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Abstract Miscibility with a linear 7,—composition rela-
tionship was proven for blend of poly(butylene adipate-co-
butylene terephthalate) [P(BA-co-BT)] with poly(4-vinyl
phenol) (PVPh). In comparison to the blends of PBA/PVPh
and poly(butylene terephthalate) (PBT)/PVPh, the Kwei’s
T, model fitting on data for the P(BA-co-BT)/PVPh blend
yields a ¢ value between those for the PBA/PVPh and PBT/
PVPh blends. The ¢ values suggest that the interaction
strength in the P(BA-co-BT)/PVPh blend is not as strong as
that in the PBT/PVPh blend. Upon mixing the PVPh into
the immiscible blend of PBA and PBT, the ternary PBA/
PBT/PVPh blends only exhibits partial miscibility. Full-
scale ternary miscibility in whole compositions is not
possible owing to the significant Ax effect (x;—xi). The
wavenumber shifts of the hydroxyl IR absorbance band
indicates that the H-bonding strength is in decreasing
order—PBT/PVPh > P(BA-co-BT)/PVPh > PBA/PVPh—
and shows that the BA segment in the copolymer tends to
defray interactions between P(BA-co-BT) and PVPh in
blends.
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Introduction

Polymers have been widely applied in the daily life such as
raw materials of packaging, coating, and unit in the electric
product. Although polymeric materials possess advantages
of good processability and versatile end uses, they also
induce serious pollutions after usage since most of the
polymers are not easy to be degraded in the atmosphere
condition or under the ground [1]. To reduce the pollutions
caused by polymers, the environmentally friendly, biode-
gradable, or the so-called green polymers are gradually
used in the recent years. A number of biodegradable
polymers have been commercialized, such as poly(butylene
succinate), poly(butylene succinate-co-butylene adipate)
copolyester (trademark Bionolle™) [2], poly(lactic acid)
(trademark NatureWorks™) [3], poly(3-hydroxybutyric
acid), and its copolyesters poly(3-hydroxybutyrate-co-
hydroxyvalerate) [P(HB-co-HV)] with the trademark
Biopol™ [4]. By staying in the environment with micro-
organism, these polymers can be converted into biomasses
or carbon dioxide and water; therefore, the polymeric
waste could be diminished stage by stage.

Poly(butylene adipate-co-44 mol% butylene terephthal-
ate) [P(BA-co-BT)] was commercialized by BASF AG
(Germany) on 1998 with the trademark as Ecoflex®. This
copolymer contains two different ester structures on its
backbone. The aliphatic structure, butylene adipate (BA)
unit, of this polymer can enable it to be degraded into
carbon dioxide and water with embedding underground.
However, the butylene terephthalate (BT) moiety can
further improve its mechanical and thermal properties by
the inherent character of aromatic functional group. For
understanding the physical property of this material which
has highly potential for further application, several studies
have been performed especially for the crystallization of
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P(BA-co-BT). Cranston et al. [5] and Kuwabara et al. [6]
have investigated the crystalline/amorphous structure and
molecular mobility of P(BA-co-BT) crystallized from the
melt by X-ray diffraction and solid-state '*C nuclear
magnetic resonance (NMR). Their results suggest that the
butylene terephthalate units exist in both crystalline and
amorphous region, on the other hand, all of butylene
adipate units are in the amorphous region. Gan et al. [1]
have also performed the discussions for solid-state struc-
tures, thermal properties, crystalline behavior, and spheru-
lite morphologies within wide copolymer compositions of
P(BA-co-BT)s. As mentioned above, even though the
physical properties of P(BA-co-BT) had been widely
investigated, few studies address the miscibility of P(BA-
co-BT) with other polymers. The literature only contains
limited discussion on phase-separation in blend of poly(L-
lactic acid) with P(BA-co-BT) blends [7].

Poly(4-vinyl phenol) (PVPh), with a hydroxyl group at
paraposition of the pendant phenyl ring [therefore also
named poly(p-vinyl phenol)], is capable of interacting
with proton-accepting functional groups in other poly-
mers. It has been known to form miscible blends with
other polymers such as poly(ethylene oxide) [8, 9],
polymethacrylates [10] (e.g., poly(methyl methacrylate),
poly(ethylene methacrylate), and poly(n-propyl methacry-
late) (PnPMA)), poly(vinyl alkyl ethers) [8] (e.g., poly
(vinyl methyl ether), and poly(vinyl ethyl ether)), poly
(vinyl methyl ketone) [11]. In addition, PVPh can also
form miscible blends with some aliphatic polyesters [12—
15] (e.g., poly(e-caprolactone) (PCL), poly(butylene suc-
cinate), poly((-hydroxybutyrate), poly(ethylene adipate),
and poly(butylene adipate) (PBA)) or with some aromatic
polyesters [16, 17] (e.g., poly(ethylene terephthalate), poly
(butylene terephthalate) (PBT), poly(trimethylene tere-
phthalate), and poly(ethylene 2,6-naphthalene dicarboxy-
late)). Miscibility and specific interaction have been
discussed for the copolymer/PVPh blends such as carbon
dioxide-co-epoxy propane/PVPh [18], poly(2,2,3,3,3-
pentafluoropropyl methacrylate-co-4-vinylpyridine)/PVPh
[19], poly(methyl methacrylate-b-vinyl pyrrolidone)/PVPh
[20], poly(2-vinyl pyridine-b-ethylene oxide) (P2VP-b-
PEO)/PVPh [21], and poly(N-alkylitaconamic acid-co-
styrene)/PVPh [22]. Among these systems, P2VP-b-PEO/
PVPh blend reveals significant positive deviation from
linear Ty—composition relationship, which is attributed to
the pronounced specific interactions between PVPh and
copolymer segments [21].

Ternary miscibility in blends comprising three different
polymers has been comparatively less studied. Recent
studies on ternary polymer blends have resulted in more
discoveries on miscible ternary blends [23-29]. For ternary
polymer blends, full miscibility is less often than “closed-
loop” immiscibility or only partial miscibility [30, 31]. This
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is especially true in cases where one of the three constituent
polymers can form strong interactions with the other two
polymers in the blends. In those cases, immiscibility is
resulted owing to the Ay effect (x;—xu), which may
become significant and not negligible. In these situations,
two effects may be competing in deciding the final phase
behavior in ternary blends. The Ay effect tends to lead to
immiscibility; on the other hand, in a ternary blend, it may
also be argued that the third polymer capable of forming
strong interactions may potentially act as a mutual common
link for the other two polymers, leading to a “bridging
effect” for forming a more homogeneous ternary mixture.
These two views oppose each other, and for better
understanding, one may need to weigh other factors on
influencing the phase behavior of ternary mixtures.

In this study, copolyester of P(BA-co-BT), a newly
commercialized product aiming for biodegradable applica-
tions, was used as a model copolymer for blending with
PVPh to understand effects of BA and BT segments on
interactions, miscibility, thermal behavior, and morphology.
PVPh is known to interact favorably with both BA and BT
segments, but interactions may differ for these two units.
Comparisons were also made among the PBA/PVPh blend,
P(BA-co-BT)/PVPh blend, and PBT/PVPh blend. Relevant
analyses were performed in attempts to understand the
influence of BA and BT segments on the thermal, phase
morphology, and specific interactions. Furthermore, analy-
ses was also performed by comparing the interaction and
miscibility of PBA/PBT/PVPh ternary blend with that of P
(BA-co-BT)/PVPh binary one, in which the PBA/PBT
weight ratio in ternary system was estimated to be the same
as the ratio of BA to BT segments in P(BA-co-BT)
copolymer.

Experimental
Materials and blend preparation

P(BA-co-BT) was obtained from BASF AG (Germany),
with a commercial name Ecoflex®, M,=135,000 g/mol;
Ty~—32 and T;,~124 °C (measured with differential
scanning calorimetric (DSC)), and density=1.27 g/em’.
The copolymer’s relative molar fractions as determined by
13C solid-state cross-polarization/magic angle spinning
NMR is 56 mol% BA and 44 mol% BT [5]. Poly(1,4-
butylene adipate) (PBA with M,=12,000 g/mol) was
purchased from Sigma-Aldrich Co. (USA), with T,~—62 °C
and T},~56 °C (measured with DSC). PBT was supplied by
G.E. Corp. (USA), with Ty~34 °C and T,~224 °C
(measured with DSC). PVPh, with M,,=22,000 g/mol, was
purchased from Polysciences, Inc. (USA), with apparent
T,=~149 °C (measured with DSC).
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In this study, binary blends of P(BA-co-BT)/PVPh, PBT/
PVPh, and ternary blends of PBA/PBT/PVPh were pre-
pared by melt blending at high temperatures. Polymers of
proper amounts (1 g or less per batch) were premixed in an
aluminum holder at 200 °C (for P(BA-co-BT)/PVPh) or
245 °C (for PBT/PVPh and PBA/PBT/PVPh). The poly-
mers in holder were placed on a hot stage (set at ~200 °C or
~245 °C). Stirring and blending were performed in dry
nitrogen purge to minimize degradation. Well-blended
materials were then pressed into thin uniform films for
characterizations. Blends of PBA/PVPh were difficult by
melt blending, thus were prepared by solution mixing
instead, by using tetrahydrofuran. Polymers in solvent were
dissolved at 4 wt.% and then cast at 45 °C onto flat glass or
aluminum substrates for film forming. Films were air-dried
for 24 h and then placed in a vacuum oven at 80 °C to
completely degas the residual solvent from the film blend
samples.

Apparatus and procedures

POM A Nikon Optiphot-2 polarizing optical microscope
(POM) equipped with a charge-coupled device digital
camera and a Linkam THMS-600 microscopic heating
stage with TP-92 temperature programmer was used to
observe transition of phase behavior of the blend
samples. Thin films from the melt-blended samples for
investigations on the phase behavior were sandwiched
between two glass slides. On the other hand, solution-
blended samples for POM were solution-coated on glass
substrate, covered with top glass, and pressed into films
of proper thickness (ca. 10~15 pm).

DSC Thermal analysis and measurements for 7,’s of
blends were performed using Perkin-Elmer DSC-7
equipped with a mechanical intracooler under dry nitrogen
purge. Scanning rates were 20 °C/min. All samples were
pressed to flat films to ensure good thermal conduction
and temperature distribution. Amorphous specimen by
premelting/quenching treatment was then characterized for
glass transition temperature.

FT-IR Fourier-transform infrared spectroscopy (FT-IR;
Nicolet Magna-560) spectroscopy was used to identify
possible interactions between polyesters. All spectra
were recorded at a resolution of 4 cm™' with an accumu-
lation of 64 scans in the range of 400~4,000 cm '. The
blends were solution-cast as thin and uniform films
from 2~4 wt.% solutions directly onto KBr pellets at
35°C, hot-pressed into proper thickness, followed by
necessary thermal treatments. Vacuum-dried KBr-cast
film samples were used for IR measurements at ambient
temperature.

Results and discussion

Miscibility with T,—composition relationship
in P(BA-co-BT)/PVPh blends

Characterizations for miscibility in P(BA-co-BT)/PVPh
blends were initiated with POM observations. The OM
photos (for brevity, graphs not shown) revealed that all
samples appeared optically transparent and homogeneous
(at x800). Furthermore, the blends were placed on a
microscopy heating stage where the temperature was raised
gradually in order to observe cloud-point transition. The
result showed that no cloud-point or lower critical solution
temperature phenomenon was observed up to about 300 °C,
beyond which the samples gradually started to chemically
degrade and it was no longer possible for discerning any
physical transitions. Preliminary OM examinations showed
a single-phase morphology for the P(BA-co-BT)/PVPh
binary system.

Thermal analysis was performed to investigate the
miscibility. Figure 1 shows the DSC traces (20 °C/min)
revealing only a single 7, (arrow-marked) for each of the
P(BA-co-BT)/PVPh blends with different compositions as
indicated on the DSC traces. This result provides evidence
for proving miscibility in the P(BA-co-BT)/PVPh binary
system. The OM and DSC results suggest that the blends
with different compositions are all miscible, with intimately

P(BA-co-BT)/PVPh

20/80

Endothermic heat flow (offset scale) ———

-50 0 50 100 150 200
Temperature (°C)

Fig. 1 DSC thermograms for P(BA-co-BT)/PVPh blends of different
compositions
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mixing among three polymeric segments of BA, BT, and
VPh in the blends.

The T,’s values of P(BA-co-BT)/PVPh blends are also
replotted again with respect to the PVPh composition.
Figure 2 reveals the T,—composition relationship for the
P(BA-co-BT)/PVPh blends. Additionally, the 7,—composition
data of PBA/PVPh and PBT/PVPh blends acquired from
DSC thermograms (DSC traces not shown here for
brevity) are drawn in the same figure for comparison.
The T,—composition relationship can be well described by
the Kwei equation [32] as Eq. 1, which is widely applied for
characterizing the 7, behavior in polymer blends with
specific interactions. The Kwei equation is shown as follows:

T — W]Tgl +kW2Tg2

+ gwiw 1
g Wi+ fow, gwiwy ()

where wy and w, are weight fractions of the two components
in the blends, T, and T, represent the corresponding glass
transition temperatures, and & and ¢ are fitting parameters.
Note that the first term on the right-hand side of Eq. 1 is the
widely used Gordon—Taylor equation, which can be derived
formally by using the additive rule of the entropy or the
volume of the mixtures. Besides, the second quadratic term
gwiw; is proportional to the strength of hydrogen bonding or
specific interaction in the blends. The fitting leads to a result
of k=1 and ¢=-82, as estimated by the Kwei equation for
the T, data of P(BA-co-BT)/PVPh blends. In the figure, two
other relationships are shown for comparison: k=1 and g=5
by fitting with the 7, data for the PBT/PVPh blend; k=1 and
q=—225 by fitting with the 7, data for the PBA/PVPh blend.
By judging from the ¢ values estimated and demonstrated

250

| —&— PBT/PVPh blends
—@— P(BA-co-BT)/PVPh blends
200 9 _4— PBA/PVPh blends

150 4 Kwei eq.
41 (k=1,9=5)
100 — \
50 —

Kwei eq.

Glass transition temperature (°C)

0 (k=1, q=-82)
) |
Kwei eq.
(k=1, q=-225)
'100 T I T I T I T I T
0 20 40 60 80 100

PVPh (Wt %) in binary mixtures

Fig. 2 T,—composition relationship for PBT/PVPh, P(BA-co-BT)/
PVPh, and PBA/PVPh blends by fitting with the Kwei equation
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for three different binary blends, the interaction strength in
the P(BA-co-BT)/PVPh blend is likely not as strong as
that in the PBT/PVPh blend but is stronger than that in the
PBA/PVPh blend.

Spectroscopy analyses on interactions in binary blends

FT-IR characterization was carried out to explore the
interactions in the P(BA-co-BT)/PVPh blends for qualita-
tive and quantitative aspects. Figure 3 displays two IR
spectra for P(BA-co-BT)/PVPh blends: (a) in hydroxyl-
stretching region and (b) in carbonyl-stretching region.
Figure 3a depicts the hydroxyl stretching band at 3,050—
3,700 cm ' of the PVPh component in the P(BA-co-BT)/
PVPh blend. Two distinct IR absorbance bands in the
hydroxyl-stretching region are seen for neat PVPh. The
broad band at 3,334 cm™ ' can be attributed to the hydrogen-
bonded hydroxyl group (self-association), and a relatively
narrow band at 3,530 cm ' is assigned to the free
(nonassociated) hydroxyl groups. Upon blending with
P(BA-co-BT), the intensity of the free hydroxyl group
band decreases, and the hydrogen-bonded hydroxyl group
band of PVPh shifts to a higher frequency, indicating
hydrogen-bonding interactions between the hydroxyl
groups of PVPh and P(BA-co-BT). Note that the decrease
of free OH stretching absorbance is also partially attributed
to the decrease of PVPh content in the blends. Figure 3b
shows the carbonyl-stretching region for IR absorbance of
the P(BA-co-BT) component in the blend. The carbonyl-
stretching absorbance exhibits two doublet bands (partially
overlapped), which are the peak at 1,732 cm™' and another
closely spaced peak at 1,715 cm™', representing the
amorphous and crystalline portions, respectively, of the
carbonyl absorbance of neat P(BA-co-BT) polyester. For
the P(BA-co-BT)/PVPh blends with increasing PVPh
content, the shoulder peak at 1,702 cm ' gradually
increases in intensity into a major peak with increase of
the PVPh contents in blends. This fact indicates that, with
increasing PVPh contents, more carbonyl groups of P(BA-
co-BT) are involved in H-bonding interactions with the
hydroxyl groups of PVPh. Such characteristics are also
seen in other blend systems composed of semicrystalline
polyesters with PVPh, such as PCL/PVPh and poly
(B-propiolactone)/PVPh [8].

However, effects of BA and BT segments on the strength
of H-bonding interactions in the P(BA-co-BT)/PVPh blend
can be understood by further analyzing the hydroxyl-
stretching band. Moskala et al. [8] have employed a term
of frequency difference (Av) between the free hydroxyl
group and those of the hydrogen-bonded hydroxyl groups
as a measure of the average strength of H-bonding
interactions in the blends. This method was employed for
estimating the H-bonding strength of the P(BA-co-BT)/
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Fig. 3 FT-IR spectra in a
hydroxyl-stretching and b
carbonyl-stretching region for P
(BA-co-BT)/PVPh blends of
different compositions

Absorbance (offset scale)

P(BA-co-BT)/PVPh

(A) (B)

P(BA-co-BT)/PVPh

3334

3700 3600 3500 3400 3300 3200 3100 1800

PVPh blends. The IR characterization of PBT/PVPh and
PBA/PVPh had been performed, but their spectra are not
shown here for brevity. The Av values for P(BA-co-BT)/
PVPh blend in comparison with two binary blends PBT/
PVPh and PBA/PVPh are 101, 103, and 95 cm ', respec-
tively. Two findings are pointed out. First, the Av value of
the P(BA-co-BT)/PVPh blend is intermediate between
those for the PBT/PVPh and PBA/PVPh blends. This fact
infers that both BA and BT units of the P(BA-co-BT)
copolymer interact with PVPh, but probably with unequal
strengths. Secondly, the average strength of H-bonding
interactions is in decreasing order of PBT/PVPh (Av=
103 cm™") > P(BA-co-BT)/PVPh (Ar=101 cm ') > PBA/
PVPh (Av=95 cm'). This is consistent with the DSC
result, which suggests that the interactions in the P(BA-co-
BT)/PVPh blend are weaker than those in the PBT/PVPh
blend but stronger than those in the PBA/PVPh blends. The
BA segment reduces the H-bonding strength in the P(BA-co-
BT)/PVPh blend because of the relatively weaker H bonding
with PVPh in comparison to that between BT and PVPh.

Miscibility in ternary PBA/PBT/PVPh blends

A comparative study was conducted by using a ternary
blend of PBA/PBT/PVPh for comparison to the earlier
discussed results for the binary P(BA-co-BT)/PVPh blend.
Preliminary OM characterization was performed to reveal
the phase morphology of the blends. Figure 4 shows phase
diagrams as revealed in OM micrographs for the ternary
PBA/PBT/PVPh blends. The OM photographs for discern-

T T 7T T 71 T [ T [ T [ T
1760 1720 1680
Wavenumbers (cm™)

1640

ing the homogeneous vs. phase separation morphologies
are also attached for illustration. The ternary PBA/PBT/
PVPh compositions in the figure are labeled as series 1 and
series II, respectively. Series I compositions are designed as
the relative weight ratios of PBA/PBT/PVPh is 0.56x/0.44x/y,
where 0.56x+0.44x+y=100. The ratio of PBA/PBT was
delicately estimated to be equal to the BA to BT segment
ratio of P(BA-co-BT) copolymer. On the other hand, series II
samples mean the compositions of PBA/PBT/PVPh=x/y/40,
which describes the ternary samples with a fixed PVPh
content (40 wt.%) in the blends. OM characterization for the
ternary blends indicates that the series I blends with lower
PVPh contents (PVPh <40 wt.%) possess a heterogeneous
morphology and remain phase separated up to 250 °C. By
contrast, the blends with higher PVPh content in series I or
blends in series II all display homogeneous morphology at
both room temperature and molten state (250 °C). The OM
characterization suggests that partial miscibility, rather than
full miscibility, is typical for the ternary PBA/PBT/PVPh
system.

The earlier preliminary OM characterization on samples
indicated partial miscibility for PBA/PBT/PVPh blends
with different compositions. Some blend compositions
displayed a homogeneous phase, and DSC analysis was
performed to confirm the phase behavior for those
compositions with a homogeneous morphology as revealed
in the OM graphs. For direct comparisons, Fig. 5 shows
DSC traces for quenched PBA/PBT/PVPh ternary blends of
different compositions of (a) series I: PBA/PBT/PVPh=
0.56x/0.44x/y and (b) series II: PBA/PBT/PVPh=x/y/40.
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Fig. 4 Phase diagrams as
revealed in OM micrographs
for the ternary PBA/PBT/PVPh
blends

Fig. 5 DSC traces for quenched
PBA/PBT/PVPh ternary blends
of different compositions of a
series I: PBA/PBT/PVPh=
0.56x/0.44x/y (where 0.56x+
0.44x+y=100, y>40) and b series
1I: PBA/PBT/PVPh=x/)/40
(where x+y+40=100)
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Fig. 6 Comparison of experimental 7, data vs. calculated 7} as fitted
by the Fox equation for ternary PBA/PBT/PVPh blends

Figure 5a displays DSC traces for quenched PBA/PBT/
PVPh ternary blends of series I samples (PVPh >40 wt.%).
A single and composition-dependent 7, (dependent on
PVPh content) for each composition is presented in the
figure, and it also provides the positive evidence for
miscibility in series I blends at the PVPh content that is
equal to or higher than 40 wt.%. Figure 5b shows DSC
traces for quenched PBA/PBT/PVPh ternary blends of

series II. All these DSC traces show that there is only a
single composition-dependent 7, (increasing with higher
PBT contents) for all compositions as indicated on the DSC
traces. The result suggests that these blend compositions in
series II, with fixed PVPh content of 40 wt.% in the ternary
PBA/PBT/PVPh blends, are all miscible.

The Fox equation is generally adopted for describing the
T—composition relationships for miscible polymer blends
with homogeneous phase morphology. For ternary blends,
the Fox equation can be described as Tig = ;Lg'l—i—;v—;z—i—;f—gz.
Figure 6 shows quantitative comparison between the
experimental ternary blend 7, vs. the calculated T,
according to the Fox equation for single 7, miscible
compositions of series I and series II. Agreement between
these two sets of values suggests that blend 7, data are well
fitted with the model prediction. These results show that all
ternary blends investigated in this study possess similar 7,—
composition relationship and that all of them are similarly
miscible. Quantitative comparisons of interaction strengths
among the ternary blends were further investigated using IR
spectroscopy, as will be discussed in the sections below.

IR characterization of interactions

The H-bonding interactions in the ternary blends composed
of PVPh and two proton-accepting polyesters (PBA and
PBT) are expected to be complex owing to the presence of
two H-bonding pairs (PVPh-PBA and PVPh-PBT) in the
system. Figure 7 shows FT-IR spectra in hydroxyl-
stretching region for PBA/PBT/PVPh blends for different

Fig. 7 FT-IR spectra in hydroxyl-
stretching region for PBA/PBT/
PVPh blends of different com-
positions of a series I: PBA/
PBT/PVPh=0.56x/0.44x/y
(¥>40) and b series II:
PBA/PBT/PVPh=x/y/40

Absorbance (offset scale)

(A) Series-I

(B) Series-1I)

PBA/PBT/PVPh PBA/PBT/PVPh

3334 3412

10/50/4

20/40/40

30/30/

33.6/26.4/4
3.6/26.4/4(

56/44/0
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40/20/- o

T I T

T
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compositions of (a) series I: PBA/PBT/PVPh=0.56x/0.44x/y
(y>40) and (b) series-1I: PBA/PBT/PVPh=x/y/40. In Fig. 7a,
with mixing with PBA and PBT, the intensity of the free
hydroxyl group band decreases and the hydrogen-bonded
hydroxyl group band of PVPh shifts to a higher frequency.
This evidence reveals presence of H-bonding interaction
between the hydroxyl groups of PVPh and carbonyl groups
of PBA and PBT. Note that the decrease of free OH
stretching absorbance is partially resulted from the decrease
of PVPh content in the blends. Figure 7b depicts OH
stretching region of PBA/PBT/PVPh=x/y/40 when the PVPh
content is fixed at 40 wt.% with various PBA/PBT=x/y
ratios in the ternary blends. The blends containing 40 wt.%
PVPh are in a miscible state; thus, the results reveal that the
positions of the hydrogen-bonded OH stretching bands in
PBA/PBT/PVPh=x/y/40 are almost the same or similar. As
described in the earlier IR investigation for P(BA-co-BT)/
PVPh blends, frequency shifts of the OH absorbance
adequately correlate with the strengths of H bonding. Similar
argument can be made on the present ternary PBA/PBT/
PVPh system, where the hydrogen-bonded OH stretching
absorbance for the PVPh component does not change
significantly with respect to the PBA/PBT weight ratios in
the ternary blends, for example, vo=3,412 vs. 3,410 cm !
for PBA/PBT/PVPh=10/50/40 vs. 50/10/40, respectively.
The fact suggests that with a fixed high PVPh content
(>40 wt.%) in the ternary blends, sufficient H-bonding
interaction can sustain homogeneity in blends by presenting

similar strength of H-bonding interaction regardless of the
PBA/PBT ratios. The Ay effect, which may be significant at
low PVPh contents, can be minimized by introducing high
PVPh contents in the ternary blends to lead to phase
homogeneity. Thus, even with its —OH bonding capacity to
both PBA and PBT polyesters, PVPh at low contents only
has limited bridging effect to link mutually immiscible PBA
and PBT.

It may be difficult to resolve the C=O stretching region
in the ternary blends of PBA/PBT/PVPh because of the
complex overlapping of the two C=0 groups absorbance’s
attributed to PBA and PBT, respectively. To simplify the
analyses of C=0 absorbance spectra in such cases, Zhang
et al. [33] have proposed an analytical method in
characterizing a PVPh/PVAc/PMA blend system, where
they consider two absorbance bands in C=O stretching
bands relating to the total free and H-bonded C=0O
absorbance bands for both C=O groups of PVAc and
PMA. Similar approaches were adopted. Figure 8 shows
FT-IR spectra in carbonyl-stretching absorbance region for
PBA/PBT/PVPh blends for different compositions of (a)
series I: PBA/PBT/PVPh=0.56x/0.44x/y (y>40) and (b)
series II: PBA/PBT/PVPh=x/y/40. Figure 8a presents the
PBA/PBT/PVPh=0.56x/0.44x/y series (PVPh>40 wt.%),
revealing that C=0O stretching IR band is attributed to the
free C=0 groups (at 1,730-1,732 cm '), H-bonded C=0
groups (at 1,701-1,702 cm™ "), and crystalline C=O groups
(at 1,714 cm™"). For further quantitative analysis, it should

Fig. 8 FT-IR spectra in carbonyl-
stretching region by curve fitting PBA/PBT/PVPh
for PBA/PBT/PVPh blends of =

different compositions of a series
I: PBA/PBT/PVPh=0.56x/0.44x/y l
(y>40) and b series II: PBA/
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Table 1 Curve-fitted parameters of carbonyl IR peaks for ternary PBA/PBT/PVPh blends

PBA/PBT/PVPh (wt.%) Free C=O (amorphous; cm ') Free C=0 (crystal; cm ') H-B C=0 (cm ') 47 (%) Ay (%) £°° (% H-B C=0)

PBA/PBT/PVPh=0.56x/0.44x/y, where 0.56x+0.44x+y=100, y>40

33.6/26.4/40 1,732 1,713

22.4/17.6/60 1,730 -

11.2/8.8/80 1,730 -
PBA/PBT/PVPh=x/y/40, where x+y+40=100

10/50/40 1,731 -

50/10/40 1,733 1,714

1,702 55.5 44.5 34.8
1,701 42.6 57.4 47.3
1,702 35.0 65.0 553
1,702 60.8 39.2 30.1
1,702 57.5 42.5 33.0

be noted that the crystalline C=O group (only revealed in
the blends with relatively lower PVPh content) should also
be considered as parts of the absorbance for free C=O
groups since these groups are not involved in the H
bonding with the OH group of PVPh as indicated by the
spectral evidence. The intensity of H-bonded groups at
about 1,702 cm ' slowly increases with the PVPh content
in the miscible ternary blends, inferring that more C=0
groups are involved in H-bonding interaction with the OH
groups of PVPh. A similar feature is also seen in the P(BA-
co-BT)/PVPh blends as mentioned in the earlier discussion.
Quantitative comparison for this characteristic is discussed
in the following: Figure 8b shows FT-IR spectra in
carbonyl-stretching region for PBA/PBT/PVPh=x/y/40
series. Curve fitting was used to separate the free and H-
bonded C=O0 stretching bands to analyze quantitatively the
C=0 stretching absorbance in the blends. Plots of the fitting
results by the general Gaussian equation for the specific
compositions are shown as insets in the figure. Fractions of
H-bonded C=0 were then estimated from these results.

Table 1 summarizes the numerical curve-fitting results
for the C=0O IR peaks in the PBA/PBT/PVPh ternary
blends. The fraction of hydrogen-bonded C=0, £,°°, is
associated with the areas of H-bonded (4;,) and free (Ay)
C=0 groups by following equations, which were earlier
derived and used by some investigators [12]:

Ap = anfy"=° (2)

Af = af(l 7ﬁ)C:O) (3)

where ay,;, and ay are the absorptivities of the H-bonded and
free C=0 bands, respectively. Combination of Egs. 2 and 3
yields a final expression:

A0 = A/ (an /ar) ()
b/ (anv/ar) + Ar

The value of ayy/ay, from the literature [17], is 1.5 for the
blends of PVPh with the polyester, from which the £, ©
values were then calculated. For the ternary blend of PBA/
PBT/PVPh=0.56x/0.44x/y series (y>40), £,°=° (from
34.8% to 55.3%) clearly increases with the PVPh content
in the blends. This indicates that the total fraction of
H-bonded C=0 groups of PBA and PBT increases with the
introduction of the third PVPh constituent to the binary
blend of PBA/PBT to form a ternary blend. By comparison,
for the PBA/PBT/PVPh=x/y/40 series (e.g., PBA/PBT/
PVPh=10/50/40 and 50/10/40), almost equal £,“~° values
(30.1% and 33.0%, respectively) were obtained by the
curve fitting. This result again suggests that the similar
H-bonding interactions are present in the miscible blend
compositions containing at least 40 wt.% PVPh with a
homogeneous phase. In addition, Table 2 also shows the
curve-fitted results of carbonyl IR peaks for binary P(BA-
co-BT)/PVPh and ternary PBA/PBT/PVPh blends. Similar
values for the ratio of H-bonded C=0 groups are obtained
by the methodology mentioned above. These results
provide further evidence that the H-bonding interactions
in the miscible compositions of the ternary blends are
comparable to those in the binary copolymer blends.
Similar specific interactions exist in the binary P(BA-co-

Table 2 Curve-fitted parame-

ters of carbonyl IR peaks for Polymer blend P(BA-co-BT)/PVPh PBA/PBT/PVPh
binary P(BA-co-BT)/PVPh and Fixed PVPh=60wt.%
ternary PBA/PBT/PVPh blends

Free C=0O (amorphous), cm ! 1,731 1,730

Free C=0 (crystal), cm ! - -

H-Bonded C=0, cm™' 1,703 1,701

Ag, % 443 42.6

Ap, % 55.7 57.4

7670, % H-bonded C=0 45.6 473
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BT)/PVPh blend system as well as in ternary PBA/PBT/
PVPh blend of high PVPh contents.

Conclusion

Blends of P(BA-co-BT) copolyester with hydroxyl-
containing PVPh were proven to be miscible with specific
interactions via hydrogen bonding between the homopoly-
mer PVPh and copolyester segments. The Kwei equation
reasonably describes the T,—composition relationship for
P(BA-co-BT)/PVPh blends with ¢g=—82, which is in the
middle of that (¢=5) for the PBT/PVPh blends and that
(g=—225) for the PBA/PVPh blends. In general, the
average specific interactions in the P(BA-co-BT)/PVPh
blend are weaker than those in the PBT/PVPh blend but
stronger than those in the PBA/PVPh blend. The IR spectral
result gives evidence that the H-bonding interaction exists
between P(BA-co-BT) and PVPh. From the extent of IR
wavenumber shifting of the OH group for the blends, the
strength of H-bonding interaction was determined and
ranked to be in order of PBT/PVPh>P(BA-co-BT)/PVPh >
PBA/PVPh. The BA unit tends to lower the average strength
of intermolecular H bonding in the P(BA-co-BT)/PVPh
blend owing to the relatively weaker interaction between the
BA segment of the copolymer and PVPh homopolymer.

In copolymer P(BA-co-BT), the PBA and PBT segments
are linked to behave collaterally by covalent bonds, and the
copolymer’s polarity is averaged in interacting with PVPh.
When the covalent bond in P(BA-co-BT) is removed, such
as replaced with two homopolymers of PBA and PBT, the
interactions among PBA, PBT, and PVPh are dramatically
different to lead to a different phase behavior. For this
purpose, a comparative ternary (PBA/PBT/PVPh) blend
was studied. Results show that only partial miscibility exists
in the PBA/PBT/PVPh ternary blend, which is attributed to
the Ay effect. Apparently, low contents of PVPh in the
blends do not provide any bridging effect on linking two
mutually immiscible polymers (PBA and PBT) into a
miscible (or more compatible) state. Only at high contents
of PVPh in the blends (>40 wt.%), the ternary blends turn
miscible. With high PVPh contents in the blends, sufficient
H-bonding interactions can promote the ternary blend to a
homogeneous state. That is, even with the —OH bonding
capacity in PVPh to favorably interact with both PBA and
PBT polyesters, PVPh at low contents in the ternary blend
has only limited bridging effect.
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