strong hysteresis (when lowering vs. increasing the
pH, Figure 2-4(b)), which indicates that the transition is conformational in nature,
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rather than a first-order thermodynamic phase transition15, 16, 24, 25. This hysteresis
reflects a high stability for the collapsed/phase-separated structures, akin to those of
micelles26, which probably originates from the hydrophobic association27 of long
MMA strands –which can promote MMA aggregation leading to a polymer collapse
and precipitation24, 26, 28. Finally, phase diagram was constructed in Figure 2-5
showing the pH-onset of the copolymer’s transition as a function of solution
concentration. The pH-onset (values are listed in
Figure 2-3(a)) shows a systematic dependence on φMAA and an almost-linear
dependence on the polymer concentration in solution, which further indicate that
these transitions are due to a microphase separation mediated by interchain and
intrachain hydrophobic-attraction24, 26. All the above phase behavior trends, confirm a
posteriori the supposition of a blocky comonomer distribution in the copolymers.

2.3.3

Microcapsules
Controlling the onset of pH-response by the copolymer composition, allows

for the design of systems with specific pH solubility profile, i.e., systems that are
stable at a predefined pH-range and undergo a transition at a desired pH-value. For
example, here we demonstrate the preparation of microcapsules that are stable at high
acidic conditions and readily release the encapsulated matter at physiological
conditions: Specifically, as per the typical requirements10 for colon-targeted drug
delivery of orally-administered medicines (that dictate protection of the active species
in

the

stomach

environment

-ca. pH 2,

and

subsequent

release

in

the
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colon/inteestine -ca. pH 7.4, withiin 3 to 5 houurs) we designed capsuules based on the
BB50 cop
polymer. In Figure 2-6 (a)-(c), we show
s
copolyymer microccapsules madde by
oil-in-oil emulsion method;
m
theiir size (Figuure 2-6 (d)-(e)) was controlled
c
byy the
s
(i.e.., capsule diiameter of 190,
1
340 andd 480
copolymeer concentrattion in the solution
μm for c5=5 (a), c7=7
= (b) and c10=10 (c) wt%
w
BB50 copolymer,, respectivelly, at
constant stirring
s
rate).

Figure 2-6 (continuess on next pagee)

ϕpolymer in
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Figure 2-6 Microcapsules prepared via an oil-in-oil method from (a) 5, (b) 7, and (c)
10 wt% of BB50 copolymer solutions. Optical micrographs of the capsules in saline
(center) and scanning electron micrographs of the capsules after freezing and fracturing. (d)
Average radius and wall diameter of the microcapsules; the microcapsule wall diameter
was calculated from the compositions and confirmed by SEM measurements. (e)The
diameter distributions were measured by optical microscopy (at least 250 capsules per
system).

The pH-controlled release from the capsules was quantitatively observed by
UV-vis absorption (Figure 2-7). All capsules had an exceptional stability at high
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acidic environment (Figure 2-7, bottom panel), showing no appreciable release29 for
up to 62 hours at pH 2.3, and were stable for up to two months at these conditions
(data not shown). This is consistent with the pH collapse shown in
Figure 2-3(a), and reflects the high stability of the micelle-type structure of the
collapsed copolymers in solution. In addition, the capsules readily dissociate and
release at a physiological pH (phosphate buffered saline solution, PBS, pH 7.4, Figure
2-7 top, filled symbols), with a release rate that is consistent with the capsule wallthickness30, and achieve 80% release in 3.8 and 7.5 h, for c5 and c10, respectively. The
ultimate release amount was, in all cases, equal to the volume of encapsulated
material, denoting a complete dissociation of the capsules.
Finally, we also show pH-triggered release from capsules held for 14 hours at
pH 2.3, followed by an increase in pH to PBS values (Figure 2-7 top, open symbols).
In this case, the microcapsules were stable29 in pH 2.3 (first 14 hours) and readily
release upon increasing the media’s pH to 7.4 (the release takes place in a manner
identical to when the capsules are introduced directly to PBS). This behavior clearly
denotes that holding the capsules at high acidic pH does not cause a marked change in
their structure or stability, in concert with what is expected of copolymers with a
blocky comonomer distribution.
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Figure 2-7 The release behavior from the c5 and c10 capsules as followed by UV-vis
absorbance. The capsules are stable at pH 2.3 showing no release after 62 hours (bottom,
open symbols), whereas they readily dissociate and release at pH 7.4 (top, filled symbols).
In addition, their pH-stimulated release is exemplified by holding the capsules at pH 2.3 for
14 h and subsequently increasing the pH to 7.4 (top, open symbols); in this case, the
capsules are stable at acidic conditions and release at physiological pH identical to when
the capsules are introduced directly to PBS.
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2.4

Conclusions
pH-responsive copolymers were prepared from controlled partial hydrolysis of
hydrophobic PMMA homopolymer in a poor solvent, which was required to give a
blocky distribution of MMA and MAA units. The copolymers demonstrated sharp
pH-induced phase-separation in water, whose transition-onset depended on the
copolymer composition and polymer concentration. The transition hysteresis, when
lowering pH and raising pH, was also observed which indicated the stability of the
collapsed structure. Hollow copolymer microcapsules were made by an oil-in-oil
emulsion and loaded by a water-soluble dye in an organic solvent. The capsules
showed exceptional stability at low pH, and a pH-triggered release at physiological
conditions (pH 7.4 in PBS). Both the copolymer phase behavior, as well as the pHinduced release from the capsules, indicate a highly stable collapsed phase, attributed
to the hydrophobic attraction of extended sequences of hydrophobic monomers along
the copolymer chains.

2.5

Supporting data and detailed characterization
Figure S2-1 to Figure S2-4 show turbidity measurement data of each
copolymer system in aqueous solution for various concentrations, measured at 25 οC.
The cloud point (binodal pH) is set ad hoc at 80% transmittance and is, then, plotted
in a phase diagram in Figure 2-5.
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Figure S2-1 pH-induced phase separation of the BB30 (31 wt% MAA) in an aqueous
solution at 25 oC
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Figure S2-2 pH-induced phase separation of the BB40 (36 wt%MAA) in an aqueous
solution of at 25 oC
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Figure S2-3 pH-induced phase separation of the BB50 (47 wt%MAA) in an aqueous
solution of at 25 oC.

Transmittance ( Itransm / Iincident )

1.0
0.8
0.6
0.4

0.5 %
0.25 %
0.12 %
0.06 %
0.03 %

0.2
0.0
4

5

6

7

8

9

10

11

12

pH

Figure S2-4 pH-induced phase separation of the BB60 (57 wt%MAA) in an aqueous
solution of at 25 oC.
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Figure S2-5 shows 1H-NMR partial spectra of polymer solutions in deuterated
pyridine performed at 100 °C. The 1H-NMR resonance of α-CH3 was well separated
compared to that of β-CH2. The copolymers contain 31, 35, 48 and 57 mol%-MAA
for BB30, BB40, BB50 and BB60, respectively, as measured by titration and 1HNMR. Triad probabilities, diad probabilities, monoad probabilities and statistical
parameters are summarized in Table S2-1.
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-CH2-
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AAB*
ABA

BAB
BBB
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-0.5

-1.0

ppm

1.0
ppm

0.5

BB50
1.0
ppm

0.5

0.0

0.0

-0.5

-1.0

-0.5

-1.0

BB60
-0.5

-1.0

1.0
ppm

0.5

0.0

Figure S2-5 1H-NMR spectrum of copolymer with different mol.% MAA in pyridine
solution at 100 °C. The copolymers contain 31, 35, 48 and 57 mol%MAA for BB30, BB40,
BB50 and BB60, respectively The six triad of monomer units are showed in methyl proton
region, assigned as AAA, ABA, AAB*, ABB*, BAB and BBB. A designates a MMA
monomer unit and B designates MAA monomer unit in the chain. * indicates that the

triad can be found as a forward and a reverse form.
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Table S2-1 Integration peaks, triad probabilities, diad probabilities, monoad probabilities and statistic parameters of the prepared copolymers.
Polymers
BB30
(31 %-MAA)
BB40
(36 %-MAA)
BB50
(48 %-MAA)
BB60
(57 %-MAA)

Integration Peaks
ABB* AAB*

BBB

BAB

1

0.8549

2.4306

1

0.8161

1
1

Triad Probabilities
ABA

AAA

P(BBB)

P(BAB)

P(ABB*)

P(AAB*)

P(ABA)

P(AAA)

2.5284

1.7752

3.3183

0.0840

0.0718

0.2041

0.2123

0.1491

0.2787

2.7557

2.2728

1.3828

2.5428

0.0928

0.0758

0.2559

0.2110

0.1284

0.2361

0.6489

1.918

1.2453

0.5278

0.9555

0.1588

0.1031

0.3047

0.1978

0.0838

0.1518

0.567

1.4829

1.1147

0.4903

0.8026

0.1832

0.1039

0.2717

0.2043

0.0898

0.1471

Table S2-1 (continue) Integration peaks, triad probabilities, diad probabilities, monoad probabilities and statistic parameters of the prepared copolymers.
Monoad Probabilities
Diad Probabilities
Statistic parameter31
Polymers
P(A)
P(B)
P(AA)
P(AB)
P(BA)
P(BB)
χ
BB30
0.69
0.31
0.3848
0.2146
0.2146
0.1860
3.22
1.44
1.00
(31 %-MAA)
BB40
0.64
0.36
0.3416
0.2188
0.2188
0.2208
2.93
1.64
0.94
(36 %-MAA)
BB50
0.52
0.48
0.2507
0.2191
0.2191
0.3112
2.37
2.19
0.87
(48 %-MAA)
BB60
0.43
0.57
0.2492
0.2159
0.2159
0.3191
1.99
2.64
0.88
(57 %-MAA)
: number average length of A run, defined as
χ : the deviation of random statistics, defined as χ
For completely random copolymer
copolymer with alternation tendency
completely alternation copolymer
copolymer with blocky tendency
completely block copolymer

and

: number average length of A run, defined as

.

. A designates a MMA monomer and B designates a MAA monomer.
χ=1
χ>1
χ=2
χ<1
χ=0

To characterize the blocklike probabilities, the probabilities of BAB and
ABA triads [P(BAB) and P(ABA)] are considered32. The relatively small probability
of the corresponding mixed triads, compared to AAA or BBB triads, already suggests
the blocklike character of the copolymers. The hydrolysis of PMMA in BB30 resulted
in a polymer containing nearly random MAA (P(BBB) ≈ P(BAB)) and blocklike
MMA (P(ABA) < P(AAA)). The existence of BBB triads increased as the hydrolysis
degree increased, indicating the increase in MAA block in the polymer segment. Both
MAA and MMA were found to be slightly blocklike in BB60. However, statistic
parameters show small numbers of average A and B runs with the corresponding χ
being close to random copolymer. The value of χ decreases as the MAA fraction
increases. This BB60 copolymer might be considered as a random copolymer that
possess alternate strands composed predominantly of MMA or MAA, i.e. segmented
block-like chain microstructure. The microstructure of copolymer is schematically
represented in
Figure 2-3 (a).
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Chapter 3
Multicompartment Micelles of the Segmented Block
Poly(methylmethacrylate-co-methacrylic acid) in Aqueous Solution

3.1

Introduction
Copolymer solutions can exhibit solution phase transitions, from transparent
homogeneous single-phase to phase-separated heterogeneous systems, in different
manners depending on copolymer architecture, composition, concentration, solvent
quality and selectivity for the two monomers. When stimulated by a stimulus such as
temperature, homo-1 and random-2 copolymers exhibit a first-order macrophase
separation, akin to normal solution behavior of polymers (cf. a binodal separating the
one-phase and two-phase regions, characterized by UCST or LCST); while well
defined block3, 4 and graft5 copolymers typically demonstrate a microphase separation
(cf. intramolecular or intermolecular aggregation or micellization) by clustering in
multi-chain aggregates (such as ordered spherical, cylindrical, etc structures, or
micelles) forming cores of collapsed hydrophobic blocks, surrounded by a corona of
hydrated hydrophilic blocks. Another, probably extreme, example is the manner that
proteins dissolve in water: namely, in the simplest description, they undergo a very
specific intrachain aggregation, cf. protein folding, with hydrophobic segments
clustering in the inner part of the collapsed coil leaving most of the hydrophilic parts
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on their exterior and exposed to water (this over-simplified description is obviously
ignoring the very important effects of intrachain protein interactions and of the
secondary protein structures).
Multicompartment core micelles are self-assembled aggragates of block
copolymers that their solvophobic parts are further subdivided into multiple nano-size
cores stabilized by solvophilic shells. These mulitcompartment micelles were first
introduced by Ringdorf6. This morphology of polymer aggregates can be of great
interest in biomedical applications, especially in control-release systems, because of
their ability to selectively accommodate different hydrophobic drugs (e.g. confined in
their multicompartment hydrophobic cores) while stabilizing the structures with
hydrophilic shells in aqueous media. The entrapped drugs, in this case, are not
permitted to migrate between their confined hydrophobic compartments.
There are several factors that influence and determined the structure of
multicompartment micelles, including the chemical structure of polymers, the block
sequence, the relative lengths of hydrophobic and hydrophilic blocks, and the nature
of solvent. Such factors also dictate the

kinetics of the formation of these

multicompartment structures. Several research groups7-13 have reported on the
preparation of multicomparment micelles with different morphologies including
spheres10, wormlike8, raspberry like12 or onion like7. A general strategy to build
multicompartment cores is on the basis of a system consisting of mutually
incompatible chemistries, e.g. fluorocarbon segments and hydrocarbon segments8, 9.
However, other approaches might also be considered. For example, block copolymers
with complex building blocks, such as grafting two incompatible hydrophobic
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monomers on a relatively hydrophilic copolymer backbone7, hyperbranched star
block copolymers11, and triblock copolymers in selective solvent12, may all give rise
to the formation of multicompartment micelles. Charged polymers also induce corecompartmentalization of their collapsed structure7,

11

. Among these, Lodge and

coworkers succeeded to obtain the first electron micrographs of multicompartment
micelles and provided examples of comprehensive pathways to build such
morphologies9. A schematic representation of multicompartment micelles from
miktoarm star terpolymers consisted of poly(ethylene oxide), polyethylethylene and
poly(perfluoropropylene oxide) is shown in Scheme 3-1 . The two incompatible
hydrophobic blocks, ethylethylenes (red) and perfluorypropylene oxides (green),
form separate domains immersed in one another to minimize contact with the water
and the hydrophilic ethyleneoxides (blue), which form the coronas that wrap around
the hydrophobic surface and stabilize the nanoparticles in an aqueous medium.

Scheme 3-1 schematic representation of the multicompartment micelles of the miktoarm
star terpolymer consisted of poly(ethylene oxide) (blue), polyethylethylene (red) and
poly(perfluoropropylene oxide) (green)8.
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This chapter describes the phase

behavior of the previously prepared

copolymer of methylmethacrylate (MMA) and methacrylic acid (MAA) in aqueous
solution. The polymer samples were prepared, as described in the previous chapter,
by partial hydrolysis of PMMA in a bad solvent. Potentiometric titration data was
used to describe the charge and conformational changes of the copolymer upon
change of the solution’s pH. Aqueous solutions of a copolymer with 57 mol% MAA
was monitored by 1H-NMR and dynamic light scattering at different solution pH
values. Finally, transmission electron microscopy, TEM, was employed to observe
the collapsed polymer morphology upon phase separation.

3.2

3.2.1

Experiments

Preparation of Poly(MMA-co-MAA)
Poly(MMA-co-MAA) were prepared by alkaline hydrolysis14, as described in

previous chapter. The copolymer used in the study was BB60 which contained 57 mol%
of MMA (see previous chapter).

3.2.2

Proton nuclear magnetic resonance spectroscopy
1

H-NMR was performed to investigate the structural change of the copolymer in

water. The experiment was conducted at room temperature on a bruker advance NMR
spectrometer operating at frequency 300 Hz. The copolymer was dissolved in a solution
of NaOD in D2O and was adjusted to the desired pH value by adding DCl or NaOD.

71

3.2.3

Dynamic light scattering
Dynamic light scattering measurements were used to evaluate chain aggregations

at various pH.

Experiments were performed with an ALV unit equipped with an

ALV/SP-125 precision goniometer (ALV-Laser Vertreibsgessellchsaft m.b.h.), and
Innova 70 argon laser (λ = 514.5 nm, maximum power 3W, Coherent Inc.) operated at 30
mW, and a photomultiplier detector (Thorn EMI Electron Tubes). Signals from the
detector were processed by an ALV 5000 Multiple Tau Digital Correlator board and
associated software. Initial polymer solutions in de-ionized water were filtered through
mixed cellulose ester membranes (Millipore Corp.) of 0.22-μm pore size. Small volumes
of 0.1M acetic acid and sodium hydroxide were added to lower and raise the pH,
respectively. An angle of 90° was used for all scattering measurements.

3.2.4

Transmission electron microscopy
Direct observation of the microphase separated polymer structure was performed

via bright field transmission electron microscopy (TEM, JEOL 1200 EXII, equipped with
a Tietz F224 digital camera and operated at 80 kV). No heavy metal staining was
performed, in order to avoid changes in the microstructures. Rather, microphase
separated poly(MMA-co-MAA) solutions were cast on a lace-coated TEM grid, from a
very dilute solution (0.01 wt%) which was set to pH 4.5 (turbid, phase separated solution)
and was let stand for 3 days (the solution remained turbid throughout, indicating
aggregate/micelle formation).
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3.3

3.3.1

Results and discussions

Potentiometric titration
The conformational transition and the charged state (ionization) of the polymer

can be investigated using data from potentiometric titration. The negative logarithm of
the apparent dissociation constant, pK, is plotted against degree of ionization. Once the
conformational transition occurs, the deviation from linearity is exhibited in the pK
versus degree of ionization curve15-18. The apparent dissociation constant, K, contains the
intrinsic dissociation constant, K0, which is the dissociation constant at zero degree of
ionization and an additional ΔGelectrostatic that is the free energy to extract the H+ from
COOH of the acid groups. The relationship of pK, pK0 and ΔGelectrostatic are as follows17:

0.4343
Here, R is the gas constant (8.314 JK-1mol-1) and T is the absolute temperature. The
following extended Henderson-Haselbalch17 equation was used to calculate ΔGelectrostatic:

∆

2.303

where α is the degree of ionization. The plot of pK versus degree of ionization for the
prepared copolymer is shown in Figure 3-1. Shown in comparison is the pK of a block
copolymer P(MMA-b-MAA) investigated by Gan, L. H. et al.17, which forms welldefined spherical micelles. They proposed the structure of the polymer to initially form
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core–shell micelles, where the aggregation of MMA segments are located at the inner
core while the MAA blocks are found on the outer coronas. The ionization of the MAA
coronas resulted the micelles to swell through the course of ionization with no
conformational change, as seen in the continuous increase of the pK curve. At low pH the
ionization was less favorable than the protonation, thus the pK increased during the
dissociation of the acid groups. The electrostatic repulsion drove the micelles to expand
to a certain extent. However, the conformation of the polymer remained unchanged
because the polymer architecture (diblock) facilitates the stabilization of the micelles.
In contrast to the block copolymer, the pK curve of our prepared segmentedblocky copolymer showed an increase in pK at the beginning of ionization and then
leveled off at a certain value for ionization higher than 30% (α ≅ 0.3). This feature is
attributed to the conformational transition during the ionization of the acid group19: In
this case, the polymer exhibited compact chain conformation due to the hydrophobic
interaction at low degrees of ionization. After a certain extend of ionization, the polymer
chains unfolded and stretched, when the intrachain electrostatic repulsion overcomes the
hydrophobic attraction. The stretching of the polymer chains prohibited the increase of
charge density and the pK was no longer affected by further ionization (because the
ionizations of each acid groups are not in close proximity). Note that, in the typical case,
such as for samples prepared without solubilzation, the pK curve even exhibits a negative
slope, because the stretching of the polymer chains expose the entrapped acid groups to
the media, which is favorable for the ionization, thus lowering pK17. Since the sample
was prepared by a solubilization process, the absence of a negative slope in the plot in
Figure 3-1 can be attributed to the already dissolved polymers containing well stabilized
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acid groups, due to the solulization process. The value of ΔGelectrostatic was calculated to be
1.39 kJmol-1 for our synthesized copolymer. Compared to the value of the diblock
copolymer of P(MMA-b-MAA) with ΔGelectrostatic of 2.39 kJmol-1, the dissociation of the
acid groups in our polymer is easier because they are more randomly distributed across
the polymer chain, whereas all acid groups of the diblock micelles are located in close
proximity and thus their dissociation is thermodynamically hindered by neighboring
ionized acid groups, i.e. the dissociation of ions next to one another is more difficult than
that of non-proximal ions. The interpretation of the potentiometric titration data alone is
not a definitive proof for a given conformational transition, so 1H-NMR, dynamic light
scattering and TEM were also carried out to provide additional information.
Nevertheless, the titration data clearly indicate a qualitative departure for the typical
(spherical) micelle-type aggregates, as those formed by block copolymers in a selective
solvent.
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Figure 3-1 Plot of pKa as a function of degree of ionization for our synthesized copolymer
(open symbol). The discontinuous of the pKa curve suggested the conformational transition
from compact conformation to extended chain as increasing degree of ionization. Shown in
comparison is the pKa of the block copolymer P(MMA-b-MAA) from Gan LH et.al. (solid
symbol). The continuous change of block copolymer pKa suggested that no conformational
transition had taken place since polymer formed micelle through the course of ionization.
The schematic representation of block copolymer micelles are also presented from Gan
work17.

3.3.2

Proton magnetic resonance spectroscopy
1

H-NMR was conducted to further investigate the structural change of the

copolymer upon pH variation. This technique allows for the verification of micelle
formation in a system, when the signals from the solvophobic protons disappear while
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those from solvophilic protons remain visible during phase separation. Figure 3-2 shows
1

H-NMR spectra of our prepared poly(MMA-co-MAA) containing 57 mol.% MAA in

D2O, measured at room temperature. The solution pH was varied from pH 11.88 to pH
3.96 by addition NaOD or DCl. The signals at 0.7-1.1, 1.7-2.1 and 3.6-3.7 ppm are due to
copolymer methyl (-CH3), methylene (-CH2) and methoxy protons (-OCH3), respectively.
The polymer solution was also photographed at different pH values and shown Figure 33. All three signals in the NMR spectrum were clearly seen at pH 11.88, indicating good
proton hydration in solvent for all species. By lowering the pH to 7.5, the intensity of the
signals slightly decreased, but all signals still remained in good observation and with no
marked change in relative intensity. Under this pH range (pH 11.88-7.5), carboxylic acids
are fully ionized and polymers are negatively charged, thus exposing the extended chain
to be well hydrated by the D2O. The proton signals were broadened and decreased in
intensity when the solution pH was decreased to pH 5.98. It is believed that the hydrogen
bonds between the acid groups20 (due to the protonated methacrylic acids at this pH
value) along with the hydrophobic association (due to methyl methacrylate aggregation)
led to a reduction in chain segmental mobility. The polymer solution was still transparent
at this pH value, and only became cloudy at a pH 4.94. All proton signals disappeared at
this pH and the solution remained cloudy for several months without any precipitation
(Figure 3-3 at pH 4.94). At pH 3.96, the polymer readily precipitated because all the
carboxylic acid groups were fully protonated, and
featureless spectra. Unexpectedly, the

1

1

H-NMR showed completely

H-NMR spectra showed no evidence for

micellization during this pH-induced phase transition, since all proton signals
disappeared as the pH decreased; if the polymer formed micelles, the signal from the
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dehydrated protons located at the micelle’s cores would disappear upon micellization,
whereas the signal from the hydrated protons located at the micelle’s corona would
remain visible throughout the experiment3,

11, 21

. This result suggests that, during the

phase transition, the extended chains transform to another collapsed structure that is not
characterized by typical micelle properties. Figure 3-2 (b) was plotted to show the
simultaneous reduction of all proton intensities as a function of solution pHs.
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Figure 3-2 (a) 1H-NMR spectra of copolymer containing 57 mol.%MAA in D2O, measured
from pH 11.88 to pH 3.96 at room temperature. The pH of the solution were adjusted by
NaOD or DCl. All proton signals are clearly observed at high pH (pH 11.88-7.34),
indicating good proton hydration in the solution. The signals broadened and finally
disappeared, suggesting phase separation, as pH was lowered than pKa. No evident of
micellization was observed during pH variation. (b) A plot of relative proton intensities as a
function of pH shows the simultaneous disappearance of proton signal during the phase
transition.

Figure 3-3 Polymer solutions at different pH values; The solutions at pH 7.34 and 5.98 are
homogeneous and transparent, the solution turns cloudy at pH 4.94 and lasts longer than 3
months and the polymer precipitates from the solution at pH 3.96.
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Figure 3-4 (a) Dependence of hydrodynamic radius of copolymer containing 57 mol %
MAA as a function of solution pH, as pH was lowered from 12.55 to 4.0 at room
temperature in aqueous solution (polymer concentration 0.09 %wt). Rh in good solvent is
determined at 12 nm and starts to increase due to polymer aggregations at around pH 4.3
and reaches 160 nm at pH 4.1 (b) CONTIN analysis shows single characteristic size of the
aggregates with a peak at 25 nm of the solution at pH 4.21. The size of aggregate is
growing with increasing acid concentration.
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3.3.3

Dynamic Light Scattering
The hydrodynamic radius (Rh) of the copolymers containing 57 mol% MAA was

monitored in aqueous solution by dynamic light scattering, as pH was lowered from pH
12.55 to pH 4.0. Figure 3-4 (a) shows the variation of Rh as a function of solution pH.
The Rh of the copolymer was determined at 12 nm in good solvent condition (at pH 12 to
pH 6) and it remained at the same value until pH was decreased to about 4.4. It, then,
started to increase as the pH of the solution was lowered, indicating polymer assembly,
and the solution became opaque suggesting polymer is in rather bad solvent conditions.
This is consistent with the results of Figure 3-3. The Rh increased to 160 nm at pH 4.1
and below this pH the light scattering experiment became difficult due to polymer
precipitation. The variation of Rh as a function of degree of ionization for a diblock
P(MMA-b-MAA)17 is also shown for comparison. The core-shell micelle of the diblock
copolymer was observed at high degree of ionization with Rh of 42 nm. With protonation
of the acid groups, the micelle slightly swelled because of the associated reduction of
counterion concentration on the micelle surface, which in turn allowed the micelles to
expand due to electrostatic repulsion (between the MAA segments). As the degree of
ionization decreased, the micelle shrinked in size due to the protonation of the acid
groups. The size of the micelle decreased even further as the protonation proceeded until
the Rh of the micelle is 26 nm when all acid groups were fully protonated (the blockcopolymer collapses in rather poor solvent condition). In contrast to the diblock
copolymer, our synthesized segmented polymer showed an expanded chain at high
degrees of ionization, as observed by Rh of 12 nm and remained at this value as the
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protonation proceeded. It started to form aggregates once the hydrophobic attraction
overcomes the electrostatic repulsion, at about α ≈ 0.1 (pH = 4.5). The size of the
aggregate was larger than that of micelles formed by diblock copolymer, and showed a
sharp increase in Rh with further reduction in pH.
A single characteristic size was determined at each observed pH value, shown for
example at pH 4.21 in Figure 3-4(b); this characteristic aggregate size is growing with
increasing acid concentration. The growth of size as a function of the acid concentration
denoted an assembly of polymers into a single-sized large-scale aggregate, rather than the
a random aggregation into polydisperse structures. This single, but smaller, size of the
aggregates were previously reported in well-defined triblock copolymers of
polybutadiene-b-poly(2-vinyl pyridine)-b-poly(tert-butyl-methacrylate) in acetone12, but
to our knowledge, this conformation has not been observed in a simple linear copolymer
in aqueous solution.
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(a)

(b)
Figure 3-5 (a) TEM image shows the aggregates during the phase transition at pH 4.0. (b)
the zoom in picture from figure (a) shows multicompartment cores of the aggregates; small
dark circles denote collapsed of MMA segments and the large grayish area denote
association due to the acid group-hydrogen bond of MAA segments.
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3.3.4

Transmission electron microscopy
TEM measurement was employed to investigate the copolymer morphology upon

phase separation. A 0.01 wt% solution of the copolymer was adjusted to pH 4, let stand
for 3 days, and was subsequently cast slowly on a lace-coated TEM grid; The specimen,
finally, was dried at ambient temperature. The TEM image in Figure 3-5(a) reveals the
formation of aggregates which contain multiple small dark circles. These small dark
circles are attributed to collapsed MMA segments, probably from different polymer
chains, whereas the larger grayish areas are attributed to MAA segments acting to protect
the collapsed MMA from the surrounding water phase. The strong contrast is a result
from the difference in packing density between MMA (collapsed) and (partially
hydrated) MAA segments. Note that, these aggregates might have been stabilized by
small numbers of ionized MAA groups that would still retain some water. Well hydrated
(highly charged) MAA coronas cannot be visualized, because they were well solvated
and cast as monolayers on the TEM lace. The overall size of the aggregates was about
110 nm which is slightly smaller than that determined from the light scattering (160 nm).
This is most probably due to the difference between hydrated and dried state, resulted in
aggregates to shrink to some extent upon casting22, 23. These structures are different from
the block copolymer micelles, where two distinct regions between core and shell are
clearly observed5,

11

. Since our copolymer microstructure was determined to possess

segmented block sequences, i.e. the polymer chains are composed of random but rather
blocky MMA or MAA sequences, we believe that the intra/inter chain association not
only originated from hydrophobic association of MMA segments, but also from hydrogen
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bonds between the acid groups15, 20 of the MAA segments. As a result, these associations
from each of the two incompatible segments led to a microphase separation. The
histogram in Figure 3-6 illustrates the size distribution of the collapsed MMA features,
which mainly consists of 2 nm size-particles, substantially smaller than the collapsed
chain dimension.
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Figure 3-6 The histogram illustrates the size distribution of small compartment areas which
is 2 nm in average.

The combined results from potentiometric titration, light scattering, transmission
electron microscopy, and proton nuclear magnetic resonance (full data sets are provided
in the supporting information) allow us to conclude that the present copolymers self
assemble into multicompartment aggregates, rather than into core-shell micelles5 (as
would block copolymers) or into single-chain collapsed coils transition2 (as would a coilto-globule of the normal polymer solution model).
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3.4

Conclusions
In summary, the phase transition of segmented blocky poly(MMA-co-MAA)

copolymers containing 57% mol of MAA , prepared by partial hydrolysis of PMMA
homopolymer in a poor solvent, showed a transition from extended (dissolved) chains to
compact conformations in potentiometric titration experiments. However, no signature of
micellization was observed by 1H-NMR spectra (since all proton signals simultaneously
decreased and disappeared as the pH decrease). During the phase separation, dynamic
light scattering experiments demonstrated polymer chain aggregates with a single
characteristic size for each pH value. The TEM pictures reveal an aggregate morphology
which contained numerous small multicompartment cores. These evidences suggest that
the phase transition of this copolymer in aqueous solution involves multicompartment
aggregates, originating from inter/intrachain associations, rather than core-shell micelles
as those formed by block copolymers, or collapsed single chain coils as those from
globule to coil transition. These multicompartment aggregates may have potential use in
controlled release applications, such as delivery of two or more incompatible active
substances in different media/targets.
We acknowledge Prof. David A. Hoagland and John M. Harner from the
University of Massachusetts at Amherst for their help in the dynamic light scattering
experiments.
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Chapter 4
Tunable Water Solubility and Phase Transition Behavior of Linear PEO
based polyurethanes

4.1

Introduction
Stimuli responsive polymers have gained considerable attention in scientific
research due to a number of potential applications, ranging from smart/switchable
surfaces1-3 to smart/controlled drug delivery systems4, 5. In particular, controlled
solubility of polymers in aqueous solution, whose solubility can be triggered by
temperature and/or pH changes, is one of most pursued topics in this field.
Temperature-sensitive solubility can be tailored by varied hydrophilic/hydrophobic
balance in the polymer; e.g. by introducing proper populations of H-bonding groups
that would result in a lower critical solution temperature (LCST)6, 7, while
pH-sensitive solubility can be dictated by incorporating pendant ionizable groups8, 9,
e.g. amines or carboxyls , along the polymer backbone.
Poly(N-isopropyl acrylamide) (PNIPAM)10, for example, is the most studied
temperature responsive polymer, because of its ease to synthesize and functionalize
(its aqueous solution also exhibits an LCST around 32°C, which is conveniently close
to physiological temperature, ca. 37°C). Introducing long hydrophilic branches11, 12,
in an attempt to modify the LCST of PNIPAM, typically results in micelle formation–
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a qualitative change from the first-order LCST of polymer solution behavior– which
is accompanied by substantial broadening of the phase transition temperature and
elimination of the typical LCST polymer-concentration dependence in the phase
diagrams. Along the same lines, addition of ionizable blocks13-15 to PNIPAM,
provided a pH-responsive character in the aqueous solutions, but again led to micelle
formation. In both cases, the change in the nature of the phase diagram (from an
LCST-type coil-to-globule phase behavior towards a micellization behavior), resulted
in “unpredictable” phase separations, that cannot be accounted by normal-solution
theories based on free energy of mixing, i.e., the modified PNIPAM polymers’ phase
diagrams do not follow the LCST theories, and are not correlated to the
hydrophobic/hydrophilic balance6.
Although PNIPAM is extensively investigated, it has proven to be cytotoxic16,
which creates controversy for this polymer to be used in bio-related applications.
Polyethylene oxide (PEO), on the other hand, is an established commercial
biocompatible polymer, used in several biomedical applications17. Researchers have
started to focus on PEO as a new candidate for tailoring its LCST. Previous work7, 18
in our group has demonstrated the tunability of LCST in copolymers based on short
chain ethylene oxide (EO) and ethylene (EE) oligomers. Tunability of the LCST
dictates an alternating copolymer and a linear polymer-structure and relatively short
sequences of EO and EE (all requirements to prevent micellization); under these
conditions, unlike graft11,

19, 20

and block21 copolymers, these linear alternating

architectures provide effective structures with phase transitions in water that are
genuine LCST (resembling that of PEO/water): i.e., demonstrated sharp phase
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transitions, which follow LCST first-order thermodynamics and whose binodal
temperatures are directly determined by the balance between EO (hydrophilic) and
ethylene (hydrophobic) comonomers.
In this work, we substantially expand upon this previous work: First, a series
of temperature responsive linear and alternating polyurethane-copolymers, consisting
of 1,6-diamino hexane (EE3; 3 units of ethylene) alternating with varied number of
EO units (9, 13 and 20), were prepared via condensation polymerization.
Subsequently, controlled molar-fractions of Lysine (Lys) were also incorporated as a
third comonomer, so as to provide pH-controlled solubility through its ionization. In
order to trace the phase diagram, phase transition temperatures of their aqueous
solutions were measured by turbidity and modulated-DSC (MDSC). The influence of
copolymer composition on the LCST was also investigated. 1H-NMR was also
employed to study the nature of the phase transition in aqueous solution.

4.2

4.2.1

Experiments

Polymer synthesis
Poly[(ethylene oxide)m-alt-(1,6-diamino hexane)],

EOm-alt-EE3,

with

varied

number of EO units (m), and poly[(ethylene oxide)m-alt-(1,6-diamino hexane;
lysine ethyl ester)], EOm-alt-(EE3;LyE), with varied number of EO units (m: 9, 13 and
20) and EE3:LyE comonomer ratios, were prepared through the use of active carbonate in
bis(succinimidyl) carbonate of EO, (BSC-EO) in the same manner as reported in
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literature22, 23. Preparation of BSC-EO and polymerization is schematically represented in
Figure 4-1.
Preparation of BSC-EO; A Highly toxic chemical, phosgene, is used in this
reaction. Therefore, the reaction MUST be performed in a well-ventilated fumed hood.
PEG was dissolved in CH2Cl2 and treated overnight with an excess of a 20% phosegene
toluene solution (Aldrich). The solvent was removed by evaporation under vacuum at
room temperature. The residue was redissolved in a mixture of toluene and CH2Cl2 in 2:1
ratio. An excess amount of N-hydroxysuccinimide with respect to PEG functional groups
was added and followed by triethylamine, in an amount equal to PEG functional groups.
After 3 hours, the mixture was filtered to remove the excess N-hydroxysuccinimide, and
the solvent was removed by evaporation under vacuum at room temperature. BSC-EO
was kept drying under vacuum at room temperature until further used.
Polymerization was done in an interfacial reaction system. 10.0 mmol of 1,6diamino hexane (EE3) was dissolved in 70 mL of water followed by 25 mmol of
NaHCO3. 10.0 mmol of BSC-EO9 dissolved in 70 mL of CH2Cl2 was added and the
polymerization was kept at room temperature for 3 hours. Then, the mixture was
acidified to pH 2 with 0.1 N HCl and the CH2Cl2 phase was separated and washed with a
saturated solution of NaCl. The resulted copolymer consisted of EO9 and EE3 in an
alternating architecture, EO9-alt-EE3, and was obtained by evaporation of the solvent and
dried under vacuum at room temperature for at least 24 hours. The preparation of EO9alt-(EE3;LyE) was synthesized as was done for EO9-alt-EE3, except controlled amount of
LyE was also added in the aqueous phase replacing equivalent molar amounts of the
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diamino-hexane. The synthesis of polymers with different numbers of EO units (EO13,
EO20) was also carried out under the same conditions.
The polymers’ additional pH responsive property was achieved by a hydrolysis
reaction of the LyE under mild condition. For example, for the terpolymer bearing LyE
in the ratio of EE3to LyE of 1:1, EO9-alt-(EE3;LyE 1:1), the polymer was dissolved in 50
mL of water, and 0.01 N NaOH was added dropwise until the solution pH was adjusted to
11.5 and it was maintained at this value for 5 hours. Then, the mixture was acidified to
pH 4 with 0.1 N HCl and was extracted into 200 mL of CH2Cl2. The CH2Cl2 phase was
separated from aqueous phase, and washed with a saturated solution of NaCl. The
resulted polymer, bearing carboxylic groups on the lysine (Lys), EO9-alt-(EE3;Lys 1:1),
was obtained by evaporation of the solvent and was dried under vacuum at room
temperature for at least 24 hours. The hydrolysis reaction of EO9-alt-(EE3;LyE 3:1) to
obtain EO9-alt-(EE3;Lys 3:1), was carried out under similar conditions.
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Figure 4-1 Synthesis scheme used here, as modified from Nathan, A., et al 23

4.2.2

Turbidity measurement
Aqueous solutions of each polymer typically about (3 mL), with concentration

varied from 0.47 to 15 wt%, were prepared and their cloud point was measured as a
function of temperature and/or solution pH. The cloud point measurements were carried
out by measuring the transmitted light (wavelength 650 nm) through an aqueous solution
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versus temperature/pH by a photo detector. Cloud point (Tcp) was determined at the
temperature/pH where the transmitted light signal changed dramatically (ad hoc set at
about 80% relative laser intensity).

4.2.3

Modulated differential scanning calorimetry
Modulated Differential Scanning Calorimetry (MDSC) was carried out on a TA

instrument Q100DSC with a Liquid Nitrogen Cooling System (LNCS). High polymer
concentrations in aqueous solution were prepared and weighted (2-6 mg) in TA
instruments hermetic pans. MDSC scans were performed at an amplitude of 0.5°C,
modulation period of 60 s, and heating rate of 1°C/min. Helium was used as the purge
gas with flow rate of 25 ml/min.

4.2.4

Proton nuclear magnetic resonance spectroscopy
Proton Nuclear Magnetic Resonance (1H-NMR) was performed by a Bruker

Advance 300 spectrometer. A sample temperature controller was regulated to investigate
the temperature induced phase separation. Polymer samples were prepared by dissolving
each polymer in D2O at room temperature, using sodium 2,2-dimethyl-2-silapentane-5sulfonate (DSS) as the NMR internal standard.
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4.3

4.3.1

Results and discussions

Polymer synthesis
The use of BSC-EOm facilitates the polymerization because BSC-EOm is reactive

toward amine functional groups22, 23. The composition of synthetic polymers (determined
from ratio of the monomer’s functional groups), including molecular weight and
polydispersity (determined from DMF-GPC and aqueous-GPC) are summarized in Table
4-1. All co/terpolymers have EOm-sequences (m: 9, 13, or 20) urethane-linked in an
alternating fashion with EE3 (or with EE3 or LyE, in a controlled EE3:LyE ratio). The MW
decreased slightly when LyE was copolymerized as a termonomer. The molecular
weights determined by DMF-GPC were in agreement with those by aqueous-GPC.

Table 4-1 Composition, MW and polydispersity of the synthesized co/terpolymers
Synthetic composition

Molecular Weighta

(mole ratio)

Sample

Molecular Weightb

EO

EE3

LyE

Mw

Mn

PDI

EO9-alt-EE3

1

1

-

10512

6885

1.53

11829

EO9-alt-(EE3;LyE 3:1)

2

1.5

0.5

11933

8614

1.39

15557

EO9-alt-(EE3;LyE 1:1)

2

1

1

4261

3055

1.39

4316

EO13-alt-EE3

1

1

-

15878

11288

1.41

15143

EO13-alt-(EE3;LyE)

2

1

1

9406

7282

1.29

10170

EO20-alt-EE3

1

1

-

39160

26766

1.46

33924

EO20-alt-(EE3;LyE)

2

1

1

7538

5757

1.31

10517

a: as determined by GPC using DMF as a solvent
b: as determined by aqueous GPC using 0.1 % triethylamine in water as a solvent
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4.3.2

Aqueous phase behavior
The temperature-dependent phase behavior of the polymers in aqueous solution

was determined by cloud point measurement, which was carried out by monitoring the
transmitted light (wavelength 650 nm) as a function of temperature through a polymer
solution. The phase behavior of the polymer solutions is shown in Figure 4-2 (a), where
the polymer solution was clear/homogeneous (one-phase) below the binodal, but turbid
(cloudy) as soon as the binodal temperature was reached, and shortly-after phase
separated in the typical two-phase phase-separated regions (polymer rich and polymer
poor phases).
Phase diagrams were constructed by plotting the binodal temperature (Tcp) versus
the polymer concentration (Figure 4-2(b)). As the length of EOm decreased, from 20 to 9
EO-units, the copolymer LCST was lower from 47°C to 23°C, respectively, with
impressively low LCSTs (cf. the aqueous solution of PEO homopolymer has an LCST at
100-160°C depending on molecular weight24,

25

).

This result is in agreement with

previous work7 and this copolymer-composition-tunable LCST can be fitted with the
same theoretical equation-of-state26 describing the dependence of EO length on LCST for
alternating EO-amide-EE and EO-ester-EE copolymers (Figure 4-2(c)). These LCSTs
increased when LyE was copolymerized: For example, the LCST of EO9-alt-(EE3;LyE)
was 10°C higher compared to that of EO9-alt-EE3. In this study, further tunability of the
LCST (placed in the T-range of 23-82°C in water at ambient pressure), was controlled by
varying the copolymer composition.
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In Figure 4-2 (d), the experimental result from cloud point measurements of EO9alt-EE3 in aqueous solutions are also shown. Both the ultra-sharp turbidity raw data, as
well as the shape of the phase diagram, clearly indicate absence of any micelle formation.
The definitive evidence for absence of any micellization can be seen in the two-phase
solutions, which upon phase-separation readily demix in two homogeneous regions
(polymer rich phase and solvent rich phase) shortly after the samples cross the binodal
(Figure 4-2(a)). If micelle formation did occur, the solution would have remained turbid
indefinitely, due to the high stability of the micelles, and would have not formed the two
separate phases9, 14. It is also worth noting that for the lowest concentration (0.47 wt%)
the phase transition was broad due to the aggregation kinetics of collapsed polymers,
which are slower in such dilute solutions, compared to that in semi-dilute and
concentrated solutions.
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Figure 4-2 (a) Polymer solution was clear and homogeneous below Tbinodal, it turned cloudy
when Tbinodal was reached, indicating phase separation, and shortly phase separate to twophase phase separate regions, e.g. polymer rich phase and solvent rich phase. (b) Phase
diagram of the aqueous solutions of the copolymers with varied EOm units (m). For those
polymers with LyE, EOm-alt-(EE:LyE), ratio of EE3 to LyE is 1:1. The tunability of LCST
was achieved by varied EO and LyE addition. (c) Theoretical EOS calculations of the
predicted tunability of LCST, and experimental LCSTs from: polyurethane copolymers
(stars, EO9-alt-EE3, EO13-alt-EE3 and EO20-alt-EE3, this work) polyamide copolymers
(circles) and polyester (squares). (d) Cloud point measurement data of EO9-alt-EE3 in
aqueous solution for various concentrations
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4.3.3

Composition dependence on aqueous phase behavior
The effect of polymer composition on the aqueous phase behavior can be further

demonstrated in a series of EO9-alt-(EE3;LyE) terpolymers (
Figure 4-3). The LCST can be tuned by varying the ratio of EE3 to LyE. The
LCST increased from 23°C to 35°C when the ratio of EE3:LyE was varied from 1:0
(copolymer without LyE) to 1:1. It is obvious that the polymer becomes more hydrophilic
when more LyE is included. Again, the polymer solutions were phase separated to
polymer rich phase and solvent rich phase soon after the temperature crossed above the
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Figure 4-3 Effect of copolymer composition on phase behavior The LCST tuned by
varying the EE3:LyE comonomer ratio.
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4.3.4

Dual stimuli (temperature & pH) responsive polymers
To obtain temperature and pH (dual stimuli) responsive polymers, the selected

terpolymers bearing LyE units were subjected to side-chain hydrolysis. Hydrolysis
reaction converts the carboxyl ester groups, in LyE, to lysine-carboxylic acids. Since the
reaction was carried out under mild conditions, there was no detectable backbone
degradation during hydrolysis as previously observed by Nathan, A., et al23. The phase
diagrams of EO9-alt-(EE3;Lys 1:1) at various solution pH is shown in Figure 4-4 (a). The
phase transition is, now, additionally determined by the ionization state of the Lys
carboxylic groups. It is well known that carboxylic groups become ionized with
increasing pH, which results in electrostatic intra- and inter-chain repulsion and also
increases water solubility. The polymer solution phase separates again via LCST, albeit at
higher temperatures. As a result, the LCST increased from 43°C, at pH 2, to 72°C at pH
3.8, and probably higher for pH above 3.8 (no phase transition could be observed close to
the boiling point of water at ambient pressure due to our non-pressurized set up); the
phase diagram of EO9-alt-EE3:LyE 1:1 is also shown for comparison. Figure 4-4(b)
shows the phase diagrams of polymers with lower Lys content, EO9-alt-(EE3;Lys 3:1):
The hydrolyzed polymer, at low pH values (pH 2 and pH 2.8) showed no significant
change in LCST compared to the respective unhydrolyzed sample, EO9-alt-(EE3;LyE
3:1). Above pH 3.2, with increasing carboxyl populations becoming ionized, the LCST
clearly increases with the pH of the solution. In this case, the LCST in water can be fine-
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tuned from 31 to 82°C by adjusting the pH of the solution (from pH 2 to pH 6). Thus,
here tunability of the LCST with much broader pH range can be achieved, due to the
smaller ratio of Lys to EE3 in the copolymer. The phase behavior of the solution was
insensitive to pH for pH values above 6.0; beyond this point, all carboxylic groups are
believed to be ionized and the phase transition is no longer dependent on the solution pH.
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Figure 4-4 (a) Phase diagram of EO9-alt-(EE3;LyS 1:1). The Lys-containing polymer is
ionizable (cf. the unhydrolyzed EO9-alt-(EE3;LyE 1:1), filled triangles). The solution LCST
can be tuned up to 71°C by varying the pH. (b) Phase diagram of EO9-alt-(EE3;Lys 3:1);
here, LCST can be more finely adjusted by pH in the range of 30-82°C.
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The turbidity measurement raw-data of EO9-alt-(EE3;Lys 3:1) are provided in
Figure 4-5 for a 7.5 wt. % polymer concentration, while varying the solution pH. It is
clearly seen that LCST changes (shifting of critical temperature to higher temperatures
with increasing pH) while retaining an ultra-sharp phase transition, and it was also
observed that the polymer solutions in the two-phase region readily phase separated to
polymer rich phase and solvent rich phase. This behavior, once again, indicates that the
aqueous solution of this polymer maintains its LCST-character phase behavior, which
does not involve micelle formations. Hence, the micellization is still prohibited even
when combining ionizable pendant groups, due to the copolymers’ alternating-linear
architecture.

EO9-alt-(EE3;Lys)02

Transmittance (Ιtransm/Ιincident)

1.0

EE:Lys = 3:1

pH 2.0
pH 2.8
pH 3.2
pH 3.6
pH 3.8
pH 4.0
pH 4.5
pH 5.0
pH 6.0
pH 7.0

0.8
0.6
0.4
0.2
0.0
20

40

60

80

100

Temperature (°C)

Figure 4-5 Turbidity measurement data show sharp phase transitions of 7.5 wt% EO9-alt(EE3;Lys 3:1) in aqueous solution, while varying solution pH.
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Figure 4-6 shows turbidity measurement data as a function of pH change for 7.5
wt% EO9-alt-(EE3;Lys 3:1) at 35°C (a) and at 40°C (b). The polymer solutions exhibit
sharp phase transition (ΔpH≈0.2) for both increasing and decreasing solution pH, at both
temperatures. Decreasing the solution pH results in protonation of the Lys carboxylic
acids, consequently an increased hydrophobicity due to elimination of charged species,
and reduces the polymer’s water solubility. Since the quality of solvent becomes poorer
at higher temperatures, the polymer solutions phase separate at lower degrees of
protonation. Thus, the pH of the phase transition at 40°C is higher than that at 35°C.
Excellent reversibility was found when pH of the solution was sequentially decreased
from high pH (good solvent) to low pH (bad solvent) and from low pH to high pH, with
no measureable hysteresis. Such reversibility was absent in micelle-forming polymers
where hysteresis, due to high stability of collapsed structure, was observed9. The
presence of the reversibility further demonstrates that the phase transition took place
without micelle formation.

Transmittance (Ιtransm/Ιincident)
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Figure 4-6 Turbidity measurement data show sharp phase transitions and reversibility of
7.5 wt% EO9-alt-(EE3;Lys 3:1) in aqueous solution, when varying solution pH sequentially
from high pH (good solvent) to low pH (bad solvent) and low pH to high pH, at (a) 35°C
and (b) 40 °C.
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4.3.5

Demixing temperature investigated by MDSC
Modulated differential scanning calorimetry (MDSC) can also

be used to

determine the phase separation of polymers, especially in concentrated aqueous
“solutions” well-beyond the turbidity accessible region27,

28

. When a polymer phase

separates from water, at the demixing temperature (Tdemix) appears an endothermic effect,
that is observed in the reversible heat flow signal in MDSC. MDSC traces for
EO9-alt-(EE3;LyE 3:1) are shown for polymer concentrations of 24 wt% (Figure 4-7(a))
and 53 wt% (Figure 4-7(b)) in water (water (ice) melting peak and the polymer’s Tg can
also be observed in each trace; the endothermic effect caused by phase separation is
expanded in the inset). Tdemix was defined as the temperature where the deviation from the
baseline occurrs, i.e., 38.5°C for the concentration of 24 wt% and 55°C for the
concentration of 53 wt%. The phase diagram in Figure 4-7(c) shows an excellent
agreement of Tdemix from MDSC and the Tcp from the turbidity measurements for
polymers with (top) and without (bottom) LyE. Figure 4-7(c) also shows the variation of
the polymers’ Tgs with solution concentration. The Tgs of the polymers were lowered
with increasing water content because of the water plasticization effect (as similarly
reported for PNIPAM27, 28).
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Figure 4-7 (continue on next page)
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Figure 4-7 MDSC traces of EO9-alt-(EE3;LyE 3:1) for the polymer concentration 24 wt%
(a) and 53 wt% (b) in water. The endothermic effect caused by phase separation was
expanded in the inset and Tdemix were detected at the temperature where deviation from the
baseline occurred. (c) Phase diagram of EO9-alt-(EE3;LyE 3:1) (filled symbols) and EO9alt-(EE3) (open symbol). Data collected by MDSC (Tdemix, diamonds) are in excellent
agreement with data from turbidity (Tcp, circles). The Tg of both the polymers (square, at
100%) was lowered with increasing water content.
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4.3.6

Aqueous phase behavior characterized by NMR
Proton nuclear magnetic resonance (1H-NMR) can be used to investigate the

phase separation mode of polymeric aqueous solutions29-31. Here, this technique was also
carried out to study the phase separation induced by temperature of EO9-alt-(EE3;LyE
3:1). Figure 4-8(a) shows high resolution 1H-NMR spectra of EO9-alt-(EE3;LyE 3:1) in
D2O at 25°C (below LCST) comparing with that at 60 °C (above LCST). At elevated
temperatures, e.g. 60°C, the integrated intensity of all resonance peaks was observed to
decrease “coherently” (to a similar ratio and continuously) for all protons, as depicted in
Figure 4-8(b). The plot of NMR intensity as a function of temperature showed that all
proton intensities remained constant at the temperature below LCST, and started to
decrease continuously and to a similar ratio when temperature crossed above the LCST.
This continuous decrease of all proton intensities after phase separation (above LCST) is
believed to be the NMR-detectable-polymer fraction in the solvent rich phase, decreasing
in amount as the solvent becomes poorer. This result reflects that there is no preferential
collapse of any of the polymer parts, i.e., no micellization where the hydrophobic protons
would preferentially disappear from the NMR spectrum and the hydrophilic protons
would be mostly retained, as in micelle forming block copolymers30. In contrast to
micelle-forming systems, here the NMR spectra show that the protons retain their relative
intensities above LCST, an additional strong evidence of the absence of micelle
formation, and further support that phase separation occurs following the typical normal
solution phase behavior.
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Figure 4-8 (a) High resolution 1H-NMR spectra of EO9-alt-(EE3;LyE 3:1) in D2O
(concentration = 25 wt%) measured at 25°C (below LCST) and at 60°C (above LCST); the
spectra look similar in form, i.e., all relative intensities maintained, denoting that all
polymer protons “loose sight” of the water in a similar fashion (no preferential collapse of
any type of protons). (b) A plot of integrated intensities as a function of temperature,
showing all resonance peaks decreasing in the same manner above LCST.
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4.4

Conclusions
Linear polyurethane copolymers consisting of EOm-oligomers alternating
with EE3 demonstrated a genuine LCST phase transition in water, whose critical
temperature obeyed the hydrophilic/hydrophobic balance, similarly to the results
observed with polyamide and polyester analogs in our previous work. In addition, this
LCST could be further tuned by introducing a third comonomer (LyE or ionizable
Lys) at varied ratio of comonomers. The terpolymers that include ionizable units
(Lys) show a dual temperature and pH sensitive aqueous solution behavior, allowing
for such polymers to exhibit LCST with both-or-either temperature increases and pHdecreases. The phase transition exhibited excellent reversibility under decreased and
increased solution pH, suggesting the absence of micelle formation during the phase
transition. The extended phase diagrams (combining turbidity at low concentrations
and MDSC at high concentrations) showed that the phase transition remained a
genuine LCST of PEO throughout the concentration range. Finally, 1H-NMR also
provided additional strong evidence to confirm that the phase transition proceeded
without any micelle formation.
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Turbidity measurement data of the synthesized copolymers in aqueous
solution varying polymer concentrations
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Figure S4-1 Cloud point measurement data of EO9-alt-EE3 in aqueous solution
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Figure S4-2 Cloud point measurement data of EO13-alt-EE3 in aqueous solution
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Figure S4-3 Cloud point measurement data of EO20-alt-EE3 in aqueous solution
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Figure S4-4 Cloud point measurement data of EO9-alt-(EE3;LyE 1:1)in aqueous solution
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Figure S4-5 Cloud point measurement data of EO9-alt-(EE3;LyE 3:1) in aqueous solution
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Figure S4-6 Cloud point measurement data of EO13-alt-(EE3;LyE 1:1) in aqueous solution
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Figure S4- 7 Cloud point measurement data of EO20-alt-(EE3;LyE 1:1) in aqueous
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Figure S4- 8 Cloud point measurement data of Deprotected EO9-alt-(EE3;LyE 1:1) at pH
2.0 in aqueous solution
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Figure S4-9 Cloud point measurement data of Deprotected EO9-alt-(EE3;LyE 1:1) at pH 3.2
in aqueous solution
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Figure S4-10 Cloud point measurement data of Deprotected EO9-alt-(EE3;LyE 1:1) at pH
3.6 in aqueous solution
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Figure S4-11 Cloud point measurement data of Deprotected EO9-alt-(EE3;LyE 1:1) at pH
3.8 in aqueous solution
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Figure S4-12 Cloud point measurement data of Deprotected EO9-alt-(EE3;LyE 3:1) at pH
2.0 in aqueous solution

121

Itransmittance / Iincident

1.0

15 %
10 %
7.5 %
5%
3.75 %
2.5 %
1.875 %
1.25 %
0.9375%
0.47 %

0.8

0.6

0.4

0.2

0.0
25

30

35

40

45

50

55

60

ο

Temperature ( C)

Figure S4-13 Cloud point measurement data of Deprotected EO9-alt-(EE3;LyE 3:1) at pH
2.8 in aqueous solution
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Figure S4-14 Cloud point measurement data of Deprotected EO9-alt-(EE3;LyE 3:1) at pH
3.2 in aqueous solution
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Figure S4-15 Cloud point measurement data of Deprotected EO9-alt-(EE3;LyE 3:1) at pH
3.6 in aqueous solution
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Figure S4-16Cloud point measurement data of Deprotected EO9-alt-(EE3;LyE 3:1) at pH
3.8 in aqueous solution
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Figure S4-17 Cloud point measurement data of Deprotected EO9-alt-(EE3;LyE 3:1) at pH
4.0 in aqueous solution
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Figure S4-18 Cloud point measurement data of Deprotected EO9-alt-(EE3;LyE 3:1) at pH
4.5 in aqueous solution
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Figure S4-19 Cloud point measurement data of Deprotected EO9-alt-(EE3;LyE 3:1) at pH
5.0 in aqueous solution for
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Figure S4-20 Cloud point measurement data of Deprotected EO9-alt-(EE3;LyE 3:1) at pH
6.0 in aqueous solution
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Figure S4-21 Cloud point measurement data of Deprotected EO9-alt-(EE3;LyE 3:1) at pH
7.0 in aqueous solution
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Modulated differential scanning calorimetric data of synthesized copolymers
in aqueous solution at various concentrations
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Figure S4-22 MDSC trace of EO9-alt-EE3 at concentration 13.9 % in water
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Figure S4-23 MDSC trace of EO9-alt-EE3 at concentration 20.8 % in water
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Figure S4-24 MDSC trace of EO9-alt-EE3 at concentration 32.2 % in water
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Figure S4-25 MDSC trace of EO9-alt-EE3 at concentration 53.4 % in water
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Figure S4-26 MDSC trace of EO9-alt-EE3 at concentration 74.8 % in water
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Figure S4-27 MDSC trace of EO9-alt-(EE3;LyE 3:1) at concentration 8 % in water
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Figure S4-28 MDSC trace of EO9-alt-(EE3;LyE 3:1) at concentration 10 % in water
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Figure S4-29 MDSC trace of EO9-alt-(EE3;LyE 3:1) at concentration 13 % in water
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Figure S4-30 MDSC trace of EO9-alt-(EE3;LyE 3:1) at concentration 24 % in water
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Figure S4-31 MDSC trace of EO9-alt-(EE3;LyE 3:1) at concentration 42 % in water
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Figure S4-32 MDSC trace of EO9-alt-(EE3;LyE 3:1) at concentration 53 % in water
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Figure S4-33 MDSC trace of EO9-alt-(EE3;LyE 3:1) at concentration 61 % in water
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Figure S4-34 MDSC trace of EO9-alt-(EE3;LyE 3:1) at concentration 68 % in water
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1

H-NMR data of copolymer EO9-alt-(EE3;LyE 3:1) in D2O performed at different temperatures using sodium 2,2dimethyl-2-silapentane-5-sulfonate (DSS) as internal standard
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Figure S4-35 High resolution 1H-NMR spectra of EO9-alt-(EE3;LyE 3:1) in D2O (concentration = 25 wt%) measured at 22°C
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Figure S4-36 High resolution 1H-NMR spectra of EO9-alt-(EE3;LyE 3:1) in D2O (concentration = 25 wt%) measured at 25°C
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Figure S4-37 High resolution 1H-NMR spectra of EO9-alt-(EE3;LyE 3:1) in D2O (concentration = 25 wt%) measured at 27°C
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Figure S4-38 High resolution 1H-NMR spectra of EO9-alt-(EE3;LyE 3:1) in D2O (concentration = 25 wt%) measured at 32°C
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Figure S4-39 High resolution 1H-NMR spectra of EO9-alt-(EE3;LyE 3:1) in D2O (concentration = 25 wt%) measured at 40°C
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Figure S4-40 High resolution 1H-NMR spectra of EO9-alt-(EE3;LyE 3:1) in D2O (concentration = 25 wt%) measured at 50°C
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Figure S4-41 High resolution 1H-NMR spectra of EO9-alt-(EE3;LyE 3:1) in D2O (concentration = 25 wt%) measured at 60°C
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Figure S4-42 High resolution 1H-NMR spectra of EO9-alt-(EE3;LyE 3:1) in D2O (concentration = 25 wt%) measured at 70°C
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Figure S4-43 High resolution 1H-NMR spectra of EO9-alt-(EE3;LyE 3:1) in D2O (concentration = 25 wt%) measured at 80°C

4.5.4

Molecular weight determination of the synthesized copolymers performed by GPC
using DMF as a solvent at room temperature

Figure S4-44 DMF GPC data of EO9-alt-EE3
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Figure S4-45 DMF GPC data of EO9-alt-(EE3;LyE 3:1)
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Figure S4-46 DMF GPC data of EO9-alt-(EE3;LyE 1:1)
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Figure S4-47 DMF GPC data of EO13-alt-EE3
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Figure S4-48 DMF GPC data of EO13-alt-(EE3;LyE)
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Figure S4-49 DMF GPC data of EO20-alt-EE3
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Figure S4-50 DMF GPC data of EO20-alt-(EE3;LyE)
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Chapter 5
Temperature Responsive Polyurethane Hydrogels Based On Polyethylene
Oxide

5.1

Introduction
Molecularly

tailoring

the

polymer

backbone

by

varying

the

hydrophobic/hydrophilic ratio of linear polymers has proven to successfully control
their solubility in aqueous solutions. Incorporating hydrophobic monomers into a
hydrophilic polymer backbone, such as PEO, allows for the phase transition
temperature to be tuned far below the phase transition temperature of PEO
homopolymer, especially close to physiological temperatures, while their phase
transitions remain in character as those of PEO’s LCST type phase behavior. Such
hydrophobically modified PEO copolymers showed sharp (first order) phase
transitions due to their alternating structure that effectively prevents micelle
formation.
Network systems have more practical applications than their respective
aqueous polymer solutions. Because of its biocompatibility, high protein repulsion
and low cell adhesion, network systems of PEO, especially in the form of hydrogels,
are used in various biomedical applications, including those involved with the
transportation of large molecules, such as growth factors, in addition to nutrients, to
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cells attached to a surface1-5. When expose to water, the dry network can take up large
amounts of water and swells to several times from its original dimension. The
crosslinked structure helps maintain the three dimensional shape of the hydrogel,
preventing it from dissolving in water. Swollen hydrogels can deswell, and shrink in
size, when they are removed from water.
Alternatively, the deswelling of a hydrogel can be manipulated by changing
the interactions between the polymer network and water. Temperature responsive
PNIPAM6, for example, can be introduced in PEO-based hydrogels to allow
reversible volume changes associated with PNIPAM’s phase transition7, 8. When the
system temperature increases above PNIPAM’s LCST, the hydrogels exhibit volume
transition from a highly swollen state, at low temperatures, to a collapsed state, at
temperatures above PNIPAM’s LCST. However, PNIPAM residues were found to
posses cytotoxicity that can cause serious damage in living cell cultures9. Unlike
PNIPAM, PEO was approved by USFDA to be biocompatible, non-toxic and it has
been used in both oral and topical applications10-13.
The objectives of this chapter is to describe the preparation of temperature
responsive hydrogels based on PEO containing polyurethanes, which could be
utilized in many applications related to polymeric biomaterials5,

14

. The

swelling/deswelling behavior of the hydrogels were investigated as a function of
temperature change, and the diffusion of water in the prepared hydrogels was also
determined at different temperatures. The results are correlated back to the aqueous
solution phase behavior of the same copolymers, discussed in terms of
hydrophobic/hydrophilic balance. Owing to the biocompatibility of PEO, this
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temperature responsive hydrogel is expected to provide a very versatile platform for
PEO-based temperature-triggered release systems, with high potential in biomedical
applications.

5.2

Experiments

5.2.1

Hydrogel preparation
The synthesis of the present hydrogels was carried out by polycondensation of

polyethylene glycol and hexamethylene diisocyanate (N3), using glycerol as a
crosslinker. Polyethylene glycol (PEG, MW 600 and 900) and glycerol (CR) were
dried under vacuum at 40°C overnight to remove any residual water before the
polymerization. Table 5-1 lists the monomer feed compositions (mole percent of
monomer functional groups) in the polymerization. A mixture of specified PEG
(MW= 600 or 900), hexamethylene diisocyanate and 0.15% of dibutyl tin diluarate,
as a catalyst, was placed in a glass mold and heated at 70°C. The mixture was stirred
by a stirring rod at the beginning of polymerization. After 2 hours, specified amount
of glycerol was added to the mixture and the reaction was continued for 24 hours. The
crosslinked polymers, then, were placed in distilled water. The water was replaced
regularly up to 48 hours to ensure the removal of unreacted materials. The swollen
gels were dried in a vacuum oven at 40°C to constant weight (about 24 hours), cut
into pieces, and stored in a dessiccator for subsequent experiments. The chemical
structure of the hydrogel is schematically presented in scheme 5-1.
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Table 5-1 Hydrogels’ polymerization composition and their theoretical molecular weight
. N3 and CR designate the composition of the hexamethylene
between the crosslink, (
diisocyanate and the glycerol, respectively.
Network
600CR10
600CR17
600CR25
900CR17
900CR25

5.2.2

Total functional groups (mol%)
PEG600/900
N3
CR
40
50
10
33
50
17
25
50
25
33
50
17
25
50
25

,

15

2428.50
1278.75
703.64
1737.98
914.48

Swelling study
The swelling of hydrogels was measured by a gravimetric method.

The

samples were weighed dry (w0) and were subsequently placed in deionized water at a
controlled temperature. At regular intervals, the samples were removed, blotted with
filter papers to remove excess water on the surface, and weighed (wt). The swelling of
the hydrogels can be, thus, described as their water uptake by the following equation:
%

5.2.3

Equation 5-1

Modulated differential scanning calorimetry
Modulated Differential Scanning Calorimetry (MDSC) was carried out on a

TA instrument Q100DSC with a Liquid Nitrogen Cooling System (LNCS). The
hydrogels were swollen until equilibrium was attained, weighed (2-6 mg), and sealed
in TA instruments hermetic pans. MDSC scans were performed at an amplitude of
0.5°C, with a modulation period of 60 s, and at a heating rate of 1°C/min. Helium was
used as a purge gas, with a flow rate of 25 ml/min.
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5.3

Results and discussions

5.3.1

Effect of initial PEO molecular weight and crosslinking density
The ability of the synthesized hydrogels to absorb water was determinded by

gravimetrically measuring their water uptake. The dependence of the initial PEO
chain length on the water uptake at 8°C is shown in Figure 5-1. As expected, the
swelling of hydrogels followed the hydrophobic/hydrophilic balance16 which is
controlled by the initial PEO molecular weight, as well as the crosslinker content in
the network. The longer PEO chain length provided more hydrogen bonding sides,
which allowed for more water to absorb into the network and, thus, exhibited higher
water uptake. Namely, the hydrogels prepared from PEO900 demonstrated higher
water uptake than those prepared from PEO600. The dependence of crosslinking
density is also demonstrated in Figure 5-1. Hydrogels, prepared from similar PEO
molecular weight, showed decreased water uptake when increasing the amount of
crosslinker. As the network becomes tighter, with increasing crosslink composition, it
is more difficult for water molecules to diffuse into the network. The water uptake,
thus, decreased approximately by 40 and 60% when the crosslinker amount in the
hydrogel 600CR10 increased to 17 and 25 mol%, respectively, while it decreased
approximately by 60% when the crosslink composition in 900CR17 increased to 25
mol%. The theoretical molecular weight between crosslink,
1.

, are shown in Table 5-

was decreased when increasing the crosslink feed in the polymerization,

providing higher crosslinking density in the network as expected. Though the
crosslinking density has not been experimentally determined, the

in Table 5-1
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provides the relative values between each network, and are in good agreement with
the water uptake data.
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Figure 5-1 The equilibrium water uptake at 8 °C; The swelling of hydrogels followed
hydrophilic/hydrophobic balance which can be controlled by varying the initial PEO
molecular weight as well as crosslink feed composition. 600CR10, 600CR17 and 600CR25
are the hydrogels prepared with PEO600 and the amount of crosslinker of 10, 17 and 25
mol%, respectively. 900CR17 and 900CR25 are the hydrogels prepared with PEO900 and
the amount of crosslinker of 17 and 25 mol%, respectively.

The absorption of water in the hydrogels can be described by the diffusion of
molecules in swellable systems, often described by the following equation17:
Equation 5-2

where Mt and M0 are the weight of water absorbed in hydrogel at time t and initially
(t=0), respectively; k is a network characteristic; and n is a characteristic exponent
describing the mode of transport of the molecules. If n ≤ 0.5, the rate of diffusion is
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slower than the rate of relaxation, that is, the swelling of the hydrogels is controlled
by the diffusion of water following classical Fickian diffusion; whereas, for 0.5 ≤ n ≤
1, the rate of diffusion is faster than the rate of relaxation and the swelling of the
hydrogel is controlled by the network relaxation following anomalous (non-Fickian)
diffusion. The data in Figure 5-1 were fitted in Equation 5-2 in the range of
0.6 to determine the characteristic exponent of each hydrogel. Results are shown in

Table 5-2, most hydrogels showed an n value less than 0.5, indicating that the
swelling is controlled by water diffusion, except for 900CR17 which shows small
deviation from Fickian behavior (with n = 0.5851). Assuming all hydrogels
demonstrated Fickian behavior, the diffusion coefficient of water in a hydrogel can be
determined by the following equation18:
4

/

Equation 5- 3

here, the term 4D/πl2 is the network characteristic (k) of the hydrogel; D is the
diffusion coefficient of water in a hydrogel;

is the initial thickness; and t is the

swelling time. The dry-hydrophilic crosslinked networks were fully swollen once
they were exposed to bulk water under good solvent environment, due to good
compatibility between the macromolecular chains and the water molecules. The
swelling of the crosslinked network is caused, at least partly, by diffusion of solvent
molecules migrating into the pre-existing spaces between macromolecular chains.
Therefore, the rate of diffusion controls the extent of network separation19. Table 5-2
also shows the corresponding diffusion coefficients of water in each hydrogel. The
diffusion coefficient decreased as the crosslink amount was increased, for both
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hydrogels prepared from PEO600 and PEO900, suggesting that it becomes more
difficult for water molecules to penetrate inside the polymer network. A decrease of
the equilibrium water uptake also manifested, as a consequence. Comparing between
systems with the same crosslinking amount, hydrogels prepared with PEO900
demonstrated larger water diffusion coefficient, as expected, due to their greater
hydrophilicity. As a result, these hydrogels also showed higher degrees of swelling,
indicated by higher water uptake.
Table 5-2 Equilibrium water uptake, network characteristic, characteristic exponent
and diffusion coefficient of water in a hydrogel

5.3.2

6

Network

water uptake at
equilibrium (%)

k

n

600CR10
600CR17
600CR25
900CR17
900CR25

314
179
136
1073
423

0.9765
0.5912
0.4469
1.8364
0.9319

0.3769
0.4272
0.3497
0.5851
0.4553

D x 10

2 -1

(cm s )
4.68
1.72
0.98
11.03
4.26

Effect of temperature
Figure 5-2 shows the temperature dependence of the equilibrium water uptake

for the prepared hydrogels. The investigated temperature was between 8°C to 65°C.
Every hydrogel showed their highest equilibrium water uptake at 8°C, indicating the
best solvent quality at this temperature. 600CR10, 600CR17 and 600CR25 took about
24 hours to get to their equilibrium swollen state, while 900CR17 and 900CR25 took
about 48 hours. Water uptake decreased when the temperature was raised from 8°C to
22°C, suggesting poorer solvent quality, i.e., the network becomes more hydrophobic.
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In addition, the time required for the hydrogels to get to their equilibrium swollen
state was also shortened by increasing temperature. For example, 900CR17 took only
24 hours at 22°C to get to its equilibrium swollen state, while it took 48 hours at 8°C.
All hydrogels exhibited a progressive decrease in their equilibrium water uptake as
the temperature further increased to 35 and 65°C. 900CR17 still showed the highest
water uptake at every temperature, compared to the other networks. The network
characteristic exponent and the water diffusion coefficient for each hydrogel were
also evaluated at different temperatures, and are shown in Table 5-3. The
characteristic exponent for all hydrogels showed Fickian diffusion at every
experimental temperature. The diffusion coefficient of water in a hydrogel ranged
from 0.69 × 10-6 to 11.03 × 10-6 cm2s-1. The water diffusion coefficient decreased as
temperature was increased, which is clearly an effect of the polymer changes in
solubility. Since the extent of the network separation is controlled by the diffusion of
water, the decrease of the diffusion coefficient is also accompanied by a reduction of
the swelling degree at elevated temperatures.

164

350

600CR10

% water uptake

300
250
200
150
100
ο

8C
ο
22 C
ο
35 C
ο
65 C

50
0
-50

0

20

40

60

80

100

Time (hr)
(a)

350

600CR17

% water uptake

300
250
200
150
100
ο

8C
ο
22 C
ο
35 C
ο
65 C

50
0
-50

0

20

40

60

Time (hr)
(b)
Figure 5-2 (continue next page)

80

100

165

350

600CR25

% water uptake

300
250
200
150
100
ο

8C
ο
22 C
ο
35 C
ο
65 C

50
0
-50

0

20

40

60

80

100

Time (hr)
(c)

1200
900CR17

% water uptake

1000
800
600
400
ο

8C
ο
22 C
ο
35 C
ο
65 C

200
0
0

20

40

60

Time (hr)
(d)
Figure 5-2 (continue next page)

80

100

166

1200
900CR25

% water uptake

1000
800
600
400

ο

8C
ο
22 C
ο
35 C
ο
65 C

200
0
0

20

40

60

80

100

Time (hr)
(e)
Figure 5-2 Equilibrium water uptake of the prepared hydrogels at different temperature, (a)
600CR10, (b) 600CR17, (c) 600CR25, (d) 900CR17 and (e) 900CR25; Equilibrium water
uptake decreased since solvent quality became poorer when increasing temperature.
Table 5-3 Equilibrium water uptake, network characteristic (k), characteristic exponent (n)
and diffusion coefficient of water in the hydrogels at different temperatures
Network
PEG600N3CR10

PEG600N3CR17

PEG600N3CR25

PEG900N3CR17

PEG900N3CR25

6

Temp
(°C)

k

n

8
22
35
8
22
35
8
22
35
8
22
35
8
22
35

0.9765
0.8040
0.6751
0.5912
0.5770
0.5733
0.4469
0.4328
0.3773
1.8364
1.4222
1.3890
0.9319
0.9236
0.8999

0.3769
0.3397
0.2837
0.4272
0.3597
0.2525
0.3497
0.3106
0.3160
0.5851
0.4982
0.4774
0.4553
0.4298
0.4131

D x 10

2 -1

(cm s )
4.68
3.17
2.24
1.72
1.63
1.61
0.98
0.92
0.69
11.03
4.41
4.21
4.26
4.18
3.97

Equilibrium
water uptake (%)
314
189
131
179
127
99
136
98
76
1073
630
365
424
279
200
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Figure 5-3 shows the stimulated deswelling behavior of the prepared
hydrogels, as a function of temperature: The hydrogels were soaked in water at 8°C
for 24 hours and, then, the temperature was raised from 8°C to 65°C. At each point of
observed data the hydrogels were maintained at that temperature for 24 hours. At low
temperatures, the hydrogels showed good swelling since water exhibits good
penetration. When raising the temperature, the hydrogels showed a progressive
reduction of their water uptake. Owning to the polymer’s LCST character, the
network increases in hydrophobicity when temperature is increased, and water
progressively becomes poorer solvent and dehydration takes place, which, in turn,
results in subsequent shrinkage of the network. However, the transition from a highly
swollen state to a collapse state was not as sharp as the phase transition in linear
copolymer solutions of the same composition. Beyond, the expected slow collapse of
the polymers’dimensions (Rg(T)) across the binodal, the presence of different states
of water20,

21

may interfere with the kinetics of phase transition in the hydrogel

networks. For example, when the network is exposed to water, the network is first
hydrated with bound water, i.e. water molecules interacting strongly with hydrophilic
sites showing slow dynamics with increased gel hydration, as the network is swollen,
the additional water molecules are mostly free water, moving inside the swollen
network. The existence of bound water and free water was evidenced in the water
melting region of the DSC thermograms shown in Figure S5-2. Increasing
temperature resulted in migration of free water out of the network, since the entire
network becomes more hydrophobic. This process was detected as the continuous
change in the MDSC endotherm, because only small thermal energy is needed for the
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molecular motions of water to migrate from the network, and this process evidently
continued until all free water molecules were removed. The migration of free water,
however, was not observed in the conventional DSC. Once bound water starts to
migrate out from the network, the enthalpy required to break the interactions between
bound water and the network appears as a sharp endotherm. The endotherms, from
migration of free and bound water, take place over a broad temperature range as
shown in the inset of Figure S5-2, similar to what was observed by PVCL-PEO
network22. As a result, the hydrogels demonstrated a continuous decrease in their
water uptake.
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Figure 5-3 Deswelling of hydrogels as a function of temperature (a) 600CR10 , 600CR17
and (b) 900CR17 and 900CR25; The hydrogels exhibited progressive reduction of

their water uptake when raising temperature.
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Oscillatory swelling experiments were performed to determine if the
hydrogels’response to temperature changes is reversible. The hydrogels were stored
in a temperature controlled unit for 24 hours and the temperature was alternated
between 8°C and 65°C, every 24 hours. The results in Figure 5-4 showed that the
swelling and deswelling of hydrogels were reversible for several cycles. However, the
magnitude of water uptake systematically decreased after each cycle. This decrease in
magnitude of water uptake is apparently caused by the hydrolysis of the polymer,
most probably at the urethane bonds under high temperature5.
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Figure 5-4 Oscillatory swelling experiment data for (a) 600CR10, (b) 600CR17, (c)
900CR17 and (d) 900CR25; The water uptake showed the response to temperature change
between 8°C and 65°C.
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5.4

Conclusions
Temperature responsive hydrogels were synthesized by a condensation
reaction between diol-PEG and hexamethylenediisocyanate using glycerol as a
crosslinker. The hydrophilic/hydrophobic ratio in hydrogel strands was controlled by
varying the initial PEO molecular weight, as well as the crosslinker feed. The
hydrogels demonstrated a hydrophilic/hydrophobic balance-controlled swelling,
illustrated by measuring their water uptake. The swelling kinetics of most hydrogels
prepared were characterized by classical Fickian diffusion, except for the 900CR17
which showed a small deviation from Fickian swelling. The deswelling of hydrogels
was gradual with increasing temperature. This might be explained by the presence
and respective diffusion of different states of water, i.e. free water and bound water,
within the network. The diffusion coefficient of water inside the hydrogels was
evaluated and its value decreased as the hydrogels’s character became more
hydrophobic. Oscillatory swelling experiments showed that the swelling/deswelling
behavior of the hydrogels were reversible for several cycles, though the magnitude of
water uptake decreased after each cycle, probably as a result from the hydrolysis of
urethane bonds under high temperatures.
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Supporting data and detailed characterization
The network parameters were determined by fitting the swelling data in the
range of Mt/M∞ ≤ 0.6 with Equation 5-2. For example, the fitting in Figure S5-1
shows the swelling of hydrogels at 8 °C. The characteristic exponent, n, and the
network characteristic, k, of the hydrogel were thus determined from the slope and
the intercept at t = 0, respectively. The swelling of the hydrogels at different
temperatures was quantified in similar manner.
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Figure S5-1 Determination of k and n values of the prepared hydrogels using Equation 5-2;
(a) 600CR10, 600CR17 and 600CR25 (b) 900CR17 and 900CR25

Figure S5-2 shows MDSC data for 600CR10, 600CR17 and 600CR25 at the
long-time equilibrium swollen state. The thermograms showed the existence of free
and bound water for all hydrogel samples. The freezing of bound water of 600CR10
appeared at -13°C and -4 °C, whereas only one peak of bound water was observed at
-7°C and -12°C for 600CR17 and 600CR25, respectively. The inset shows the
thermogram at a temperature range that covers the observed temperature in
deswelling experiment (Figure 5-3). In every sample, a deviation from the baseline
was observed before the actual peak appeared; this is believed to reflect the migration
of free water out of the crosslink network. The higher temperature peaks (mostly at T
> 50 °C) are believed to be due to the migration of bound water.
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Figure S5-2 MDSC data for (a) 600CR10, (b) 600CR17 and (c) 600CR25 at equilibrium
swollen state. The thermograms showed the appearance of bound water for all hydrogel
samples.
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Chapter 6
Conclusions and Suggestions for Future Work

The most important conclusions and results of the present study, regarding the
phase transition of the pH, temperature, and temperature-pH responsive polymers in
aqueous solutions including examples of their possible uses, are summarized below.
Possible future research directions are also suggested.

6.1

Conclusions

6.1.1

pH responsive poly(MMA-co-MAA)s and their aqueous phase behaviors
PMMA homopolymer is a hydrophobic polymer. However, it can be water-

soluble by modifying the hydrophobic/hydrophilic balance of the polymer backbone,
as described by Taylor and Cerankowski, via hydrolytic conversion of MMA to
MAA. PMMA was hydrolyzed in a bad solvent, in which the polymer chain was
expected to adopt collapsed coil conformations. Thus, the hydrolysis reaction
occurred predominantly on the outer surface of the collapsed coil structure, yielding a
segmented block architecture for the MMA-MAA copolymer chains. The hydrolyzed
MMA units resulted in MAA units that are ionizable and facilitate water solubility for
the copolymers. The hydrophobic/hydrophilic ratio can be adjusted by controlling the
hydrolysis duration, which increases the content of MAA for longer reaction
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exposures. The aqueous solution of the copolymers demonstrated a reversible phase
transition, from transparent-homogeneous to opaque-heterogeneous solution, and vice
versa, when the solution pH was varied. In addition, this phase transition showed
strong hysteresis, which indicates the stability of the collapsed structure due to the
hydrophobic association, i.e. a micelle-type collapse rather than a first-order
thermodynamic (regular solution) type of phase behavior. The pH of phase transition
can be controlled by 2 parameters in this study. One is the concentration of the
polymer and the other is the copolymer’s MAA content. The pH-concentration phase
diagram resembles that of micelle forming surfactants, as expected from the turbidity
data.
These copolymers were successfully used to prepare hollow microcapsules. A
study of the pH-stimulated release from the microcapsules was done using methylene
blue as a model molecule. The microcapsules demonstrated prolonged protection of
the encapsulated substance (methylene blue), in acidic condition, due to the stability
of the sphere structure. The release of methylene blue was measured when the
microcapsules were transferred to neutral pH conditions.

6.1.2

Multicompartment micelles of the segmented block poly(MMA-co-MAA) in
aqueous solution
The copolymer microstructure of the poly(PMMA-co-PMAA)s were

determined to possess a mostly segmented block architecture, with strands of same
monomer sequences. Conformational studies, from potentiometric titration, 1H-NMR,
DLS and TEM, recorded a micelle-type formation beyond the phase transition. The
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copolymer solution was transparent at high pH (good solvent condition), indicating
well-dissolved random coils. The polymer aggregated when the solution pH was
decreased, and the solution turned opaque without precipitation even for prolonged
times. Instead of the regular core-shell micelles, the copolymers self assembled into
multicompartment micelles, as directly observed by TEM. The micellar structures
were composed of small MMA collapsed domains, associated hydrophobically,
which phase-separated within much larger protonated MAA domains. Decreasing the
pH below the phase transition value resulted in the solution to precipitate.

6.1.3

Tunable water solubility and phase transition behavior of linear PEO-based
polyurethane alternating copolymers
PEO homopolymer demonstrates an LCST at temperatures above the normal

boiling point of water. However, the LCST of PEO can be tuned to the range of
practical temperatures (below 100 °C) by tailoring the hydrophobic/hydrophilic ratio
in a PEO based copolymer. Hydrophobic ethylene units were copolymerized with
PEG oligomers: Polycondensation provides several linking groups, i.e. ester, amide,
and urethane, to connect the comonomers alternately. Such alternating sequences of
comonomers effectively prevented micelle formation. The phase transition in aqueous
solutions was reversible and demonstrated a very sharp transition with a clear LCST
character. The temperature-composition phase diagrams further illustrated an LCSTtype phase behavior, similar to that of homopolymer PEO. The LCST was tuned by
tailoring the hydrophobic- or hydrophilic-chain lengths, which resulted in different
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hydrophobic/hydrophilic ratios. The thermodynamic phase transition was observed as
the solution readily phase separated into two separate phases, i.e. a polymer rich
phase and a solvent rich phase. In this study the LCST was finely tuned by
copolymerizing a third monomer in the reaction: Protected lysine was used as a third
monomer, so as to modify the polymer’s hydrophilicity (the third monomer could
have been hydrophobic if we were to modify the polymer towards more
hydrophobic).
Including ionizable pendant groups in the copolymer backbone rendered the
copolymer a temperature-pH responsive solubility. These terpolymers, composed of
PEO, ethylene and protected lysine, were hydrolyzed to convert the methoxy groups
to carboxylic acids on the lysine units. After hydrolysis, the phase transition could be
controlled by varying both, or either, the temperature and pH of the solution. Owning
to the alternating sequence of the monomers along the linear polymer, micelle
formation was still prohibited, as could be seen from the phase transition being
reversible and rapid. In addition, after the phase separation, the polymer mixtures
readily formed a polymer rich phase and a solvent rich phase. The phase diagrams
remained LCST-type, which, in this case, were controlled not only by temperature but
also by the solution pH.

6.1.4

Temperature responsive PEO hydrogels
Copolymers composed of PEO and ethtylene were utilized to prepare

temperature responsive hydrogels using glycerol as a crosslinker. The swelling of
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most of the hydrogels made was characterized by Fickian diffusion. The equilibrium
swelling of the hydrogel depends on the hydrophobic/hydrophilic ratio of copolymer
backbone, the crosslink concentration, and temperature. The response of the
hydrogels

to

temperature

changes

was

demonstrated

as

a

reversible

swelling/deswelling under oscillatory temperature experiments. Owning to the
urethane linkages, the hydrogels also exhibited a certain degree of degradation, in
each temperature oscillation cycle, due to hydrolysis of the urethane bonds at high
temperatures. These hydrogels might find applications as biodegradable devices.

6.2

Suggestions for the future works

6.2.1

Multicompartment micelles
After the phase transition, the segmented-block poly(MMA-co-MAA) self-

assembled into multicompartment micelles. More precise measurement of these
morphologies, including the composition dependence on the microphase separation
could be investigated.
Such multicompartment micelles bear great promise for controlled/stimulated
delivery systems. Their structure can act as nanocontainers to accommodate
hydrophobic drugs, while stabilized and protected by a hydrophilic “corona”. Besides
the multicompartment cores from MMA domains, another hydrophobic species can
also be accommodated in the MAA domains. Thus, the simultaneous incorporation of
different hydrophobic drugs, selectively confined in different domains, could be
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carried out to study the ability of these micelles in hosting different drug species
within a single structure and releasing them in different target sites.
It might be also interesting to prepare diblock copolymers of MMA and MAA
and to investigate its morphology in aqueous phase behavior. The results from both
segmented and diblock copolymers could be compared in further studies, to provide
quantitative data on this order-disorder transition.

6.2.2

The coil to globule transition experiment and polymer bioconjugates
The present study demonstrated a successful approach to tune the LCST of

copolymer solutions by tailoring the copolymer hydrophobic/hydrophilic ratio. The
copolymers were synthesized to have an alternating microstructure that effectively
prevented micelle formation. Light scattering experiments should be conducted on
ultra high molecular weight samples at very low concentrations to confirm the coil to
globule transition, when phase separation occurs. A proper synthesis approach must
be carried out to get a sufficiently high molecular weight sample, with the extremely
narrow polydispersity for this experiment.
Polymer bioconjugates could also be studied in future research. Pendant
carboxylic groups in the terpolymers can serve as reactive sites for subsequent
grafting reactions. Biomolecules, such as proteins, DNAs, and enzymes, could be
conjugated with these terpolymers. Moreover, the reactive site can be converted to
other reactive functional groups (amino and hydroxyl, for example) to prepare a
larger variety of polymeric drug conjugates. The aqueous phase behavior of these
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conjugates and the therapeutic activities could be studied, may be in accompanying
studies focusing on their biocompatibilities/biodegradations.

6.2.3

Hollow capsules and controled release from temperature responsive
hydrogels
The synthesized polymers proved useful also in the form of microcapsules.

The encapsulations of real therapeutic drugs could be carried out, possibly in vivo, to
confirm the responsive properties of the materials in the body. The capsule
preparation should be better developed to prepared nanosized hollow capsules, which
are particularly promising for biomedical applications.
The controlled release study could also be conducted on the temperature
responsive hollow spheres and hydrogels. Emphasis could be given to demonstrate
that the entrapped species retain their biological activities. Furthermore, investigation
of the hydrogels’ mesh size, and its dependence on temperature, might be important if
one were to enhance the hydrogel performance.
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