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The Painter—Coleman association model generally describes ~ LiClO4 Lithium perchlorate

these interactions accurately. This Review discusses in detail ~ PPO Poly(dimethyl phenylene oxide)
the effects of hydrogen bonding on the miscibility and ~ NMR Nuclear magnetic resonance
thermal properties of polymer blend systems. PS Poly(styrene)
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PEMA Poly(ethyl methacrylate)

XPS X-ray photoelectron spectroscopy
PEO Poly(ethylene oxide)

PEOx Poly(2-ethyl-2-oxazoline)
Introduction

In recent years, much attention has been paid to the
nature of hydrogen bonds and their effects on the
microstructures and physical properties of various materi-
als [1-6]. The classical example is water. It is now general
recognized that the tetrahedral water cluster consists of 14
water molecules, the central 10 of which form a strong
cluster and the remaining four form pentagons in the
completed icosahedral cluster. The unusual properties of
water arise from the ability of water molecules to form
hydrogen bonds with various molecules and ions—and
doing so in a tetrahedral geometry [7]. Other examples of
hydrogen bonding systems in molecular biology are the
hybridization of DNA duplexes [8] and the o-helix and f3-
sheet secondary structures of polypeptides, which are
stabilized through intramolecular and intermolecular hydro-
gen bonds, respectively [9, 10]. In general, hydrogen
bonding has a profound effect on the physical properties
of polymer materials, including their melting temperature,
glass transition temperature, dielectric constant, surface
properties, and crystal structure, as well as the central
concern of this review: the solubility and miscibility of
polymer blends.

Polymer blending is a powerful route toward materials
exhibiting property and cost performances superior to those
of their individual components. In essence, three types of
blends can be distinguished: completely miscible, partially
miscible, and immiscible [11, 12]. In most cases, polymer
blends are immiscible because of the high degrees of
polymerization of their components; thus, the entropy term
becomes vanishingly small and the miscibility becomes
increasingly dependent on the nature of contribution of the
enthalpic term. To enhance the formation of single-phase,
miscible polymer blends, it is necessary to ensure that
favorable specific intermolecular interactions exist between
the two base components of the blend. Ideally, one polymer
will possess donor sites on its chain; the other, acceptor
sites. The most commonly observed interactions are
generally acid/base types, namely hydrogen bonding, ion-
dipole, 7t—m, or charge transfer interactions [13—19].

Much of our research in recent years has involved
studies of intermolecular hydrogen bonding. Although,
several excellent reviews exist on hydrogen-bonded poly-
mer blends [20-26], this review mainly discusses our recent
research efforts in this field.
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Characterization of hydrogen bond
Hydrogen bond

The concept of the hydrogen bond being a directed,
attractive interaction between an electron-deficient hydro-
gen atom and a region of high electron density has been
reviewed thoroughly in several books [27] and reviews
[28]. In general, a hydrogen bond is defined as a system in
which a hydrogen atom lies between two atoms A and B—
ideally in the linear form A-H--B—with the distance
between the nuclei of A and B being considerably shorter
than the sum of the van der Waals radii of A and B and the
diameter of the proton (i.e., the formation of a hydrogen
bond leads to contraction of the A—H--B system). The
atoms A and B are usually highly electronegative, such as
F, O, and N atoms. Hydrogen bonds are also defined by
their effects on the properties of a material or its molecular
characteristics. Covalent bonds have strengths of the order
of 50 kcal/mol; among noncovalent bonds, van der Waals
attraction is on the order of 0.2 kcal/mol, whereas hydrogen
bonding is somewhat stronger, lying in the range 1-10 kcal/
mol in various solvents at room temperature. Note that the
strength of a particular hydrogen bond is highly dependent
on the nature of the solvent employed. Polar solvents
significantly decrease a hydrogen bond’s strength because
they also participate in hydrogen bonding interactions with
the hydrogen bond donor and acceptor units. Therefore, the
supramolecular chemistry of hydrogen-bonded polymers is
mostly investigated in nonpolar solvents, such as linear and
cyclic alkanes, toluene, dichloromethane, and chloroform.

Characterization of hydrogen bonds

The most widely used experimental methods for character-
izing hydrogen bonds are: (1) infrared (IR) and Raman
spectroscopy, which can provide information about the
stretching and deformation vibrations of the A—H bonds
and acceptor groups; (2) electronic absorption and fluores-
cence spectroscopy in the ultraviolet (UV) and visible
regions, which reveal the effect of hydrogen bond forma-
tion on the electronic levels of the participating molecules;
(3) solid or liquid state nuclear magnetic resonance (NMR)
spectroscopy, which can reveal the effect of hydrogen bond
formation on the chemical shift of the signal of the A-H
unit [29]; and (4) X-ray photoelectron spectroscopy (XPS),
which can reveal specific hydrogen bonding interactions in
polymer blends. The development of a new peak or
shoulder is often observed in XPS spectra when the
chemical environment of an atom in a polymer blend is
perturbed as a result of a specific interaction [30-38].
Among these methods, the most sensitive and inexpen-
sive by far is IR spectroscopy, although solid state NMR
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spectroscopy has recently been used to clarify the phase
behavior and morphology of polymer blends featuring
hydrogen bonds. The '*C NMR chemical shift and line
shape in cross-polarization and magic angle spinning (CP/
MAS) spectra can be used to identify the chemical
environments of the carbon atoms in the blend, because
the chemical shift and line shape are highly sensitive to the
local electron density. Thus, if a specific interaction affects
the local electron density, a change in chemical shift can
usually be observed [39—42]. Figure 1 presents an example
of this chemical shift behavior for the C=0 and OH groups
in the '*C NMR spectrum of a PVPh/PVP blend [43]. The
variation in the observed chemical shift (= 1.2 ppm) of the
C=0 carbon atom reveals the existence of a specific
interaction between the PVPh and PVP segments. Hydro-
gen bonding in polymer blends can affect the chemical
environment of neighboring molecules, causing a down-
field chemical shift. For example, the OH-substituted
carbon atom (C-6) in the phenolic unit of pure PVPh
resonates at 153.2 ppm; a downfield shift of 2.8 ppm is
observed in the PVPh/PVP=20/80 blend, implying the
presence of a strong intermolecular interactions between the
OH groups of PVPh and the C=0O groups of PVP. Such
behavior is widely interpreted as evidence for interactions
occurring between blend components.

In addition to the changes in the chemical shifts and line
shapes in solid state NMR spectra, the scale of the
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miscibility of a polymer blend can be estimated from the
proton spin-lattice relaxation times in the rotating frame
(T E)) measured in the solid state [44—50]. For example, we
used the spin lattice relaxation time in the rotating frame
determined through solid state NMR spectroscopy to
explore the homogeneity and phase behavior of polymer
blends and diblock copolymers of PVPh/P4VP. Table 1
lists the values of T),(H) for diblock copolymers, blends,
and blend complexes of PVPh/P4VP [51]. A single
composition-dependent value of T;,(H) was obtained for
each of these systems, suggesting that they are homoge-
neous on the scale where spin-diffusion occurs within the
time 7' ,(H).

In addition, the T’ ,(H) values for the blends were higher
than those for the two individual pure polymers, but those
of the diblock copolymers and blend complexes were
lower. These results imply that diblock copolymers have
relatively smaller domain sizes than do their corresponding
blends, indicating that the degrees of homogeneity of
diblock copolymers are relatively higher than those of their
blends. As a result, the shorter 7' ,(H) relaxation times of
block copolymers reflect the greater rigidity of their
polymer chains and their enhanced glass transition temper-
ature (1). By comparing polymer blends of PAA/PVP with
the complex of PAA/PVP, the resultant T ,(H) values reveal
the same trend; i.e., the value of T;,(H) of the complex of
PAA/PVP is shorter than that of the corresponding blend
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Fig. 1 a '>C CPMAS spectra, b chemical shift of carbonyl group (filled square), the hydroxyl substituted carbon (filled circle) in the PVPh/PVP blends
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Table 1 Relaxation times, T 1};17> for blends, blend complex, and diblock copolymers at the magnetization intensities of 40 and 115 ppm

PVPh /P4VP T}, (ms) PVPh-5-P4VP T, (ms) PVPh/P4VP* T}, (ms) PVPh-5-P4VP T} (ms)
40 ppm 115 ppm

- - - - 100/0 8.79 8.79
30/70 7.80 28-b-72 6.55 30/70 10.70 28-b-72 7.07
50/50 8.40 50-b-50 6.92 50/50 9.40 50-b-50 7.09
70/30 8.69 90-b-10 5.60 70/30 9.10 90-b-10 5.53
Complex 7.26 - - Complex 7.11 - -

0/100 7.56 0/100 7.56 - - - -

[46]. Unlike NMR spectroscopy-based analyses, further on
in this review we will discuss how IR vibrational spectros-
copy allows us not only to measure of the strength of the
hydrogen bond interactions but also—more crucially—to
determine the number of free and hydrogen-bonded groups.

Association model approach

Although association models have been used for many
years to describe, for example, the mixing of alcohols with
simple hydrocarbons, the miscibility behavior of polymer
blends has only recently attracted significant attention in
polymer science. For nonpolar polymer blends, the mis-
cibility behavior can be roughly estimated using the Flory—
Huggins [52] polymer solution theory:

AGy D P,
=—In®, +-—=1Ind, + PP 1
RT N, n 1+N2 ne; + 1Py, (1)

where @ and N denote the volume fraction and the number
of segments; y, represents the so-called Flory—Huggins
interaction parameter, calculated using Hilderbrand’s solu-
bility parameter, written in terms of y,, = (0; — 8,)* /RT;
and the subscripts 1 and 2 refer to the blend compounds. In
the case of high-molecular-weight polymers, the values of
N, and N, are very much greater than 1 and, consequently,
the first two entropy terms become vanishingly small and
the miscibility becomes increasingly dependent on the
nature of the contribution of the enthalpic term. It is well
known, however, that Eq. 1 it is incapable of predicting
either the lower critical solution temperature (LCST) or the
polymer—polymer miscibility. During the past 20 years,
many modifications of the classical Flory—Huggins theory
have been proposed; including Sanchez’s statistical ther-
modynamics polymer blend model [53], Paul’s binary
interaction model [54], and Painter and Coleman’s associ-
ation model [55]. In general, the behavior of most hydrogen
bonded polymer blends is predicted well by the Painter—
Coleman association model.

Painter and Coleman suggested adding an additional
term to the simple Flory—Huggins expression to account for
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the free energy of hydrogen bond formation upon mixing
two polymers:
AGN 451 @2 AGH

= 0@ 4+ 22 Ind, + &P =51 2
RT N, Oty Gt PiParn +pr 2)

where AGy denotes the free energy change contributed by
hydrogen bonding between the two components, which can
be estimated using Fourier transform infrared (FTIR)
spectroscopy. This equation neglects the change in free
volume and other complications. Here we provide a simple
example to illustrate the character of this approach and to
facilitate a direct comparison with other methods of
treatment. Consider the situation where one of the compo-
nents of the mixture consists of molecules such as phenol
(i.e., low-molecular-weight, non-polymeric species) that
contain only one functional group capable of hydrogen
bonding. The equilibrium equation for self-association can
be described as follows:

B; +B;<=B, (3)
B, + B, <i>Bh+1(h > 2) (4)
where K, and Ky are defined as
b,
2= (5)
207,
dp h
K — h+1 6
B Py, dg, h+ 1 (©)
For the competing equilibrium
B, + A; <> BA (7)

where unit A makes no distinction between forming a
hydrogen bond to a dimer or to an s-mer, we obtain

KA _ QSB/,A hr
ng/,@A] h—|—}”

(8)

where K, and K are the self-association constants for
“dimer” and “multimer” formation, respectively, of B; K, is
the inter-association constant for the interaction between A
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and By; 7 is equal to V,/Vg, i.e., the ratio of the segmental
molar volume; @y, is the volume fraction of the chains of
length /; and @,; is the volume fraction of the chains of
length i at any instant in time. The stoichiometric relation-
ships are simply obtained from material balance consid-
erations. The total volume fraction of all the A and B units
present in the mixture is given by

(o) o0 h
Pp = Py, + Z Pp, + Z Pp,A <h—+l’> )
h=2 =1

r
Dp =D, + Z@BhA (h —l—r) (10)

Therefore, the total volume fraction of a self-associating
polymer B and an inter-associating polymer A can be
extended as follows:

5K\ K 1
By = Py (. S
b B ( KB) KB ((1 _KB¢B1)2>]
x [1 +KA—¢A'} (11)
r
P = Doa

K> K> 1
KAPop P 1 —— —
T Eafoa BIK KB) " Ke ((1—1{13@81))}

(12)

Figure 2 highlights the free energy of the mixing
equation, which can be considered as consisting of three
major contributions [20]. The combinatorial entropy—a
very small, but nonetheless favorable, contribution to the

free energy of mixing—is contained in the first two
logarithmic terms; @, and @g are the volume fractions of
polymers A and B, respectively, in the blend and M, and
Mg are the corresponding degrees of polymerization. Thus,
the free energy of mixing is dominated by the balance of
the last two terms, y® Py, which is an unfavorable
contribution derived from physical forces, and AGy/RT, a
favorable contribution derived from hydrogen bonding or
so-called “chemical” forces. The positive contribution from
the physical forces is determined using a Flory-type y
parameter that is, in turn, estimated from solubility
parameters calculated from the molar attraction and molar
volume constants of non-hydrogen-bonded groups.

The negative contribution from chemical forces is
determined from equilibrium constants and enthalpies of
hydrogen bond formation, which are derived from IR
spectroscopic data to describe the self- and inter-associa-
tions and the distribution of hydrogen-bonded species in the
polymer blend.

Measurement of hydrogen bonds using IR spectroscopy

In this section, we discuss how IR spectroscopy can be used
to determine the number or fraction of functional groups
that are either hydrogen bonded or free, and how this
information can, in turn, be used to determine self- and
inter-association equilibrium constants.

Self-association equilibrium constant

For a variety of reasons, the most important of which will
be discussed later, the equilibrium constants that describe
the self-association of polymers containing OH groups have
been estimated from analogues of low molar mass.
Molecules containing OH groups, such as phenol, isopropyl

Fig. 2 A summary of the vari-
ous contributions to the free
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phenol, and ethyl phenol, self-associate in the condensed
state through the formation of hydrogen-bonded hydroxyl-
hydroxyl dimers and higher multimers, as illustrated in
Fig. 3 [20].

Here, we choose 4-isopropylphenol (IPP) in cyclohexane
(CHEX) as an example to calculate the self-association
equilibrium constant. CHEX was selected as the solvent
because it does not possess any fundamental vibration
frequencies in the OH stretching region of the IR spectrum.
Nevertheless, solutions containing large quantities of
CHEX inevitably reveal overtone and combination bands
that interfere with the analytical range of interest. To
eliminate these signals’ contributions from the spectra of
I[PP/CHEX mixtures, the spectrum of the pure CHEX was
digitally subtracted, as indicated in Fig. 4 [56], to reveal a
relatively sharp signal for free OH stretching.

Figure 5 displays IR spectra of various IPP/CHEX
mixtures [56]. Upon increasing the concentration of IPP
beyond 0.01 M, the effect of self-interaction of dimers and,
especially, multimers becomes increasingly noticeable. To
calculate the self-association equilibrium constant [57], we
measured the fraction of the free monomers at each
concentration of IPP.

The intensity (absorbance) of the isolated OH band at
3,620 cm ', 1, is related to the absorptivity coefficient (g),
concentration (¢), and path length (/) in terms of the Beer—
Lambert law (I=exI%c). The value of the absorptivity
coefficient € is determined by plotting /¢l versus c; a value
of 31.1 was obtained using the equation hrn] ] =g, as
indicated in Fig. 6 [56].

U

H. H
No
Hydrogen Bonded
Free Monomer Dimer
ow i — 0
,,,H \
@ Hydrogen Bonded
Multimer

Fig. 3 Self-association hydrogen bonding of phenol
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Fig. 4 Infrared spectra of IPP/CHEX recorded in the region from
3,100-3,700 cm"
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3800 3700

The experimental fraction of free monomers (£°%) and
the value of £€=(I/cl) at each given concentration of IPP
was calculated. When the concentration of IPP increased,
the fraction of free OH groups decreased gradually. There
are two equilibrium constants that describe the self-
association of IPP OH groups: one for the formation of
dimers (K,) and one for multimeric complexes (Kg), as
described by Egs. 3-6.

We used Eq. 13 [20] to obtain the best fit of K, and Ky
for IPP:

-1

OH:@: ( K2> LS O

2|02 R ()
(13)

where ¢p is the total volume fraction of B and op, is the
volume fraction of non-hydrogen-bonded species. Figure 7
displays the best fit for IPP (K,=28.3 L mol !; Kg=72.6 L
mol '). We assume that the values of K, and K for OH-
containing polymers are the same as those obtained for their
model compounds (e.g., for phenolic resin, where we
employ 2.4-dimethylphenol as a model).

As a result, the equilibrium constants are simply scaled
to the molar value of the specific repeat unit of the
polymers using the expression K, Y™ = 100K; / Vegment-
Table 2 lists typical values for some OH-containing
polymers [58—61].

Inter-association equilibrium constant

Inter-association refers to hydrogen-bonded association
between systems featuring two different functional groups,
e.g., a simple mixture of ethylphenol with p-tolyl acetate.
At equilibrium, free and hydrogen bonded phenolic dimers
and multimers still exist, as illustrated in Fig. 3, but
additional species are now formed through the capping of
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Fig. 5 Absorption bands for hydroxyl groups of IPP in CHEX at
various concentrations

hydrogen-bonded phenolic chain-like structures via a
hydrogen bond to the C=O groups of p-tolyl acetate
molecules. The precise distribution of all of these species
is now dependent upon the composition of the mixture, the
temperature, and the equilibrium constants that describe
both self- and inter-association.

Based on PCAM, the inter-association equilibrium
constant K can be calculated using two methods. The first
method, reported by Coggesthall and Saier (C&S) [62],
involves calculation of the hydrogen bonding association
constant, K, (units: L mol "), which is expressed by the
following equation (14):

1 _fOH
K=o o
S (CA - (1 —fu )CB)
where C and Cg denote the concentrations (mol L") of p-

tolyl acetate and 2,6-dimethylphenol, respectively, and £
represents the fraction of free OH units of 2,6-dimethyl-

(14)

phenol, defined as £ = 1/1,, where Iy = al™ x b x ¢ and
[ is the intensity of the free hydroxyl band. The term aP!l,
which is related to the absorptivity coefficient of 34.2 for
phenol, was obtained previously by Hu et al. [S7]; b is the
path length (0.05 mm); c is the concentration.

Figure 8 presents the OH group absorptions of a 2,6-
dimethylphenol solution in CHEX containing various
concentrations of p-tolyl acetate [63].

The intensity of the free OH absorption at 3,620 cm
decreased upon increasing the concentration of p-tolyl
acetate. The absolute intensity of this signal is considered
to be a measurement of the number of free OH groups in the
mixture, based on Eq. 14. Therefore, the value of fO! for a
solution of ethylphenol containing various concentrations of
p-tolyl acetate can be calculated from the values of K,. The
intrinsic inter-association constant K, (10.67 L mol ') is
obtained by extrapolating the p-tolyl acetate concentration to
zero. The value of K, is transformed into K, by dividing the
molar volume of the phenolic repeat unit (0.083 L mol ' at
25 °C) [58]. The value of inter-association equilibrium
constant K4 yielded through this procedure was 128.6.

The second method for determining K, is a numerical
method according to the PCAM based on the fraction of
hydrogen-bonded C=0O groups. Figure 9 displays the C=0
stretching region of the IR spectra of phenoic/PAS blends
as a function of their composition [63].

The C=0 stretching frequency is split into two bands at
1,760 and 1,730 cm ', which are assigned to free and
hydrogen-bonded C=0O groups, respectively. The fraction of
hydrogen-bonded C=0O groups can be calculated by using
an appropriate absorptivity ratio (ag=ayg/ar=1.5), as has
been discussed previously [29]. In that investigation, the
authors attempted to use another approximate method
proposed by Coleman et al. to obtain K,, the equilibrium
constant describing the association of A with B, expressed

1

Fig. 6 The determination the 35
value of absorptivity coefficient

30

25

20

I/cl

-— e =311

T T T T T T T
0.1 0.2 0.3 0.4 05
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@ Springer



466 S.-W. Kuo
Fig. 7 The best fit for deter- 1.0
mining of the self-association
equilibrium constants of IPP
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by Egs. 11 and 12. In addition, the values of Kz and K, of
the pure phenolic are 52.3 and 23.3, respectively, at 25 °C
[58]. To calculate the inter-association constants (K,), a
methodology using a least-squares method has been
employed widely [64]. Combining these previously deter-
mined values of Ky and K, with a given value for K, and
an appropriate value of 7, we can calculate the root value of
®p,. The fraction of hydrogen-bonded C=O groups as a
function of the volume fraction of phenolic is then simply
given by the expression 1—[P4,/®PA]. The value of K, is
employed to determine the best fit of the experimental data
for polymer blends using a least-squares method. Figure 10
presents plots of the experimental data and theoretically
predicted curves as a function of the composition; it

Volume Fraction of IPP

demonstrates the ability of PCAM to predict the degree of
hydrogen bonding of the C=0O group [53]. Clearly, the
value of K4 (128.6) obtained from the model compound is
greater than that for the polymer blend (64.6) because of
several factors, such as the chain connectivity effect,
intramolecular screening, and functional group accessibility
[65-75].

The experimental values exhibit excellent agreement,
however, with the values predicted for the polymer blend
(KA=64.6) for the hydrogen-bonded C=O groups. Thus, we
consider the inter-association constant K, of 64.4 for the
phenolic/PAS blend to be a valid value. Therefore, the inter-
association equilibrium constants determined for the poly-
mer blend and the model compound differ on account of the

Table 2 Self-association equi-
librium constants for some hy-
droxyl containing polymers

Material

Molecular Self-association equilibrium constant

structure K> Kz

“(?V*

Phenolic resin 233 523
Phenoxy OOt 14.4 256
o,
—fon-chs}
Poly(vinylphenol) © 21.0 66.8
Ha H
Poly(vinyl alcohol) —te 7?+ 26.7 44.1

OH
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Fig. 8 FTIR spectra of the
hydroxyl stretching region of
0.02 M 2,4 dimethylphenol
containing various p-tolyl ace-
tate concentrations

Intensity

hydroxy group without
hydrogen bonding

0.02M 2,4 dimethylphenol
+p-tolyl acetate

(a) OM p-tolyl acetate

(b)0.08M p-tolyl acetate

(c) 0.2M p-tolyl acetate

(d)0.25 M p-tolyl acetate

(e)0.5M p-tolyl acetate

.

hydroxy group of multimer
with hydrogen bonding

l

4000

effects of intramolecular screening and functional group
accessibility.

Factors influencing hydrogen bonding

Although these self and inter-association equilibrium con-
stants cannot be obtained independently from their mix-
tures, the relative magnitudes of the inter and self-association
equilibrium constants are, fortunately, more important
when determining the dominant contributions to the
free energy of mixing, rather than their individual
absolute values [20]. If inter-association is strongly
favored over self-association, the polymer blend is

T T T T T T T T
3800 3600 3400 3200 3000

Wavenumber (cm™)

expected to be miscible; for example, the PVPh/PVP
blend system, where Ks/Kp is equal to 100 [43].
Conversely, if self-association is stronger than inter-
association, the blend tends to be immiscible or partially
miscible; for example, the PVPh/PAS blend system [76].
The following subsections list the various factors that
influence the hydrogen bonding strength.

Intramolecular screening
The intramolecular screening effect is a consequence of

chain connectivity. The covalent linkage between poly-
mer segments causes an increase in the number of same-
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polymer-chain contacts as a result of the polymer chains
bending back on themselves; thus, the number of inter-
association hydrogen bonds per unit volume in the
polymer blend will be lower than that for the model
compound. Figure 11 illustrates schematically the intramo-
lecular screening effect of a polymer blend, with contribu-
tions from both short- and long-range screening effects
[20, 75].

For an infinite chain, -y is surprisingly large, approaching
0.38 in the melt state; for real chains, however, the value is
closer to 0.3 [65]. Moreover, the spacing between the
functional groups along a polymer chain and the presence
of bulky side groups can also significantly reduce the inter-
association hydrogen bonding per unit volume, as a result
of a so-called functional group accessibility effect [67].

Polymer Blend
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This effect is also considered to be the origin of steric
crowding and shielding [68].

Functional group accessibility

Here we consider the measurement of the number of
hydrogen bonds in random polymer blends in which the
hydrogen bonding functional groups are separated along the
chain by non-hydrogen bonding segments (inert diluent
segments, such as polyethylene or polystyrene units). We
use as an example the PSOH/PAS blend system [76]. The
inter-association equilibrium constants K4 yielded using the
C&S procedure (model compound) and the PCAM were
134.1 and 43.1, respectively, for this polymer blend system.
In general, the inter-association constant of a polymer blend
based on model compounds can be determined, as
described by Coleman et al., as follows [67]:

Ca Cs >

R% + Ra * R, + Rg

where RY and R} denote the molar volumes of the
respective homopolymers; R, and Ry represent the average
molar volume between the A and B groups; C, and Cy are
fitting constants; and K3° represents the intramolecular
screening effect using an appropriate y-value of 0.30 for a
polymer blend [65]. Therefore, the inter-association con-
stant is given by

K k- ( (15)

K3 = KR¥(1—y) (16)
In this case, K3° has a value of 93.87 (i.e., 134.1x0.7,
dimensionless units). Using values of C, and Cp of 1,630
and 4,100, respectively, as reported previously by Coleman
et al. [67] for blends of PVPh and PVAc, because of their
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similar structures to PAS and PVAc, Eq. 15 can be
expressed as a function of R, and Rp for the PSOH/PAS

blend:
1,630 4,100
K34 =9387 — ’ ’ 17
A <128.6—|—RA 100+RB> (17)

Using values of R, and Ry of 0, we obtain a value of Kx
for the PVPh/PAS blend system of 40.19. This value is very
close to that obtained from the numerical method for the
polymer blend, indicating that the thermodynamic proper-
ties in a polymer blend can be predicted from analogous
model compounds after taking into account the effects of
intramolecular screening and functional group accessibility.

Acidity of hydrogen bond donor

Recently, we investigated the effect of the chemical
structure of the proton-donating polymer on the strength
of the hydrogen bonds in binary blends with PCL [77]. We
used DSC and FTIR spectroscopic analyses to investigate
the hydrogen bonds formed between PCL and phenolic
resin, PVPh, and phenoxy resin. In Fig. 12, it is clear that
the degree of hydrogen bond formation with PCL follows
the order phenolic/PCL > PVPh/PCL > phenoxy/PCL.
Furthermore, the inter-association equilibrium constants
and relative K/Kg ratios followed the same order as those
calculated from PCAM [77].

Basicity of hydrogen bond donor

Kwei et al. investigated the intermolecular hydrogen
bonding in poly(4-ethenyl phenolmethylsiloxane) (PEPS)
blends with hydrogen bond acceptors (P4VP, PVP, PDMA,
and SAN) of various strength [78]. The hydrogen bond

strength followed the order PAVP > PVP > PDMA > SAN.
Furthermore, they also compared the blending of PVPh
with P4VP, PEO, and PBMA; the order of hydrogen
bonding strength was P4AVP > PEO > PBMA [79]. Based
on our own findings, the inter-association equilibrium
constants between PVPh and several hydrogen bonding
acceptors have the following values: PVP=6,000; P4VP=
1,200; PEO=288; PCL=90; PHB=66; PVAc=58; PMMA=
37; PLLA=10 [20, 29, 77, 80-83]. Clearly, the chemical
structure of the group accepting the hydrogen bond has
great impact, as has been discussed in detail elsewhere [84].

Steric hinderance

Phenolic is completely miscible with P2VP and P4VP in
the amorphous phase over the entire range of compositions
because of strong hydrogen bonding between the OH
groups of phenolic and the pyridyl rings of P2VP and
P4VP [85]. The characteristic to be emphasized in these
examples is the influence of the position of the nitrogen
atom in the pyridyl ring. The IR spectral data indicate that
P4VP has a greater ability to form hydrogen bonds with
phenolic than does P2VP, presumably because steric
hindrance of the nitrogen atoms in P2VP affects the
formation of intermolecular hydrogen bonds. In addition,
the inter-association equilibrium constant for the phenolic/
P4VP blend is greater than that of the phenolic/P2VP blend,
confirming that P4VP has a greater ability to form
hydrogen bonds than does P2VP. We also investigated
how the position of the nitrogen atom of the pyridyl rings in
these polymers is a characteristic that influences their
coordination properties with ZnClO, [86]. The data
obtained from FTIR, XPS, and solid state NMR spectros-
copies indicated that P4VP is better than P2VP at
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interacting with the zinc ions because of steric hindrance at
the nitrogen atoms of P2VP.

Bulk of the side group

Painter et al. studied the hydrogen bonding in blends of
PVPh copolymers with a series of poly(n-alkyl methacry-
late)s (PAMASs) having various side chain lengths [66].
They found that the inter-association equilibrium constant
was a suitable measure of the accessibility of the C=0O
groups, which decreased as the length of the side chain
increased. They interpreted these results as providing
evidence for the bulky side groups of the acrylates limiting
the formation of hydrogen bonds in the blends. In addition,
Coleman et al. also studied the effects of chain connectivity
and steric crowding on the extent of hydrogen bonding in
polymer solutions [67].

Temperature

In general, the enthalpy of hydrogen bond formation is
negative; thus, the inter-association equilibrium constant
and the number of the hydrogen bonds both decrease upon
increasing the temperature. For example, Fig. 13 illustrates
the FTIR spectra of the phenolic/PAS=50/50 blend mea-
sured at temperatures ranging from 25 to 180 °C [63].
The intensity of the signal for the hydrogen-bonded C=0
groups decreased upon increasing the temperature, suggest-
ing that intermolecular hydrogen bonding weakened and
the number of hydrogen bonds decreased. As expected, the
inter-association equilibrium constant in PVPh/PVAc
blends [66] and the fraction of hydrogen-bonded pyridyl

rings in phenolic/P4VP blends dropped upon increasing the
temperature [85].

For multicomponent hydrogen bonding systems contain-
ing different competing acceptor groups, the different
enthalpies of the various hydrogen bond formation pro-
cesses can markedly affect the overall equilibrium constant.
For example, quantitative analysis of the fraction of
hydrogen-bonded C=0O groups over the temperature range
from 25 to 170 °C for the PVPh-co-PMMA/PEO=40/60
blend indicated a decreased from 25 to 50 °C and a
subsequent increase upon further increasing the temperature
[44]. The same phenomenon was observed by Coleman
et al. in poly(vinylphenol-co-n-butyl methacrylate) and the
styrene-stat-2-vinyl pyridine blend system [87]. Although
this observation seems counterintuitive, the van’t Hoff
relationship (K=—Ah/RT+C) allows us to plot the values
of the equilibrium constants as a function of the tempera-
ture from 25 to 200 °C, as shown in Fig. 14 [44].

The equilibrium constants K, and K¢ represent the
competition between hydroxyl-ether inter-association and
hydroxyl—carbonyl self-association, respectively; these val-
ues change with temperature at different rates. We observe
that K4 equals K¢ at ca. 70 °C, implying that an equivalent
number of these interactions exists at this temperature. In
contrast, K- exceeds K, at temperatures above 70 °C.
Therefore, the observation that the fraction of hydrogen-
bonded C=0O groups increases with increasing temperature
can be explained by the PCAM.

The fraction of hydrogen bonds formed with a semi-
crystalline polymer should increase with an increase in
temperature because the crystalline phase inhibits the
formation of intermolecular hydrogen bonds. For example,

Fig. 13 FTIR spectra recorded
at various temperatures for phe-
nolic/PAS=50/50 blend
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Fig. 14 Equilibrium constant
values as a function of temper-
ature from 25 to 200 °C

Equilibrium Constant Value (dimensionless units)

40

in the case of iPHB/catechin, the existence of strong
hydrogen bonds was evident at 190 °C, i.e., above the
melting temperature of iPHB, but they could not be
detected at room temperature using FTIR spectroscopy
[88]. Furthermore, in PVPh/PMMA blends, the fraction of
hydrogen bonds was enhanced significantly upon increas-
ing the temperature and annealing because temperatures
above T, increase the motion of the side chains and
backbones and, thus, favor the formation of hydrogen
bonds [89].

Miscibility enhancement through hydrogen bonding

To obtain a one-phase system using a polymer blend, it is
usually necessary to ensure that favorable specific intermo-
lecular interactions exist between the two or more base
components of the blend. There is much interest in
preparing miscible polymer blends in which one or both
of the polymers are random copolymers [90-93]. Several
copolymer/homopolymer and copolymer/copolymer blends
are miscible over certain ranges of composition and
temperature, even though their respective constituent
homopolymers are pairwise immiscible, with no specific
interactions existing in the blend systems because of the so-
called “copolymer repulsion effect” [94, 95]. The overall
interaction energy in these blend systems can be obtained
using a binary interaction model based on the Flory—
Huggins lattice theory, which can predict the effect of the
copolymer composition on the miscibility of these blends
[96]. The presence of hydrogen bonding usually enhances
the miscibility of polymer blends because it generally
provides a significant contribution to the free energy of
mixing. For example, polystyrene (PS) is immiscible with

T T T T T T T T T T T
60 80 100 120 140 160 180 200

Temperature (°C)

many other polymers because it lacks the functional groups
necessary for strong noncovalent interactions. In generally,
the miscibility of an immiscible blend can be enhanced by
introducing to one of the polymers a functional group
capable of forming intermolecular contacts with the other
[97]. In general, there are three methods for enhancing the
miscibility of an immiscible blend through hydrogen
bonding: (1) incorporating a hydrogen bonding monomer
on the main chain, (2) taking advantage of the inert diluent
segment effect, and (3) forming a ternary polymer blend;
we discuss each of these approaches in detail in the
following subsections.

Incorporating a hydrogen bonding monomer on the main
chain

PS is immiscible with phenolic resin; miscibility between
phenolic resin and a styrene-rich copolymer can be
achieved, however, after introducing acetoxystyrene units
into the PS main chain (i.e., forming PS-co-PAS, the
acetoxyphenyl units of which can form hydrogen bonds
with the phenolic resin) [98]. We have used PCAM to
predict whether a miscibility window exists for phenolic/
PS-co-PAS blends. In Fig. 15, the weight fraction of
phenolic resin in the blend is plotted against the mole
percent of styrene in the PS-co-PAS copolymer. Phenolic
resin was predicted to be completely miscible for phenolic/
PS-co-PAS=50/50 blends in which the PAS content is
greater than 40 mol%. Indeed, this model provided an
accurate prediction of the miscibility window when
compared with our experimental results based on DSC
analyses.

In addition, we have also investigated blends of PCL and
PSOH containing various vinylphenol contents; although
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PS is immiscible with PCL, differential scanning calorim-
etry (DSC) analyses revealed that copolymers containing
greater than 13 mol% vinylphenol were fully miscible with
PCL [99]. In contrast, the Painter—Coleman association
model and the binary interaction model predict that the
critical vinylphenol content for the blend to be miscible is
0.1 mol% of the PSOH copolymer. The discrepancy
between the experimental results and the theoretical
predictions is probably caused by a significant free volume
increase in this blend system, as analyzed using Kovacs’
free volume theory [100].

Poly(4-vinylpyridine) (P4VP) is also immiscible with
PS, but miscibility can be achieved for this system after
introducing PVPh units into the PS main chain. When the
PVPh content is more than 50 mol%, the copolymer is
miscible with P4VP over the entire range of blend
compositions; in contrast, if the styrene copolymer contains
only 20-30 mol% of VPh units, miscibility is achieved only
for blends that are rich in P4VP [101]. Similar to P4VP,
poly(vinylpyrrolidone) (PVP) is also immiscible with PS;
its blends become miscible when 11 mol% or more of
PVPh is incorporated into the PS main chain, because
hydrogen bonding interactions occur between the C=0O
groups of PVP and the OH groups of PVPh [102, 103]. A
further example is that of PS and PEMA (or PMMA),
where the incorporation of a certain amount of PVPh into
the PS main chain enhances the miscibility of the blend
[104].

Recently, a supramolecular polymer blend was prepared
from a pair of immiscible polymers: poly(butyl methacrylate)
(PBMA) and PS. A urea of guanosine (UG) and 2,7-diamido-
1,8-naphthyridine (DAN), which form an exceptionally strong
quadruply hydrogen-bonded complex [105], were presented
at 1-10 mol% along the main backbones of PBMA and PS,
respectively. Blends containing different weight ratios of the
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polymers and mole percentages of the recognition units were
characterized using AFM and DSC experiments, which
revealed no isolated domains and a single glass-transition
temperature [106].

Inert diluent segment effect

As mentioned in “Factors influencing hydrogen bonding”,
hydrogen-bonded polymer blends are unlikely to be
miscible if the self-association constant is stronger than
the inter-association constant; in this case, the blend tends
to be immiscible or partially miscible. For example, in the
PVPH/PAS blend system, the incorporation of an inert
diluent moiety (such as styrene) into the PVPh chain
renders the modified polymer miscible with PAS; copoly-
mers containing 16-51 mol% vinylphenol were fully
miscible with PAS [76]. This behavior is caused by the
incorporated styrene units within the PVPh chain reducing
the strength of the self-association of PVPh and increasing
the strength of the inter-association of the PVPh and PAS
segments. Another example is that of PVPh/PCHMA
blends, which exhibit two-phase behavior because of the
PVPh component’s strong self-associated hydrogen bonds.
Miscibility has been observed for the blends, however,
when a high content of styrene is copolymerized with PVPh
[107]. Similar results have been observed for blends of
bisphenol-A polycarbonate (BAPC) and tetramethyl
bisphenol-A polycarbonate (TMPC) with PS-co-PVPh
copolymers. BAPC is miscible with PS-co-PVPh over the
range of ca. 45-75 mol% OH groups in the copolymer;
TMPC has a somewhat wider miscibility window when
blended with PS-co-PVPh [108]. The blend miscibility is
probably driven by attractive intermolecular interactions
between the OH groups of the PSOH. The large positive
values of the segment interaction energy density parameters
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(Bs.ns), calculated from the group contribution approach,
indicate that intramolecular repulsive interactions might
also play a role in promoting the blend miscibility.

These examples all suggest that incorporating an inert
diluent moiety (such as styrene) into PVPh results in a
miscible blend system through a reduction of the degree of
self-association (i.e., an increase in the ratio K,/Kg) of the
PVPh component in the blend. In fact, this phenomenon
can also be explained by considering the copolymer
repulsion effect [94, 95]. The enthalpy of mixing is usually
responsible for miscibility because the contribution from
the entropy change for a polymer blend is usually
insignificant. For a binary mixture of a homopolymer A
with a copolymer C,D;_,, the expression for the enthalpy
of mixing is given by Eq. 18:

AH,
=M _ 3y, 0,
V

(18)
where V' is the total volume of the mixture, ¢, and &, are
the respective volume fractions, and y is the molar fraction
of component C in the copolymer. The value of B in Eq. 18
can be expressed as

B =yBac + (1 —y)Bap — ¥(1 — y)Bcp (19)

The interaction parameter B must be negative for a
polymer blend to be miscible. Therefore, the miscibility
of a blend containing a copolymer depends on the
segmental Bcp values and the copolymer composition, as
indicated in Eq. 19. As a result, the random copolymer
segments that have strong segregation (i.e., a larger value of
Bcp) would have better miscibility when blended with
other homopolymers. Because PVPh and PS are immisci-
ble, the value of B in Eq. 19 tends to be negative, while the

value of Bcp is positive. The incorporation of styrene
moieties into PVPh enhances the interactions of PVPh with
PAS (rather than with PS) and, thus, improves their
miscibility. The concept of a copolymer repulsion effect is
consistent with the Painter—Coleman association model in
this blend system.

Ternary polymer blends

In addition to incorporating styrene moieties (diluent
segments) into PVPh main chains, we have reported that
the addition of PEO also enhances the miscibility of
immiscible PVPh/PAS binary blends at low PEO contents
[109]. Figure 16 displays the C=0 stretching region of the
room-temperature IR spectra of pure PAS, a PAS/PVPh=
20/80 blend, and various PEO/PAS/PVPh ternary blends
featuring a constant PAS/PVPh ratio (20/80).

For the binary PAS/PVPh blend, interestingly, the
fraction of hydrogen-bonded C=0O groups increased when
the PEO content was 20 wt.%. The inter-association
equilibrium constant of the PVPh/PAS blend (Kx=43.1) is
smaller than the self-association equilibrium constant of
pure PVPh (Kp=66.8), indicating that pure PVPh favors
intra-chain hydrogen bonding. The addition of PEO into the
PVPh/PAS blend decreases the strong self-association in
the PVPh component because the inter-association equilib-
rium constant (K=88.3) [29] of PVPh with PEO is greater
than the self-association equilibrium constant of pure
PVPh. As a result, the fraction of hydrogen-bonded C=0
groups of PAS increased at a PEO content at 20 wt.%
because of the increased probability of OH-to-C=0
hydrogen bonding. Therefore, the immiscible PAS/PVPh
polymer blend transformed into a miscible blend after the

PEO/PAS/PVPh
Ternary Blend
A (0/100/0)
B------ (0/20/80)
c C - (20/16/64)
L D ----- (40/12/48)
B E - (60/8/32)
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addition of a low content of PEO as a result of decreasing
the degree of self-association of PVPh. The addition of
PEO into PVPh/PAS binary blends constitutes the forma-
tion of a ternary blend system.

Multicomponent polymer blends are of significant
industrial importance because their formation provides a
convenient and attractive route toward new polymeric
materials. Although increasing the number of polymer
components in a polymer blend makes the system much
more complicated, it does provide enhanced design flexi-
bility for the control of multiple properties. There are
several good reasons for studying ternary polymer blends:
(1) As revealed by Scott [110] and Tompa [111], a polymer
B that is miscible individually with polymers A and C can
form miscible ternary polymer blends from immiscible
binary pairs of A and C; i.e., polymer B acts as a
“compatibilizer” that reduces the size domain of the
heterogeneous phase separated structure. Classical exam-
ples of such systems are the ternary PVDF/PMMA/PEMA
[112], PVPh/PMMA/PEMA [113], and SAN/PMMA/
PEMA [114] blends. (2) The fabrication of totally miscible
ternary polymer bends offers a unique opportunity to
develop new polymer materials possessing properties
arising from a flexible combination of those of its three
components. (3) When all three binary pairs (B/A, B/C, and
A/C) are individually miscible, completely homogeneous
and closed immiscibility loop phase diagrams have been

(a)

BPA/PVAc/PVP Blend

¢
80/8/12
¢

{

65/7/28

50/10/40

50/20/30

50/30/20

50/40/10

Heat Flow (Endo)

30/42/28

observed. The phase separation is caused by the difference
in the interaction energy of the binary system, the so-called
“Ay” and “AK” effects in ternary polymer blends [115,
116]. In this case, we can tune the phase behavior by
controlling the composition in the ternary blend system.

In terms of the “comaptabilizer” effect, we have reported
that the addition of BPA enhances the miscibility of PVAc/
PVP immiscible binary blends, eventually transforming
them into miscible blends possessing a single value of 7,
when a sufficiently large amount of the BPA is present
[117]. Figure 17a provides selected DSC curves (recorded
during the second heating scan) of several BPA/PVAc/PVP
ternary blends of various compositions. The PVAc/PVP
binary polymer blend exhibits two glass transitions that are
located at the same temperatures as those of their respective
pure polymers, revealing that this binary blend is com-
pletely immiscible.

The values of T, shift, however, with increasing BPA
content; ultimately, the addition of a sufficiently large
amount of BPA results in a miscible pair exhibiting a single
value of T, because BPA forms hydrogen bonds with both
PVAc and PVP. Figure 17b displays the phase diagram of
the ternary BPA/PVAc/PVP blends, as determined from
DSC analyses. The presence BPA enhances the miscibility
of the PVAc/PVP binary blends, with the miscibility
window shifting to the rich PVP region as a result of
significant Ay and AK effects.

(b) K,=66.8

Bisphenol A
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Fig. 17 a DSC thermograms of BPA/PVAc/PVP ternary blend, b ternary phase diagram, ¢ hydrogen bonding interaction between BPA with PVAc

and PVP
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Similarly, we have also investigated the enhanced
miscibility observed after the addition of BPA to immisci-
ble PCL/PLLA binary biodegradable blends [118]. Al-
though PLLA is studied and used widely because of its
high biocompatibility and biodegradability [119, 120], its
major disadvantage is the transition from ductile to brittle
failure under tension as a result of its high melting
temperature. In contrast, PCL possesses low glass transition
and melting temperatures, and is added to PLLA in the role
of a plasticizer to render it more flexible and to reduce its
brittleness [121, 122]. Therefore, it is reasonable to expect
that blending PLLA with PCL would either improve the
flexibility or increased the strength with respect to the
properties of the individual components. We have reported
that bisphenol A—a low-molecular-weight, bifunctional
hydrogen bond donor—interacts with both PCL and PLLA,
which are both hydrogen bond-accepting polymers, to act as
a compatibilizer that improves their miscibility [123—-135].

In terms of studies into totally miscible ternary polymer
bends that offer unique opportunities for developing new
polymeric materials, only a very few ternary polymer
blends have been reported that are homogeneous over their
entire range of compositions. These totally miscible ternary
blends—including PECH/PMMA/PEO [136], PVDF/
PVAc/PMMA [137], PHB/PEO/PECH [138], PEDEK/
PEEK/PEI [139], PEI/PET/PBT [140], and PCL/PPzMA/
PBzMA [141]—all possess low Ay effects and hydrogen
bonding interactions between their polymer segments; i.e.,
the AK effect can be neglected. Coleman and Painter noted
that only in very rare cases, such as the PVPh/PVAc/PMA

ternary blend [20], can completely miscible ternary polymer
blends exist, because the Ay and AK interactions must be
finely balanced. The chemical structures of the PVAc and
PMA repeat units are isomorphous and, thus, their ternary
polymer blend displays a completely homogeneous amor-
phous phase. We were curious to answer the following
question: Other than isomers of two polymers, is it possible
to obtain totally miscible ternary polymer blends by taking
advantage of hydrogen bonding? In our subsequent inves-
tigations, we discovered another completely miscible
ternary hydrogen bonded polymer blend: that of phenoxy,
phenolic, and PCL [142]. Figure 18 displays DSC thermo-
grams of phenolic/phenoxy/PCL ternary blends of various
compositions; each ternary blend exhibits only a single
glass transition temperature, which strongly suggests that
this ternary polymer blend is fully miscible over its total
range of compositions.

In terms of studies of systems in which all three binary
pairs (B/A, B/C, A/C) are individually miscible, completely
homogeneous and closed immiscibility loop phase dia-
grams have been observed for such systems as phenoxy/
PMMA/PEO [143], PVPh/PVAc/PEO [81], and SAA/
PMMA/PEO [144]. We have also reported the phase
behavior and hydrogen bonding present in ternary polymer
blends of phenolic resin, PEO, and PCL [145].

Although all three binary blends are respectively
miscible, there exists a closed immiscibility loop in the
phase diagram because of the so-called “Ax” and “AK”
effects in this hydrogen-bonded ternary polymer system.
Figure 19a displays the second-run DSC thermograms of

Fig. 18 DSC thermograms of
phenoxy/phenolic/PCL blends
having different compositions
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Fig. 19 a DSC thermograms of phenolic/PEO/PCL ternary blend, and b phase diagram of phenolic/PEO/PCL ternary blend

various phenolic/PEO/PCL ternary blends containing a
constant phenolic content of 65 wt.%. The binary pheno-
lic/PEO and phenolic/PCL blends each exhibit a single
value of T, revealing that these binary blends are miscible
in the amorphous phase. In contrast, the phenolic/PEO/PCL
ternary blends containing 65 wt.% phenolic all display two
glass transitions, implying that they are immiscible in the
amorphous phase. In general, the phase separation in a
ternary blend is caused by the so-called Ay effect, which is
the difference in the degrees of physical interaction between
phenolic/PEO and phenolic/PCL. In addition, a difference
in the inter-association equilibrium constant also tends to
induce phase separation. Phenolic interacts more favorably
with PEO than with PCL; such behavior is an example of
the AK effect.

Figure 19b presents the phase diagram of the ternary
phenolic/PEO/PCL blend at room temperature, based on DSC
analyses. A closed-looped of the phase-separated region exists
in the phase diagram, due to the so-called “Ay” and “AK”
effects in the ternary polymer blend. Based on the behavior
of this phenolic/PEO/PCL ternary blend, we applied this
system to the preparation of a polymer electrolyte by
replacing phenolic resin with lithium perchlorate (LiClOy).
We found that the miscibility of the LiClO4/PEO/PCL
ternary blend affects its ionic conductivity [146, 147].
Although individually these three binary blends are fully
miscible, a closed immiscibility loop exists in their ternary
blend phase diagram as a result of the existence of and
competition between the complex interactions of the LiC10,4/
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PEO, LiClO4/PCL, and PEO/PCL pairs. Interestingly, we
found that the maximum ionic conductivity (6.3x107 S
cm ') at ambient temperature of the ternary blend at a fixed
LiClO4 content of 25 wt.% occurred at a composition of 25/
60/15 (LiClO4:PEO:PCL), which is close to the closed-loop
region in the phase diagram [146].

Thermal properties of hydrogen-bonded polymers

In the following subsections, we discuss how hydrogen
bonding has a significant effect on the thermal properties
and crystallization behavior of polymer blends.

Glass transition temperature

The glass-transition temperature is an important intrinsic
characteristic that influences the material properties of a
polymer and its potential applications. Indeed, the most
commonly used method for establishing the miscibility of
several components is the detection of a single glass
transition temperature. Over the years, a number of
equations have been proposed to describe the relationship
between T, and composition of miscible polymer blends or
copolymers, including the linear rule and the Fox [148],
Gordon—Taylor [149], Couchman—Karasz [150—153], Kwei
[154], and Braun—Kovacs [100] equations. Table 3 summa-
rizes these equations for miscible blends.
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Table 3 The composition dependence of the 7, of miscible blend

Equations Parameter
Linear rule Ty =WTg + WoTy
L_W W
Fox =TT T, .
Gordon-Taylor T, = MIntihly k: adjustable
8 W1, parameter
InT, — Wi In Ty +kWy In Ty .
Couchman Nlg =, k: adjustable
. parameter
Kwei T, =572+ qMW2  k adjustable

parameter, g:
interaction
arameter term
7. =T Drfer+801 0, p .
g = 1Ig + T o dar g: Interaction
parameter term

Braun—Kovacs

where ; and W, denote weight fractions of the compositions, Ty and
Ty, represent the corresponding blend component glass transition
temperatures, and k, ¢, and g are fitting constants. A« is the
difference between the volume expansion coefficients in the glassy
and liquid state.

Positive deviation of glass transition temperature

Generally speaking, the presence of hydrogen bonds should
raise the value of 7, because it restricts the motion of the
polymer segments. Because the strong interactions between
the components, the values of T, observed for hydrogen-
bonded blends—e.g., PVPh blended with PVP [43], P4VP
[155], PMMA [156-158], poly(2-dimethylamino ethyl
methacrylate) [159], poly(methyl piperidine—methyl meth-
acrylate) [160], and poly(ethyleneimine) [161]—are usually
higher than those predicted using the linear rule. Figure 20
displays the dependence of I, on the composition of
miscible PVPh/PVP blends; the maximum deviation on the

highest value of 7, was obtained when the blend compo-
sition was PVPh/PVP=50/50 [43].

In addition, values of k and ¢ of 1 and 140, respectively,
were obtained from the non-linear least-squares “best fit” of
the values to the Kwei equation. Similar positive deviations
of T, have been observed for PHEMA/PVP [162],
PHPMA/P4VP [163], phenolic/PVAc [164], phenolic/
P4VP [165], phenolic/PVP [166], phenolic/PEOx [167],
and polybenzoxazine/PVP [56] blends. Polymers possess-
ing high glass-transition temperatures are attractive for
industrial polymer science because of the strong economic
rewards that would arise from their potential applications.
For this reason, Coleman et al. [168] reported a copolymer
that has a higher value of 7, than its corresponding polymer
blend, because of higher composition heterogeneities in the
hydrogen-bonded copolymer. According to the PCAM, the
inter-association equilibrium constant of PVPh-co-PMMA
(Ka=67.4) is higher than the inter-association equilibrium
constant of the PVPh/PMMA blend (Kx=37.4), implying
that the experimental values of 7, for copolymers and
blends of the same composition should be different [169].

This result can be explained by considering the different
degrees of rotational freedom arising from intramolecular
screening and spacing effects. This phenomenon can also
be interpreted in terms of the correlation hole effect
described by de Gennus [170]. Accordingly, we synthesized
a series of copolymers containing various vinylphenol and
vinylpyrrolidone contents to compare their glass transition
temperatures with those of corresponding PVPh/PVP
blends [171, 172]. Figure 21 displays DSC traces revealing
the thermal behavior of the corresponding PVPh-co-PVP
copolymers. The observed glass transition temperatures
increased in the order PVPh-co-PVP copolymer > PVPh/

Fig. 20 T, versus composition 450
curves: experimental data (filled
square) and Kwei equation

(solid line) 440

430

420 4

410

400

Glass Transition Temperature (K)

390

0.0

T T T T T T T T
0.2 0.4 0.6 0.8 1.0

PVP Content

@ Springer



478

S.-W. Kuo

Fig. 21 DSC thermograms of
PAS-co-PVP, pure PVP, PVPh/
PVP and PVPh-co-PVP

(d) PVPh74-co-PVP26

(c) PVPh74/PVP26 Blend

(b) pure PVP

(a)PAS74-co-PVP26

PVP blend > pure PVP polymer > PAS-co-PVP copolymer.
This significant increase in glass transition temperature
prompted us to investigate the specific interactions that
existed in these polymer systems at the same mole fraction
of PVP.

Figure 22 displays the C=O stretching region in the
corresponding FTIR spectra recorded at room temperature.
[171]. The wavenumbers and half-widths of the signals in
the IR spectra of polymers are affected dramatically by
dipole—dipole or hydrogen bonding interactions with other
molecules or polymer chains. The C=0O band became

T T T T T T T T
120 150 180 210

Temperature (°C)

broader and shifted to lower wavenumber upon increasing
the concentration of ethyl pyrrolidone (EPr, a model
compound for PVP) in CHEX—a result of the increased
probability of pyrrolidone—pyrrolidone interactions.

The C=0O signal for pure PVP occurs at a lower
wavenumber and with a broader half-width relative to
those of EPr in CHEX because no inert diluent (nonpolar
group) is present in pure PVP and the probability of dipole—
dipole interactions is presumably greater, as mentioned
previously. The half-width of the signal for pure PVP at
1,680 cm ' decreased and shifted to higher wavenumber

Fig. 22 FTIR spectra various
EPr concentrations in cyclohex-
ane, PAS-co-PVP copolymer,

pure PVP, PVPh/PVP blend and PVPh74-co-PVP26

PVPh-co-PVP copolymer

PVPh74/PVP26 blend

pure PVP
PAS74-co-PVP26

EPr/CHEX

2.0M
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T
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(1,682 cm™ ') after incorporating acetoxystyrene monomer
into the PVP chain (i.e., forming PAS-co-PVP). As a result,
the value of T, of the PAS-co-PVP copolymer decreased
significantly relative to that of PVP because of the lower
number of dipole—dipole interactions of the pyrrolidone
moieties in the polymer chain. After deacetylation of PAS-
co-PVP to form PVPh-co-PVP, however, the C=0 absorp-
tion shifted from 1,680 to 1,651 cm !, This shift is
attributed to the formation of hydrogen bonds between the
vinylphenol and vinylpyrrolidone segments of the copoly-
mer. In contrast, the same C=O stretching frequency for the
PVPh/PVP blend shifts to only 1,660 cm™'. This behavior
suggests that the number (or strength) of hydrogen bonds
within the PVPh-co-PVP copolymer is greater than that in
the corresponding PVPh/PVP blend; this concept is
consistent with the observed difference in glass transition
temperatures between the PVPh-co-PVP copolymer and the
PVPh/PVP blend.

Similar to the PVPh/PVP system, we also investigated
the increase in 7, of PMMA copolymers arising through
hydrogen bonding interactions [173-175]. PMMA is a
transparent polymeric material possessing many desirable
properties, such as light weight, high light transmittance,
chemical resistance, colorlessness, resistance to weathering
corrosion, and good insulating properties [176]. The glass
transition temperature of PMMA, however, is relatively low
(ca. 100 °C), which limits its applications in the optics and
electronics industries—for materials such as compact discs
(CDs), optical glasses, and optical fibers—because it
undergoes distortion when used in an inner glazing material
[177, 178]. To raise PMMA’s value of T, we investigated
its copolymerization with methacrylamide (MAAM), taking
advantage of the strong hydrogen bonding interactions that
occur between these two monomer segments [179, 180].

The most well known of the commercialized miscible
blend systems is that of poly(2,6-dimethyl-1,4-phenylene
oxide) (PPO) and PS, which has widespread commercial
application in the thermoplastics industry [181-183]. The
dependence of the value of 7, on the composition of
miscible PPO/PS blends obeys the Fox rule. Because we
knew that the values of 7, of copolymers are substantially
higher than those of the corresponding blend systems, we
attempted to raise the value of 7, of the miscible PPO/PS
blend by synthesizing the PPO-b-PS copolymer through
atom transfer radical polymerization [184]. It is worth
noting that the value of 7, of the PPO-b-PS copolymer
having a PS content of 70 wt.% is approximately the same
as that of the PPO/PS=50/50 blend. Thus, at an identical
value of T, the PPO-b-PS copolymer is cheaper (in terms
of having a lower PPO content) and easier to process
(higher PS content) than the PPO/PS blend. We have also
reported several systems for which the glass transition
temperature increases as a result of hydrogen bonding,
including the PHEMA-b-PVP [185], PVPh-co-PMMA
[186], PVPh-b-PCL [187], and PVPh-b-P4VP [51].

Negative deviation of glass transition temperature

Based on the experimental results, the increase in T, does
not always appear as a positive deviation from the weight-
average law. For example, Fig. 23 reveals that the values of
T, for phenolic/PAS display a negative deviation from this
law. In this case, the negative deviation indicates that the
intermolecular hydrogen bonds were weaker than the
intramolecular ones [63]. The observed reduction in 7, in
these phenolic/PAS blends is caused by a partial decrease in
the degree of self-association through intramolecular
hydrogen bonding.

Fig. 23 T, versus composition 400 400
curves of phenolic/PAS blend 4
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Similar negative deviations have been observed also in
phenolic/PCL [64], PVPh/PCL [188], phenoxy/PCL [188],
PVPh/phenoxy [189], phenolic/PMMA [190], PAS/PEO
[191], and PVPh/PAA [192] blend systems. A strong
negative deviation in the value of 7, of a polymer blend
is a useful property for a polymer electrolyte [193—-195].
Nevertheless, the question remains as to why both positive
and negative deviations in 7, occur for systems featuring
intermolecular hydrogen bonding.

Wu et al. proposed an excellent rationale to explain these
discrepancies [196]; they examined the behavior of four
different hydrogen bond acceptors (modifiers)—phenoxy,
PDA, PEO, and PVA—the chemical structures and inter-
association equilibrium constants of which are summarized
in Table 4. The phenolic resin blended with a modifier
having a longer repeating unit (e.g., phenoxy or PDA)
exhibited a substantially negative deviation in 7, in the
phenolic-rich region. In contrast, the phenolic resin blended
with a modifier having the shorter repeating unit (e.g., PEO
or PVA) displayed a positive deviation in the value of 7.
Similar to the variation of the content of “free” OH groups
detected by IR spectroscopy, the deviation in 7, also differs
for the various phenolic/modifier blends.

Because the values of K, of these phenolic/modifier
blends are substantially greater than those for self-associ-
ation, these modifier chains presumably are able to extend
as far as possible in these phenolic blends. According to the

PCAM argument, the deviation in 7, is a result of an
entropy change corresponding to the variation in the
number of hydrogen bonding interactions within these
phenolic blends. In the phenolic/PEO and phenolic/PVA
blends, the PVA and PEO units possess short repeating
units that contain higher densities of potentially hydrogen
bonding functional groups and higher values of Kj,; thus,
they tend to form a higher density of intermolecular
hydrogen bonds with phenolic. This phenomenon not only
overcomes the energy of self-association upon blending but
also reduces the entropy of the phenolic blend.

As a result, the frameworks of these blends become
stiffer; thus, the observed positive deviations in 7, are
expected. These two cases are similar to the results reported
by in their original publications using PCAM [197-201]. In
contrast, phenoxy and PDA molecules having long repeat-
ing units provide a relatively smaller number of potential
hydrogen bonding sites and, hence, form fewer intermolec-
ular hydrogen bonds with phenolic. For modifiers having
long repeating units, the reduction in entropy upon forming
a phenolic—modifier interaction is not sufficiently high to
overcome the entropy increase associated with disrupting
the self-association of phenolic. A long repeating unit
length and a low density of potential hydrogen bonding
sites induces an additional entropy factor, —TAS,,, which
elevates the entropy upon blending and, thus, results in a
substantial reduction in the value of T, of these phenolic

Table 4 Self-and inter association equilibrium constant between phenolic and modifiers [187]

Self-association constant | Inter-association constant
Material Molecular structure
K> Ks Ku
Phenolic resin F 23.3% 52.3%
Phenoxy HOHOroortrorct 14.4° 25.6° 114.0
CH,
. @{ R
Poly(adipic ester) £S{cHe -hc—o{-cm-}xo -}m 89.5
Poly(ethylene oxide) '(CHZ_CH’_O); 67.6
CH H
Poly(vinyl alcohol) .( z—iﬂt 26.7 441 121.8
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blends. The variation in —TAS,, of phenolic/modifier
blends incorporating long repeating units is greater (further
away from zero) than that of phenolic/modifier blends
featuring short repeating units.

Melting temperature

The depression of the melting point of a crystalline polymer
blended with an amorphous polymer provides important
information about its miscibility and its associated poly-
mer—polymer interaction parameter. The reduction in
melting temperature is caused by both morphological and
thermodynamic effects. The thermodynamic properties of
the crystalline component in the amorphous phase can be
determined. When two polymers are miscible in the molten
state, the chemical potential of the crystallizable polymer
decreases as a result of the addition of the second
component. This phenomenon leads to a reduction in the
equilibrium melting temperature of the resulting blend. The
data obtained in this study were analyzed using the Nishi—
Wang equation [202] based on the Flory—Huggins theory
[52]. The melting point depression is given by Eq. 20:

I S
Ty T
-R V2u 11’1¢2 1 1 5
——— (1 = 1—
AH, V1u|:.x2 + X, x (1 =) +212(1 = ¢)

(20)

where 70 and T°, denote the equilibrium melting points of
the pure crystallizable component and the blend, respec-
tively; V5, and V7, are the molar volumes of the repeating
units of the polymers; R is the universal gas constant; AH,,
is the heat of fusion of the perfectly crystallizable polymer
per mole of repeat unit; the subscripts 1 and 2 represent the
amorphous polymer and the crystalline polymer, respec-
tively; x; and x, are the degrees of polymerization; @ is the
volume fraction of the component in the blend; and y, is
the polymer—polymer interaction parameter. When both x,
and x, are large, for high-molecular-weight polymers, these
related terms in Eq. 20 can be neglected. The interaction
parametery;, can be written as

BV,
=— 21
X12 RT (21)

Substituting Eq. 3 into Eq. 2 yields the Nishi—Wang
equation (22):

BV,

TO _ TO — _TO u
m m2 m A qu
where AH,,/V,, is the latent heat of fusion of the 100%
crystalline component per unit volume and B denotes the
interaction energy density between the blend components.

1 (22)

In addition, Painter and Coleman modified the Nishi—
Wang equation to account for hydrogen bonding, simply by
considering the value of AGy as part of the partial molar
free energy [20]:

1 1 R
T—m—T—&:—A—HfO[@ZB;(—&-AGH] (23)
Almost all hydrogen-bonded polymer blend systems exhibit
significant melting point depressions—because of the
contribution from AGz—if the blends contain a semicrys-
talline component. Therefore, different hydrogen bonding
strengths induce different melting point depressions.

Crystallization behavior

Crystalline polymers are ubiquitous, ranging from commod-
ities (e.g., polyethylene) to high-performance engineering
resins (e.g., nylons and PEEK). Many authors have
discussed the crystallization behavior of polyethylene
[203-207], for which no specific interactions occur within
its main chains. Therefore, there is quite a lot of interest in
studying crystallization in polymer blends with regard to
intermolecular interactions, such as hydrogen bonding and
dipole—dipole interactions. Relative to neat crystalline
materials, the crystalline microstructures and crystallization
kinetics of polymer blends containing crystalline polymers
are less well understood because of their inherent complex-
ities. As a result, it is necessary to establish general
principles to predict the nature of polymer crystallization
in polymer blends.

Generally, the growth kinetics of a crystallizable com-
ponent are depressed upon the addition of an amorphous
component because of (1) the reduction of chain mobility,
(2) the dilution of the crystallizable component at the
growth front, (3) the change in free energy of nucleation as
a result of specific interactions, and (4) the morphology of
the amorphous/crystallization binary blend that results in
competition between the advancing spherulite front and
diffusion of the amorphous component into the inter-
lamellar and interfibrillar region. Other parameters—name-
ly the crystallization kinetics, the surface free energy of
chain folding, and the thickness of the crystalline phase in
miscible polymer blends formed through hydrogen bonding—
have received relatively less attention [208, 209]. In
general, the crystallization kinetics and microstructures
of a crystalline blend depend on the various effects of the
glass transition temperature and degree of intermolecular
interactions of the diluent amorphous phase. Runt et al.
[208] found that blends of PEO with amorphous polymeric
diluents exhibited either relatively weak interactions (e.g.,
PVAc and PMMA) or strong hydrogen bonding interac-
tions [e.g., ethylene-co-methacrylic acid55 (EMAASS,
55 wt.% MAA) copolymer and styrene-co-hydroxystyr-
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ene50 (SHS50, 50 wt.% hydroxystyrene) copolymer]. At a
given crystallization temperature (7;), the spherulite
growth rates for blends containing strongly hydrogen
bonding polymers are considerably lower than those
featuring weakly interacting polymers having comparable
glass transition temperatures; cf. the PMMA/PEO and
SHS/PEO or the PVAc/PEO and EMAA/PEO blend
systems. Furthermore, a study of the spherulite radius of
PEO in blends with the strongly interacting EMAASS and
SHS50 revealed that the SHS50/PEO blend had slower
crystallization kinetics than did the EMAASO/PEO blend
because of the higher glass transition temperature of SHS;
the different intermolecular hydrogen bonding strengths in
the SHS/PEO and EMAA/PEO blends were not, however,
considered. Therefore, we have proposed a general
principle to rationalize the crystallization kinetics, surface
free energies of chain folding, and crystal thicknesses with
respect to the various strengths of hydrogen bonds present
in crystalline polymer blends.

We studied the hydrogen bonding strengths in PCL
blends of three different well-known hydrogen bond-
donating polymers: phenolic, PVPh, and phenoxy. Cortazar
et al. studied the crystallization kinetics and melting
behavior of the phenoxy/PCL blend and found that the
surface free energy of chain folding of the PCL blend with
phenoxy was lower than that of pure PCL [210]. The same
trend was also observed in PVC/PCL [121] and SAN/PCL
[211] blend systems. We found, however, that the surface
free energy of chain folding increases upon increasing the
phenolic content. According to the secondary nucleation
theory [212], the initial crystal thickness is dependent not
only on the degree of supercooling but also on the value of
the surface free energy of chain folding. As a result,

determining the surface free energy of chain folding is quite
important because the morphology of a crystalline PCL
blend depends strongly on this value. These trends indicate
that different hydrogen bonding strengths can affect a
polymer’s crystallization in terms of its thermodynamic
properties and morphology.

Table 5 lists the K,/Kp ratios and corresponding surface
free energies of chain folding for various hydrogen-bonded
crystalline polymer blends [77].

Clearly, if the inter-association equilibrium constant is
larger than the self-association equilibrium constant, the
surface free energy in the polymer blend is larger than that
in the pure crystalline homopolymer, as is the case for
phenolic/PCL, PVPh/PCL, and phenolic/PEO blend sys-
tems [213]. Conversely, if the self-association equilibrium
constant is greater than the inter-association equilibrium
constant, the surface free energy in the polymer blend is
smaller than that in the pure crystalline homopolymer, as is
the cases for phenoxy/PCL and PVPh/PHB [214] blend
systems. In addition, the surface free energy in a polymer
blend featuring a relatively weaker interaction is smaller
than that in the pure crystalline homopolymer, as is the case
for PVC/PCL, SAN/PCL, and PMA/PHB [215].

Although the crystallization kinetics decrease upon
increasing the amount of the amorphous component in all
of these miscible blend systems, the surface free energies of
chain folding exhibit various trends with different intermo-
lecular interaction strengths. In a blend systems featuring
strong hydrogen bonding, the surface free energy of chain
folding increases upon increasing the content of phenolic or
PVPh. This phenomenon is probably related to the fact that
phenolic and PVPh easily form entanglements or physical
crosslinks with PCL molecules during crystallization,

Table 5 The relationship between the relative magnitude strength of K, versus Kp with surface free energy of chain folding and crystal layer

thickness [77, 223]

Blend System Ky Ky KA/Kg O I
Strongly hydrogen bonding
Phenolic/PCL 116.8 52.3 KA>Kp Increase Increase
PVPh/PCL 90.1 66.8 K \>Kg Increase Increase
Phenolic/PEO 264.7 52.3 KA\>Kg Increase -
SHS50/PEO 88.3 334 Ka\>Kg — Increase
Weakly hydrogen bonding
Phenoxy/PCL 7.0 25.6 KA<Kg Decrease Decrease
PVPh/PLLA 10 66.8 KA<Kp - Decrease
PVPh/PHB 62.1 66.8 KA <Kp Decrease Decrease
ACA/PHB 2.6 28.8 Ka<Kg Decrease Decrease
Weakly interaction
PVC/PCL Decrease Decrease
SAN/PCL Decrease Decrease
PMA/PHB Decrease -
PVAc/PHB - Increase
PVAC/PEO - Increase
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which favors the formation of large loops on the surfaces of
lamellar PCL crystals.

These results indicate that the surface enthalpy term
overwhelms the surface entropy of chain folding when K
is greater than K. In contrast, in a system featuring weak
hydrogen bonding—e.g., for phenoxy acting as a nucleation
agent for PCL, where Ky is greater than K —the blend
tends to be immiscible or partially miscible and, thus, there
is a decrease in the free energy change upon crystallization,
which is the driving force for crystallization. The same
concept has been used to explain the behavior of relatively
weakly interacting blends, such as the SAN/PCL blend
[202]. A recent theoretical model has predicted that a
miscible blend of polymers having a relatively large
difference in their values of 7, and exhibiting weak
intermolecular interactions will exhibit “two dynamic
microenvironments” [216]: one near the mean blend
mobility and the other close to that of the component
having the lower value of T,. Nevertheless, DSC analyses
of weakly hydrogen bonding blends (e.g., phenoxy/PCL)
and weakly interacting blends (e.g., PVC/PCL or SAN/
PCL) reveal only single values of 7.

It is generally established that a single compositionally
dependent glass transition indicates full miscibility with
dimensions on the order of 20-40 nm, but no lower. For
example, DSC analyses of the well-known hydrogen-
bonded blend system PVPh/PMMA reveal only a single
value of T,. Two dynamic relaxations are found, however,
in analyses performed using a dynamic mechanical analyzer
and observing the spin lattice relaxation time in the rotating
frame [T ,(H)] in solid state NMR spectroscopy [217-219],
because the value of K, between the OH group of PVPh
and the C=0 group of PMMA (K,=37.5) [165] is smaller
than the value of Ky for the hydroxyl-hydroxyl interactions
of PVPh (Kg=66.8). Two relaxation times in the rotating
frame indicate that the immiscibility domain size is greater
than 2-3 nm, based on the one-dimension spin-diffusion
equation [220-222]. Therefore, micro-phase separation
might occur in certain relative weakly hydrogen bonding
or weakly interacting blend systems, indicating that the
amorphous component can play the role of a nucleation
agent to reduce the surface free energy of chain folding and
provide the driving force for crystallization. As a result,
different values of surface free energy of chain folding tend
to induce different crystal layer thicknesses, which is
dependent on the competition between the surface free
energy of chain folding and the degree of supercooling.

Conclusions

This Review summarizes the recent results of studies of
hydrogen bonds within polymer blends. Clearly, several

factors influence the formation of hydrogen bonds, such as
the solvents used, intramolecular screening effects, func-
tional group accessibility, the acidities of the hydrogen bond
donors, the basicities of the hydrogen bond acceptors, steric
hinderance, the bulk of the side groups, and the temperature.
Each of these factors also affects the ratio of the inter-
association and self-association equilibrium constants.

The miscibility of polymer blends can be enhanced
through hydrogen bonding after (a) incorporating functional
groups into the main chain, (b) adding a third component
into the immiscible binary blend, and (c) introducing an
inert diluent segment into a strongly self-associating
hydrogen bonding donor group. These methods are also
effective for improving the compatibility and properties of
immiscible blends.

The presence of hydrogen bonds significantly affects the
thermal properties of polymers blends. Both positive and
negative deviations from linearity have been observed for
the glass transition temperatures of polymer blends featur-
ing various types of repeat units. Furthermore, hydrogen-
bonded copolymers exhibit higher values of 7, than do
their corresponding polymer blends because of their higher
composition heterogeneities. For a crystalline polymer, the
melting temperature usually decreases upon increasing the
content of the second hydrogen-bonding component.
The crystal thickness is also dependent on the ratio between
the inter-association and self-association equilibrium con-
stants; a higher inter-association equilibrium constant
enhances the surface energy of chain folding and, thus,
increases the crystal thickness.
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