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special case of M I  = M,, V = V,w, + V p 2  (the rule of volume 
additivity is satisfied). When M, is not equal to M2,  the rule 
of volume additivity is not satisfied. It is caused by a differ- 
ence of the molecular weights of the comonomers. 
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ABSTRACT Blends of poly(ethy1ene terephthalate) (PET) and bisphenol A polycarbonate (BPAPC), cast 
as films from solution in a mixture of hexafluoro-2-propanol and dichloromethane, pressed as a film, and then 
quenched in ice water, were examined with solid-state high-resolution 13C NMR spectroscopy and differential 
scanning calorimetry. As prepared, the samples contained separated domains of amorphous PET and BPAPC 
exceeding 150 A in size. Heating to 265 "C for about 4 min, followed by cooling in air or in a metal heating 
block, resulted in crystallization of part of the PET. Further heating and cooling cycles resulted in degradation 
of the size of the PET crystals while fragments derived from PET were mixed at the molecular level with 
those derived from BPAPC. The homogenization process apparently occurred as a result of chemical reactions 
that included the partial loss of the BPAPC carbonyl and a loss of symmetry of the ethylene glycol moiety 
of PET. 

Introduction 
Traditional wisdom asserts that polymers of different 

chemical composition are miscible a t  the molecular level 
only in isolated cases. The entropy of mixing that leads 
to miscibility of many compounds composed of small 
molecules is essentially absent for high-molecular-weight 
polymers. 

The realization in recent years that, in practice, a great 
many polymer pairs do form homogeneous blends has 
stirred considerable interest. The simple fact that the 
composition of such pdymer blends can be varied by the 
chemist provides a new level of control of polymer prop- 
erties. Unfortunately, the reasons why some pairs of 
polymers mix uniformly while other, apparently similar 
materials, do not is not completely understood. Progress 
has been made toward development of appropriate theo- 
ries,'-' but additional experimental results on which to base 
such theories are still needed. 

There have been a number of reports that various kinds 
of polyesters form homogeneous blends with bisphenol A 
polycarbonate."14 In many cases specific properties of such 
blends have been Thermoplastics con- 
taining polyester/polycarbonate blends have a large po- 
tential market in automobile parts. 

Unfortunately, the early reports that many polyesters 
are miscible with polycarbonates have not always been 
supported by later One complicating factor 
is the fact that polyesters and polycarbonates can undergo 
ester-ester interchange reactions, especially a t  higher 
 temperature^.^^-^^ These reactions may lead to apparent 
miscibility of otherwise incompatible polymers in some 
cases. Another problem, which is general to the study of 
all polymer blends, is that the methods used to test 
polymer miscibility are not always unambiguous. For 
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example, crystallization of one of the polymers during a 
differential scanning calorimetry scan can obscure one of 
the glass transitions, leading to the false impression that 
there is a single glass transition and the polymers are 
miscible. 

NMR spectroscopy is a powerful tool for analysis of the 
microstructure of solid  polymer^^^-^^ and can help to 
provide insight about the miscibility of polymer pairs such 
as a polyester and a polycarbonate. The NMR phenom- 
enon of spin diffusion is an especially fruitful source of 
information. Spin diffusion is the process by which a 
perturbation of the spin system a t  a local site in a solid 
is dissipated to other sites spatially removed from the site 
of the initial disturbance. It occurs as a consequence of 
through-space dipolar interactions among nuclei. There- 
fore, the nuclei involved must be relatively close to each 
other in space if spin diffusion is to occur rapidly. Thus 
spin-diffusion measurements are sensitive to local structure 
in  polymer^^^^^ and have been used to check for phase 
separation in polymer blends in a few cases.4M3 Another 
way to view spin diffusion is as a mechanism by which two 
nuclear reservoirs, prepared with different spin tempera- 
tures, can come into equilibrium via the dipolar coupling 
interactions between the individual nuclei. If each res- 
ervoir is associated with one of the components of a 
polymer blend, the rate at  which spin transfer occurs re- 
flects the degree of contact between the components of the 
polymer blend. 

Measurements of spin diffusion have two parts. The 
spin systems involved must first be prepared with different 
spin temperatures. That is, the magnetization in at  least 
one of the equilibrating reservoirs must be different from 
the equilibrium value. The rate at  which the spin systems 
come into equilibrium with each other must then be de- 
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tected. Improvements in experimental methodology in 
recent years have greatly expanded the range of ways in 
which we can accomplish both the preparation and the 
observation steps in spin diffusion measurements. 

New methods to measure spin diffusion within a system 
containing only protons illustrate the point. Proton signals 
of solids are typically many kilohertz broad, and the res- 
onances from chemically different types of protons are 
rarely resolved in the NMR spectrum. Overlap of signals 
from different types of polymers in a blend generally 
prevents independent manipulation of the corresponding 
spin systems to produce different spin temperatures. 
Traditionally, the experimenter has had to rely on natural 
relaxation processes to leave the systems with different 
spin temperatures. Recently, it has been demonstrated 
that special trains of pulses and magic-angle spinning 
permit direct control of the spin systems in favorable 
c a ~ e s . ~ ' ~ ~  Multiple-pulse trains and magic-angle spinning 
are also very helpful in permitting independent detection 
of the magnetization of the several types of protons present 
in a polymer blend.43,45 The use of multiple-pulse trains 
requires considerable experimental finesse, however, and 
does not assure that the signals from the individual com- 
ponents of a polymer blend can be resolved anyway. A 
technically simpler way to  monitor the magnetization of 
a proton system affected by spin diffusion involves transfer 
of the magnetization from the protons to nearby carbons, 
followed by measurement of signal intensities in the carbon 
spectrum.4651 Indirect detection of the progress of spin 
diffusion in this manner makes it possible to take advan- 
tage of the much higher inherent resolution in the carbon 
spectrum to observe the course of spin diffusion in the 
proton system. 

The improvements in experimental technique are not 
limited to experiments directed a t  spin diffusion among 
protons, however. Spin exchange among the carbons 
themselves can be a useful source of information which 
augments the information which can be obtained from 
measurements of proton spin d i f f ~ s i o n . ~ ~ - ~ ~  Carbon-car- 
bon spin exchange is less efficient than is proton-proton 
spin exchange, however. Pairs of carbons involved in the 
process must be much closer together than would be 
necessary for two protons undergoing spin exchange at the 
same rate. Spin exchange among carbons is thus sensitive 
to much smaller distances than is spin exchange among 
protons. Unfortunately, at natural 13C abundance the rate 
of spin exchange is too slow to compete with the rate of 
spin-lattice relaxation in most polymers, making obser- 
vation difficult. Isotopic enrichment of polymer samples 
accelerates the process sufficiently to allow it to compete 
with spin-lattice relaxation and be useful.56 

We have previously demonstrated the applicability of 
13C exchange measurements for examination of miscibility 
in blends of poly(ethy1ene terephthalate) (PET) and bis- 
phenol A polycarbonate (BPAPC).56 Extensive chemical 
reaction had almost certainly occurred in the sample used 
in the earlier work, however, so that the question of the 
inherent miscibility of the two polymers was not addressed. 
The purpose of the research reported here was to explore 
in detail whether PET is inherently miscible with BPAPC 
in the absence of chemical reaction between the two 
polymers. Miscibility a t  the molecular level was tested by 
whether carbon-carbon spin exchange could occur a t  a 
significant rate. Structure on a larger scale was explored 
by determination of the effect of proton spin diffusion on 
spin-lattice relaxation. The technique in which proton 
relaxation is monitored in the carbon spectrum made se- 
lective measurements of relaxation in the P E T  and 
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BPAPC protons possible. The evidence based on NMR 
was supplemented by results of differential scanning ca- 
lorimetry. 

The results that we will describe indicate, in fact, that 
PET and BPAPC are inherently immiscible a t  the mo- 
lecular level. A secondary stage of the work was directed 
at  determining how chemical reaction induces molecular 
mixing of the initially phase-separated polymers. The 
emphasis of the work was on morphological changes that 
occur as a result of chemical reaction. Evidence as to the 
types of reactions involved was also obtained. 

Theory 
The mathematical model that best simulates proton spin 

diffusion depends on the morphology of the system in 
which spin diffusion occurs. The samples we have exam- 
ined contained 20-25 % polycarbonate. Because the po- 
lycarbonate concentration was relatively low, we assume 
that phase-separated polycarbonate existed in spherical 
domains. We would like to know how proton magnetiza- 
tion diffused out of those domains. We will see that as- 
sumption of other types of domain geometries leads to 
numerical predictions of the same order of magnitude as 
those for spheres. 

An analytical expression for the magnetization concen- 
tration at  any point in space at  time t of a species initially 
confined uniformly within a sphere and diffusing from that 
sphere is known.57 Calculation of the total amount of 
magnetization outside the sphere a t  time t requires inte- 
gration over the magnetization concentration at  each point 
outside the sphere. This integration is, a t  best, unwieldy. 

Fortunately, insight into the basic problem of diffusion 
from a sphere can be obtained in a simple manner by 
consideration of diffusion of magnetization from a point 
source. The relevant equation is 

exp(-r2/4Dt) 
M 

8 ( 7 ~ D t ) ~ 1 ~  
C(r,t) = 

where C(r , t )  is the concentration of magnetization a t  
distance r from the source at  time t, M is the total 
magnetization, and D is the diffusion constant. For spin 
diffusion D can be calculated from the spectral second 
moment.58 

The mean-square distance ( d2)  the magnetization moves 
from the point source in a time t is given by 

( d 2 )  = 4Lmrr4C( r , t )  dr = 6Dt (2) 

where the surface area of the sphere of radius r is used as 
a weighting factor in the integration. The linear average 
distance moved, ( d ) ,  can be found with a similar inte- 
gration to be 4(Dt)'/'/v'r. I t  should be compared with 
the root-mean-square distance (6Dt)'i2. 

The exact expression for diffusion of magnetization out 
of a sphere, which we have chosen not to tackle, takes into 
account the fact that most of the magnetization is initially 
located away from the spherical center. A magnetization 
component located near the surface of the sphere may 
escape very quickly if it moves immediately toward the 
surface. On the other hand, it may remain in the sphere 
for a long time if it moves toward the center. To first order 
these factors compensate and the effective size of the 
domains that are probed by a spin-diffusion experiment 
is given by eq 2. We assume that when the root-mean- 
square distance that magnetization has moved is equal to 
the domain size, essentially complete equilibration of the 
proton magnetization from PET and from BPAPC has 
occurred. 
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R1 = - ( k A  + k A B )  cos2 4 - 2 ( k A B k B A ) l i 2  Sin 4 COS 4 - 
( k B  + k B A )  sin2 4 (Sa) 

Rz = - ( k ~  + k A B )  Sin2 C$ + ~ ( ~ A B ~ B A ) ~ ~ ~  Sin 4 COS 4 - 
( k B  + k B A )  COS2 4 (5b) 

When ( k U k B A ) l i 2  is much smaller than kA - kB, sin 4 = 
0, and the two decay rates are independent of each other. 
The rate constants Rl and R2 are those of the isolated 
individual reservoirs. 

When ( ~ A B I Z B J ' I '  is much larger than k A  - k B ,  some 
algebra shows that 

cos2 4 = k A B / ( k A B  + k B A )  

sin2 @J = ~ B A / ( ~ A B  + k B A )  (6) 

As a result 

RI  = - ( k A B  + k B A )  

Other workers have assumed a lamellar morphology for 
spin-diffusion c a l c ~ l a t i o n s . ~ ~ ~ ~ ~ ~ ~ ~  Spin diffusion then ef- 
fectively occurs in one dimension, perpendicular to the 
lamellae. The mean-square distance traversed by 
magnetization in the one-dimensional model is 2Dt. The 
root-mean-square distance in one dimension differs from 
that for diffusion in three dimensions (from a point source) 
by a factor of ~ ' 3 . ~ ~ 3 ~ ~  The value for diffusion in two di- 
mensions, which would be appropriate for cylindrical do- 
mains, is presumably intermediate. A recent calculation 
of Havens and Vanderhart of diffusion from an extended 
source finds the mean-square distance magnetization 
travels from the source to be (4/3)Dt.37 Overall there ap- 
pears to be an uncertainty in distance scales of a factor 
of 2-3 depending upon the choice of a model. For our 
purposes, an uncertainty of a factor of 3 is insignificant. 

We must now consider specifically how spin diffusion 
manifests itself experimentally. In an ideal experiment 
two nuclear reservoirs, which might comprise the protons 
in two polymers A and B, would be prepared with different 
spin temperatures. The equilibration of the two reservoirs 
as a result of exchange of magnetization would then be 
monitored as a function of time. The expression for the 
rate of magnetization transfer would be a function of the 
geometry and size of both the A and B domains and 
possibly other factors. 

It is difficult to prepare the A and B spin systems di- 
rectly in different temperatures without the use of mul- 
tiple-pulse NMR. Instead, in the experiments referred to 
in this paper, the spin systems were allowed to evolve, in 
the traditional approach, to different temperatures as a 
result of nuclear relaxation. Spin diffusion was detected 
by how it perturbed the relaxation of the individual spin 
systems. 

Relaxation of protons in the presence of spin diffusion 
can be quite complicated. Fortunately, a simplified model 
conveys the salient points. We assume that polymer A is 
the minor component of a blend and exists in isolated 
spheres of uniform size. Because the A protons are closer 
to each other than to the B protons, we assume that in- 
ternal equilibrium within the A system (and likewise within 
the B system) is reached rapidly, whereas equilibration of 
the A protons with the B protons occurs a t  a rate deter- 
mined by the size of the A domains. We write coupled 
differential equations for the overall rates a t  which the A 
and B magnetizations change 

w A ( t ) / d t  = -&A + ~ A B ) M A  + ~ B A M B  (3a) 

mB(t) /dt  = k A B M A  - ( k ~  + ~ B A ) M B  (3b) 

where M A  and M B  are the magnetizations in the A and B 
reservoirs, k A  and k B  are rate constants for dissipation of 
magnetization from the A and B systems to the lattice (the 
inverses of the corresponding relaxation times), and kAB 
and k,, are the rate constants for exchange of magneti- 
zation between the A and B reservoirs. Note that k B A / k A B  
equals K,  the ratio of the number of nuclei in the A res- 
ervoir to the number of nuclei in the B reservoir. 

 MA(^) = [MAO COS' q5 - K ' I ' M B o  sin 4 cos 41 exp(R,t) + 
The solution to eq 3a and 3b is 

[MAO sin2 4 + K 1 1 2 M B o  sin 4 cos 41 exp(R2t) (4a) 

+ [K1izMAo sin 4 cos 4 + M20 cos2 $I] exp(R2t) (4b) 

where MA0 and M B O  are the initial magnetizations of the 

- ~ B A )  

MB(t)  = [ - K ' j 2 M A o  sin 4 cos 4 + M B O  sin2 $11 exp(Rlt) 

A and B reservoirs, tan2 4 = ~ ~ A B ' / ~ ~ B A ~ / ~ / ( ~ A  - k B  + k A B  

If the initial ratio of the magnetization in the A and B 
reservoirs is K, the expressions involving R, drop out of 
eq 4a and 4b in this second case; both M A  and M B  decay 
with the same rate constant R2,  which is the weighted 
average of the decay rates for the individual reservoirs and 
can be rewritten 

(7b) 

where f A  and f~ are the relative sizes of the A and B res- 
ervoirs and can be found with a knowledge of the mole 
ratio of the two species and the proton content of a mole 
of each type and t A  and tB are the relaxation times of the 
protons in the A and B systems. Note that rapid spin 
diffusion serves to average the relaxation properties of the 
systems involved. 

We expect that the model described by eq 4-6 is too 
simplistic to fit most real relaxation curves for polymer 
blends affected by spin diffusion. The assumption that 
full equilibration of the spin system within each domain 
occurs rapidly compared with transfer of magnetization 
between domains is almost certainly wrong. Temperature 
gradients will be created within the domains as a result 
of spin diffusion into or out of each volume element. Very 
complicated nonexponential spin relaxation is to be ex- 
pected. 

The analysis also relies on the implicit assumption that 
the inherent relaxation time of nuclei in a given type of 
polymer fragment is unaffected by the intermolecular 
environment of that fragment; the nuclei relax at  the same 
rate regardless of whether the polymer is surrounded by 
other chains of the same type or by chains of the other 
component of the polymer blend. The reliability of this 
assumption is uncertain. 

Nevertheless, the model does give us a good qualitative 
picture of how spin diffusion affects measurements of 
nuclear relaxation times. Predictions based on the as- 
sumption of equal spin populations in the equilibrating 
reservoirs illustrate the point in the following paragraphs. 

When the rate of spin diffusion (which is determined 
by the size of the domains containing the spin reservoirs) 
is small compared to the difference in the relaxation rates, 
each nuclear system relaxes independently. If signals from 
the two systems can be resolved, exponential decay of the 
two systems will be observed. If the signals cannot be 
resolved, the single observed relaxation curve will be 
composed of two magnetization components, the sum of 
which relaxes nonexponentially. If the decay constants for 

R2 = t2-1 = -t -1 A f~ - ~ B - I ~ B  
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sample was prepared by precipitation of 1 g of the polymer 
dissolved in a 3:l mixture by volume of dichloromethane and 
hexafluoro-2-propanol when the solution was poured into meth- 
anol. 

The BPAPC with enrichment in the carbonyl position was 
made from 13C-labeled phosgene dissolved in benzene (Merck 
Isotopes). The actual concentration of phosgene in this material 
is less than the nominal value of 1.1 M. Determination with lSC 
NMR of the true concentration of phosgene made possible syn- 
thesis of a polymer with much higher molecular weight than that 
reported before.56 The phosgene solution was added slowly 
(dropwise in the final stage) to a cooled solution of 3.3 g of 
bisphenol A (0.0145 mol) and 2.6 g of pyridine (0.033 mol). After 
30-min stirring, the solution was washed once with dilute hy- 
drochloric acid and twice with water. The polymer precipitated 
when the solution was poured into isopropyl alcohol. It was 
collected, washed with isopropyl alcohol, and then dried under 
vacuum overnight at 60 "C. The yield was 3.5 g (theorectical3.7 
8). The polystyrene-equivalent number-average molecular weight 
was 71 300, the weight-average molecular weight was 319000. The 
glass-transition temperature was 158 "C. 

Polymer Blends. In a typical preparation, 0.3 g of poly- 
(ethylene terephthalate) and 0.1 g of polycarbonate were dissolved 
in a mixture of 7.5 mL of hexafluoro-2-propanol and 2.5 mL of 
dichloromethane containing 0.08 g of sodium dihydrogen phos- 
phate to quench any residual catalyst remaining in the PET. A 
coating was cast at room temperature onto glass, then was floated 
off in water, and dried overnight under vacuum at 130 "C. It was 
pressed at 270 "C for 1 min and quenched in ice water. The 
material with enriched PET is referred to as PET13C/PC. The 
blend with enriched PC is called PET/PC13C. 

NMR Spectroscopy. Solid-state spectra were all acquired 
on a Bruker CXP-100 spectrometer equipped with a Bruker 
Aspect 3000 computer. The carbon frequency was 25.2 MHz. 
Mushoom-haped spinners were used for magic-angle spinning. 
The "stem" of the mushoom was made of ceramic and contained 
the sample. The typical cross-polarization contact time was 1 
ms. Delays between scans were 3-4 s. Proton 90" pulses were 
normally 4.5 ps. 

Proton spin-lattice relaxation times were measured by following 
the recovery of the proton system after a 5-ms saturating pulse. 
After partial recovery the remaining magnetization was transferred 
to the carbon system by the standard cross-polarization technique 
for detection. Relaxation times in the rotating frame were de- 
termined in a similar fashion by allowing spin-locked proton 
magnetization partially to decay before the cross-polarization step. 
Relaxation times measured though the aromatic carbon signal 
of PET usually were more reproducible than were those measured 
through the carbonyl carbon signal; the values reported are those 
of the former. 

Carbon-carbon spin exchange was detected either in a two- 
dimensional experiment or by following the manner in which 
relaxation of carbon magnetization of a nonenriched site was 
affected by the sign and magnitude of the magnetization estab- 
lished in a preparatory step at the enriched carbon site. The 
two-dimensional exchange spectrum provides a mapping of the 
exchange pathways that are active. The relaxation experiment 
provides a measure of the rate of cross relaxation among the 
carbons. Details of the procedures were described in the previous 
paper.56 

Solution spectra were obtained from solutions in a 80/20 
mixture of trifluoroacetic acid/deuteriomethylene chloride on a 
Bruker WH 500 spectrometer. The carbon frequency was 125 
MHz. 

Nuclear relaxation curves were simulated on a main-frame 
IBM 3090 computer with the help of the SAS statistical analysis 
package.61 Simple exponential curves generally were fit with three 
independent parameters (the initial or final intensity, the expo- 
nential prefactor, and the decay constant). Nonexponential decays 
were simulated as the sum of two exponential functions with four 
independent parameters (two prefactors and two decay constants). 
The statistical errors reported are those given by the SAS routines. 

Calorimetric measurements (differential scanning calo- 
rimetry, DSC) were performed with a Perkin-Elmer DSC I1 from 
48 "C (below the glass transition temperature of PET) to either 
260 "C (PET13C/PC) or 265 "C (PET/PC13C), these tempera- 

the signals making up the composite decay curve are 
sufficiently unlike, differing by a factor of 5 or so, the 
component decay curves can be derived from the overall 
signal. Otherwise the observed relaxation curve may ap- 
pear to be composed of a single exponential having a decay 
constant intermediate to those of the actual components. 

When the  rate of spin diffusion is comparable to the 
difference in relaxation rates, the relaxation process for 
each species will be nonexponential, regardless of whether 
the NMR signals themselves are resolved or not. In other 
words the relaxation curves for each type of nucleus will 
be composed of two or more exponential curves. Once 
again the presence of multiple exponential decays may or 
may not be evident experimentally. 

Observation that the proton systems associated with 
each polymer in a blend relax at the rates found inde- 
pendently for the pure polymers is a strong indication that 
the polymer components in the blends are separated into 
isolated domains unless, of course, the pure materials 
happen to have the same relaxation times. For the protons 
in each blend component to relax independently, the 
root-mean-square distance traversed by a typical magne- 
tization component during the effective time of the ex- 
periment must be less than the domain size. The effective 
time is the inverse in the difference of magnetization rates 
and can be used in eq 2 for calculation of the domain size. 
(Here again, for illustration, we assume that the sizes of 
the proton reservoirs are equal.) 

The inverse of the difference in spin-lattice relaxation 
rates of pure BPAPC and amorphous PET is 0.25 s (see 
below). Havens and VanderHart have provided a rea- 
sonable estimate for the diffusion constant D in PET (5.0 
X ~ m ~ / s ) . ~ '  Equation 2 gives us a value of about 275 
A for To take into account the uncertainties in 
the choice of a model, we assume the effective distance 
range in the TI experiment to be 150-300 A. We also note 
that in the systems actually studied the two proton res- 
ervoirs are not exactly equal in size. 

The inverse difference in the relaxation rates of BPAPC 
(or amorphous PET) and crystalline PET is 17 ms. On 
resonance, the diffusion constant in the T1, experiment 
is scaled by Equation 2 gives an effective distance for 
spin diffusion between crystalline PET and amorphous 
BPAPC and PET in the Tlp experiment to be about 51 A. 
We assume a range of 30-60 A. 

The earlier paper described the basic features of carbon 
spin exchange in the PET/BPAPC system.56 The effective 
distance scale for carbon spin exchange is less than 10 A. 

The analysis above thus demonstrates that we can ex- 
amine distances in a range of a few angstroms up to a few 
hundred angstroms by the proper choice of experiment. 
Part of the goal of this work was to see the morphology 
of the PET/BPAPC blend change at these various dis- 
tance scales as the sample was modified with heating. 

Experimental Section 
BPAPC with natural abundance 13C is commercially 

available from General Electric as Lexan 145. The weight-average 
molecular weight used was 31 000. The glass-transition tem- 
perature, measured as the onset of the differential scanning ca- 
lorimetry transition, was 145 "C. 

PET used in the work had been melt polymerized to an in- 
herent viscosity of 0.63 g/dL in phenol/chlorobenzene solution. 
The weight-average molecular weight was >40 000. The glass- 
transition temperature was 77 "C. 

Polymers with 13C Enrichment. The preparation of poly- 
(ethylene terephthalate), 90% enriched with 13C in the ethylene 
glycol moiety, has previously been reported.60 The catalyst was 
a mixture of zinc acetate dihydrate and tetrabutyl orthotitanate. 
The glass-transition temperature was 75 "C. An amorphous 
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Figure 1. DSC curves for PET/PC13C after annealing at 265 
"C in the calorimeter for total times indicated. 

tures being slightly higher than the melting points of the PET 
in the respective samples. Heating rates were kept constant at 
20 "C/min; samples were cooled at the fastest rates available to 
the instrument (approximately 50-100 "C/min). Glass-transition 
temperatures were taken at the onset of the transitions unless 
otherwise noted. The onset was defined as the intersection of 
lines drawn though the inflection point and though the values 
for the glass. 

Heating of blends was done at 260 "C in an ordinary oven. 
Because in most practical preparations of polymer blends ex- 
trusion of polymer blends or other heat processing would occur 
in a normal atmosphere, no special precautions to provide isolation 
from the atmosphere were used. The temperature reached by 
a sample contained in a ceramic NMR spinner after a given time 
in the oven was calibrated with a thermocouple in a test sample. 
Within I min the temperature was 210 "C. Within 2 min it was 
250 "C. A heating increment was 4 min unless specified otherwise. 
The sample was cooled in air, or in some cases, by placement of 
the NMR spinner in a hole in an aluminum hlock. 

Results 
Differential Scanning Calorimetry. Figure 1 shows 

a series of DSC traces for a sample of PET/PC13C that 
was annealed in the calorimeter a t  265 "C between each 
scan. The curves show three primary features for the 
samples that had been annealed a total time of 30 min or 
less: a glass transition between 77 and 93 "C, a crystal- 
lization exotherm a t  about 155 "C, and a melting transition 
a t  243 "C. The exotherm moved to higher temperatures 
and broadened each time the sample was annealed. With 
repeated heatings it eventually disappeared. The large 
melting peak moved to lower temperature, broadened, and 
also went away after repeated annealings. The glass- 
transition region moved to higher temperature. In none 
of the curves is there evidence of a glass transition for 
phase-separated BPAPC, but the large exotherm that 
occurs for samples that have been annealed only short 
times obscures the region in which the glass transition of 
RPAPC would occur. 

The changes in the temperature of the observed glass 
transition of PET13C/PC are shown schematically in 
Figure 2. Figure 3 shows a comparable plot for PET/ 
PC13C. The observed glass-transition temperature of 
PET13C/PC reached 89-92 "C after about 200 min of 
annealing. Figure 2 gives some indication that a plateau 
was eventually reached. By contrast, the glass-transition 
temperature of PET/PC13C was only 87 "C after 1000 min 
and still appeared to be climbing each time the sample was 
annealed. 

NMR Spectroscopy. Pure Polymers. For BPAPC 
the proton ?Il0 value, measured though the carbons, was 
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BPAPC PET 
PET CO CO A r  CH 2 

I I  I I I lo 
Table I 

Proton Spin-Lattice Relaxation Times (TI) for PET13C/PC 

time, min BPAPC" PETb 
total heating TI, s 

0 0.18 f 0.03 0.74 f 0.06 
3 0.24 f 0.03 1.2 0.2 
9 0.28 * 0.03 1.0 f 0.1 

27 0.37 f 0.04 0.39 f 0.03 

Measured through the carbonyl carbon signal. Some values are 
averages of multiple determinations. *Measured through the aro- 
matic carbon signal. 

of the methylene carbons in PET was 7.7 f 0.6 s.56 
PETl3C/PC. The proton spin-lattice relaxation times, 

TI, measured though the carbon spectrum after several 
cycles of heating and slow cooling in the NMR spinner are 
shown in Table I. Before the sample was heated, the 
protons of PET and BPAPC had clearly different spin- 
lattice relaxation times of 0.74 and 0.18 s, respectively. The 
first heating step produced a significant jump in the re- 
laxation time of the PET protons but a much smaller 
increase in the relaxation times of the BPAPC protons. 
Further heating resulted in a fall of the PET relaxation 
times. After 27 min of heating the relaxation times for the 
two polymers were equal. 

Initially, the spin-lattice relaxation time in the rotating 
frame, T1,, of PET was 3.8 f 0.01 ms and that of BPAPC 
was 4.5 f 0.02 ms. With heating the apparent relaxation 
time of the PET rose to over 10 ms. Unfortunately, phase 
instabilities in the proton channel of the spectrometer at  
the time the work on this blend was done prevented ac- 
curate measurement of proton TI, values over 10 ms, so 
an exact value was not obtained. After 27 min of heating 
the TI, values of both polymers were about 4.2 ms. 

In the absence of close molecular contact between the 
two polymers in a blend, carbon spin exchange should not 
occur, and the decay of longitudinal magnetization from 
the carbons in one of the polymers should be independent 
of the spin state in which the carbons of the other polymer 
is prepared. The decay time of the BPAPC carbonyl 
carbon of PET13C/PC was 5.1 f 0.7 s before the sample 
was annealed in the NMR spinner, even when the labeled 
carbon was prepared with magnetization of opposite sign 
from that of the carbonyl carbon. The observed value is 
close to the value of 6.0 f 0.6 s observed for pure BPAPC. 
Apparently spin diffusion between the labeled ethylene 
carbons of PET and the carbonyl carbon of BPAPC does 
not occur prior to annealing in the NMR spinner. 

After 3 min heating the apparent 13C relaxation time of 
the BPAPC carbonyl carbon when the labeled PET carbon 
had magnetization of opposite sign was 2.8 f 0.3 s; some 
spin diffusion may have occurred. After 27 min of an- 
nealing time it was 0.4 f 0.1 s, close to the apparent re- 
laxation time seen before in a sample in which extensive 
chemical reaction had occurred.56 

The occurrence of carbon-carbon spin exchange in the 
sample which had been heated 27 min was checked with 
a two-dimensional exchange experiment. Spin exchange 
is indicated in the two-dimensional results by a "cross 
peak" off the diagonal of the spectrum. Figure 4 shows 
such a cross peak between the PET labeled methylene 
carbons and the BPAPC carbonyl carbon, confirming that 
spin exchange does occur in the heated sample during a 
time of 400 ms. There are also cross peaks resulting from 
spin exchange between the PET methylenes and the PET 
aromatic and carbonyl carbons. Figure 5 shows a cross 
section taken from the two-dimensional spectrum through 
the cross peaks. The intensity of the BPAPC cross peak 
is about 25% that of the PET cross peaks. 

I ' J200 
1 ~ ~ 1 1 1 1 ' ' ~ 1  

200 I O 0  0 
PPm 

Figure 4. Two-dimensional 13C spin-exchange spectrum for 
PET13C/PC after it was heated in four steps for 27 min. The 
arrow marks the exchange peak. 

PET 

200 100 
PPm 

0 

Figure 5. Slice from the spectrum in Figure 4 at the position 
indicated showing the signals of the PET and BPAPC carbons 
in contact with the labeled ethylene glycol PET carbons. 

PET/PC13C. The behavior of the proton spin-lattice 
relaxation times of the PET and BPAPC as the sample 
was heated is shown in Figure 6. As was the case for 
PET13C/PC, heating first caused a steep increase in the 
TI of PET, followed by a gradual decline. 

The BPAPC relaxation time initially was the same as 
that of pure BPAPC and remained at  the same value for 
the first two heatings. The high values of T1 measured 
after the third to fifth heatings may be anomalous; the 
relaxation time dropped again to a low value after the next 
two heatings. A smooth increase in the relaxation time 
of the BPAPC protons and a decrease in the relaxation 
time of the PET occurred as the sample was heated fur- 
ther. Ultimately, the relaxation times of the protons in 
PET and those in BPAPC approached the same value. 

The proton T1, values of the PET and BPAPC protons 
in PET/PC13C were initially almost the same (Figure 7), 
and the relaxation time of the BPAPC protons changed 
only slightly as the sample was heated. The relaxation 
curve of the PET protons became nonexponential after the 
sample had been heated, however. As was the case for pure 
PET, the decay curve was decomposed into slow and fast 
components; the time constant of the fast component is 



1288 Henrichs et al. 

180 

Macromolecules, Vol. 21, No. 5, 1988 

I I I 1  
! 

- 1 

100 I I I I I I 

90 - - 
A 

80 - - 
Slow component 

70 - - 
A 

60 - 0 0.  AA - 
e 0 0  

% 50 - 4 :  - 

40 - A 'AAAA ,A oo - 

t 0 

30 - - 
Fast component 

20 - 

10 - 

- 
0 

- 

0- 
0 4 8 12 16 20 24 

Heating step 
Figure 6. Proton spin-lattice relaxation times, TI ,  measured from 
the carbon spectrum of PET/PC13C as a function of the number 
of times the sample was heated at 260 "C and allowed to cool in 
air or a metal block. The upper trace is for PET; the lower trace 
is for BPAPC. The error bars are the standard deviations cal- 
culated in the fit of the relaxation curves. 
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Figure 7. Proton spin-lattice relaxtion times T1, for BPAPC 
in PET/PC13C as a function of the number of times the sample 
was heated and cooled (see Figure 6). 
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Figure 8. Proton spin-lattice relaxation times T I P  for PET 
(fast-relaxing component) in PET/PCl3C as a function of the 
number of times the sample was heated and cooled (see Figure 
6). The fast-relaxing component was no longer separated from 
the slowly relaxing component after the 20th healing. 

plotted in Figure 8 and that  of the slow component is 
plotted in Figure 9. The relative sizes of the two com- 
ponents as a function of time was plotted in Figure 10. 
The relaxation time of the fast component was essentially 
the same as that  of the PET protons in the unheated 
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Figure 9. Proton spin-lattice relaxation time TI ,  (slowly relaxing 
long component) for PET in PET/PC13C as a function of the 
number of times the sample was heated and cooled (see Figure 
6). After the 20th heating the fast and slowly relaxing components 
of PET could no longer be separated. 

0- 
0 4 8 12 16 20 24 

Heating step 
Figure 10. Apparent percentage of fast-relaxing protons (those 
having a long Tip) (circles) and slowly relaxing protons (those 
having a short T1,) (x's) in PET as a function of the number of 
times the sample was heated. After 20 heatings there was too 
little of the slowly relaxing component for its signal to be resolved. 

material and was unchanged by subsequent heating steps. 
The relaxation time of the slow component (Figure 9) was 
initially about 40 ms and gradually decreased as the sample 
was heated. 

The apparent percentage of the slowly relaxing com- 
ponent held steady until after the 14th heating (Figure 10). 
After the 20th heating only the fast-relaxing component 
could be detected. The continued presence of small 
amounts of the fast-relaxing component could be detected 
indirectly after the 20th heating by a slight elevation of 
the observed relaxation time of the magnetization as a 



Macromolecules, Vol. 21, No. 5, 1988 Blend Miscibility of Bisphenol A Polycarbonate 1289 

Likewise, the observed glass-transition temperature for 
PET/PC13C was initially close to that of pure PET. 

There was no sign that the proton T1 relaxation of the 
PET and the BPAPC in the starting material were even 
partially averaged together by spin diffusion. The analysis 
earlier in the paper allows us to conclude that the BPAPC 
domains in the initially prepared material averaged at  least 
150-300 A in size. 

Nevertheless, we must be cautious in deciding that PET 
and BPAPC are inherently immiscible. In blends cast 
from solvent, phase separation of miscible polymers can 
occur if the solvent interacts more strongly with one of the 
polymers than with the other (the ‘‘AX effect”).62 The 
subsequent melting and quenching of the samples was 
designed to counteract solvent effects, but most miscible 
polymer pairs have a lower critical-solution temperature.@ 
I t  is possible that the heating process itself led to phase 
separation in the system as it was initially prepared. Our 
data effectively indicate that P E T  and BPAPC are im- 
miscible a t  about 260 OC. 

Heating of PET13C/PC and PET/PC13C in the NMR 
spinner above the melting point of PET,  followed by 
relatively slow cooling, produced crystalline PET, as was 
indicated by the longer TI value for the PET protons after 
heating and by the appearance of a slowly relaxing com- 
ponent of the TI ,  magnetization. The DSC results also 
showed that elevated temperature induces crystallization 
of PET in the blends. Crystallization of PET in blends 
with BPAPC has been previously n ~ t e d . ~ ~ , ~ ~  

The crystalline regions were, of course, phase separated 
from the BPAPC. The polymers could still have been 
mixed in the amorphous regions of the partially crystalline 
blends, but a simple calculation suggests otherwise, a t  least 
for PET/PC13C. The calculation requires knowledge of 
the degree to which the PET was crystallized. The ap- 
parent crystallinity shown by Figure 10 is not reliable 
because it is measured indirectly though the carbon 
spectrum, and the values obtained for pure PET by the 
indirect method are much larger than those found directly 
from the proton ~pectrum.~’  For the calculation we thus 
assume that 50% of the PET was crystalline. We also 
assume that the PET crystals were isolated from the 
BPAPC protons, either because they were large or because 
they were surrounded by amorphous PET. 

If there were complete mixing of the P E T  and the 
BPAPC in the amorphous regions, 61 % of the protons in 
those regions would belong to PET and 39% would belong 
to BPAPC. With the help of eq 7b we calculate that  the 
average T1 value of protons in a amorphous region would 
be 0.35 s. 

Figure 6 shows that the T ,  value of the BPAPC protons 
in PET/PC13C remained close to the value for pure 
BPAPC for three heating and cooling cycles. Heating did 
not appear to lead immediately to complete mixing in the 
amorphous regions of this sample. Ultimately, of course, 
complete mixing does occur, as is indicated by the fact that 
the proton NMR relaxation times of the blend components 
ultimately approach the same value. 

Overall we conclude that P E T  and BPAPC are not in- 
herently miscible, a t  least a t  260 “C, but that miscibility 
is induced by chemical reaction between the polymers. 
Recent work by other authors supports the conclusion that 
unreacted PET and BPAPC are i m m i ~ c i b l e . ~ ~ , ~ ~ , ~ ~  

Ester-ester interchange, which occurs in both pure 
PET65r66 and pure BPAPC,67 is a possible compatibilizing 
reaction, although other reactions are also possible. In the 
next few paragraphs we will discuss some aspects of the 
chemistry which may occur in the PET/BPAPC system, 

BPAPC r 

1 1  I I 1  I I I I I I 
200 100 0 

PPm 
Figure 11. Carbon spectra of PETIPClBC taken with high-power 
proton decoupling and magic-angle spinning after (a) the 9th 
heating (top) and (b) the 25th heating (bottom). The loss of 
intensity of the BPAPC carbonyl signal at 175 ppm relative to 
the other signals in the lower spectrum should be noted. 

PE7 
co 

PET 

s 

Figure 12. High-resolution 13C NMR spectrum of a solution of 
PET/PC13C in deuteriated trifluoroacetic acid, taken after the 
25th heating and cooling cycle. 

whole (as shown by the last five points in Figure 8). 
Figure 11 shows the actual 13C NMR spectra of the solid 

recorded after the 9th and 25th heatings. The most ob- 
vious difference of the latter spectrum from the former is 
that the intensity of the BPAPC carbonyl was drasticaly 
reduced relative to that of the other carbons by heating. 
That the ethylene glycol signal of the solid heated samples 
is composed of at least three peaks can be established with 
solution 13C NMR spectroscopy. The spectrum of a sample 
extracted into trifluoroacetic acid from the heated blend 
is shown in Figure 11. Some material in the heated blend 
was insoluble, however, and the solution spectrum contains 
only small signals from the bisphenol A fragments. 

Discussion 
Several pieces of evidence indicate tha t  both 

PET13C/PC and PET/PC13C consist after preparation 
of phase-separated, amorphous PET and BPAPC. For 
example, the proton T ,  values in the starting materials 
were the same as those of the pure, amorphous polymers. 
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and we will then analyze the effect the chemistry has on 
the blend morphology. 

Chemical reactivity in blends of poly(buty1ene tere- 
phthalate) and bisphenol A polycarbonate has been studied 
e x t e n ~ i v e l y . ~ ~ ~ ~ * ~ ~  Only very recently have reports on the 
chemistry of the PET/BPAPC system appeared.26J3174 It 
appears that  as many as seven different reactions are 
possible, including the formation of diaryl, dialkyl, and aryl 
alkyl ethers. Each of the ethers is formed with the loss 
of carbon dioxide originating in the carbonate group of 
BPAPC. Previous workers demonstrated that carbon 
dioxide was formed when a mixture of PET and BPAPC 
was heated but could not determine whether the BPAPC 
carbonate group was the source of the gas. Figure 11 shows 
that, a t  least in PET/PC13C, the carbonyl intensity de- 
creased as the sample was heated repeatedly above the 
PET melting point. 

The solution NMR spectrum shows that a number of 
the other chemical moieties in the blends were also 
changed by chemical reaction as well. In particular, the 
ethylene glycol group was clearly affected by reaction, as 
indicated by the multiple peaks in the solution NMR 
spectrum of the final material. The primary purpose of 
the present work was, however, to elucidate the morpho- 
logical effects of chemical reaction on the PET/BPAPC 
system. The details of the chemistry involved are assumed 
to be basically the same as those described in the litera- 
t ~ r e . ~ ~ , ~ ~  

The relative importance of the various possible reactions 
may, however, have been different for PET13C/PC than 
for PET/PC13C. The reactivity of polyesters is known 
to be quite sensitive to the nature of catalysts present, 
titanium compounds being especially effective in pro- 
moting ester-ester i n t e r ~ h a n g e . ~ ~ , ~ ~  The 13C-labeled PET 
used in PET13C/PC is relatively rich in titanium catalyst; 
commercial PET is made with a minimum of catalyst. 
Thus PET13C/PC probably is more reactive than is 
PET/PC13C to ester-ester interchange, even though the 
activity of the catalyst has presumably been reduced by 
the presence of sodium dihydrogen phosphate in the sam- 
ple. Other reactions not requiring the catalyst may be 
more important in the other sample. Nevertheless, neither 
sample is inactive. In the absence of the metal catalyst 
even free carboxylic acid end groups may catalyze some 
reactions% and partial hydrolysis of the polymers may also 
play a role as water was not completely excluded.75 

We are now ready to return to the discussion of the 
morphology of the blends. Crystalline PET continued to 
be formed to about the same extent in PET/PC13C after 
each heating until the process had been repeated over 15 
times. Each time the sample was heated; however, the 
relative size of the crystalline domains appears to have 
decreased; both the PET proton T I  and TI ,  values de- 
creased at  each heating step. A small amount of chemical 
reaction does not interfere with the overall ability of the 
P E T  to crystallize but does restrict the size of the crys- 
talline domains. 

At  least some of the crystalline PET domains which were 
formed after the fifth heating were smaller than 30-60 A 
because the TI ,  as well as the TI  values were disturbed by 
the heating process. The relaxation times of the crystalline 
PET were partly averaged with those of the amorphous 
PET and the BPAPC. We may conclude that some of the 
phase-separated domains of amorphous BPAPC were 
smaller than 150-300 A because the proton T, values of 
BPAPC change at each heating step. Presumably the sites 
of ester interchange in the reacted polymers form the phase 
boundaries between P E T  and BPAPC domains. 

Eventually, after more than 15 heating steps in the case 
of PET/PC13C, blocks of pure P E T  no longer were 
present in sufficient concentration for crystallization to 
take place as the molten sample cooled. Likewise, after 
multiple heatings the crystallization exotherm in the DSC 
no longer appeared (Figure 1). The apparent crystallinity 
of the sample dropped rapidly after the 15th heating step 
(Figure 10). In the case of PET13C/PC, chemical reaction 
ultimately resulted in a sample in which the chemical 
moieties from PET and BPAPC were mixed at  the mo- 
lecular level. The slice from the two-dimensional carbon-13 
spin exchange spectrum shown in Figure 5 shows that the 
ratio of the number of PET aromatic carbons in contact 
with the P E T  ethylene glycol carbons to the number of 
BPAPC carbons is about the same as the ratio of such 
carbons present in the system. Carbon-carbon spin ex- 
change in PET/PC13C was not observed, even in the 
highly reacted sample, but this may simply reflect the fact 
that  the labeled carbon was lost from the system as re- 
action proceeded. 

An important question in the PET/BPAPC system, as 
well as in any mixture of polymers which have the potential 
to react together, is just how much reaction must occur 
before the system becomes homogeneous? Extensive 
chemical reaction between PET and BPAPC ultimately 
produces a random copolymer. A system without phase 
separation likely occurs long before the polymers have been 
completely randomized, however. Theoretical work has 
consistently predicted that the critical block size a t  which 
phase separation occurs in block copolymers is much larger 
than the critical polymer size a t  which phase separation 
occurs in mixtures of pure Thus we might 
expect that relatively small amounts of reaction might lead 
to phase mixing in systems in which intermolecular in- 
teractions are not too unfavorable. 

Consider for a moment the effect of chemical reaction 
on a mixture initially consisting of two homopolymers 
whose chains all contain the same number of monomer 
units. Breakage of each of the chains a t  three equally 
spaced sites produces blocks with 1/4 the number-averaged 
monomer units. This fact, combined with an increased 
tendency of block copolymers as opposed to pure polymers 
to form homogeneous systems may mean that surprisingly 
small amounts of reaction may induce homogeneity in a 
blend. 

Real systems, of course, will be much more complicated 
than is indicated by the model described above. Even in 
a phase-separated system, rather diffuse phase boundaries 
in which extensive polymer mixing occurs are likely to 
occur. Nevertheless, we think i t  is important to consider 
that even small amounts of chemical reaction can homo- 
genize a system of immiscible polymers. 

Conclusions 
In the absence of chemical reaction mixtures of PET and 

BPAPC appear to be immiscible. Successive cycles of 
melting followed by cooling in the air or in a metal block 
induce crystallization in the PET regions. After repeated 
heating steps the crystals are formed to the same overall 
extent as after a single heating but are smaller. Extensive 
heating steps eventually prevent the formation of PET 
crystals at all and results in a homogeneous system. The 
chemical reactions resulting in polymer homogenization 
include a loss of the BPAPC carbonyl group. 
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