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The phase behavior of the blends of poly(ethylene terephthalate) (PET) and poly(Resorcinol Phthalate-
block-Carbonate) (RPC) and the blends of PET and poly(Bisphenol-A Carbonate) (PC) was investigated by
dynamic mechanical analysis (DMA), differential scanning calorimetry (DSC), and transmission electron
microscopy (TEM). Blends of high molecular weight PET and RPC copolymer with 20 mol% resorcinol
phthalate (RPC20) showed two glass transition temperatures in DMA and DSC but the cold crystallization
rate of PET phase was substantially lowered as compared to neat PET, indicating partial miscibility at all
compositions. The RPC20 with M,y = 31,500 g/mol formed miscible blends with PET when PET has
weight-average molecular weight <9500 g/mol. The Flory—Huggins interaction parameter between PET
and RPC20 was calculated to be 0.029 + 0.003 by using the Flory—Huggins equation at critical compo-
sition and molecular weight. PC with M,, = 30,000 g/mol formed miscible blends with PET only when
PET had molecular weight <2800 g/mol, indicating PC/PET blends were much less miscible than RPC20/
PET blends. Group contribution methods agreed well with the experimental results obtained both in the
present study and a previous study [1], predicting that the addition of a resorcinol phthalate block to a PC
backbone should increase the miscibility of PC and PET.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

PET is one of the most widely used semi-crystalline polyesters in
industry. Good chemical resistance and tensile strength make PET
a useful polymer in applications including films, fibers, or bottles.
Bisphenol- A Polycarbonate (PC) is another important engineering
plastic due to its high impact resistance and optical clarity. Blends
of PET and PC are commercially successful because of the balance of
properties imparted by semi-crystalline PET and impact resistant
PC. One of the keys to making useful blends of PET and PC is to
control their morphology based on a good understanding of their
miscibilities. Kong and Hay [2] investigated transesterification of
PET and PC to conclude that PC and PET with a number-average
molecular weight of ~20 kg/mol were completely immiscible in
the absence of a transesterification catalyst. Paul et al. reported that
the blends were miscible with high PET content above 60—70% and
immiscible in other compositions [3,4]. Other researchers found
that the blends were immiscible at all compositions [5,6]. Recently,
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Kong and Hay [2] provided a brief summary on PET and PC blends,
and they attributed the discrepancy in the literature to sample
preparation methods, transesterification, and analytical methods.
Engineering thermoplastics are commonly used in automotive
and telecommunication outdoor applications. In these applications,
engineering thermoplastics are expected to meet long-term UV
resistance requirements. This is often achieved by adding a UV
agent as an additive. However, UV additives tend to migrate to the
surface, and as a result, might be extracted when the polymer is
exposed to certain chemicals and outdoor environments. In addi-
tion, UV additives tend to degrade over time and do not protect the
polymer matrix during the complete course of its expected lifetime.
Some engineering plastics inherently have robust UV stability due
to their chemical structure. To overcome the aforementioned
migration issue, UV resistant engineering plastics can be used with
or without blending with other polymers. The effectiveness of the
UV resistant polymer in the blends can be dramatically different for
amiscible blend vs. an immiscible blend. For immiscible or partially
miscible blends, the blend morphology can play an important role.
Therefore, it is critical to understand the miscibility of UV resistant
polymers with other polymers. RPC is relatively less known to the
polymer industry. Based on the limited literature [7,8] available,
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excellent physical properties, chemical resistance and UV resis-
tance properties have been reported. It has also been reported that
RPC is miscible with polyetherimide [9], and has formed useful
blends with polycarbonate [10].

In the present study, we investigated the miscibility of PET and
PC copolymers containing resorcinol comonomer. Poly(resorcinol
phthalate-block-carbonate) with 20 mol% resorcinol (RPC20) was
made to improve the UV resistance of polycarbonate and its blends.
The present study explores whether resorcinol phthalate in the
copolymer substantially changes the miscibility of PET and PC and
furthermore changes overall properties of the blend.

In a previous study, S. D. Kim et al. [1] reported that RPC con-
taining 80 mol% resorcinol phthalate formed miscible blends with
PET. The Flory—Huggins interaction parameter was quantified to be
—0.33 by using the Nishi—Wang equation. In the present study, we
focused on RPC with a relatively low resorcinol content of 20 mol%.

The phase behavior was studied by dynamic mechanical anal-
ysis (DMA) and differential scanning calorimetry (DSC). Trans-
mission electron microscopy (TEM) provided additional
information on the phase behavior at a microscopic level when the
blends showed rather broad peaks in DMA. The samples in the
present study were prepared by extrusion or extrusion followed by
molding to simulate blend properties in practical applications.
Solution blending was also performed for low molecular weight
PET samples.

2. Experimental section
2.1. Materials

Poly(resorcinol phthalate-block-carbonate) (Fig. 1) was obtained
from Sabic Innovative Plastics Co.(formerly GE Plastics) and its
weight-average molecular weight in Table 1 was measured against
polycarbonate standards by gel permeation chromatography (GPC).
The synthetic scheme has been published elsewhere [7]. RPC was
a multi- block copolymer with BPA based carbonate repeating units
and resorcinol phthalate repeating units. In the resorcinol phtha-
late block, a 1/1 mol ratio of isophthalic and terephthalic acids was
used. RPC20 corresponds to an RPC copolymer with 20 mol%
resorcinol phthalate repeating units.

Commercial PET samples were obtained from DuPont Chemical
Co. Low molecular weight PET samples were synthesized from
dimethyl terephthalate (Eastman Chemical, 99+%) and ethylene
glycol (Fisher Scientific, 99.5+%) by melt phase polymerization. The
ester interchange reaction was carried out from 170 to 230 °C in the
presence of 200 ppm of manganese acetate tetrahydrate (Acros,
99+%). The polymerization was carried out from 250 to 280 °C
under vacuum in the presence of 200 ppm of antimony oxide
(Aldrich, 99+%) as the polymerization catalyst. Samples were taken
at different points during the polymerization reaction by breaking
vacuum, allowing the synthesis of a wide range of average molec-
ular weights. The polymer pellets were extruded with stabilizers of
Sandostab P-EPQ and mono zinc phosphate [11,12] on a 28 mm
Werner Pfleiderer Twin Screw Extruder with a vacuum vented
mixing screw, at a barrel and die head temperature between 250

Table 1

Molecular weight of materials by gel permeation chromatography (GPC).
Polymer M,, (g/mol) Mjy(g/mol) Tg,DSC (°C)
PET-A? 88,000 47,000 76
RPC20° 31,500 12,000 140
PC® 30,000 12,000 147

2 Against polystyrene standards.
b Against polycarbonate standards.

and 270 °C and a screw speed between 150 and 300 rpm. The
extruder can be operated at a maximum rate of 30 kg/h. Different
ingredients can be conveniently added to the extruder by use of 8
independent feeders. The extrudate was cooled through a water
bath prior to pelletizing. Test parts were injection molded on a van
Dorn molding machine with a set temperature of approximately
250—-270 °C. The pellets were dried for 3—4 h at 60—120 °C in
a forced air-circulating oven prior to injection molding. For
dynamic mechanical analysis (DMA) and differential scanning
calorimetry (DSC), Izod parts were molded in dimensions of
63.5 mm length, 12.7 mm width, and 3.2 mm thickness.

Solution blending was performed for blends containing low
molecular weight PET. The blends of PET at various weight ratios
were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). The
solution typically had less than 5% by weight of polymers to form
transparent solutions. If the solution became turbid, more HFIP was
added until the solution became optically transparent. The solution
was then precipitated into an excess amount of methanol. The
mixture of methanol, HFIP, and precipitated polymers was dried
under air. The precipitated powder was dried at room temperature
overnight and then dried at 120 °C for 3—4 h before compression.
Films were obtained by compression molding between Teflon
sheets with 300 um thick spacers at 270 °C + 10 °C for 30 s,
followed by quenching between cold metal plates.

2.2. Measurements

Differential Scanning Calorimetry (DSC): Thermal transitions,
including the glass transition, melt, and crystallization tempera-
tures and the enthalpies of melting and crystallization of the
blends, were measured on a differential scanning calorimeter (TA
Instruments Model Q1000). High purity indium and lead were used
as standards for temperature calibration, and indium was also used
as the standard for heat flow calibration. All the samples were
subjected to heating, cooling and heating cycles at 20 °C/min.

Extensive studies [6,13—18] have shown that transesterification
may occur in polymer blends containing ester and carbonate
functional groups in melt processes, which would affect the phase
behavior of the blends. In order to avoid confounding of results by
transesterification for this study, it was ensured that the experi-
mental conditions were optimized to minimize transesterification
[1].

Dynamic Mechanical Analysis (DMA): Dynamic mechanical
properties of the blends were evaluated with a TA instrument TA
2980 or TA Q800. The extruded pellet blends were heat pressed into
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Fig. 1. Poly(resorcinol phthalate-block-carbonate) (RPC).
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a thin film, and a strip was cut out to fit into a film extension fixture.
All the samples were annealed at 150 °C for 4 h before loading onto
the DMA for testing. Small amplitude tensile deformation was used
with a frequency of 1 Hz. Temperature was increased from room
temperature to 200 °C at a ramp rate of 3 °C/min.

Nuclear Magnetic Resonance (NMR) spectroscopy: The molecular
weight of the PET samples was determined by end group analysis
with an Oxford NMR AS400 instrument. The end-group determi-
nation was done according to the method developed by Donovan
and Moad [19] in combination with measurements of PET dissolved
in tetrachloroethane-1,2-d, (TCE). The acid and hydroxyl end-groups
were reacted with trichloroacetyl isocyanate (Sigma—Aldrich, 97+%)
in TCE to form derivatives that were easily quantifiable in the NMR
spectra. Example spectra are shown in Fig. 2. From measurements
of the PET derivitives, the concentration of carboxylic acid
(6 ~ 10.26 ppm) and alcohol end groups (6 ~ 8.53 ppm) were
directly determined. The concentration of alcohol end groups
determined by this method was used to verify the alcohol end groups
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Fig. 2. "H NMR spectra of PET in TCE showing peaks for (a) alcohol and methoxy end
groups (b) derivitized carboxylic acid and alcohol end groups.

determined by measurement of the polymer dissolved in TCE
(6 ~ 4.0 ppm). Because our polymers were made using dimethyl
terephthalate as a monomer, the PET also contained methoxy end
groups. These were determined directly from 'H NMR measure-
ments of PET dissolved in TCE (6 ~ 3.95 ppm). The number-average
molecular weight was directly calculated from the concentration of
end-groups.

The molecular weight of PET was obtained by both GPC and
NMR methods. The theoretical calculation in the present study
requires the absolute weight-average molecular weight (M).
While GPC provides information on both the number-average
molecular weight (M;) and the weight-average molecular weight
(My), the molecular weight of PET from GPC was not absolute due
to the use of polystyrene as standard samples. In contrast, NMR
offers an absolute My, but it does not provide M,,. Fig. 3 correlates
M, by NMR and M, by GPC on broad range of molecular weight. The
correlation in Fig. 3 was used to convert M and M,, from GPC to
absolute M, and My,. The molecular weight of PET in the present
study is absolute M, and M,y unless specified otherwise. Table 2
summarizes absolute My and M,y of PET used in the present study.

3. Results

The miscibility of the blend of RPC and polyesters was investi-
gated by DMA, DSC, and TEM.

3.1. High molecular weight PET blends

Fig. 4 shows the glass transition temperature of the PC/PET
blends as determined from DMA data of the molded bars. The glass
transition temperatures at about 80—90 °C and 130—150 °C are
attributed to the PET phase and the PC phase, respectively. The
DMA data displays two glass transitions for all the blends, indi-
cating PC and PET form immiscible blends. The fact that PET and PC
were immiscible in the present study agrees with most of the
studies on PET and PC in the absence of a transesterification catalyst
[2]. In the present study, the blends were stabilized by using
a quencher (i.e. mono zinc phosphate to deactivate catalyst) to
inhibit transesterification [12].

Fig. 4 also shows the DMA data of the molded bars from the
blends of RPC20 and PET. The DMA data displays two glass transi-
tions except the blends containing less than 25% PET and more than
85% PET. The glass transition temperatures at around 80—90 °C and
130—150 °C are attributed to the PET phase and the RPC20 phase,
respectively. The blends containing less than 25% PET and more
than 85% PET did not show T, of PET phase or RPC20 phase probably
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Fig. 3. Correlation of number-average molecular weight of PET samples measured by
GPC and NMR.
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Table 2
Absolute molecular weight and glass transition temperature of PET samples used in
the present study.

M, (g/mol) M,, (g/mol) Tg, DSC (°C)

PET_1.2k 737 1262 17

PET_2.8k 1104 2757 25.6
PET_4.1k 2017 4128 51.5
PET_9.5k 4374 9521 69.6
PET_13.2k 5779 13199 719
PET_14.4k 5905 14383 72.7
PET_14.5k 6010 14495 73.5
PET_14.9k 5922 14879 73.9
PET_29.0k 9724 28058 753
PET_29.5k 9755 29511 75.7
PET_34.5k 10004 34563 76.1

Commercial high molecular PET (nominal intrinsic viscosity = 0.8 g/dl from Dupont
company) has M, = 29,600 g/mol, M,, = 55,500, and Ty = 76.9 °C.

due to peak broadening in DMA loss modulus in these composi-
tions. Complementary information from TEM in Fig. 5 illustrates
phase separation in all compositions including blends containing
10% PET and 90% PET, indicating that RPC20 is not miscible with
high molecular weight PET. RPC20 is expected to form spherical
domains at low concentrations, co-continuous cylindrical domains
at medium concentrations, and matrix surrounding spherical
domains at high concentrations

Fig. 6 compares DSC traces of PET and its blends upon heating
from a quenched status. Evidently, crystallization occurs for all four
samples. Generally, the crystallization temperature upon heating
from a quenched status is lower than the one seen upon cooling
from the melt, therefore this crystallization is usually referred to as
cold crystallization [20]. Neat PET had a cold crystallization peak at
~125 °C. PET in PET/PC blends displayed cold crystallization at the
same temperature of ~125 °C, indicating that PET domains were
phase separated from PC domains and PET crystallization behavior
in PET/PC blend was not much different from that of neat PET. PET
in PET/RPC20 blends displayed cold crystallization at 10 °C higher
than neat PET, indicating that crystallization of PET was slowed
down in the presence of RPC20. Slower crystallization of PET in PET/
RPC20 blends is attributed to partial miscibility of the blends. In
miscible or partially miscible blends, PET molecules are required to
diffuse through RPC20 molecules before forming pure PET crys-
talline domains. Consequently, the crystallization rate of PET in
miscible/partially miscible blends should be reduced in more
miscible blends and higher concentration of its counter part. The
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Fig. 4. Glass transition temperature of PC/PET blends (triangles) and RPC20/PET blends
(rectangles) by DMA loss modulus.

last example of PET/RPC80 was found to be fully miscible in our
previous study [1]. As expected, cold crystallization of PET in PET/
RPC80 was substantially lowered to 170 °C. We have defined high
molecular weight PET/RPC20 blends as partially miscible blends
based on the cold crystallization behaviors.

3.2. Low molecular weight PET blends

A typical polymer blend may be immiscible because the entropy
gain upon mixing is too small to overcome unfavorable interactions
between polymers. The miscibility can be improved by reducing the
molecular weight of one or both of the polymers or by incorpo-
rating comonomers into one or both of the polymers. When the
molecular weight is substantially reduced or the comonomer
concentration is high enough, the transition from an immiscible
blend to a miscible blend can be observed by readily available
instrumentation such as DSC.

In the present study, low molecular weight PET samples and
RPC20 or PC were prepared by solution mixing. Blends were
prepared using a solution precipitation procedure similar to Kimura
et al. [21].. Solution precipitation was used because a casting
method may cause undesired phase separation during drying
process. The films were quenched from the melt to room temper-
ature to inhibit crystallization. The quenching process was efficient
enough that neat PET films were optically transparent. Because low
molecular weight PET blends do not have enough mechanical
strength for DMA measurements, the blend films were tested only
by DSC.

A typical DSC curve is shown in Fig. 6. As a film was heated up,
the glass transition temperature of the PET phase was observed at
around 80 °C followed by a crystallization peak at around 130 °C.
The presence of a crystallization peak indicates that the quenching
protocol sufficiently suppressed crystallization of PET. Since the
crystallization peak appears around the glass transition tempera-
ture of PC and RPC20 and the magnitude of the crystallization peak
is much larger than the glass transition of PC and RPC20, the glass
transition temperature around 130—150 °C was not observed in
most samples. Hence, discussion below is focused on the glass
transition of PET around 80 °C.

Fig. 7 summarizes T of neat PET and T, of PET in the blends with
PC. T, of neat PET decreased as molecular weight decreased below
a certain molecular weight. The reduction in glass transition
temperatures with lower molecular weight can be explained by the
well known Fox—Flory equation [22,23].

Ty = Tge — Kg/Mn (1)

where Ty, (in K), Mp(in g/mol), and K (in Kg/mol))are the glass
transition temperature for an infinite molecular weight, number-
average molecular weight, and a characteristic parameter of the
polymer, respectively. The linear regression with equation (1) and
the data in Table 2 resulted in Tge, = 353.5 K (80.36 °C) and
Kg = 47784 Kg/mol with a regression R? = 0.95. It is interesting to
note that the glass transition temperature of PET has been used as
an example to resolve contradictory proposals. Hintermeyer et al.
[24] proposed that the molecular weight M,y at which the T, rea-
ches a plateau corresponds to the molecular weight between
entanglements, M. In contrast, Agapov and Sokolov [25] more
recently proposed that there is no relationship between M. and
saturation of the molecular weight dependence of T,. The data in
the present report shows that Ty of PET did not reach to Tg.. at the
entanglement molecular weight (M. = 1170 g/mol [26]), support-
ing Agapov and Sokolov’s proposal.

We also fit the Ty data to My, by using equation (1) and replacing
My, with My, A linear regression resulted in Ty = 77.7—78885/M,y
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Fig. 5. TEM of RPC20 and PET-A blends: (a)10 wt% RPC20, (b)50% RPC20, and (c) 90% RPC20. The scale bars in the TEM pictures are 1 pm RPC20 is shown as dark phase due to RuO4

staining.

with R? = 0.97. This equation is used in Figs. 7 and 8 where weight-
average molecular weight is a critical variable to compare the
experimental data points. The dotted line in Fig. 7 is the calculated
T, of miscible blends of PC and PET where neat PC has a T of 147 °C
and neat PET has various Ty as a function of molecular weight.

The Ty of the PET phase in the blends of PC and PET is shown in
Fig. 7. As described above, the T; of the PC phase is not reported due
to the overlap between the T, of PC and the crystallization peak of
PET. If a blend with a higher T resin is miscible, the Ty of the blend is
expected to have 1 Ty between the glass transition temperatures of
the neat polymers and to be similar to the calculated Tg by the Fox
equation [27] or any equivalent equations. When the weight-
average molecular weight of PET is higher than ~5000 g/mol, the
Tg of the PET phase in the blends is almost the same as the T; of neat
PET, indicating that PET and PC are immiscible. However, the blend
of PC and the lowest molecular PET (M, = 1400 g/mol) has a T
much higher than the T; of neat PET and similar to the T, calculated
by the Fox equation, indicating that the blend is miscible. Based on
the data in Fig. 7, the transition from miscible to immiscible blends
of PC and PET occurred when PET has a weight-average molecular
weight between 2760 and 4130 g/mol.

Fig. 8 summarizes T; of PET in the blends of RPC20 and PET as
determined by DSC. The dotted line in Fig. 8 represents the

PET / RPC90
PET / RPC20
8 7
§ neat PET
s
[e]
X
w
50 100 150 200 250

Temperature (°C)

Fig. 6. DSC traces of neat PET and PET blends. The blend samples have 60 wt% of PET
and 40% of PC, RPC20, or RPC80. Samples were quenched before DSC experiments and
are expected to have no or suppressed crystallinity. Quenched samples were heated at
20 °C/min for DSC scan. The vertical dotted line is present to guide the eye. DSC traces
were shifted to y-axis.

calculated Ty of miscible blends of RPC20 and PET where neat
RPC20 has a T of 140 °C and neat PET has various T as a function of
molecular weight. When the weight-average molecular weight of
PET is higher than ~13,200 g/mol, the T; of the PET-rich phase in
the blends is slightly higher (~5 °C) than the T of neat PET but
much lower (20—25 °C) than the T; of miscible blends calculated
from the Fox equation, indicating that PET and RPC20 are immis-
cible. The slightly higher T; of the blends than neat PET is not fully
understood yet. However, when the weight-average molecular
weight of PET is lower than ~9500 g/mol, the T, of the PET phase in
the blends is much higher than the T of neat PET and similar to the
T, of miscible blends calculated from the Fox equation, indicating
that PET and RPC20 are miscible. Based on the data in Fig. 8, the
transition between miscible to immiscible blends of PC and PET
occurred when PET has a weight-average molecular weight
between 9520 and 13,200 g/mol.

The transition from immiscible blend to miscible blend can be
utilized to calculate the Flory—Huggin’s interaction parameter [28].
The Gibbs free energy of mixing per volume is given by [29]:

AGm 91 92 . X12
RT ~ Njv; Ing; + szznnﬁoz + =010 (2)

v
where ¢1 and ¢, are the volume fractions and N1 and N are degrees
of polymerization for polymer 1 and 2 respectively, x12 is the Flory
interaction parameter, v; and v, are the average molar volumes of
repeating units of polymer 1 and 2, v is the reference volume (taken
equal to the smallest of vq or v;). In the present study, polymer 1 is
PET and polymer 2 is PC or RPC20.
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Fig. 7. Glass transition temperature, Ty, of neat PET (circles), T of PET in the blends of
50 wt%/50 wt% PET/PC (rectangles). The solid line represents the calculated T; of neat
PET based on DSC data in Table 2 (T (°C) = —78885/M,, + 77.7, with a linear regression
R? = 0.966) and dotted line represents T of PET from the Fox equation for 50 wt
%/50 wt% PET/PC.
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Fig. 8. Glass transition temperature, Ty, of neat PET (circles), Ty of PET in the blends of
50 wt%/50 wt% PET/RPC20 (rectangles). The solid line represents the T, of neat PET and
dotted line represents Ty of PET from the Fox equation for 50 wt%/50 wt% PET/RPC20.

For a stable one-phase binary system, the following two
conditions should be satisfied with composition ¢ at fixed
temperature T and pressure P [30]

2
AGp <0, aéﬁ >0 (3)
¢ Jpr

By combining equations (2) and (3), it is concluded that the
miscibility can only be achieved when y < yo where the x
parameter at the critical point y is defined by:

11 1 1 2
Xer = §|: :l (4)

\/1\’_1+ V/Na(v1/v2)

where the degree of polymerization can be obtained by using the
weight-average molecular weight in the present study with a broad
molecular weight distribution [31]. The Flory—Huggins interaction
parameter is found to be x < x for miscible blends or x > y. for
immiscible blends. In the present study, experimental data with
various weight-average molecular weights of PET was used to
define the range of interaction parameter.

In Table 3, the Flory—Huggins interaction parameter, x, was
calculated for PC/PET blends and RPC20/PET blends. PC/PET blends
have a substantially larger y value than RPC20/PET blends. It is worth
noting that the PC/PET blend became miscible at only a very low
molecular weight of PET, and hence the interaction parameter might
be less accurate than that of RPC20/PET blends due to end-group
effects. In contrast, the xy parameter of 0.031 for RPC20/PET blends
was obtained from relatively high molecular weight PET of
~10,000 g/mol, though still low compared to typical PET, and hence
the x value should be less affected by end-groups. Nonetheless, the
experimental data and calculated x parameter indicates that intro-
ducing 20% of resorcinol comonomer into the PC backbone reduces

Table 3
Calculated Flory—Huggins interaction parameter for PC/PET blends or RPC20/PET
blends.

PC/PET blends RPC20/PET blends
M,, of PC or RPC20 30,000 31,500
Highest M,y of PET in 2760 9520
miscible blends
Lowest My, of PET in 4130 13200

immiscible blends
Calculated Flory—Huggins
interaction parameter, x

0.0548 < x < 0.0719 0.0265 < x < 0.0316

unfavorable interaction energy between PC block and PET by factor
of ~2: x =0.063 for PC/PET vs. x = 0.029 for RPC20/PET.

4. Discussion

Previously, we [1] reported that an RPC copolymer with 80 mol%
resorcinol phthalate (RPC80) and PET form miscible blends. Based
on an empirical Nishi—Wang equation [32], the effective interaction
parameter x12 of —0.36 is extracted from the melting point
depression and composition relationship. The negative x12 for this
blend system seems unusual as polycarbonate, one of the compo-
nents in the RPC80 copolymer, is thermodynamically immiscible
with PET [33,34]. Actually, the RPC/PET pair represents a class of
blends of homopolymer A-copolymer B—C pairs, where B and C are
repulsive and at least one of their corresponding homopolymers is
immiscible with the homopolymer A [35—41]. For this type of blend,
miscibility could be driven by the so-called “intramolecular repul-
sion” between the two components comprising the copolymer, even
if a favorable specific interaction is not present. This may be better
understood in the context of the following formula derived by
Kambour et al. [35] based on Flory—Huggin’s theory. In the case of
PET (homopolymer A) and RPC (copolymer B,—C;_y) blends,

Xblend = YXaB + (1 —=¥)xac —¥(1 —¥)Xac (5)

where yplend is the effective interaction parameter between PET and
RPC that determines their miscibility, and xap, xac and xpc are
interaction parameters between different combinations of polymer
repeating units that contribute to the miscibility of the blends.
Therefore, even when all three binary interaction parameters are all
positive, if ygc is much greater than yag Or Yac, Xblend Can be
a negative value at certain copolymer compositions. This may
explain why xpjend of —0.36 was obtained for the RPC80/PET blends.
However, according to Equation (5), as the copolymer composition
y varies, the miscibility window of the RPC/PET blends is expected
to change. Specifically, a decrease of the resorcinol content y in the
copolymer would lead to an increase of xpiend, Which would cause
the blends to be less miscible. Ideally, if all the three binary inter-
action parameters in Equation (5) are available, the miscibility
characteristics for the RPC/PET blends with different compositions
in the copolymer RPC can be determined. However, from an
application standpoint, the interaction parameters may not be
readily available for most polymer pairs including poly(resorcinol
phthalate)/PET. In contrast, solubility parameters can be estimated
by group contribution methods. In the present study, the interac-
tion parameters between polymers were approximated by an
equation developed by Paul and Barlow [36].

B = RTXag = (0p — 0p)° (6)

where B is the binary interaction energy density, R is the gas
constant, T is temperature, yap is the Flory—Huggins interaction

Table 4
Solubility parameters calculated by Small’s, Hoy's, Coleman’s, and topological
methods.

Method Unit PC PET Poly(resorcinol
phthalate)

Small (cal/cm3)%> 9.7 10.7 11.0

Hoy (cal/cm?)%> 10.4 11.3 11.7

Coleman (cal/cm?)%> 104 11.5 12.1

Topological (cal/cm3)%> 10.3 11.1 11.3

Density and molar volume of amorphous phase (cm?/g) were calculated by van
Krevelen's method. Density of PC, poly(resorcinol phthalate), and PET are 1.2, 1.36,
and 1.33 g/cm?, respectively. Molar volumes of PC, poly(resorcinol phthalate), and
PET are 254, 240, and 192 g/cm?, respectively.
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Fig. 9. Flory—Huggins interaction parameter (equivalent to y-axis) as a function of
volume fraction of RP in RPC copolymer. The solubility parameter was calculated by
Small’s (x), Hoy (O), Coleman (3), and Topological (@) group contribution methods.

parameter between polymer A and B, and 64 and ¢ are the solu-
bility parameters of polymer 1 and polymer 2, respectively. The
equation (6) has a limitation that it cannot predict negative values
of xap but it is still useful to estimate similarity/miscibility of
polymer pairs.

By combining equations (5) and (6) [36],

2
Xblend = [¥0p + (1 —¥)dc — 0a)*/RT = (5Rpc,copolymer - 5PET>
/RTwhere, 5RPC_copolymer =yl + (1 —y)oc (7)

where A is the homopolymer (PET in the present study), B and C are
comonomers in the copolymer, and y is the volume fraction of B in
the copolymer.

Empirical calculations based on molar group contributions have
been used to estimate solubility parameters by various methods,
including Small [42], Hoy [43], and Coleman et al. [44]. More
recently, Bicerano proposed “topological methods” to predict the
solubility parameter of polymers [45]. Table 4 summarizes the
solubility parameters for PC, PET, poly(resorcinol phthalate) by
group contribution methods. All methods consistently support that
the solubility parameters have the following order: Poly(resorcinol
phthalate) > PET > PC.

Fig. 9 displays interaction parameters, RTxplend, Of PET and RPC
copolymer as a function of volume fraction of resorcinol phthalate
(RP) repeating unit in RPC copolymer based on the equation (7).
The Fig. 9 implies that PET should have the most favorable inter-
action with RPC copolymers at a volume fraction of resorcinol of
~0.7. Numerical calculation for equation (7) provides minimum
interaction parameter, i.e. 0, at an RP volume fraction of 0.82, 0.69,
0.66, or 0.85 based on Small’s, Hoy's, Coleman’s, and Topological
method, respectively. In summary, these numerical and graphical
solutions in combination with group contribution methods well
agree with our experimental results on PET and RPC copolymers in
the present study.

5. Conclusions

The phase behavior of the blends of PET and RPC and the blends
of PET and PC was investigated by DMA, DSC, and TEM. High
molecular weight PET and RPC copolymer with 20 mol% resorcinol
phthalate (RPC20) showed two glass transition temperatures in
DMA and DSC but the cold crystallization rate of PET phase was
substantially lowered as compared to neat PET, indicating partially

miscibility at all compositions. The RPC20 with M, = 31,500 g/mol
formed miscible blends with PET when PET has weight-average
molecular weight <9500 g/mol. The Flory—Huggins interaction
parameter between PET and RPC20 was calculated to be
0.029 + 0.003 by using the Flory—Huggins equation at critical
composition and molecular weight. In contrast, PC with
My, = 30,000 g/mol formed miscible blends with PET only when
PET had molecular weight <2800 g/mol, indicating PC/PET blends
was much less miscible than RPC20/PET blends. Group contribution
methods agreed well with the experimental results obtained both
in the present study and a previous study [1], predicting that the
addition of a resorcinol phthalate block to a PC backbone should
increase the miscibility of PC and PET.
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