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Abstract The relationship between the solvent molecules and the properties
of amphiphilic polymers will be discussed. For representative amphiphilic
polymers, we focus on poly(N,N-diethylacrylamide) (PNdEAm), poly(N-
isopropylacrylamide) (PNiPAm), and poly(ethylene oxide) (PEO)-based alternating
multiblock (AMB) copolymers, which exhibit thermoresponsive behaviors in water.
When the role of solvents in the intra- and intermolecular interaction of solvated
polymers is investigated, one encounters several cases that require to consider
the solvents as explicit molecules. There are mainly two topics in this chapter:
the solvation of synthetic polymers at the molecular level and the hydrophobic
interaction of AMB copolymers. The infrared spectroscopy shows how the solvation
state of the monomer model compounds and polymers are different at the molecular
level. For PNdEAm and PNiPAm in solution, the interaction among the neighboring
chains often competes with the solvation of themselves. The phase diagrams of the
aqueous solution of the stereocontrolled PNdEAm and PNiPAm clearly reveal that
the intramolecular interaction modifies their hydrophilicity. In the last section, the
AMB architectures for designing amphiphilic polymers will be introduced, which
are expected to form polymer assemblies in water.
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11.1 Introduction: Polymer and Solvent

For investigating the fundamental properties of polymers, solvents are always the
key factor. Because the characterization of polymers cannot be performed in the
gas phase, we should select an appropriate solvent for the target. The unperturbed
state of a polymer chain, for example, is found in a specific solvent, which is so-
called the theta (θ ) solvent [8]. The θ temperature is a temperature at which the
polymer chains act like as an unperturbed, ideal chain in the θ solvent. Under the
θ condition, the random-walk coil dimensions are expected for polymer chains.
Table 11.1 lists several examples for the combinations of a polymer and its θ

solvent together with the θ temperature [1–7]. At the θ temperature, the solvent
effect is assumed to be omitted in the analysis of the chain conformation and
morphology. When the perturbation is not large, the solvent effects can be taken
into account as a continuous medium. At the dawn of polymer science, therefore,
solvent molecules have not been explicitly treated. In the Flory-Huggins model,
for example, the χ parameter that implicitly expresses polymer-solvent interactions
determines the solubility of the polymer into the solvent [9, 10]. In this framework,
the θ temperature is interpreted as the temperature at which the polymer-solvent
interaction apparently disappears. Even though the solvent effect is described by a
single parameter, the Flory-Huggins model successes to predict how the polymer
solution undergoes a phase separation with the upper critical solution temperature
(UCST), where the phase separation occurs by cooling the system. In the UCST

Table 11.1 The θ solvent and temperature for several polymers

Polymer θ solvent θ temperature/◦C
Polyethylene Diphenyl ether [1] 164

Diphenyl methane [1] 128
Polystyrene/atactic Cyclohexane [2] 31

Trans-decalin [3] 34
Poly(methyl methacrylate)/atactic Acetonitrile [4] 45

3-octane [5] 72
Poly(ethylene oxide) Water [6] 59
Poly(N-isopropylacrylamide)/atactic Water [7] 31
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system, the attractive interaction among polymers overcomes the solvent-polymer
attractive interaction as the temperature goes down. The second virial coefficient,
which describes the contribution of the pair-wise potential to the osmotic pressure
of the polymer solution, vanishes at the θ temperature. Here the solvent plays only
a minor role as a continuum medium that may strengthen or weaken the interaction
among the solutes.

As polymer science reaches maturity, however, scientists have encountered cases
where the solvent molecules should be explicitly considered. The lower critical
solution temperature (LCST) of polymer solutions is a typical example. In the
LCST system, a polymer solution undergoes phase separation with increasing
the temperature in contrast to the UCST-type. In many cases, the LCST phase
separation occurs in pair with the UCST one for the polymer solution such as
polystyrene/cyclohexane [11], polystyrene/ethyl formate [12], and poly(ethylene
oxide) (PEO)/t-butyl acetate and PEO/water [13]. In polystyrene/cyclohexane, for
example, the LCST phase boundary appears at a temperature region higher than the
UCST boundary. After these findings, it has been considered that the LCST phase
separation is common for polymer solutions. The Flory-Huggins model, however,
cannot predict the existence of LCST, because the χ parameter should decrease
monotonically as the temperature goes up. Moreover, the enthalpy change in the
LCST phase separation is generally positive (endothermic) because of desolvation.
If only the mixing entropy (�Smix) is taken into account, the endothermic phase
separation seems strange, because the phase separation may lower the entropy of
the system. In this case, we must consider the solvent as an ensemble of explicit
molecules, in which the shape and volume of the solvents are important. This topic
will be discussed in the later section with the hydrophobic interaction.

In a multicomponent system such as a biological solution, the solvation is
sometimes inhomogeneous (see Fig. 11.1). The hydration of a solute becomes
selective in a mixture of water and a less polar fluid, depending on whether
the solute is hydrophilic or hydrophobic. The inhomogeneity of solvation
arises from a large solvation Gibbs energy of each interactive site, which
typically exceeds the thermal energy. The selective solvation affects the solution
properties. For synthetic polymers, the selective solvation has been reported for
poly(N-isopropylacrylamide) (PNiPAm) in ethanol with a tiny amount of water

Fig. 11.1 Schematic image of the inhomogeneous hydration. (Left) Hydration shell of proteins.
(Right) Selective solvation in the case that the interaction between cosolvent and solute is larger
than that between water and solute
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[14] and poly(N-n-propylacrylamide) in water/isopropanol mixture [15]. These
polyacrylamide derivatives undergo LCST phase separation in water, and the
cosolvent modifies their solution properties.

We need to consider explicit solvents not only for the selective solvation of
synthetic polymers, but also for the hydration of proteins. The quantity of hydration
water is 0.2–0.4 g per 1 g of proteins, which is broadly categorized into three types:
internal water molecules that are trapped in internal cavities and deep clefts, water
molecules that interact with the protein surface, and those loosely interacting with
both the surface and the bulk water [16]. The schematic image is illustrated in Fig.
11.1. The hydration shell that consists of water molecules influenced by the protein
surface plays a fundamental role in the activity of the protein [17]. In the hydration
shell, there are at least two distinct hydration layers: strongly bounded water (layer
A) and weakly bounded water (layer B). While the freezing point of bulk water is
0 ◦C, the water in layer B freezes at around −25 ◦C, and the water in layer A does
not freeze until around −70 ◦C. The water molecules in the layer A are directly
oriented to the charged and/or polar side chain of proteins, and thus its thermal
motion is strongly constrained [18]. The rotational relaxation time (τ r) of these
water molecules is typically of the order of 10−6 s. Because τ r ~ 10−12 for the bulk
water, we can imagine howmuch the rotationalmotion is hindered in the layer A. On
the other hand, τ r ~ 10−9 s is found for the water molecules in the layer B, which are
hydrogen bonded with water molecules in the layer A. The water molecules in the
layers A and B are not confined in each layer but are frequently replaced by thermal
motions. When a third component, such as salt or sugar, is added to an aqueous
protein solution, the hydration structure of the protein is perturbed, resulting in the
destabilization of the protein. The hydration layers also play an important role in the
synthetic polymers. It has been pointed out that the biocompatibility of polymeric
materials is correlated with the existence of a specific hydration layer [19], referred
to as the freezing-bound water that may correspond to the water molecules in the
hydration shell of proteins.

The solvation of polymeric materials is complicated, as mentioned above, which
makes their solution properties characteristic. Peculiar functions of polymeric
compounds often originate from this characteristic solvation. In many cases,
therefore, the explicit solvent is required to understand the solvation of polymers.
In the following sections, we give some examples for the complicated solvation of
polymers and also for the block design concept of the amphiphilic polymers.

11.2 Solvation of Polymers at Molecular Level

The vibrational spectroscopies, such as infrared (IR) and Raman, are powerful
tools to investigate the solvation state of solutes at the molecular level. Even for
the solvation of low-molecular-weight compounds, an explicit solvent model is
required to understand the vibrational spectra. The very details of the solvation of
low-molecular-weight compounds are found in the literature [20]. For acetamide
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Fig. 11.2 Chemical
structures of
N,N-diethylacetamide
(NdEAm) and
poly(N,N-diethylacrylamide)
(PNdEAm)

compounds, the peak position of the C=O stretching vibration (νC=O) mode in the
solution can be reproduced by assuming a direct interaction with solvent molecules
[21]. In addition, we must take into account the effects of neighboring chains
to interpret the solvation effects on vibration bands for polymeric compounds.
The νC=O bands of poly(N,N-diethylacrylamide) (PNdEAm) and its monomer
model,N,N-diethylacetamide (NdEAm), give good examples to understand how the
solvation at the molecular level is different between polymers and low-molecular-
weight compounds. The chemical structures of NdEAm and PNdEAm are shown in
Fig. 11.2. The IR spectra of NdEAm and PNdEAm are measured in water, methanol,
ethanol, 1-propanol, acetone, THF, CHCl3, and benzene, as shown in Figs. 11.3 and
11.4, respectively.

These νC=O bands suggest that the dielectric constant (ε) of solvent plays a
minor role, i.e., a continuum medium model cannot explain the change in these
bands [20]. The νC=O bands of NdEAm in acetone and 1-propanol are completely
different even though ε of these solvents is similar (ε = 20.7 for acetone and
ε = 20.1 for 1-propanol); a unimodal peak is observed at 1641 cm−1 in acetone,
while three peaks appear at 1655, 1628, and 1605 cm−1 in 1-propanol. In CHCl3
(ε = 4.81), the νC=O band appears at a lower frequency compared with those in
THF (ε = 7.6) and benzene (ε = 2.27). Although ε of alcohols varies from 13.3 to
32.66, the frequencies of three νC=O peaks observed are almost identical. The bands
at 1626–1630 and 1605 cm−1 are assignable to the C=O groups forming one and
two hydrogen bonds, respectively. The band at 1655 cm−1 likely originates from the
C=O groups surrounded by alkyl groups of alcohols [20].

By comparing the νC=O bands of PNdEAm and NdEAm in each solvent, some of
them are similar, and some are different. The νC=O band at the same position in the
same solvent is supposed to have the same origin: 1591 cm−1 (NdEAm)/1595 cm−1

(PNdEAm) in water, 1626 cm−1 (NdEAm)/1628 cm−1 (PNdEAm) in CHCl3, and
1641 cm−1 (NdEAm)/1637 cm−1 (PNdEAm) in acetone. The other bands may
reflect the difference in solvation between low-molecular-weight and polymeric
compounds. A correlation plot of the νC=O wavenumber for NdEAm versus
that/those for PNdEAm in each solution is helpful to visualize the difference (Fig.
11.5). If the solvation state of C=O groups in NdEAm and PNdEAm is similar,
the point will appear near the correlation line. Several peaks deviate from the
line. The 1616 cm−1 band in water is characteristically observed for PNdEAm,
indicating that a part of C=O groups in PNdEAm is not sufficiently hydrated.
Note that the fully hydrated C=O groups give rise to the band at 1591–1595 cm−1

for both NdEAm and PNdEAm. The neighboring side chains in PNdEAm may
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Fig. 11.3 IR spectra of NdEAm in various solutions (solid lines) at the concentration of 0.2 M and
their second derivatives (dotted lines). The colors indicate the polar protic solvents (blue), polar
aprotic (red), and nonpolar aprotic (green) solvents. The original data of the figures are found in
the reference [21]

interfere with the hydration. Interestingly, this νC=O wavenumber is equal to that
the lower peak in the alcohol at 1618 cm−1, which is assignable to the C=O groups
accept two protons from solvent alcohols [21]. The bands at 1591–1595 cm−1 in
water is possibly owing to the cooperative hydration, where the hydrogen bond
is strengthened by the repetition of hydrogen bonding [22]. The lower peak at
1618 cm−1 for PNdEAm in alcohols is also associated with the steric hindrance
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Fig. 11.4 IR spectra of PNdEAm in various solutions (solid lines) at the concentration of 0.2 M
and their second derivatives (dotted lines). The colors indicate the polar protic solvents (blue),
polar aprotic (red), and nonpolar aprotic (green) solvents. The original data of the figures are found
in the reference [21]

to solvation by the neighboring chain, because the wavenumber is markedly higher
than the lowest peak at 1605 cm−1 for NdEAm. On the other hand, the band at
1639 cm−1 of PNdEAm in alcohols, THF, and benzene locates lower than the
corresponding band of NdEAm. This indicates that the dipole interaction with the
neighboring C=O groups causes the lower frequency shift in the C=O groups in
polymers [23].
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Fig. 11.5 Correlation plot of
the peak position(s) of the
C=O stretching band for
NdEAm versus that/those for
PNdEAm in each solvent.
The colors indicate the polar
protic solvents (blue), polar
aprotic (red), and nonpolar
aprotic (green) solvents. The
original data of the figures are
found in the reference [21]
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The effects of the intramolecular interaction on the solvation of polymers
possibly become more significant if the polymers have both the hydrogen donor
and acceptor. The intramolecular hydrogen bond of biopolymers, which is often
competitive with hydration, is responsible for the higher order structures, as can be
seen for proteins and nucleic acids. The solvation of poly(N-isopropylacrylamide)
(PNiPAm) gives a model case, because the side chain has not only the hydro-
gen acceptor (C=O group) but the hydrogen donor (N-H group). Figure 11.6
shows the chemical structures of PNiPAm and its monomer model compound, N-
methylacetamide (NMAm). The vibration modes of secondary amide groups are
complicated. In vacuum, there are two characteristic vibration modes in the 1700–
1500 cm−1 region, namely, the amide I and II modes (referred to as νam I and νam II,
respectively). The νam I mode is mainly due to νC=O (80%), while the νam II mode
is due to the coupling between the N-H bending (60%) and C-N stretching (40%)
vibrations [24].

Figure 11.7 shows IR spectra in the 1725–1475 cm−1 region of PNiPAm in
various solvents together with the curve-fitting results. PNiPAm in water undergoes
the LCST phase separation, where the cloud point (Tc) is near 32 ◦C. Thus, the
IR spectrum was also measured above and below Tc. Prominent bands in Fig.
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Fig. 11.7 IR spectra of PNiPAm in the 1725–1475 cm−1 region observed for the various solutions
(open circles) and curve-fitting results (solid lines). The Voigt function is used in the fitting
procedure with the non-linear least square method. The colors of open circles indicate the polar
protic solvents (blue), polar aprotic (red), and nonpolar aprotic (green) solvents. The colors of solid
lines represent the band region; (red) 1672–1660 cm−1, (light blue) 1652–1646 cm−1, and (blue)
1627–1624 cm−1

11.7 are due to the νam I and νam II modes. The peak positions and band shapes
of the amide bands strongly depend on the solvents. Hereafter, we focus on the
νam I bands, which show a similar change with the νC=O band of PNdEAm (Fig.
11.4). The variation in the νam I bands of PNiPAm is similar to that in the νC=O
bands of PNdEAm. The lowest νam I peak locates at 1624–1627 cm−1 in water and
alcohols, which corresponds to the 1616–1618 cm−1 peaks of PNdEAm. For the
alcohols, the band at 1651 cm−1 becomes prominent, indicating that the C=O···H-
O interaction in alcohols is weaker than that of water. This band should have the
same origin of the shoulder peak at 1652 cm−1 observed in water above Tc. The
origin of the 1652 cm−1 band is concerned not only with the dehydration but also
with the changes in the intramolecular C=O···H-N interaction [25]. In acetone and
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THF, there are at least two peaks in the νam I band envelope for PNiPAm, while
only one peak appears for PNdEAm. This should be associated with the existence
of C=O···H-N interaction among the neighboring chains of PNiPAm. While the
intramolecular interaction among the side chain of PNdEAm makes only the νC=O
band shift to a lower frequency as mentioned above, that of PNiPAm causes a new
band at a lower wavenumber region. This simply shows how the hydrogen bond
among the side chain gives rise to a significant effect on the corresponding IR bands.
The highest νam I peak is observed at around 1669–1673 cm−1 in acetone and THF.

The νam I and νam II regions of NMAm in various solvents are represented in
Fig. 11.8. The spectral variation resembles that of PNiPAm. Note that the νam I
wavenumber of NMAm is intrinsically higher by ca. 10 cm−1 than that of N-
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isopropylacetamide [26] because of the difference between methyl and isopropyl
groups attached to N atom. If their solvation state is similar, the νam I wavenumber
of PNiPAm should be lower by ca. 10 cm−1 than that of NMAm. By comparing
Figs. 11.3 and 11.8, we can consider that the solvation effect on the νam I band of
NMAm is similar with that on the νC=O band for NdEAm. However, there are also
some differences. For example, in acetone and THF there are at least two peaks
in the νam I band envelope for NMAm, whereas only one νC=O peak is found for
NdEAm. This possibly originates from the multimer complex of NMAm formed by
an intermolecular C=O···H-N hydrogen bond. The number and wavenumber of the
νam I peaks of NMAm are almost identical for alcohol solutions and the neat liquid.
That is, the bands due to the C=O···H-N or C=O···H-O hydrogen bond gives a clear,
isolate band, resulting in the multicomponent νam I envelope. The similarity of the
νam I wavenumber for each peak in alcohols and bulk suggests that the hydrogen
bond strength is equivalent. Therefore, it is quite difficult to distinguish whether
a νam I peak arises from the C=O···H-N hydrogen bond or from the C=O···H-O
hydrogen bond.

In Fig. 11.9, the wavenumber of the νam I peak for NMAm in each solvent
is plotted against that for PNiPAm. The correlation is fairly good, which may
include the contribution of inter- or intramolecular C=O···H-N hydrogen bonds in
addition to the solvation effects. Interestingly, the correlation for NMAm/PNiPAm
seems to be much better than that of NdEAm/PNdEAm. We have supposed that
the formation of the intermolecular C=O···H-N hydrogen bond among NMAm in
solution results in a similar spectral variation with PNiPAm, in which the side chains
form the intramolecular C=O···H-N hydrogen bond. The exception is found for
water. The νam I peak of PNiPAm in water at 1624 cm−1 is much higher than the

Fig. 11.9 A correlation plot
of the peak position(s) of the
νam I band for NMAm versus
that(those) for PNiPAm in
each solvent. The solid line
was drawn by νam I
(PNiPAm) = νam I
(NMAm) – 9 as guides to the
eye. The colors of notes
correspond to the polar protic
solvents (blue), polar aprotic
(red), and nonpolar aprotic
(green) solvents

am I (NMAm) / cm-1

ν a
m

 I
 (P

N
iP

A
m

) 
/ c

m
-1

acetone (1664,1650)ethanol, 1-propqnol (1662,1651)

acetone (1678,1669)

water(1619,1624)

CHCl3 (1654,1646)

methanol, ethanol (1638,1627)

1-propanol(1639,1627)

methanol (1661,1651)

THF(1664,1649)

CHCl3 (1669,1665)

THF (1683,1673)

1620 1640 1660 1680
1620

1630

1640

1650

1660

1670

1680

ν



348 Y. Katsumoto

expectation (~1610 cm−1). Indeed, the νam I band at 1601 cm−1 is observed for
N-isopropylpropionamide in water [27]. Thus, we consider that the C=O groups
of PNiPAm in water are not fully hydrated. Although the insufficient hydration of
the C=O groups is also observed for PNdEAm, the shield of C=O groups from
water seems to be more significant for PNiPAm. The correlation line suggests that
the existence of fully hydrated C=O groups of PNiPAm should give the νam I band
at 1610 cm−1. However, no peak appears at a lower wavenumber than 1620 cm−1

in actuality. The difference between PNdEAm and PNiPAm is the possibility to
form a C=O···H-N hydrogen bond between neighboring amide groups. Therefore,
we have assumed that the hydration for the side chain of PNiPAm is suffered
from the intramolecular C=O···H-N hydrogen bond. Hydrogen-deuterium (H-D)
exchange experiments for PNiPAm and its model compounds reveal that the amide
groups incorporated in the side chain of PNiPAm form an intramolecular C=O···H-
N hydrogen bond even in a good solvent [28].

We now understand the fact that the solvation of polymeric compounds is
complicated, which requires explicit solvent molecules to understand. The solvation
of the polymer chain is remarkably influenced by the neighboring chain in many
cases.

11.3 How the Intramolecular Interactions Affect
the Properties of Polymers in Solution

The effects of stereoregularity of polymers on the solution properties are interesting
because the relationship among the side chain should be perturbed by the config-
uration. Tacticity is the relative stereochemistry of adjacent chiral centers within a
vinyl polymer (Fig. 11.10). The PNiPAm and PNdEAm are vinyl polymers whose
aqueous solutions undergo the LCST phase separation. The chemical structure of
vinyl polymers is represented as (CH2-CH (R))n, where the carbon connecting with
the side chain R becomes the chiral center. In an isotactic polymer, all the side chains
are located on the same side of the backbone, while in a syndiotactic polymer, the
side chains locate alternatively along the chain. For a synthetic polymer, in general,
the side chains have a random position referred to as atactic. These relative positions
of side chains cannot be exchanged by the rotation of the backbone. That is, the
tacticity of a polymer is intrinsic. In the simplest case, the relative position of two
adjacent units (diad) is used to characterize the stereoregularity of polymers. If the
orientation of the two units is the same, the diad is “meso,” while the alternative
orientation is referred as “racemo.”

PNiPAm and PNdEAm obtained from a radical polymerization are generally
atactic. If the tacticity of the polymers is modified, the intramolecular interaction
among the neighboring chains should be influenced. In the last two decades,
many efforts have been made for controlling the tacticity in radical polymerization
[29]. Several researchers have recently suggested that the tacticity modifies the
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Fig. 11.10 Tacticity of vinyl
polymers

Table 11.2 Diad tacticity,
Mn, and Mw/Mn of
stereocontrolled PNiPAm

ID m:r Mn/104 g mol−1 Mw/Mn

PNiPAm-m46 46: 54 3.2 1.21
PNiPAm-m60 60: 40 3.0 1.30
PNiPAm-m64 64: 36 3.4 1.29

Table 11.3 Diad tacticity,
Mn, and Mw/Mn of
stereocontrolled PNdEAm

ID m:r Mn/104 g mol−1 Mw/Mn

PNdEAm-m58S 58:42 5.1 1.25
PNdEAm-m68S 68:32 5.2 1.28
PNdEAm-m82S 82:18 4.7 1.23
PNdEAm-m55L 55:45 17.0 1.66
PNdEAm-m75L 75:25 15.0 1.68

cloud point (Tc), or the phase separation temperature, of the aqueous solution of
polyacrylamides. Ray et al. have found that Tc of the PNiPAm aqueous solution
decreases with increasing the meso diad (m) content of the polymer [30]. On the
contrary, Hirano et al. revealed that Tc goes up with the increase in the racemo diad
(r) content of PNiPAm [31]. For the aqueous solution of PNdEAm, the tacticity
effects on Tc have been reported by Freitag et al. [32] and Kobayashi et al. [33] The
number average molecular weight (Mn), the polydispersity index (Mw/Mn, where
Mw is the weight average molecular weight), and the diad tacticity (m:r) of PNiPAm
and PNdEAm, which are prepared by a reversible addition-fragmentation chain-
transfer (RAFT) polymerization with metal trifluoromethanesulfonates, were listed
in Tables 11.2 and 11.3. The details of preparation can be found in elsewhere [34,
35].
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Fig. 11.11 (Left) Tc plotted against the concentration of PNiPAm-m46 (open circles), PNiPAm-
m60 (open rectangles), and PNiPAm-m64 (open diamonds) in water. (Right) Tc plotted against
the concentration of PNdEA-m58S (open circles), PNdEA-m68S (open rectangles), PNdEA-m82S
(open triangle), PNdEA-m55L (closed circles), and PNdEA-m75L (closed rectangles) in water.
The solid lines are drawn as guides to the eye. The original data of the figures are found in the
reference [34, 35]

The left panel of Fig. 11.11 represents the phase boundary for the aqueous
solutions of PNiPAm-m46, PNiPAm-m60, and PNiPAm-m64, which are estimated
by plotting Tc against the polymer concentration [34]. For PNiPAm-m46, Tc
monotonically decreases from ca. 33 to 29 ◦C as the polymer concentration
increases. The critical point cannot be determined in this concentration region on
account of the shape of the phase boundary curve. This tendency is similar to that
reported previously for an atactic PNiPAm [36]. The lack of the minimum in the
phase boundary for the PNiPAm/water system has been controversial [37, 38]. The
tacticity significantly affects the phase boundary curve for the PNiPAm aqueous
solution, which shifts to lower temperature with increasing m. That is, PNiPAm
becomes hydrophobic when the m content increases.

The phase boundary of PNiPAm-m60 and PNiPAm-m64 becomes flat at a higher
concentration regions. Okada and Tanaka have theoretically predicted that the phase
boundary curve shifts to lower temperature with changing its shape from a convex
downward form to concentration-independent, flat shape when the cooperativity of
hydration increases [39]. Because the water molecule has both donor and acceptor
sites of hydrogen bonds, they may form zipper-like, cooperative hydrogen bonds
around the polymer chains. Under this situation, the dehydration of one water
molecule has the domino effect to trigger the dehydration of others (this is the same
for hydration), resulting in lowering Tc. If the cooperativity of hydration becomes
stronger, the phase boundary will decrease monotonically as the concentration of
polymer increases. Therefore, we presumed that the tacticity affects not only the
hydrophobicity of the chain but also the cooperativity of hydration.
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Fig. 11.12 Chemical
structure of a dimer model
compound of PNiPAm
(dNiPAm)

The results indicate the hydrophilicity (or hydrophobicity) of PNiPAm is sig-
nificantly modified by the tacticity. Indeed, the stereoisomers of the dimer model
compound, N,N′-diisopropyl-2,4-dimetylglutarylamide (dNiPAm, Fig. 11.12), have
different solubility to water [40]; dNiPAm with racemo configuration (r-dNiPAm)
is more soluble in water than dNiPAm with meso configuration (m-dNiPAm).
Although the difference of the hydration Gibbs energy between m- and r-dNiPAm
is not large (~1.2 kJ mol−1), the 5% difference in the m content would cause a large
difference in the solubility for the whole chain of PNiPAm (300 monomer units for
c = 3.4 × 104 g mol−1).

The water-solubility of PNdEAm also depends on its tacticity. The right panel of
Fig. 11.11 represents the phase boundary for the stereocontrolled PNdEAm in water
[35]. Regardless of the molecular weight, the phase boundary curve shifts to higher
temperatures with increasing m. The tendency is opposite to the PNiPAm/water
system. Interestingly, the shape of the phase boundary of PNdEAm in water is not
sensitive to the tacticity, unlike that of PNiPAm in water. At a higher concentration,
the phase boundary of PNdEAm in water becomes flat, which is similar to those
of the PNiPAm-m60 and -m64 in water. This may also be concerned with the
cooperative hydration of PNdEAm chains. Though the 1 ~ 2 wt% aqueous solution
of both atactic PNiPAm and PNdEAm has Tc around 31 ◦C, their phase separation
behaviors are different in some aspects. In the thermogram of the differential
scanning calorimetry, the peak arising from the phase separation of PNdEAm/water
is remarkably broad compared with that for PNiPAm/water [41]. PNiPAm in water
shows the hysteresis in demixing and remixing processes, while PNdEAm does not.
In the coil-globule transition of PNiPAm single chain in water, the gyration and
hydrodynamic radii of PNiPAm chains in the globule-to-coil transition (cooling
process) are always smaller than those in the coil-to-globule transition (heating
process) [42]. These differences possibly originate from the fact that PNiPAm forms
an intramolecular hydrogen bond among the amide groups [43]. On the other hand,
no hysteresis occurs in the coil-globule transition of PNdEAm in water [44].

The tacticity affects the phase boundary of the aqueous solutions of both PNiPAm
and PNdEAm in water. However, the effects of them content are opposite; PNiPAm
chains seem to be hydrophobic with increasing m, while PNdEAm chains are
hydrophilic. As we discussed in the previous section, the intramolecular interaction
among the side chains is different between PNiPAm and PNdEAm. In the current
state, however, we have only the circumstantial evidence for the solvation state
of these polymers. The quantum chemical calculations of the solvation energy
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for large, polymeric compounds with an explicit solvent model are still under
development.

11.4 Block Design of Amphiphilic Copolymers

The hydrophobic interaction plays an important role not only in the self-assembly
of synthetic amphiphilic polymers but also in protein folding. The amphiphilicity,
the hydrophilic-hydrophobic balance, is crucial. The hydrophobic parts induce the
assembling of the molecules in aqueous media, while the hydrophilic moieties work
as solubilizer to the media.

Synthetic amphiphilic polymers are widely used in industrial applications as
emulsifiers and viscosity modifiers. The self-assembly of non-ionic amphiphilic
polymers is often triggered by heat. These thermoresponsive polymers are indis-
pensable as building blocks of smart, intelligent materials. The way to control the
amphiphilicity of polymers is the copolymerization of hydrophilic and hydrophobic
monomerswith an appropriate balance. In some cases, the random copolymerization
has worked well. Figure 11.13 shows the changes in Tc of the aqueous solution
of PNiPAm-based random copolymers depending upon the comonomer ratio.
Acrylamide (AAm) monomer is more hydrophilic than NiPAm, whereas N-sec-
butylacrylamide (sBAm) is more hydrophobic. Tc of PNiPAm-based copolymer
descends when sBAm is copolymerized [45], while that elevates with AAm [46].
The change in Tc is proportional to the comonomer content, indicating that the
hydrophilic-hydrophobic balance is predictable by the comonomer ratio. On the
other hand, there are also undesirable cases, where the property of AB random
copolymer unexpectedly deviates from those of A and B homopolymers. The

Fig. 11.13 Tc of the aqueous
solution of PNiPAm-based
copolymers plotted against
the comonomer ratio;
poly(acrylamide) (open
circles) and
poly(N-sec-butylacrylamide)
(open triangles). The solid
lines are drawn as guides to
the eye. The original data of
the figures are found in the
reference [45, 46]
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Fig. 11.14 Tc of the aqueous solution of poly(NiPAm-co-NdEAm) plotted against the NdEAm
monomer ratio in PNiPAm-based copolymers. The solid and dotted lines are drawn as guides to
the eye

copolymerization of NiPAm and NdEAm gives a crucial example [47–49]. Figure
11.14 shows Tc of the aqueous solution of NiPAm/NdEAm random copolymers,
poly(NiPAm-co-NdEAm), as a function of the NdEAm ratio. Although both
PNiPAm and PNdEAm homopolymers possess Tc around 30–33 ◦C, Tc of a random
copolymer of NiPAm and NdEAm with any composition is much lower. This
phenomenon cannot be explainedwithout considering the intramolecular interaction
between neighboring NiPAm and NdEAm monomers in the chain. It is likely that
the NiPAm-NiPAm and NdEAm-NdEAm sequences are more hydrophilic than the
NiPAm-NdEAm sequence. Because the 3D structure of proteins is based on the
primary structure, which is the sequence of the monomer units along the polymer
chain, many efforts have been devoted to control the monomer sequence of syn-
thetic polymers [50]. However, the solvation state of comonomers is unexpectedly
modified by the neighboring chain as mentioned above. It means that the control of
the monomer sequence may not always promise a desirable feature of the resulting
polymers.

The design of the block sequence in multiblock copolymers could be an alterna-
tive strategy. In this method, an amphiphilic polymer can be built up by hydrophobic
and hydrophilic homopolymer blocks. The block design becomes more effective
when well-characterized homopolymers are employed as the building blocks. Under
this strategy, we do not need to worry about unexpected, undesirable effects arising
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from the neighboring interaction between comonomers. Several researchers have
reported the preparation of multiblock copolymers such as pentablock copolymers
based on poly(ethylene oxide) (PEO)-poly(propylene oxide) (PPO)-PEO triblock
copolymer (Pluronic) [51–54]. The most important feature is the fact that these
pentablock copolymers retain the solution property of each building block. For
instance, a pH-responsive pentablock copolymer has been obtained by copolymer-
izing poly(2-(N,N-diethylamino)ethyl methacrylate) at both ends of Pluronic [52].

The basic idea to utilize hydrophobic interaction to assembling polymer chain
is concerned with the depletion force. The depletion force causes the LCST phase
separation of an aqueous solution. In general, a solute becomes more soluble to
solvent at a higher temperature because of the mixing entropy (−T�Smix < 0).
Because the phase separation causes the decrease in the mixing entropy �Smix,
the LCST phase separation should not be owing to �Smix. In the past, it has been
supposed that the hydrophobic interaction is associated with the “ordered structure
of water” around the hydrophobic moiety, which lowers the orientational entropy
of the system. If the increment of the orientational entropy by the disorientation
of water overcomes �Smix, the spontaneous phase separation may occur. However,
the ordered structure of water around the hydrophobic moieties has been hardly
detected in the liquid phase, even though many efforts have been devoted [55]. The
depletion force is based on a more realistic mechanism. Around the hydrophobic
moiety in aqueous media, there is an excluded volume where the water molecules
cannot occupy.When the hydrophobicmoieties are gathered, the excluded volume is
reduced, results in the gain of the translational entropy of water. The depletion force
among hydrophobicmoieties also plays an important role in protein folding [56]. In
the folding process from a random coil to a native structure, the conformational
entropy of the chain decreases drastically. Although the formation of the stable
higher structures yields a negative enthalpy, this is not enough to induce a
spontaneous folding of the protein. The compensation arises from the association
of hydrophobic domain in the chain, increasing in the translational entropy of water.

Here, we show two examples of the alternating block architecture for
amphiphilic copolymers: PEO-PPO and PEO-PNiPAm alternating multiblock
(AMB) copolymers (Fig. 11.15). In the PEO-PPO AMB copolymer, the hydrophilic
PEO and hydrophobic PPO blocks connect alternatively, and the polymer becomes
amphiphilic. Among the hydrophobic blocks in water, the depletion force works.
PEO-PPO AMB copolymers undergo micellization in water like non-ionic
surfactants and Pluronic. The aqueous solutions exhibit the LCST phase separation
[57, 59]. Figure 11.16 represents the concentration dependences of micellization
temperature (Tmic) for the two types of PEO-PPO AMB copolymers in the water
together with the phase separation curves. These copolymers are denoted as
(EO220PO33)6 and (EO68PO33)10, where EO is the ethylene oxide unit, PO is the
propylene oxide unit, and the subscript is the number of repeating units. The weight
fractions of PEO in a single chain (fPEO) of (EO220PO33)6 and (EO68PO33)10 are
similar to Pluronic F88 (EO100PO39EO100) and P85 (EO25PO39EO25), respectively.
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Fig. 11.15 Chemical structures of PEO-PPO and PEO-PNiPAm AMB copolymers

Because Pluronic, a PEO-PPO-PEO triblock copolymer, is one of the most widely
used and investigated polymeric surfactants [60, 61], it is interesting to compare
their solution properties with those of the AMB copolymers. Tmic of the PEO-
PPO AMB copolymer is slightly lower than that of Pluronic, having a similar
fPEO. Interestingly, the (EO220PO33)6 and (EO68PO33)10 aqueous solutions undergo
phase separation at 40–80 ◦C, while Pluronic F88 (EO100PO39EO100) and P85
(EO25PO39EO25) in water have no Tc below 100 ◦C. Below Tmic, the unimer of
the PEO-PPO AMB copolymer forms a core-corona structure, and then a multimer
micelle appears with increasing temperature [57]. These behaviors suggest that the
PPO blocks in the AMB copolymer are assembled in the aqueous medium to form
unimer or multimer micelles through the hydrophobic interaction.

By using PNiPAm as a second block, we can build up a PEO-PNiPAm AMB
copolymer [62]. As shown in the previous section, the hydrophobicity of PNiPAm
can be modified by controlling m content. Thus, we prepare stereocontrolled
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Fig. 11.16 Phase diagram of the aqueous solution of (left) (EO220PO33)6 and (right)
(EO68PO33)10. The closed diamonds show Tc, and the closed circles represent Tmic. The original
data of the figures are found in the reference [57]. The open circles indicate Tmic of Pluronic F88
and P85 found in the reference [58]. The solid and dotted lines are drawn as guides to the eye

PNiPAms with m = 45, 50, and 58% (referred to as PNiPAm-m45, PNiPAm-m50,
and PNiPAm-m58, respectively). Although the aqueous solution of homopolymers
of PNiPAm experiences the LCST phase separation, that of PEO-PNiPAm AMB
copolymers does not. This implies that the PEO chains prevent the PNiPAm chains
from assembling. The coil expansion of the AMB copolymers is influenced by
changing the hydrophobicity of PNiPAm chains. Near room temperature, the PEO-
PNiPAm AMB copolymers exist as a unimer. The unimer of PEO-PNiPAm-m45 in
water behaves as an extended coil, whereas those of PEO-PNiPAm-m50 and PEO-
PNiPAm-m58 shrink slightly, because the hydrophobicity of PNiPAms depends
on the m content. As the temperature goes up, all the AMB copolymers form
multimer micelles. The apparentMw determined by the static light scattering (SLS)
reveals clearly the temperature dependence as shown in Fig. 11.17, where the
second virial coefficient (A2) is also plotted. The increment of the apparent Mw
near 40 ◦C suggests the micelle formation. The intermolecular interactions change
from repulsive to attractive as the temperature goes up (see A2 in Fig. 11.17). These
indicate that PNiPAm becomes hydrophobic by heating, and then the hydrophobic
interaction between PNiPAm blocks induces the formation of micelles.
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Fig. 11.17 Temperature dependence of the apparent Mw (circles) and A2 (rectangles) for the
1.0 wt% aqueous solution of PEO-PNiPAm-m45, PNiPAm-m50, and PEO-PNiPAm-m58 measured
by SLS. The values were recorded during the heating process. The original data of the figures are
found in the reference [62]. The solid and dotted lines are drawn as guides to the eye

11.5 Conclusion

In this review, several examples have been introduced for shedding light on
the molecular level solvation and hydration of amphiphilic polymers. Poly(N,N-
diethylacrylamide), poly(N-isopropylacrylamide) (PNiPAm), and the alternating
multiblock copolymer with poly(ethylene oxide) (PEO)-poly(propylene oxide)
(PPO) and PEO-PNiPAm have been explained. The solvation of these polymers
should be analyzed in terms of an explicit solvent molecule. We have to emphasize
that the competition between solvation and intermolecular interactions is very
important. The examples we showed here, however, give just an indirect evidence
of how the molecular level interpretation of the solvation is important to understand
the solution properties of amphiphilic polymers. To predict the solution property of
functional polymers, the development of the explicit solvation model in theoretical
and simulation studies for flexible, synthetic polymers is indispensable.
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