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Effect of added copolymer on the critical properties of polymer mixtures
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Monte Carlo simulation and finite-size analysis are used to determine the critical properties of a binary
homopolymer blend and of a polymer blend that has been compatibilized with a random copolymer. Determi-
nation of v, the critical exponent for the correlation length, for the mixture of two homopolymers shows that
the binary blend exhibits properties that are consistent with Ising behawief©3). Similar results for the
compatibilized blend show that the added copolymer acts very much like an impurity; lowering the mixing
transition temperature and increasing the valuer @b a value that is in qualitative agreement with Fisher
renormalization {=0.69). These results are important as copolymers are often added to polymer blends to act
as compatibilizers. These results, therefore, show that the analysis of the phase behavior of these mixtures must
be analyzed with the understanding that its critical exponents differ from those of a binary polymer mixture.
[S1063-651%99)19310-3

PACS numbgs): 61.25.Hq, 64.60.Fr, 05.10.Ln, 05.70.Jk

INTRODUCTION Binder[26] have utilized Monte Carlo simulation and finite-
size scaling techniques to obtain the critical exponents and
The critical behavior and classification of the universality critical amplitudes of the phase separation process of a lattice
class of polymer mixtures has been an area of much attentiamodel and compared it to the Flory-Huggins theory. Their
recently[1-17]. This area is of interest from a fundamental results confirm that a Monte Carlo lattice model exhibits
point of view, but also has implications in the commercial critical exponents that are the same as those for the three-
use of polymer mixtures. It is well known that mixtures of dimensional Ising model. They were not able to observe the
two polymers obey the mean field approximation over a wideexpected transition to mean field critical behavior, which
range of temperatures and concentratidr®. However, itis  they attributed to the small chain lengths that were utilized in
expected[1,2], and has been confirmed experimentallytheir study. These results do show, however, that a Monte
[3,4,7—13, that near the critical point, binary polymer mix- Carlo model of a binary polymer blend can be expected to
tures will crossover from mean field to three-dimensionalexhibit Ising behavior, much like a real system near the criti-
(3D) Ising behavior. This crossover can result in an inaccucal point and this can be verified using finite-size scaling
rate determination of the critical temperature by extrapolatechniques.
tion procedures assuming mean field behavior. The critical Industry has often utilized mixing of tw@r more poly-
behavior of ternary polymer mixtures containing a copoly-mers to develop new materials with targeted properties. By
mer and two homopolymers has been less studied. It is excombining two polymers with diverse properties, it may be
pected from Fisher renormalizatiqdi9-29 that a binary possible to create a new material that retains physical char-
mixture that is dilutedand thus a ternary mixtuyevill have  acteristics of both polymers. However, it is also well known
slightly higher critical exponentgfor example, v’ =8/7v, that two long chain molecules will rarely mix on a thermo-
wherev' is the renormalized critical exponent for the corre- dynamic level due to their low entropy of mixing. The re-
lation length than the binary mixture. Fisher renormalization sultant two-phase structure will have inferior properties to
has beenqualitatively verified for small molecule ternary the initial components, primarily due to the presence of a
mixtures[21—-24 and polymer blends that have been dilutedsharp biphasic interface that does not provide entanglement
by a solvenf11,15,18. It is not clear that a diluent that is between the polymers in the separate phases. This lack of
polymeric in nature and consists of identical monomers agntanglement across the interface results in poor transfer of
the homopolymers will alter the critical behavior of a “di- stress, which in turn degrades the macroscopic properties of
luted” polymer blend in a similar way. This work seeks to the mixture. Due to the importance of the presence of a bi-
answer that question and provide fundamental informatiorphasic interface on the ultimate properties of a polymer
on the critical behavior of a ternary polymer blend contain-blend, the ability to improve and control that interface has
ing two homopolymers and a statistically random copolymerbeen extensively examing82—73. In particular, the effect
Monte Carlo methods have proven useful in determiningof adding a copolymer to act as an interfacial modifier has
the order and critical behavior of pure systems and mixtures,eceived abundant attention. Much of this work has centered
including polymer blendg26—-31]. For example, Sariban and on the ability of a copolymer to strengthen the biphasic in-
terface, lower interfacial tensiofto create a finer disper-
sion), and inhibit coalescence during processing. Each of
* Author to whom correspondence should be addressed. these mechanisms apparently contributes to the improvement
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of macroscopic properties of biphasic polymer blends upon TABLE I. Correlation betweer? and copolymer sequence dis-

addition of a copolymer and the importance of each has beeftibution. N denotes molecular weight of the copolymer.

the subject of some debate in the literature.
Therefore, the effect of an added copolymer on the prop- ~ Copolymer sequence distribution P

erties of a polymer mixture is of current interest. This paper

. . . . - ! Block copolymer N/(N—-1)=1
reports results of an investigation which utilize finite-size
. . . : . Random copolymer 0.5
analysis and Monte Carlo simulation to determine the critical .
Alternating copolymer 0

exponents of the phase separation transition that occurs in
binary (two homopolymersand ternary(two homopolymers
and a statistically random copolymgolymer mixtures on @  configuration of the polymer chain changes and the void is

cubic lattice. These results will determine how the additiondisplaced. The new configuration is accepted according to

of the copolymer alters the critical exponents of the phasghe \etropolis sampling techniqu@é]. To ensure there is

separation process. This, in turn, provides fundamental inforp hias due to the initially ordered state, the system is equili-

mation that can be utilized in the analysis of the phase sepgyated through 10 000 system configurations before statistics

ration of a polymer blend that has been compatibilized withgg, the system characterization is calculated.

a copolymer. The phase behavior of the mixtures is characterized by the
heat capacityC, and the reduced fourth-order cumulant

MODEL AND SIMULATION METHOD qf th_e system. The heat capacity is calculated as the fluctua-

tion in the total energy of the system:

The model system consists ®f, chains of lengthN
=10 confined to a cubic lattice. This length was chosen to C.=[(E*)—(E)?], (1)
maximize computational efficiency, while still providing be- )
havior that has been shown in previous simulations to emu/here() denotes the ensemble averageis the energy of
late polymers. To simulate an infinite set of chains, the systhe system and is equal to the number of neighboring mono-
tem is approximated as a set of infinitely many identical cellgNers that are of different type. The miscible-immiscible tran-
of length L with periodic boundary conditions in all three S!tiON temperature is detgrmlned as the temperature at which
orthogonal directionsx,y,z). In this study, the only inter- the heat capacity peaks in a plot of heat capacity vs tempera-
action energy is a nearest neighbor monomer-monomer inture..The r_educed fourth-order cumulant of the order param-
teractions_g. This energy is positive if two neighboring ©ter is defined as
monomers are of different typ@\-B) and is zero otherwise. -~ 4 202
In other words,A-A, B-B, A-void, or B-void arrangements UL=1=(M%/(3(M%)°). 2

have a zero energy while—B alignments contribute a posi- | s equationM is the order parameter, which in a mixture
tive energy.s,_g applies to any two adjacent monomers, o g types of molecules can be defined as the difference
whether a bond connects them or not. Steric interactions aigsnyeen the percentage of neighboring lattice site pairs that
included as excluded volume; simultaneous occupation of a,nt5in the same types of monomers and the percentage of

given lattice site by more than one monomer is prohibited,gighhoring lattice site pairs that contain different types of
The density of the system is held constant for all lattice size§,,onomers.

and is calculated as the fraction of occupied lattice sjtes,
= NpN/L3. N, andN are defined as above anhds the size M=3—A, (3
of the cubic lattice. In the present study,, andL are varied
such thatp=81.25-0.04 % and. ranges from 16 to 30. wherel is the percentage of neighboring sites on the lattice
Adding the polymers to the lattice in a completely orderedthat contain monomers of the same type ands the per-
state creates the initial configuration. One half of the ho-centage of neighboring sites on the lattice that contain mono-
mopolymers are of typé and half are typeB. The percent mers that are different. Examination of this equation shows
copolymer present ranges from 0 to 10 %. The compositiotthat in the phase-separated state, most neighboring mono-
of the copolymer is 5094 and 50%B. It is interesting that mers will be of the same typ&, will approach 1 and\ will
given this model, the number & and B monomers in the approach 0. This gives a value of the order parameter ap-
system does not change as a copolymer is added, just thpgoaching 1. In the miscible state, there is equal probability
way that they are bonded together is altered. The sequentikat neighboring sites will hold similar or different mono-
distribution of the copolymer is parametrized Byf74], de- mers, and therefor& —0.5 andA—0.5, thusM goes to
fined as the percentage of the neighboring monomers alorzgro.
the copolymer chain which are of the same type. This results In a small molecule mixture, this order parameter will
in the correlation betweeR and the copolymer structure as provide accurate information on the mixing process. How-
listed in Table I. ever, with polymers, the connectivity of the polymer chain
Once the initial configuration is created, applying a modi-will bias this calculation. For a homopolymer chain, two of
fied reptation techniqug75] to the chains creates various the neighboring lattice sites must contain monomers of the
chain configurations. In this modified reptation technique, asame type because they are the next and previous monomers
void on the lattice is chosen at random. A direction from thatalong the chair{except for chain endsTherefore, to over-
void is then selected randomly. If the end of a chain residesome this bias, Eq3) is still used, however, the definition of
on that lattice point, the polymer chain is reptated into theX and A is altered. Rather than utilize the nearest neighbor
void and the other end of the chain is vacated. In this way théattice sites to compare monomer types, the calculation is
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based on two lattice sites that are slightly farther apart. The ——Homopolymer Blend
choice of the distance between the two lattice sites is a bal- 7o ‘ ; . s 1 821‘;2332;

--%--7.5% Copolymer
-+ -10% Copolymer

ance between wanting a larger distance to minimize effects
of chain connectivity versus needing a smaller distance to
minimize the effect of the biphasic interface on the calcula-
tion. Essentially, when the system is phase separated, the
biphasic interface in the phase separated system livhits
values less than 1. Increasing the distance between the com®
pared sites effectively broadens the interface and exacerbate — «°f

800 -

500

>

this problem. In this study, it was found that a distance of [...---- RAS\NU.

five lattice sites between compared lattice sites offered a sl ---°"_~ L]
good compromise of these two factors and was thus used in - °
the calculations of the following results. 200 ‘ : . . . : .

To minimize statistical deviation, each point in the fol- 8 4 5 6 7 8 9 ooou

lowing figures is an average of at least 2.50° Monte Carlo
steps per chain in the vicinity of the phase transition and at FIG. 1. The effect of a copolymer loading on the heat capacity
least 2.0¢10° Monte Carlo steps per chain far from the peak for the mixing-demixing transition of a compatibilized poly-
phase transition. This simulation was completed on manyner blend.
computers including a DEC Alpha 400/266 in the Chemistry
Department at the University of Tennessee, two Silicontion is characterized by a discontinuity in the first derivative
Graphics Indigo2 computers in the Chemistry Department apf the free energy. This results ind&function singularity in
Pacific Lutheran University, and an IBM SP/2 at the Jointthe heat capacity, the second derivative of the free energy.
Institute of Computer Science at the University of Tennes-This divergence is a consequence of the coexistence of two
see. The program was run with vector processing when pogphases. The system does not anticipate the transition and
sible and maximum optimization on all machines. there is no critical region or critical exponents. In second
order phase transitions, there is a power law divergence in
the heat capacity, but this divergence is a consequence of the
RESULTS correlation length becoming infinite. The system anticipates
In recent publicationd74,77), one of us utilized this the transition and a critical region and critical exponents are

Monte Carlo model to examine the effect of the copolymerfo_u_”d- I_n real finite systems thi_s divergence does not oceur.
sequence distribution on the phase behavior and interfacidiinite-size effects cause the divergence to become a finite
structure of a ternary blend containing a copolymer and twg®@ak. There are two effects, a rounding of the peak with
homopolymers. The results generally show that, todecreas[ng sample'3|ze and a shifting of the peak. .Wlth a
strengthen the biphasic interface, it is preferable that the cdzhange in sample size. In second order phase transitions the
polymer be “blocky” rather than random or alternating in shift of_heat capacity peak |s_due _to the I|m_|tat|on of the
nature. It was also seen that the phase transition temperatu¢@rrelation length to the lattice size,. Scaling theory

for the ternary mixture did not depend on the sequence dis-/8,79 therefore predicts that the heat capacity maximum
tribution of the added copolymer, merely on the amountCy Will diverge asL*'” while the transition temperature
More exactly, the temperature at which demixing occurs deWill shift as

creases with an increase in copolymer concentration, how-

ever, at a given copolymer loading there was no observable (TE=TITE~LW, 4
difference between the different copolymer structildsck,

random, or alternating This trend is shown in Fig. 1 which ; ; :
plots the heat capacity vs reduced temperature, ;
=k, T/ea_g for the blend of the two homopolymers and the
ternary mixtures which contain 1, 5, 7.5, and 10 % randorr
copolymer. The lines in this figure are included to guide the
eye. Inspection of this figure shows that as the concentratio
of the copolymer increases, the peak maximum of the hee
capacity and transition temperature both decrease.

From the data in Fig. 1, a plot of the transition tempera-
ture as a function of copolymer concentration can be create(
as shown in Fig. 2. This figure shows that the decrease i
phase transition temperature decreases linearly with in
creased copolymer concentration, much as an added ine Ty =T3773+-0.085143% = 0.99392
impurity (i.e., dilution will alter the phase transition tem- o T, . e 10 1
perature of a pure sample. This result is interesting, howeve
it does not provide information on how the copolymer affects
the natureof the phase transition. For this, finite-size analy-  FIG. 2. The change in the mixing-demixing transition tempera-
sis is needed. ture with copolymer concentration in a compatibilized polymer

In a theoretical infinite system a first order phase transiblend.

Mixing t

f=1

% Copolymer
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FIG. 3. The behavior of the fourth-order cumuldnt near the
transition temperature of the infinite systéifi for the binary ho-
mopolymer blend.

FIG. 4. The behavior of the fourth-order cumuldht near the
transition temperature of the infinite systefi for the ternary
(compatibilized polymer blend.

whereT, is the transition temperature of the finite system,pe estimated with modest error to be €@.1 for the binary
T¢ is the transition temperature of the infinite systemis  system and 9:40.1 for the ternary system from the data in
the heat capacity critical exponent, ands the correlation  hoth plots.
length critical exponent. _ 3 With this knowledge ofT* , the data can be analyzed to

Therefore, one way to determine the critical exponents Ofjetermine the critical exponent for the two systems and
a model phase transition is to perform finite-size analysis Ofhys the nature of the phase demixing transition that occurs
the system by determining how the heat capacity peak angh 3 plend with and without added copolymer compatibilizer.
the transition temperature change with lattice size. Using th?igure 5 is a plot of I(T* —T)/T*] vs In(1L), where val-

C C !

change in the heat capacity maximum is not feasible in thi%es of 9.4 and 9.1 foF* were used in the binary and ternary
study due to the significant error in determining the hea ;

capacity maximum. Additionally, in completion of this tpolymer blend, respectively. Examination of Hé) shows

. . . ! that the slope of this plot is equal toz1/This analysis pro-
analysis using the transition temperature, it becomes NeCeSiias a value ofr=0.63 for the binary and=0.69 the
sary to determine the transition temperature at infinite siz j '

?ernary mixture(see Table )

* ; * ; ; . H .

(Te). !n practlce,Tc |s'(')ften determmed.usmg f|n|.te-3|ze It should be noted that the value ofthat is determined
analysis, i.e., the transition temperature is determined as

. : : . N flom Fig. 5 is very sensitive to the value ®f that is used.
function of lattice size T, is plotted vs 1", and extrapo- | imil ; b duced usi | ¢
lated to 1L"—0=L—o0. Thus, we are left with the chicken P qts similar to Fig. 5 can be pro uced using va uelé'z) .
and the egg problenvis.requir;ed 10 determin®* andT* is which range from 9.0 to 9.5. Completing this analysis using
also needed to detérmine Fortunately theré existcother values of T; within the ranged delimited by the vertical

methods by whichT; can be evaluated. The most straight- da§he(_j lines in F|g 3*and 4 demonstrates that the error that
. . exists in determining’; propagates to an error af0.02 in

forward is using the reduced fourth-order cumulg2f,29— the value of

31]. It can be shown[26,30 that U, scales with (1 v

—T/T) andLY" as

-1.1 } } } t
——y=23.2161 + 1.5924x R= 0.99857 ; v = 0.63
a2t _ Sve -
ULoc(l_T/T:)LI/V,T_)T: ,I_—>OO (5) y—2.8244+1.4416XR-0.99975,V—0.?9',

1.3 4+

¢

which implies thatU, (T=T;)=U* which is independent
of L. Therefore a plot ofU, vs temperature for different
lattice sizesL, will produce a series of curves which inter-
sect atT , the transition temperature for an infinite system. 161
Figure 3 shows the plot ofJ, vs 7 for a 50/50 binary
blend of the two homopolymergA and B) while Fig. 4 L7
shows the same plot for a ternary blend containing a 2.5
+0.08% random P=0.5) copolymer and an equimolar
mixture of homopolymer#\ and B. On first inspection it is 19 | | : |
evident that the curves for different lattice sizes do not all B2 31 N 9 28 27
intersect at a single point. This is due to a number of reasons, o QL)
but most importantly that the scaling denoted in E5.only FIG. 5. The finite-size analysis plot. The slope of this plot of
holds forL—c. The lattice sizes that were examined herein[(T(L)—T*)/T*] vs In(1L) is equal to 14, wherev is the critical
obviously do not approach this limit. Neverthele33, can  exponent for the correlation length.

13

In[(T-T /T ]

—e— Binary Blend
@--Ternary Blend
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TABLE Il. Predicted and observed values for CONCLUSION
Correlation length  Binary system Ternary system Finite-size analysis and Monte Carlo simulation have
Critical Exponentv (Fisher renormalization ~ been completed to determine the critical expongnof the
demixing phase transition in a binary mixture of two ho-
This study 0.63+0.02 0.69(+0.02 mopolymers as well as a ternary mixture of two homopoly-
Theory (Ising behavior 0.63 0.72 mers and a copolymer. A copolymer is often added to a
experimental 0.6880] 0.68(+.0.2 [11] polymer mixture to improve the miscibility and ultimate

properties of the resultant blend. The analysis shows that the
critical exponenty of the binary blend is compatible with
Thus, the addition of a copolymer does change the criticajsing-like behavior ¢=0.63). However the critical exponent
exponents of the miscible-immiscible phase transition in &, of the ternary mixture is slightly higher than that of the
binary polymer blend. The change is in qualitative agreemenginary blend ¢=0.69) in qualitative agreement with Fisher
with Fisher renormalization, though is slightly lower than the renormalization. These results suggest that the addition of a
predicted value. Renormalization predicts that the exponem{opolymer to a polymer mixture slightly changes the nature
will increase by a factor of 1/7, which would result in a value of the phase decomposition process of that mixture and must

of »=0.72. S _ be analyzed accordingly.
Interestingly, the value determined in this study is very

close to the experimental value of=0.68 found by Hair

et al. for a pqumer blend that was diluted by a_small mol- ACKNOWLEDGMENT
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