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CHAPTER 1

General Introduction



Thermoresponsive polymers are a class of smart materials. Those properties are significantly
changed in a control fashion by external stimuli. To develop proteins mimics by using synthetic
polymers is a great challenge for the polymer scientists. The block design of copolymers is an effective
strategy to prepare protein mimics by using synthetic polymers. An alternative way is to control
precisely the monomer sequence in the polymer chain that corresponds to the primary structure of
proteins. However, the interaction among the monomers incorporated in the chain often makes it
difficult to predict the macroscopic properties of the final products. In comparison with the monomer
sequence control, the block design has advantages on the prediction of physicochemical properties of
the resultant copolymer and also on the scale-up of the production processes. A block is expected to
retain the characteristics as the homopolymer. Therefore, well-characterized homopolymers can be
used as a block library.

Amphiphilic block copolymers of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO),
PEO-PPO block copolymers have also been considered as smart materials, because the morphology
of aggregates change responding to an external stimulus. The common stimulus used are temperature
variations. For example, the aqueous solutions of PEO—PPO block copolymers have the critical
micelle temperature. Moreover, some of them show a sol-gel transition upon heating, which is
attractive for the design of injectable matrices for minimally invasive biomedical applications.
Although the PEO-PPO alternating multiblock (AMB) copolymers possess interesting features as
above mentioned, the fundamental aspects have yet to be fully revealed. In this study, we have studied
the phase behavior of the aqueous solution of PEO-PPO AMB copolymers by the use of the

transmittance measurement and the light scattering technique.



CHAPTER 2

Characteristics of PEO-PPO AMB Copolymer



2.1 Introduction

Block copolymers of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) have received
much attention for many decades because of their potential as nonionic macromolecular surfactants,
which can yield ordered structures with various morphologies, such as micelles, lamellae, and vesicles.
Their ability to greatly enhance the solubility of hydrophobic solutes in solutions has many important
industrial and biomedical applications!'l. Many types of configurations for the block copolymers have
been examined for micellar solubilization: linear PEO-PPO diblock?], linear and bifunctional PEO—
PPO-PEO triblock (Pluronic or poloxamer)i®], branched four-arm PEO-PPO counterpart block
(Tetronic)!?], and so on. Use of these block copolymers as vehicles for the administration of drugs is
one of the most desirable outcomes.

The PEO-PPO block copolymers have also been considered as smart materials because the
morphology of aggregates may change by responding to an external stimulus. The common stimuli
used are temperature variations. For example, the aqueous solutions of many kinds of PEO—PPO block
copolymers have the critical micelle temperaturel*. Moreover, some of them show a sol-gel transition
upon heating, which is attractive to the design of injectable matrices for minimally invasive biomedical
applicationsl],

The block configuration of the copolymers substantially modifies their solution properties.
Nagarajan and Ganesh have theoretically studied the solubilization of hydrocarbons in micelles
formed by PEO—PPO block copolymers with the same PPO-PEO composition but a different block
configuration[®®l. They predict that the diblock EO200POgs copolymer can dissolve hydrocarbons in
the hydrophobic core of micelles much more than the triblock EO100POs4EO100 copolymer, where EO
is the ethylene oxide (-CH,—CH>—O-) unit, PO is the propylene oxide (—CH(CH3)-CH>—0O-) unit, and
the subscripts represent the number of repeating units in each block!”). The diblock EO;0oPO32

copolymer may form a micelle that keeps hydrocarbons solubilized as much as the EO100POs4EO100



copolymer, but the aggregation number of the diblock copolymers per micelle should become twice
that of the triblock one.

Pluronics (poloxamers) are commercially available PEO—PPO-PEO triblock copolymers having
a linear symmetric configuration. Solution properties of Pluronics have been investigated
systematicallyl®*} because the polymer samples with various copolymer composition ratios and
molecular weights are commercially available. The aqueous solution of Pluronics shows the unimer—
micelle transition. At a low temperature or concentration, the triblock copolymer exists as a unimer in
the aqueous solution, but thermodynamically stable micelles are formed with increasing temperature
or concentration. This process has been investigated by using surface tension!®), light scattering!'%l,
and dye solubilization!].

In contrast to the PEO-PPO-PEO triblock copolymers, PEO-PPO alternating multiblock (AMB)
copolymers have been less investigated. For the aqueous solution of PEO-PPO copolymers, Sosnik
and Cohn have reported that the viscosity after the thermal gelation drastically increases when the
configuration is changed from triblock to AMBI'?]. Sun et al. have revealed that the aqueous solution
of Pluronics often shows the re-entrant sol—gel—sol transition (the system changes from sol to gel to
sol with increasing temperature), whereas that of the PEO—PPO AMB copolymer undergoes only the
sol-gel transition in the same temperature rangel'3]. Both of the groups have suggested that the size of
aggregates generated by the PEO-PPO AMB copolymers is markedly larger than that of Pluronics
when the molecular weights of the PEO and PPO blocks are similar.

Although there are some reports that focus on the thermal gelation of the aqueous solution of
PEO-PPO AMB copolymers, much less effort has been spent on understanding the association
behavior of copolymers in water, which is important as a fundamental step of the thermal gelation. In
this paper, we have studied the phase behavior of the aqueous solution of PEO-PPO AMB copolymers

by the use of the transmittance measurement and the light scattering technique.



2.2 Experimental Section
2.2.1 Preparation of PEO-PPO AMB Copolymers

a,0-Diamino PPO (JEFFAMINE D-2000, weight-average molecular weight (M,,) = 2000) was
kindly supplied by Huntsman Corporation. a,0-Disuccinimidyl PEOs (SUNBRIGHT DE-100HS and
DE-034HS, My, = 10 000 and 3400, respectively) were purchased from NOF Corporation. Chloroform
was obtained from Wako Pure Chemical Industries. All reagents were used as received. The PEO—
PPO AMB copolymer was prepared by a dehydrated condensation reaction (Scheme 1). o,o-
Disuccinimidyl PEO and a,0-diamino PPO were individually dissolved into chloroform at 0 °C. The
solutions of the prepolymer were mixed, followed by gently stirring overnight. The resultant solution
was dialyzed against methanol for 1 day and then against distilled water for 2 days. The product was

obtained as a white solid by freeze-drying.
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Scheme 1. Preparation of a PEO-PPO AMB copolymer.



2.2.2  Size Exclusion Chromatography

My, the number-average molecular weight (M,), and the polydispersity (Mw/M,) were determined
by size exclusion chromatography (SEC). SEC consists of a Jasco Intelligent HPLC system equipped
with a guard column (SB-G, Shodex), two separation columns (SB-802.5HQ and SB-806MHQ,
Shodex), and a refractive index detector (RI-2031Plus, Jasco). N,N-Dimethylformamide (HPLC-grade,
Wako) with 10 mM LiBr was used as an eluent. The flow rate was 0.35 mL min™! at 60 °C. The SEC
chromatogram was calibrated with a series of standard polystyrene samples with 10 different peak-top

molecular weights (Mp) from 1.22 x 103 to 2.70 x 10° (Standard SM-105, Shodex).

2.2.3 'HNMR and IR Spectroscopies

"H NMR spectra were recorded with an Ascend 400 (Bruker) at 400 MHz to determine the ratio
of EO units to PO units (EO/PO) in the PEO-PPO AMB copolymers. EO/PO was evaluated by
comparing the peak area of the methylene protons in the EO unit (8 = 3.7 ppm) with that of the methyl
protons in the PO unit (6 = 1.2 ppm). All spectra were obtained at room temperature with 0.5 wt %
D0 solutions. IR spectra were measured with a resolution of 2 cm™' by a coaddition of 128 scans
using a Nicolet 6700 FTIR spectrometer equipped with a DTGS detector. Thin films of the samples

were prepared by spin-coating on a KBr plate from an acetone solution.

2.2.4 Turbidity Measurements

The temperature dependence of the transmittance of the polymer solution was monitored using a
UV-vis spectrophotometer (V-630iRM, Jasco) equipped with a temperature controller (ETCS-761,
Jasco). The heating rate was 0.1 °C min~'. The cloud point 7. was defined as the temperature at which

the first derivative of the transmittance curve becomes minimum.
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2.2.5 Dynamic Light Scattering Measurements

Dynamic light scattering (DLS) measurements were carried out using a Zetasizer Nano S
(Malvern). A 4 mW He—Ne laser (wavelength A = 632.8 nm) was used as the incident light, and the
scattering angle was 173°. Large particle contaminants were removed by a filter membrane with 0.20

um of pore size.

2.2.6 Static Light Scattering Measurements

Static light scattering (SLS) measurements were carried out to determine M, and the second virial
coefficient 4> under the same experimental setup for DLS measurements. The scattering intensity was
integrated for 10 s, and the average of ca. 50 samplings was calculated. The SLS data were analyzed

by means of Debye plot with the following equation:

Ke _ 1+2A 1
Ra_Mw 2C (1)

where K is the optical constant, c is the polymer concentration, and Ry is the excess Rayleigh ratiol'4],
K equals 4m?n¢*(dn/dc)*/Nak*, where ny is the refractive index of water, dn/dc is the refractive index
increment of the sample solution, A is the wavelength of the incident light, and N4 is the Avogadro
constant. The reflective index was measured by the use of a refractometer (RX-5000i, Atago) under

temperature-controlled conditions.
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2.3 Results and Discussion
2.3.1 Characterization of PEO-PPO AMB Copolymers and Phase Behavior of Aqueous Solution
Figure 2-1 shows the SEC chart for the PEO and PPO prepolymers and the products. Because the
M,, values of the products are much larger than those of the prepolymers, it can be presumed that
PEO-PPO AMB copolymers are generated. The formation of the amide groups has been confirmed
by IR spectroscopy (the result is shown in Figure 2-2). The M, and M/M, values of the PEO-PPO
AMB copolymers and the prepolymers estimated by SEC are summarized in Table 1. Note that the
M, values of the PEO and PPO prepolymers determined by SEC are over- or underestimated compared
with those found in the catalog provided by the reagent suppliers. By reference to M,, of the PEO—
PPO AMB copolymers (1.74 x 10° and 5.7 x 10* g mol™'), the number of PEO-PPO repeating pairs
in the copolymer is estimated to be about 8-9. For (EO20P0O33)s, EO/PO from the values in the
supplier’s catalog is 6.7/1.0, whereas that estimated by 'H NMR spectroscopy is 7.2/1.0. EO/PO of
(EOssPO33)9 shows a similar tendency; that is, the EO content of the AMB copolymers is slightly
larger than that in preparation. These results suggest that the PEO-PPO AMB copolymers are

successfully obtained. The number of PEO-PPO repeating pairs of the copolymer is larger than that

= (EO,»POs3)s =
— (EO4gPO33)0 10 — (EOsgPO33)g
PEO PEOss - —— (EO220POs3)s
o 220 ‘.'\ 08

. S - 0.1}
\ ® 06 -
: PPO % -

R 33 ot o
\. ," ‘-‘ % 04 L 1 .1
' SN = 1700 1600 1500
VoS 0.2

S Al Wi paliing taa S M R T
2000 2200 2400 2600 2800 3000 2000 1000
Elution time / s Wavenumber / ¢’
Figure 2-1. SEC chart of a,m-diamino PPO, Figure 2-2. IR spectra of the PEO-PPO AMB
a,0-disuccinimidyl PEO, and the PEO-PPO copolymers. Thin films of the samples was
AMB  copolymers  (EO20POs33)s  and prepared by spin-coating on a KBr plate from
(EO6sPO33)9. the acetone solution. The amide I and II bands

appear at ~1670 and ~1540 cm!, respectively.
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of the PEO—PPO AMB copolymers ever reported. The number of PEO—PPO repeating pairs for the
PEO-PPO AMB copolymer reported by Sosnik and Cohn is about 3!'?], and that reported by Sun et al.
is about 41131,

Because PEO is hydrophilic and PPO is hydrophobic, the PEO-PPO AMB copolymers are
expected to act as a nonionic amphiphilic polymer in water. Figure 2-3 shows the transmittance curves
for the 2.0 wt % aqueous solution of the PEO-PPO AMB copolymers measured with light at 650 and

350 nm. For (EO220P0O33)s, the transmittance of the 650 nm light drastically decreases at around 60 °C,

(EO220PO33)s

—o— 650 nm
-a- 350 nm
(EOg5PO33),

Transmittance (%)

Temperature / °C

Figure 2-3. Transmittance curves of the PEO-PPO AMB copolymer (EO220PO33)s and
(EOssPO33)9 at the 2.0 wt% aqueous solution measured with light at 650 and 350 nm.

Table 1. Molecular weight (M.,) and polydispersity (Mw/M,) of PEO, PPO prepolymers, and
PEO-PPO AMB copolymers.

supplier’s” measured My (Mw/M,)
sample My x y SEC? SLS¢ EO/PO?  foro®
EO2 1.0 x 10* 220 — 2.0 x 10%(1.2) — — —
EOg¢s 3.4 %103 68 — 5.0 x 103 (1.0) — — —
PO3; 2.0 x 10° — 33 1.4 x 10° (1.0) — — —
(EO220PO33)s — 220 33 1.7x10°(2.1) 1.3 x 103 7.2/1.0 0.83
(EO6sPO33)9 — 68 33 5.7x10*(2.0) 4.1 x 10* 2.5/1.0 0.55

“Values given by the catalog of the supplier. ’SEC with polystyrene standards. ‘SLS with the Debye
plot. “Estimated by 'H NMR. *fpr0, calculated by using the values in the supplier’s catalog.
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which corresponds to the cloud point (7¢). Although the slope of the transmittance curve of the 350
nm light is less steep than that of the 650 nm light, the Tt value does not significantly depend upon the
wavelength of the light (59.7 °C for 7. determined by the 650 nm light and 59.3 °C by the 350 nm
light). By closely inspecting the transmittance curve of the 350 nm light shown in Figure 2-3, one can
see a small stepwise decrement of the transmittance at around 40 °C. For (EOsgPO33)9, a precursory
drop of the transmittance becomes more significant; the transmittance of the 650 nm light has a
minimum at around 34 °C, followed by recovering in the range of 38—41 °C, and then shows a large
decrement to 0 at around 42 °C. T. of the aqueous solution of (EOssPO33)o is estimated from this large
decrement of the transmittance.

The microscopic image of the aqueous PEO-PPO AMB copolymer solution obtained above Tt
shows dropletlike patterns, as shown in Figure 2-4. Linse has theoretically indicated that an aqueous
Pluronic solution undergoes phase separation upon heatingl*. Thus, we have presumed that Tt
observed here is associated with the phase separation of the aqueous solution of the PEO-PPO AMB
copolymers. The concentration dependence of 7. gives a rough estimation of the phase boundary curve
of the system. Figure 2-5 demonstrates that the aqueous solution of the PEO-PPO AMB copolymer

has a lower critical solution temperature (LCST)-type phase diagram. The concentration dependence

Figure 2-4. Optical micrographs of the 2.0 wt% aqueous solution of the PEO-PPO AMB
copolymer (EO20PO33)s at (a) ~25 °C and (b) ~70 °C. The edge of the coverslip was sealed
with an epoxy glue.
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T./°C

of the transmittance curve of the 650 nm light is shown in Figure 2-6. 7. becomes almost independent
from the concentration above 0.4 wt %. For (EO220PO33)s, the phase boundary curve seems to have a
shallow minimum at around 0.3 wt % and 58 °C, which should correspond to the LCST. On the other
hand, the LCST for (EOssPO33)9 is around 42 °C. Note that the critical solution concentration for
(EO6sPO33)9 is difficult to be identified because the concentration dependence at > 0.5 wt % is very
small.

It has been known that the aqueous solution of PEO homopolymers undergoes LCST-type phase
separation('?]. Thus, it is possible that the lowering solubility of the PEO-PPO AMB copolymer in
water with an elevating temperature is partially attributed to the instability of PEO chains in hot
water!']. Indeed, the hydration number of the ethylene oxide unit, which is 4 below 30 °C, gradually
decreases to 2 at 70 °C irrespective of M,['"). However, the PEO chain at 58 °C may not be
hydrophobic enough to make the PEO—PPO AMB copolymer unstable because the phase separation
of PEO homopolymers in water occurs over 100 °CIl., It is worth noting that the theta temperature
(To) of the PEO/water system is around 96 °CU'8l, indicating that a repulsive interaction among the

PEO chains in water is still predominant at 58 °C. It is inferred, therefore, that the driving force of the

100
80 —O— (EOPOy)s
—@— (EOgPOy)s
70 80~ C 0
3 onc. (wt %)
< —— 20
60 —o——0- 8 60} 1.0
L & 0.5
g T 0.3
50 | € oL —0O
[ % 40 e 01
| 20
30 i
1 | 1 | 1 | 1 | (0] | \ | 1 | 1
0 0.5 1.0 1.5 20 30 40 50 60 70 80
Concentration (wt %) Temperature / °C
Figure 2-5. Concentration dependence of Tt Figure 2-6. Transmittance curves of the
for the aqueous solutions of (EO220PO33)s aqueous solution of the PEO-PPO AMB
and (EOesPOs33)e. T¢ is determined by the copolymer  (EO220PO33)s at  various
transmittance curve with light at 650 nm. concentrations measured with light at 650 nm

for the heating process.
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phase separation of the aqueous PEO-PPO AMB solution is mainly due to the hydrophobic interaction

(1], The phase boundary curve for the aqueous

between the PPO blocks similar to that for Pluronics
solution of (EOsgPO33)9 shifts down compared with that of (EO220PO33)s, indicating that the increment
of the weight fraction of PPO lowers the stability of the copolymer in water. This will be discussed
again in the later section.

For the nonionic amphiphilic compounds, it is generally considered that the hydrophilic—
lipophilic balance is the primary factor to estimate 7. of the aqueous solutions!'® 2°l, The weight
fraction of PEO in the copolymers, fpeo, of (EO220PO33)s is 0.83, whereas that of Pluronic F88
(EO100PO39EO1¢0) is 0.80. The freo values of (EOssPO33)9 and Pluronic P85 (EOQ25PO39EO»s) are 0.55
and 0.50, respectively. In this context, therefore, the hydrophilicities of (EOQ220PO33)s and Pluronic F88
should be similar. This may be the same for (EOssPO33)9 and Pluronic P85. However, the T¢ values of
the 1 wt % aqueous solutions of Pluronic P85 and F88 are much higher than those of the corresponding
PEO-PPO AMB copolymers (T for Pluronic P85 is 85 °C, and that for F88 is >100 °C)!3l. There are
two possible factors to lower the stability of the PEO—PPO AMB copolymer in water compared with
that of Pluronics. First, the PEO-PPO AMB copolymers prepared in this study contain two pentyl
groups at the end of PEO blocks, which may make the copolymer more hydrophobic than Pluronic.

Second, M, of the PEO-PPO AMB copolymer is much larger than that of Pluronic, which may bring

the LCST down similar to PEO homopolymers in water!!>],

2.3.2 Thermally Induced Micellization of PEO-PPO AMB Copolymer

As mentioned in the previous section, the transmittance of the aqueous solution of the PEO-PPO
AMB copolymers shows a precursory decrement at a temperature markedly lower than 7. This implies
that small aggregates are formed below T.. When the aqueous solution of Pluronic is heated,

micellization followed by phase separation has often been observed®l. Figure 2-7 represents the
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Scattering intensity (count rate) / 10° s™

temperature dependence of the scattering intensity of the 632.8 nm light at 173° scattering angle. For
the 2.0 wt % aqueous solution of (EO220PO33)s, the scattering intensity starts increasing above 40 °C
and tends to diverge toward T¢c. The onset of the increment corresponds to the precursory decrement
observed in the transmittance curve, indicating again that small aggregates are formed below 7c. A
similar tendency is observed for the other concentration, as shown in Figure 2-8.

To estimate the size of the aggregates, DLS measurements have been carried out. Figure 2-9
shows the temperature change in the autocorrelation function, g)(t), for the 0.5 wt % aqueous
solutions of the PEO-PPO AMB copolymers. Note that g()(t) cannot be obtained near 7, because the

scattering intensity is too high. At 25 °C, there are two distinguishable relaxation modes for both

60 |- |
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15 | (b) (EOsPOs3)g } = + 0.05
| s |
i o X
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Figure 2-7. Temperature dependence of the
scattering intensities (count rates) of the 632.8
nm light measured for the aqueous solutions of
the PEO-PPO AMB copolymers (a)
(E0220P033)8 and (b) (E068P033)9. Tc indicated
in the figure corresponds to that in Fig. 2-5.
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Figure 2-8. Temperature dependence of the
scattering intensity of the 650 nm light
measured for the aqueous solution of the
PEO-PPO AMB copolymer (EO220PO33)s at
various concentrations during the heating
process.



(EO220PO33)s and (EOQ4sPO33)9. On the other hand, g)(t) seems to become a single exponential as the
temperature goes up. The Laplace inversion of g(!)(t) gives rise to a relaxation time distribution
A(tr)PY. Figure 2-10 shows the temperature-dependent A(tr) for the aqueous solution of the PEO-
PPO AMB copolymers. At 25 °C, A(tr) for both (EO220PO33)s and (EOsPO33)9 are bimodal. The
peaks are located at the relaxation times of Tr = 30—50 and 400—850 ps. By use of the Stokes—Einstein
equation with the viscosity of water at each temperature, the fast relaxation mode gives the

hydrodynamic radii R, = 10 nm for (EO220PO33)s and Ry = 5 nm for (EOsgPO33)9, which is possibly
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Figure 2-9. g)(t) for the aqueous solutions of the PEO-PPO AMB copolymer (a)
(EO220PO33)5 and (b) (EOssPO33)9 at a concentration of 0.5 wt%.
20~ /N (@ (EOnPOy)s | (b) (EOxPOxsa)s
g[S .
£ M/\
< 1
35°C
25°C
0 1 i1 1 1 11 1 I 1 11 1 I 1 11 1 I 1 11 1 I 1 111 I 1 111 I 1 11 1
10° 10’ 102 10° 10* 10° 10’ 102 10° 10*
w® /s ® [ ps

Figure 2-10. Temperature dependence of A( ) for the aqueous solutions of the PEO—PPO
AMB copolymer (a) (EO220PO33)s and (b) (EOs3PO33)9 at a concentration of 0.5 wt%.
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due to the unimer of the PEO-PPO AMB copolymer. For PEO, Ry of a random coil chain with 1.0 x
10° g mol ™! is estimated to be around 10 nm.

Although the two relaxation modes cannot be directly converted to particle sizes in the solution[??],
Figure 2-10 suggests that the PEO-PPO AMB copolymers are not homogeneously dispersed in the
solution at 25 °C. The second relaxation mode possibly arises from the aggregate, whose Ry, is roughly
estimated to be 100200 nm. It needs to be taken into consideration that the population of the
aggregates should be very small, even though that of the second mode of A(tr) is relatively large. It
has been considered that A(tr) is influenced by the scattering intensity which increases strongly with
increasing particle size (see also Figure 2-11)?21, Thus, the population of the unimer and aggregates is
difficult to be estimated from the DLS results obtained here. We need further experiments for
discussing the population of the unimer and aggregates, such as small-angle X-ray scattering and SLS
with various scattering angles.

The aggregate is not a micelle because the fluorescence probe method does not support the
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Figure 2-11. Apparent size-distribution for the PEO-PPO AMB copolymers in water, A(Rp), at
25 °C and 0.5 wt%. The black and red colors indicate A(Rn) measured under the same experimental
condition, but the solutions are prepared individually. The dotted line shows the raw 4(Ry) derived
from the Laplace inversion of the autocorrelation function, and the solid line represents A(Ry) after
the correction based upon the volume of the scattering particles (ref. 22 in the manuscript). It is
very difficult to discuss the population of the unimer and aggregates by use of the DLS results.
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existence of a hydrophobic corel?’l. This kind of aggregates has also been found for relatively simple
polymer solutions such as poly(n-hexyl isocyanate) in n-hexane and an atactic polystyrene in
tetrahydrofuran®?l. The aggregates observed at a finite concentration in the solution have a diameter
of a few hundred nanometers. Possible candidates for the binding force among the polymers are the
van der Waals force, dipole—dipole interaction, solvent-mediated complexation, and so on. However,
the origin of the force is still in dispute.

As the temperature increases, two modes in A(tr) for (EOQ220PO33)s are fused and a unimodal peak
at Tr = 90 ps appears at 50 °C. A similar result is obtained in the concentration range from 0.05 to 1.0
wt % (see Figure 2-12). This result suggests that a uniform-size aggregate with R, =20 nm is generated
at around 50 °C. For (EOsPO33)9, the temperature dependence of A(tr) is a little more complicated.
At 35 °C, the fast relaxation mode slightly shifts to a higher tr, and the peak of the slow mode becomes
large. The further increase in temperature causes the growth of the peak for the fast relaxation mode
again. At 40 °C, Ry estimated from the fast mode is 10 nm, which is slightly larger than Ry of the
unimer of (EOgsPO33)o.

It is likely that the aggregates with Ry, = 20 nm for (EO220PO33)s and those with R, = 10 nm for
(EOssPO33)9 are micelles of the PEO-PPO AMB copolymers. The micellization below 7t is commonly
observed for the PEO-PPO-PEO triblock copolymer (Pluronic) in water®!'!- 23261 It has been known
that several Pluronics in water form a micelle whose size is independent of temperature and
concentration in a wide range. Pluronic L64 (EO13PO3EQ;3) in water forms a micelle having a
constant size over a wide concentration rangel?*l. For Pluronic P85 (EO2sPO39EQ>s) in water, the
micelle size does not change from 15 to 50 °C?4. Zhou and Chu have proposed that the balance
between an increase in the aggregation number of the polymers and a dehydration of the polymer

makes possible the micelle size to remain almost independent of temperaturel'),
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For Pluronic F88 (EO100PO39EO100) in water, although multiple-size aggregates coexist at a low
temperature, micelles appear with increasing temperaturel>> 261, Interestingly, the micelle size of
Pluronic F88 (Rn = 10-20 nm) is similar to the size of the uniform-size aggregation of (EOQ220PO33)s
(Rn =20 nm) observed at 50 °C. On the other hand, Brown et al. have revealed that Ry, of the micelle

of Pluronic P85 in water is around 8.0 nm, which is also similar to R, of the aggregate of

(b) 0.1 Wt %
20 |-
g g 50 °C
& &
I I 40 °C
0 N N
10° 10" 102 10° 10* 10° 10" 10? 10° 10*
& lus 7z /us
(c) 0.3 wt % (d) 1.0 wt %
20 |-
S5 g 50 °C
& &
&/\/L
0 Ll ll Ll ll L Ll
10° 10’ 102 10° 10* 10° 10’ 10 10° 10*
R lus 7z /us
(€) 2.0 wt %
20 |-
g 55 °C
Jus 4/-\/\'\
5 45 °C
40°C /\
25 °C
0 1 M | 1 [ | 1 paal 1 sl
10° 10" 102 10° 10*

7z /us

Figure 2-12. Temperature dependence of the relaxation time distributions A(zr) for the aqueous
solution of the PEO-PPO AMB copolymer (EO220PO33)s during heating process; (a) 0.05 wt %, (b)
0.1 wt %, (c) 0.3 wt %, (d) 1.0 wt %, (e) 2.0 wt %.
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(EO6sPO33)9l?4. These results imply that the micelle size of the PEO-PPO AMB copolymer is
correlated with fpeo similar to that for Pluronics.

A number of studies on Pluronics have pointed out that the micellization is caused by the
hydrophobic interactions between the PO segments!'!: 27 281 Differential scanning calorimetry
measurements have shown an endothermic peak (AH > 0) during the micellization!?”], and the
concentration dependence on the critical micelle temperature has also revealed that positive enthalpic
change occurs!!!), Wanka ef al. have pointed out that the AH at micellization is not correlated with the

PEO block length but proportional to the PPO block length!?”). The hydrophobic interaction, which
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causes an attractive force between hydrophobic groups in water, is based upon the entropy gain of the
water molecules around the groups. The conventional picture has assumed a water “cage” around the
hydrophobic groups!??], whereas more current studies have suggested that the gain of the translational
entropy of water is the driving force of the hydrophobic interaction’l. Both of them can rationalize
that the hydrophobic interaction induces the micellization by heating under a positive enthalpic process.
In this process, the entropy gain of water overwhelms the entropy loss because of the localization of
the hydrophobic chains in the micelle core. It has been also known that the hydrophobic interaction
often induces the LCST phase separation of the aqueous solution.

It is of interest whether the micellelike aggregate observed here is thermodynamically stable.
First, we measured the temporal change in the scattering intensity and 4(tr) for the 0.5 wt % aqueous
solution of (EOQ220P0O33)s at 55 °C. As shown in Figure 2-13, the scattering intensity and A(tr) remain
the same for at least 2 days. Second, the thermal history of the process is examined. Figure 2-14
represents the temperature dependence of the scattering intensity and A(tr) for the 0.5 wt % aqueous
solution of (EO220PO33)s during heating and cooling processes with the same rate. The solution is
heated above T and then cooled down to 25 °C. As can be seen in the figure, no thermal hysteresis is
observed for the scattering intensity, and the A(tr) at the same temperature is also in good agreement
within a range of error. Thus, we have concluded that micellelike aggregates are formed under

thermodynamically stable process.

2.3.3 Hydrophilicity of PEO-PPO AMB Copolymers

When the micellelike aggregate of the PEO—PPO AMB copolymers is formed in water upon
heating, the interaction among the polymer chains should change from repulsive to attractive as the
temperature increases. This can be evaluated from the second virial coefficient 4> obtained through

the SLS measurement. The Debye plot for the aqueous solution from the PEO-PPO AMB copolymers

23



is shown in Figure 2-15a,b. In the case that the polymer concentration (c) is lower than 0.6 g L™ (~0.06

wt %), the Kc/ARy value shows a linear dependence on c. Above 0.8 g L1, the plot starts deviating

from the linear correlation because the scattering intensity of the aggregates becomes significant. Note

that at 0.05 wt %, the influence of the aggregate on the scattering intensity is small but not zero, as

can be seen in Figure 2-12a.

Fitting of these data by eq. (1) gives rise to M,, and A> of the PEO—PPO AMB copolymer. Figure

2-15¢,d show the M, and 4, values of (EO220PO33)s and (EOQs3sPO33)o, respectively. My of (EO220PO33)s

at 2040 °C is ca. 1.3 x 10° g mol™!, whereas that of (EOQssPO33)9 at 15-30 °C is ca. 4.1 x 10* g mol ™.
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These values are similar to those estimated by SEC. As mentioned above, M,, and the number of PEO—
PPO repeating pairs obtained from the Debye plot may be slightly overestimated because of the
scattering from a tiny amount of aggregates. On the other hand, SEC overestimates M,, of PEO
prepolymers but underestimates M, of PPO prepolymers, as can be seen in Table 1.

The M, value remains constant at a lower temperature. This suggests that the majority of the
PEO-PPO AMB copolymers exist as a unimer in this temperature range. My of (EO220PO33)s starts
increasing above 40 °C, whereas that of (EOssPO33)9 rises up from 35 °C, indicating that the copolymer
starts forming micellelike aggregates. On the other hand, the apparent 4> values of (EO220PO33)s and
(EOssPO33)9 start going down before M,, increases. At a lower temperature, the PEO-PPO AMB
copolymers are hydrophilic and water is a good solvent because a positive value of 4 represents that
the interaction between the copolymers is repulsive. The A, quantity of the PEO-PPO AMB
copolymers at around 20 °C is smaller by 1 order of magnitude than that of poly(NV-
isopropylacrylamide) (PNiPAm) in water, which is the representative thermoresponsive polymer!3!],
This means that the repulsive interaction between the PEO-PPO AMB copolymers is relatively weak.

The A> quantity of (EO220PO33)s reaches 0 at around 50 °C, whereas that of (EOssPO33)9 reaches
0 at around 35 °C. These should be close to the Ty of the PEO—PPO AMB copolymers in water. As a
result of the decrement of 4, (the increment of the attractive forces between the polymers), the
micellelike aggregate may form. This scenario is consistent with the results of the DLS measurements.
For the aqueous solution of PNiPAm, 4 also decreases with elevating temperature, but the solution
undergoes phase separation without the formation of micellelike aggregates!3'l,

It is interesting to compare the 4> quantity of the aqueous solution of (EOssPO33)9 with that of
Pluronic P85 (EO25PO40EO»s). Brown et al. have found that 4> of Pluronic P85 in water decreases
from ca. 2.5 x 107 to 0.1 x 107° L mol g as the temperature increasesi*!l. 4> of Pluronic P85

approaches 0 at around 40 °C, whereas for (EOssPO33)9, A2 varies from 5.5 x 107¢ at 15 °C and
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becomes 0 near 35 °C. This implies that the intermolecular interaction among the Pluronic chains is
similar to that among the PEO-PPO AMB copolymer chains, which may be associated with fpro of
the copolymer. Alexandridis et al. have studied the thermodynamic quantities of micellization of 12
Pluronics in water including P85 and concluded that the PPO block of Pluronics is responsible for the
micellization!'']. Because the temperature change in 4> of (EOQssPO33)9 is similar to that of P85, we
inferred that the decrement in 4> of the PEO-PPO AMB copolymers observed here is possibly induced

by the hydrophobic interactions between the PPO blocks.
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2.4 Conclusion

The PEO-PPO AMB copolymers having a different weight fraction of PEO, (EO220PO33)s and
(EO6sPO33)9, are prepared by a dehydrated condensation reaction between o,w-diamino PPO and a,o-
disuccinimidyl PEO prepolymers. The My values of (EO220PO33)s and (EOsPO33)9 are estimated by
SEC to be 1.7 x 10° and 5.7 x 10* g mol ™!, respectively. The SLS measurements support the results;
the My, values of (EO220PO33)s and (EOQssPO33)9 are 1.3 x 10° and 4.1 x 10* g mol ™!, respectively. The
number of PEO—PPO repeating pairs in the PEO-PPO AMB copolymers obtained here is over 8.

The aqueous solution of the copolymer undergoes a phase separation with increasing temperature.
For the aqueous solution of (EO220PO33)s, the phase boundary curve seems to have a shallow minimum
at around 0.3 wt % and 58 °C, which should correspond to the LCST. On the other hand, the LCST
for the aqueous solution of (EOssPO33)9 is estimated to be ca. 42 °C. The critical solution concentration
for (EOs3PO33)9 is not clear because the concentration dependence of 7. at a higher concentration
range is very small. The DLS results suggest that A(tr) of the 0.5 wt % aqueous solution of the PEO—
PPO AMB copolymers is bimodal at 25 °C, where the fast relaxation mode is assignable to the unimer
with R, = 5-10 nm. The temperature dependence of 4A(tr) suggests that a micellelike aggregate forms
with increasing temperature. The Ry values of the aggregates are 20 nm for (EO220P0O33)s and 10 nm
for (EO¢sPO33)9. This behavior is very similar to the micellization of Pluronics. The micellelike
aggregate is thermally stable, and there is no thermal hysteresis in the formation of the aggregate.

The interaction between the PEO-PPO AMB copolymers in the aqueous solution is evaluated by
using SLS measurements with the Debye plot. During the heating process, the apparent 4, value of
(EO20PO33)s starts decreasing at 32 °C, and then M, starts increasing above 40 °C. The Ty of
(EO220PO33)s and (EOs3PO33)9 in water are estimated to be around 50 and 35 °C, respectively. The
increment of the attractive interaction between the PEO-PPO AMB copolymers results in the

formation of the micellelike aggregates.
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CHAPTER 3
Effect of Molecular Weight on Phase Separation of

Polymer Solution
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3.1 Introduction

Thermoresponsive polymers are a class of smart materials. The properties of such polymers
change significantly in a controlled fashion under the influence of external stimulil'l. To develop
synthetic polymer systems that act as protein mimics is a great challenge for polymer scientists. The
block design of copolymers is an effective strategy for preparing protein mimics using synthetic
polymers(?!. An alternative way is to control the monomer sequence, which corresponds to the primary
structure of proteins!®*l. However, the interaction among the monomers often makes it difficult to
predict the macroscopic properties of the final products*3l. In comparison with monomer sequence
control, the block design is advantageous for achieving predictable physicochemical properties of the
resultant copolymer and scale-up of the preparation process. Because the individual blocks in the
copolymer may retain the characteristics of the homopolymer, the numerous reports on the
homopolymers may serve as a block library!®-1%1,

Recently, we investigated the solution properties of amphiphilic alternating multiblock (AMB)
copolymers. The AMB copolymer of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO),
i.e., the PEO-PPO AMB copolymer, exhibits amphiphilic features comparable to those of Pluronic
and Ploxamer. Unique characteristics of the AMB configuration were observed for the unimer
morphology in water. Previously, we found that the unimer of PEO—PPO AMB copolymers in water
forms a core—corona structure similar to flower micelles!?’l. This may arise from two factors: the
hydrophobic interaction among the PPO blocks in the core and the repulsion among the unimers based
upon stabilization of the PEO chain at the corona. When the hydrophilic interaction was not
sufficiently strong, the unimer of the AMB copolymers could not form a core—corona structure. Indeed,
the AMB copolymer of PEO and poly(N-ipropylacrylamide) (PNiPAm) adopts a random-coil
conformation in water at room temperature, because PNiPAm tends to be well hydrated compared with

PPOI?], Because the PPO blocks are sufficiently hydrophobic to form a unimer micelle, the PEO-PPO
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AMB copolymer can also be expected to serve as a simple model of multipass transmembrane proteins
such as bacteriorhodopsin(?!.

Although the PEO—PPO AMB copolymers possess interesting features as above mentioned, the
fundamental aspects have yet to be fully revealed. In this study, we focus on the effect of the molecular
weight on the cloud point (7¢) of the copolymers. Based on the literature concerning PEO—PPO-PEO
triblock copolymers!??], the hydrophobicity of PEO-PPO block copolymers is essentially proportional
to the molecular weight of PEO and PPO when the weight fraction of PEO (fpeo) is constant. For the
AMB copolymers, however, the molecular weight of the PEO and PPO blocks is fixed, but the number
of PEO-PPO repeating pairs varies depending on the total molecular weight. Herein, PEO-PPO AMB
copolymers with various molecular weights are prepared by precipitation fractionation. The

fractionated samples are used to investigate the 7. of the aqueous solution.
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3.2 Experimental Section
3.2.1 Preparation of PEO—PPO AMB copolymer

The PEO-PPO AMB copolymer was prepared by a dehydrated condensation reaction according
to the literaturel?*l. Briefly, a,m-diamino PPO (JEFFAMINE D-2000; weight-average molecular
weight (My) = 2,000) was kindly supplied by Huntsman Corporation. a,m-Disuccinimidyl PEO
(SUNBRIGHT DE-100HS; My, = 10,000) was purchased from NOF Corporation. The reaction was
carried out in chloroform solution at 0 °C. The crude sample was recovered by dialysis against water,
followed by freeze-drying. Precipitation fractionation of the copolymer was performed by phase
separation in an acetone/n-hexane mixture at 25-50 °C. The PEO—PPO AMB copolymer prepared
herein is denoted as (EO220PO33),, where EO is the ethylene oxide unit, PO is the propylene oxide unit,
and n is the number of PEO-PPO repeating units. The characterization details can be found in previous

reports20-23],

3.2.2 Size Exclusion Chromatography

The Size exclusion chromatography (SEC) apparatus consisted of a Jasco Intelligent HPLC
system equipped with a guard column (SB-G, Shodex), two separation columns (SB-802.5HQ and
SB-806MHQ, Shodex), and a refractive index detector (RI-2031Plus, Jasco). N,N-
Dimethylformamide (HPLC grade, Wako) with 10 mM LiBr was used as the eluent at a flow rate of
0.35 mL min~!, at 60 °C. The number-average molecular weight (M,), M., and the polydispersity
(Mw/M,) were evaluated with respect to standard polystyrene samples with ten different peak-top

molecular weights in the range of 1.22 X 103 to 2.70 x 10° (STANDARD SM-105, Shodex).

3.2.3 'HNMR and IR Spectroscopies

The ratio of EO units to PO units (FO/PO) in the PEO-PPO AMB copolymers was determined
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from the '"H NMR spectra recorded on an Ascend 400 (Bruker) instrument at 400 MHz. All spectra

were acquired at 25 °C using 1.0 wt% D,O solutions.

3.2.4 Turbidity Measurements

The transmittance of 633 nm light through the polymer solution was monitored by using a UV—
Vis spectrophotometer (V-630iRM, Jasco) equipped with a temperature controller (ETCS-761, Jasco).
The sample was heated at a rate of 1.0 °C min~!. The cloud point (7.) was defined by referring to the

first derivative of the transmittance curve.
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3.3 Results and Discussion
3.3.1 Characterization of Fractionated Samples

Figure 3-1 shows the SEC charts of the PEO—PPO AMB copolymers, (EO220PO33),, before and
after precipitation fractionation. Two peaks at 2270 and 2330 s were apparent in the SEC chart of the
last fraction. Thus, we did not analyze this sample (denoted as “residue” in Figure 3-1). The SEC
charts of fraction 1-3 showed a systematic shift, indicating differences in the M, of each fraction. The
estimated M, and M../M, values are listed in Table 2. Although fractionation appeared to be successful
based on the M, of each fraction, the M,,/M, values were still large (1.7-2.4). In general, fractionation
of copolymers is more difficult than fractionation of homopolymers because the solubility of
copolymers is also influenced by their chemical composition!**l. To estimate EO/PO for the
fractionated samples, the "H NMR spectra were acquired (Figure 3-2). The peak at § = 3.7 ppm arises
from the methylene proton of the EO and PO units, while the peak at 6 = 1.2 ppm is due to the methyl
proton of the PO unit. The EO/PO of the copolymers was estimated to be 6.7—6.9. Because the PEO

block contains 220 EO units and the PPO block has 33 PO units, the one-by-one connection of PEO

— crude
=== residue

fo o = o -

Normalized Detector Response / a. u.

'l I Il I 'l l Il I 'l l 'l
2000 2100 2200 2300 2400

Elution time / s

Figure 3-1. SEC charts of the crude and each fractions of the PEO-PPO AMB copolymer.
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and PPO yields EO/PO = 6.7. Thus, we can assume that the PEO-PPO AMB copolymers contain an
equal amount of PEO and PPO blocks and the chemical composition of each fractionated sample is
similar.

The SEC and "H NMR results indicate successful precipitation fractionation of the PEO-PPO
AMB copolymer. The n value for (EO220PO33), was estimated to range from 3.3 to 5.4. When n-hexane

as a poor solvent was added to the acetone solution, the PEO—PPO AMB copolymers precipitated in

Ha Ha
3.7 ppm
Hp
Hp Hp
\O
1.2 ppm
A _N\x5 crude
S S N 100k
J 94k
gJ‘L. _JL 61k
J I residue

3.5 3.0 2.5 2.0 1.5 1.0

Chemical shift (3) / ppm

Figure 3-2. "H NMR spectra of the fractionated PEO-PPO AMB copolymers, the
crude, and the residue.

Table 2. Molecular weight (M,), polydispersity (My/M,), the ratio of EO units to PO units
(EO/PO), and the number of repeating units () of PEO-PPO AMB copolymers.

sample fraction My (My/M,) @ EO/PO? n
crude — 7.2 x10*(3.3) — —
120k _ 1.2 % 105 (1.5) 6.6 6.3
100k 1 1.0 x 105 (2.4) 6.9 5.4

94k 2 9.4 x10*(1.7) 6.7 5.1
61k 3 6.1 x 10* (1.8) 6.9 33

“Size exclusion chromatography with polystyrene standards. *Estimated by intensity of the peak
at 3.7 ppm and 1.2 ppm obtained from '"H NMR. °The fraction was obtained from a different lot.
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the order of the molecular weight. Interestingly, this behavior is similar to the precipitation
fractionation of homopolymers. Thus, we presumed that the EO/PO for a single chain did not differ in

the PEO—PPO AMB copolymers prepared by amide condensation.

3.3.2 Molecular Weight Dependence of 7. for PEO—PPO AMB Copolymer in Water

The results of the turbidity measurement for the copolymers are shown in Figure 3-3. The Tt
values were clearly high for the crude sample and the residue. As shown in Figure 3-1, the residue
contained a certain amount of impurity, corresponding to the peak at 2320 s in the SEC chart. The 7.
of the crude sample may also contain a large contribution from the impurity. Thus, we assumed that
there is a short PEO-PPO block copolymer in the crude sample and the residue, resulting in the high
T¢. Note that the aqueous solution of the PEO homopolymer with M, = 14,000 g mol™! undergoes
phase separation around 107 °CI23], whereas the T, of an aqueous solution of Pluronic F88, for which
the EOQ/PO ratio is similar to that of (EQ220PO33), synthesized herein, is over 100 °CI26],

Figure 3-4 shows the molecular weight dependence of 7. for the aqueous solution of the PEO—

PPO AMB copolymers. The T, decreased with increasing M,, which is typical for polymer solutions

10 .
80 X
X | x- crude ‘
° —A— 120k '
g o0 -o- 100k | !
= i 94k :
& X
g 40 -0- 61k \
© . \
= - residue ‘v
20
L e . X
0 . ] . ] L A ]
60 70 80 90

Temperature / °C

Figure 3-3. Temperature dependence of the transmittance of the 633 nm light passing through the
aqueous solution of the PEO-PPO AMB copolymers. The polymer concentration is 1.5 wt %
except for the 120k fraction (1.0 wt %).
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that undergo phase separation with a lower critical solution temperature (LCST), such as the
PEO/water®! and poly(N,N-diethylacryladmide)/water?’! systems. On the other hand, poly(N-
isopropylacrylamide)/water system, which is a quite popular system that undergoes LCST-type phase
separation, shows an abnormal M, dependence on T, in which T, decreases with decreasing M,2%].
The inset of Figure 3-4 shows the plot of 1/7. against 1/N%> + 1/2N, where N is the number of
monomer units (both of EO and PO) in the AMB copolymer. According to the Shultz—Flory theory!?”],

the critical solution temperature (7¢p,) of a polymer solution is correlated with the polymerization

degree as:

=145 (5 w) o

where Tp is Flory’s theta temperature and 1 is the entropy parameter®l. Clearly, T, is not equal to
the T, measured herein. In a previous paper, however, we reported that the 7. of the aqueous solution

of PEO-PPO AMB copolymers is insensitive to the polymer concentration above 7¢p, which is located

. 300f® %7 00083+ 32
20 X 208
| .. 2 29
i . = 204f
s 20
e SN
- - 26 28 30 32 34
~ 65k . 1IN° + 12N
I e
. y2= -1.8x + 81
| R°=0.99
60 o
C 1 1 | 1 | ! |‘\
6 8 10 12

M,/ 10*g mol™

Figure 3-4. Concentration dependence of the cloud point (7¢) for the aqueous solutions of each
PEO-PPO AMB copolymer. The T is determined by the transmittance curve measured with light
at 633 nm.
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at ca. 0.3 wt%!?3]. Thus, the 7. measured for the 1.5 wt % aqueous solution of the copolymers is
expected to be close to the T¢p. The intercept of the solid line in the inset gives a value of 39 °C, which
corresponds to the 7 of the system. In previous papers, we reported that the micellization temperature
of (EO20PO33)¢ is around 41-50 °CP% and the second virial coefficient, A2, of (EO220POs3)s
approaches zero around 50 °C[?¥], The results shown here imply that the Shultz—Flory theory is

applicable even to PEO—PPO AMB copolymers.
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3.4 Conclusion

We investigated the effect of the molecular weight on the 7. of aqueous solutions of PEO-PPO
AMB copolymers with various molecular weights. The PEO-PPO AMB copolymers were obtained
by precipitation fractionation. The 7¢ of the aqueous solution of the PEO-PPO AMB copolymer
decreases as the M, increases. The results imply that the Shultz—Flory theory is applicable to the PEO—

PPO AMB copolymer/water system.
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CHAPTER 4

General Conclusion
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We investigated the properties of the aqueous solution of PEO-PPO AMB copolymer with
various molecular weight and different weight fraction of PEO.

The PEO-PPO AMB copolymers having a different weight fraction of PEO were prepared by a
dehydrated condensation reaction between o,0-diamino PPO and a,w-disuccinimidyl PEO
prepolymers. The copolymers with various molecular weights were obtained by precipitation
fractionation. The aqueous solution of the copolymer underwent a LCST-type phase separation with
increasing temperature. The T, of the aqueous solution of the copolymer decreased as the weight
fraction of PPO and the M, of copolymer increased. These results suggest following:

(1) Tt of the aqueous solution of the PEO-PPO AMB copolymer is lower than that of PEO-PPO—
PEO triblock copolymer having similar PEO weight fraction. The result is caused by the My, of
the PEO—PPO AMB copolymer which is much larger than that of the triblock copolymer.

(2) The hydrophobicity of the PEO-PPO AMB copolymer is correlated with the weight fraction of
PEO like as that of triblock copolymers.

(3) Shultz—Flory theory, which is proposed for homopolymer systems, is possibly applicable to the
AMB copolymer system.

These finding imply that the block design of the AMB copolymer has a potential to apply for designing

functional materials such as protein mimics.
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