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Thermally Reversible Phase Separation in 
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ABSTRACT: Mixtures of a narrow molecular weight distribution polystyrene with poly(styrene-co-4- 
bromostyrene) copolymers obtained by brominating 0.27 and 0.29 mole fraction ( x )  of its units exhibited reversible 
phase separation at  and below their respective upper critical solution temperatures (UCST). An increase 
of only about 0.02 in x caused an increase of about 70 "C in the UCST of the polystyrene plus poly(sty- 
rene-co-4-bromostyrene) mixtures. Use of a Nomarski assembly in a polarizing microscope provided excellent 
contrast for phase detection and structural studies. The liquid-liquid phase boundary (binodal) for mixtures 
of the x = 0.27 copolymer with its parent polystyrene was examined within the framework of Koningsveld's 
formulation of the Flory-Huggins Gibbs free energy function. A concentration-dependent interaction parameter 
g = 4.02949 + (20/T) - 0.007411& provided a good fit of the binodal data above the Copolymer volume fraction 
(&) at  the critical point. An interaction parameter g = -0.00905 + (10/T) - 0.004691~$~ provided a fit that 
was not as good in the higher & region but that accommodated the phase boundary data below @2c in better 
fashion. Morphologies of the phase-separated blends varied in a way that was consistent with a nuclea- 
tion/growth mechanism of separation at the extremes of composition and spinodal decomposition in intermediate 
ranges. Glass transition temperatures of quenched blends were examined by DSC. One-phase or two-phase 
character of annealed and quenched blends could be determined thereby, but the small temperature difference 
in the Tg values (102.5 and 115.6 "C) for the pure blend components made precise detection of incipient phase 
separation difficult. 

Introduction 
High-polymer blend systems suitable for a study of the 

mechanisms of microphase separation are uncommon. The 
critical temperature has to lie above the glass transition 
temperatures of both components and at  the same time 
below the temperature range where rapid chemical de- 
composition occurs. Until now, only a few systems ful- 
filling these requirements have been characterized suffi- 
ciently to define temperature-composition coexistence 
curves. McMaster has conducted a structural investigation 
on blends of poly(methy1 methacrylate) and styrene- 
acrylonitrile copo1ymers.l Nishi, Wang, and Kwei have 
performed a study on mixtures of polystyrene and poly- 
(vinyl methyl ether).2 Both systems show LCST behavior 
with critical temperatures T,  around 140 and 90 "C, re- 
spectively. Starting with homogeneous samples, McMaster 
and Nishi et al., induced phase separation by heating to 
temperatures above T,. Depending upon the sample 
composition, structures consistent with a spinodal decom- 
position mechanism or structures reflecting nucleation and 
growth were observed. Cloud point curves with LCST's 
have been also reported by Casper and Morbitzer3 for 
polystyrene/poly(tetramethylbisphenol A carbonate), by 
Roerdink and Challa4 for poly(viny1idene fluoride) /iso- 
tactic poly(ethy1 methacrylate), and by Walsh and co- 
workers5 for poly(methy1 methacrylate)/chlorinated 
polyethylene. Cloud point curves with UCST's have been 
reported by Roe and Zin6 for styrene/butadiene polymer 
systems of intermediate to high molecular weight. In these 
systems homogeneous blends at  elevated temperatures 
were cooled to induce phase separation. Recently, Ougi- 
zawa, Inoue, and Kammer established a phase boundary 
including a UCST at  about 138 "C for blends of a high 
molecular weight cis-1,4-polybutadiene with a high mo- 
lecular weight poly(styrene-co-butadiene) ~ o p o l y m e r . ~  
They infer a LCST for the same system from T-jump and 
annealing experiments, producing two-phase mixtures a t  
high temperatures (approximately 200 "C). They report 
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that similar results have been observed for another cis- 
1,4-polybutadiene/poly(styrene-co-butadiene) pair and for 
a poly(acrylonitrile-co-styrene)/poly(acrylonitrile-co-bu- 
tadiene) pair. 

We have performed a similar study on mixtures of 
polystyrene with brominated polystyrene. By variation 
of the degree of polymerization and the level of bromi- 
nation, compatibility can be controlled8 and, ultimately, 
the critical temperature can be continuously shifted. This 
enables a controlled preparation of blends with critical 
temperatures in the desired temperature range, 150-300 
"C. Phase separation in this system was studied by optical 
microscopy and calorimetry. As reported in the following, 
a reversible UCST behavior was found. 

Experimental Section 
An anionically polymerized polystyrene, PS2b, with Mn = 2.0 

X lo4 and Mw/Mn = 1.06 purchased from Pressure Chemical Co. 
was chosen as the starting material for copolymer synthesis. 
Bromination of this resin was effected in a nitrobenzene solution 
in the dark.g Complete bromination was achieved after 22 h of 
reaction time a t  25 O C  using 1.2 mol of Br2/mol of styrene units. 
Lowering this ratio led to partial bromination. Reaction products 
were precipitated by pouring the solution into rapidly stirred 
methanol. After filtering they were dried in vacuo at 100 O C  until 
all odor of nitrobenzene had disappeared. The degree of bro- 
mination was derived from the 13C nuclear magnetic resonance 
spectrum. 

As proved by 13C and 'H NMR spectra, bromination occurred 
exclusively in the 4-position of the aromatic ring, the brominated 
units being randomly distributed along the chain. Preparation 
of the statistical styrene-4-bromostyrene copolymer in this manner 
is particularly advantageous in that the degree of polymerization 
of the parent polystyrene and that of the derivative copolymer 
are identical. 

Blends of the original polystyrene and the brominated deriv- 
ative were formed by codissolution in chloroform or methylene 
chloride followed by film casting or precipitation in methanol. 
Depending on the bromination level, films were hazy or clear, 
indicating a two-phase or single-phase structure. For 1:l mixtures 
the clarity transition occurred a t  a molar concentration of bro- 
minated units x 0.28. We selected two copolymers with bro- 
mination levels close to this critical concentration for the tem- 
perature dependent studies: copolymer I with x = 0.27; copolymer 
I1 with x = 0.29. 
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Figure 1. Glass transition temperatures of quenched, single-phase 
polystyrene/copolymer I blends as a function of weight fraction 
copolymer. 

Phase separation and morphology studies were carried out in 
a polarizing microscope with a Nomarski phase contrast optical 
assembly. For our samples excellent contrast was provided by 
this technique. Samples were prepared on a hot stage by squeezing 
a droplet of the blend between two microslides. Films thus 
obtained were 10-30 pm thick. They were inspected at room 
temperature after a controlled thermal treatment followed by 
quenching on a metal block. 

Calorimetric measurements were performed in a Perkin-Elmer 
DSC-2C differential scanning calorimeter. Digital data (tem- 
perature and differential power) were logged and analyzed by its 
dedicated microcomputer. All scanning data were taken at 20 
OC/min heating rate on 10-mg samples in open or crimp-sealed 
aluminum cups. Homogeneous blends, annealed at 220 or 230 
"C, were quenched effectively by rapid cooling (nominal -320 
OC/min) in the calorimeter and gave single glass transitions upon 
subsequent first heating scans. Two-phase blends were achieved 
by annealing at temperatures below their binodal temperatures 
and quenching. The glass transition temperature T ,  is defined 
as the temperature at which the specific heat in the transition 
region has achieved half the total increase it experiences in 
transforming from a glass to a nonglass. 

Results 
Blends of polystyrene PSBb(1) with copolymer I(2) an- 

nealed above 220 "C show a single-phase structure a t  all 
compositions. The numerals 1 and 2 are here, and sub- 
sequently, used to designate components 1 and 2 in the 
subject mixtures. Figure 1 presents DSC Tg data for such 
blends quenched after annealing a t  220 or 230 "C. Tg 
increased smoothly from 102.5 "C for pure polystyrene to 
115.6 "C for pure copolymer I as the weight fraction, w2, 
of the latter was increased. The data were examined 
within the framework of the Couchman re1ation:'O 

In Tgl + k(W2/w1) In Tg2 
1 + k ( W 2 / W 1 )  

In Tg = 

The upper, middle, and lower curves shown in Figure 
1 correspond to h = 1.0, 0.7, and 0.5, respectively. One 
notes from Table I that the Couchman relation with k = 
0.7 fits the observed average Tg values rather well. The 
small temperature range (13.1 "C) in Tg between the two 
pure components makes accurate determination of the 
best-fit k difficult. However, it does appear to be lower 
than the ratio, ACp2/ACpl = 0.9, of the measured heat 
capacity increments a t  Tg of the polymers (Ac,, = 0.29 J 
g-l deg-'; ACP2 = 0.26 J g-' deg-I). 

Annealing of the blends a t  temperatures in the range 
150-220 'C induced phase separation. Two-phase struc- 

Table I 
Approximate Binodal Temperature/Composition Data and 

Glass Transition Temperature/Composition Data for 
Polystyrene + Cooolymer I Blends 

T,  of quenched blend, O C  

w 9  Dhase boundarv temw "C obsd calcd ( k  = 0.7) 
0.00 
0.202 
0.27 
0.349 
0.45 
0.50 
0.55 
0.652 
0.73 
1.00 

181 
210 
218 
213 
208 
203 
191 
180 

102.5 
105.2 

105.5 
107.0 
107.6 
109.2 
110.1 
112.6 
115.6 

(102.5) 
104.4 

106.0 
107.2 
107.8 
108.5 
109.9 
111.0 

( 115.6) 
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Figure 2. Single-phase (A) and two-phase (0) blends of poly- 
styrene/copolymer I in relation to temperature and volume 
fraction copolymer. 

tures visible in the microscope formed within several 
minutes. The structure change was reversible. Annealing 
of two-phase structures a t  240 O C  reproduced the single- 
phase state. Stirring, i.e., macroscopic shearing of the melt 
by relative rotation of the microslides, was necessary to 
achieve the latter transition within reasonable time. 

For an approximate determination of the phase 
boundary (binodal curve), samples of different composition 
were annealed for a constant time (30 min) a t  a series of 
decreasing temperatures on the microscope hot stage. 
Figure 2 represents the observation, with triangles denoting 
homogeneous, single-phase melts and squares denoting 
two-phase melts. The rather large temperature intervals 
employed in the quenchlanneal procedure to provide 
two-phase melts for subsequent microscopic examination 
did not allow precise determination of the phase separation 
temperatures. In estimating the (&, 2') coordinates of the 
binodal, we used arithmetic averages of the observed 
one-phase and two-phase temperatures for the w 2  = 0.202, 
0.349, 0.55, and 0.73 data. For other compositions, the 
T(binoda1) values were weighted toward the more heavily 
determined (one phase or two phase) observation. This 
introduces a somewhat subjective, although bounded, es- 
timate of the experimental (&, T )  coordinates (denoted 
by X in Figure 2 and presented as (wz, T )  in Table I). 
Calculation of theoretical binodal and spinodal curves to 
approximate the liquid-liquid phase equilibria data is 
described in the Discussion. 

The phase contrast microscopy provided facile detection 
of phase separation in the blends. DSC could detect with 
difficulty the phase separation, because the quenched, 
equilibrated phases differed so little in Tg. Inspection of 
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Figure 3. DSC curves for single-phase polystyrene/copolymer 
I blends (upper curve wz = 0.202: lower m e  wz = 0.73) quenched 
from 220 "C and a two-phase blend (center curve w2 = 0.45) 
quenched after 30 min at 180 "C. The broken line represents a 
50150 weight averaging of the upper and lower curves. 

Figure 2 shows that annealing a t  180 "C a sample having 
volume fraction copolymer = 0.42 (w,  = 0.45) should 
yield equilibrating phases of nearly equal mass corre- 
sponding to the & = 0.18 (wz = 0.202) and 4z = 0.70 (wz 
= 0.73) blends. Figure 3 presents the DSC scans of these 
latter two blends after quenching from 220 'C  and of the 
wz = 0.45 blend after annealing for 30 min a t  180 "C and 
then quenching. The broken curve was constructed by 
weight averaging on a 50/50 weight basis the upper and 
lower specific heat curves. The correspondence of the 
observed and calculated curves for the 180 "C annealed 
blend and the appearance of the glass transition regions 
for each of the phases are obvious. 

To obtain some insight into the character of the phase 
separation the morphologies of the twephase systems were 
examined microscopically. 

Figure 4 shows a series of micrographs obtained for 
blends of the polystyrene with copolymer I with different 
volume fractions of the brominated component, bZ = 0.31, 
0.42, 0.47, and 0.62. Phase separations in the originally 
homogeneous samples were induced by annealing for 2 h 
a t  190 "C. Spherical precipitates in a continuous matrix 
are observed for = 0.31 and 0.62. For & = 0.42 and 0.47 
the phase domains are nonspherical and partly connected. 

Figure 5 shows the development of the two-phase 
structure with time. A sample with & = 0.48 was annealed 
at  200 "C. After the first appearance of phase separation 
followed by an increase in phase contrast, one observes 
"ripening" of the structure. The coarseness of the inter- 
connected phase domains increases with time. 

For samples of the polystyrene blended with copolymer 
11, the upper critical solution temperature (UCST) was 
located at  about 290 "C. Samples annealed a t  300 "C were 
homogeneous while those annealed a t  temperatures below 
280 "C exhibited phase separation. Since thermal de- 
composition could not be ruled out a t  these rather high 
temperatures," most of our study was confined to blends 
containing copolymer I. However, we show in Figures 6 
and 7 two special examples of phase-separated structures 
in a polystyrene/copolymer I1 blend (& = 0.48). The 
micrograph Figure 6 was obtained after 30 min of an- 
nealing at  200 "C. The domains of both phases are 
strongly interconnected. Figure 7 shows the macroscopic 
phase domains developed after 2 h of annealing a t  250 "C. 

Discussion 
The general character of the observed reversible tran- 

sition between single-phase and two-phase states is clear; 
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Figure 4. Two-phase structures of polystyrene/eopolymer I 
blends induced by annealing for 2 h a t  190 "C. Volume fractions 
of the copolymer: (a) 0.51: (b) 0.42: (e) 0.47: (d) 0.152. 
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the investigated blends exhibit an upper critical solution 
temperature. Direct evidence is provided by the appear- 
ance of the miscibility gap shown in Figure 2. 

The occurrence of a UCST in our system can be un- 
derstood on the basis of existing theories.l2 Miscihility 
depends upon the balance between the favorahle comhi- 
natorial entropy of mixing 

where N denotes the degree of polymerization, and the 
change in locel free enthalpy 

A G m  = RTx4142 (2) 

which is here expressed in terms of the Flory-Huggins 
interaction parameter x per unit. 
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Figure 'I. Macrnscopic domains in a two-phase polystyrene/ 
copolymer I1 blend (6, = 0.48) after 2 h a t  250 "C. 

Assuming x is not a function of 4,, its value a t  the 
critical temperature is 

XU.) = 2 / N  (3) 
in both cases, UCST or LCST. 

the critical temperatures of a blend. 

contributions 

Given the temperature dependence of x, eq 3 determines 

According to Patterson13 the x parameter includes two 

the first one being associated with the contact-energy 
dissimilarity and the second one following from the dif- 
ference in thermal expansion between the two components. 
The difference in contact energy is specified by the di- 
mensionless quantity Xl , /P,  the difference in thermal 
expansion by the quantity rI2. The temperature depen- 
dence of x enters via the cohesive energy - U ( n  and the 
specific heat Cp(T), which can he taken for either com- 
ponent or the blend (the differences are unimportant in 
this approximation). 

In the system under study, Xl , /P  and r12 depend on 
the bromination level x. Specifically, a short calculation 
given in the Appendix shows that 

XI, = X 2 X A B  (5 )  

712 =  TAB (6) 
where X, and T, specify the contact energy and thermal 
expansion differences between polystyrene and poly(4- 
bromostyrene). Introduction of eq 5 and 6 into eq 4 gives 

x(T) = x 'xA~T)  (7) 

2 / N x 2  = XAB(TJ (8) 

Combination of eq 7 and 3 then leads t o  

Equation 8 describes the variation of critical temperatures 
with the bromination level and the molecular weight. 
Figure 8 illustrates in a schematic drawing the situation. 
Assuming that XAB > 0, xAB(T) first decreases, goes 
through a minimum, and then increases again. At low 
temperatures the contact energy term dominates; a t  high 
temperatures the expansion term becomes more important. 
If 2/Nx2 takes on a value as indicated in the drawing, two 
critical temperatures, one UCST and one LCST, show up. 
Increasing the bromination level or the degree of polym- 
erization raises the UCST and lowers the LCST, finally 
leading to a coalescence and disappearance. Note that only 
the product Nx2 enters into eq 8. Hence, an increase in 
N could he compensated by a decrease in x 2 ,  leaving the 

T 
Figure 8. Temperature dependence of the interaction parameter 
xllR (schematic drawing). 

phase behavior of the blend unchanged. 
For the current system this analysis indicates that the 

temperature at the minimum of xAB(n lies above 300 "C, 
i.e., outside the temperature range accessible for experi- 
ments. Therefore, one can only observe the UCST hranch 
of the phase diagram. 

The above discussion tacitly assumes a composition-in- 
dependent xAB and equal molar volumes for the poly- 
styrene and the copolymer obtained from its partial bro- 
mination. T o  treat the polystyrene (1)-copolymer I (2) 
blend phase equilibria in a more quantitative fashion, we 
here resort to the thermodynamic formulation by Kon- 
ingsveld" of the Flory-Huggins Gihbs free energy. 

The Gihbs free energy of mixing per mole of lattice sites 
is expressed by 
AG = 

A styrene chain unit is chosen as the lattice site defi- 
nition. N is the number of chain units in the polystyrene 
molecule. r is the ratio of the molar volume of the parent 
polystyrene to the molar volume of the copolymer. 4, is 
the volume fraction (site fraction) of the mixture occupied 
by the copolymer. 

A composition-dependent interaction parameter is here 
employed: 

(10) 

(11) 
where T, is the critical temperature for phase separation 
and Wand  Yare constants. 

Partial differentiation of eq 9 with respect to the moles 
of the constituent polymers yields the chemical potentials. 

RT[ln (1 - 4.J + (1 - r)& + Ngo+,2 + Ng1(24, - 1)4?1 
(12) 

(1 - 4J + Ngf-Yl - 4 8  + 2NgIr-.'6,(l - 42)21 (13) 

g = go(n + &?I42 

go(T) = W + Y * ( T 1  - TLl) 

P1 - 111O = 

11, - wZo = RT[ln + (1 - r-l) X 

The second and third partial derivatives of the Gihbs 
free energy with respect to 4, are 

A t  the critical temperature (TJ and critical composition 
(+2e) for phase separation the expressions in eq 14 and 15 
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N a  
are simultaneously zero. Therefore, from eq 15 one obtains 

0 I I 
4 , I , ! ,  , 

and from eq 14 and 16 

The number of units per chain in the polystyrene and 
copolymer I is N = 20000/ 104.15 = 192. An approximate 
ratio, r = Vl/ V,, of the polymer molar volumes is obtained 
by using bulk (glass) specific volumes of 0.943 and 0.637 
for styrene and p-bromostyrene homopolymers, respec- 
tively, and assuming volume additivity of units in the x 
= 0.27 copolymer I. This yields r = 0.952. Calculation of 
theoretical binodal and spinodal curves to compare with 
the approximate binodal T,d2 data (Table I) was done as 
follows. 

Using GZc = 0.30 and T, = 491, one calculates by eq 16 
and 17 that g, = -0.007411 and g0(491 K) = 0.01124. Then 
g = 0.01124 + Y ( T 1  - 491-') - 0.007411~z. For tempera- 
tures T < 491 K the chemical potential functions (eq 1 2  
and 13) exhibit a maximum and minimum value within 
a range of # J ~  values. The value of Y = 20 was found to 
give a good fit for the 42 > 4zc binodal data points when 
42,42' pairs satisfying the simultaneous pl - pIo = pl' - plo 
and p2 - pZo = p i  - pzo conditions were determined. The 
calculated binodal and the calculated spinodal (eq 14 set 
equal to zero) are shown in Figure 9a with the experimental 
binodal data points. Inspection of Figure 9a reveals an 
excellent f i t  of the +2 > &, binodal data using the pair 
interaction parameters 

g = -0.02949 + (20/T) - O.O07411& (18) 

or the equivalent Flow pair interaction parameter reduced 
to the pair interaction parameter per styrene unit 
x / N  = go - g1 + 2g142 = 

-0.02208 + (20/T) - 0.0148242 (19) 

Despite the excellent fit of the calculated binodal to the 
data in the higher C#J~ region, the calculated binodal lies well 
above the two & < 42c experimental points. 

Using &c = 0.35 and T, = 491 K, we found by the 
procedure just described that g = 0.01132 + 10(T1 - 491-l) 
- 0.004691& produced a binodal passing through the ex- 
perimental (&, T )  = (0.24,483 K) point and intersecting 
the experimental q52 > &, binodal at  about (&,, T )  = (0.56, 
471 K). The calculated binodal and spinodal are shown 
in Figure 9b with the experimental binodal data points. 
Forcing the binodal to fit the experimental (&, 7') = (0.24, 
483 K) data point yields (cf. Figure 9b) a poorer match of 
the calculated binodal to the data for 42 > &. However, 
the anomaly of having the experimental binodal data 
points in the & < &,c region lie below the calculated 
spinodal has been removed. We are compelled to conclude 
that the lack of precision in delineating the binodal by the 
present data makes determination of the interaction pa- 
rameter subject to considerable uncertainty. Therefore, 
although the UCST character and approximate shape of 
the liquid-liquid phase boundary have been reproduced 
by the above approach using the Flory-Huggins Gibbs free 
energy formulation, a quantitative, unique solution was 
not achieved. 

The morphologies of the phase-separated melts as re- 
vealed by the optical microscopic examinations permit 
postulation of the modes of phase separation. The ob- 
served structures (Figures 4-7) indicate that two different 

0 
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The t parameters describe the contact energies between 
the respective pairs of segments. In the case of copolymer 
mixtures each ti, has to be understood as the mean contact 
energy between the copolymers i and j (the other param- 
eters, s and u*,  denote the coordination number and the 
hard-core segment volume, respectively). 

In the case of interest, mixtures of polystyrene (segments 
A) and copolymers with a fraction x of brominated seg- 
ments (B), the t parameters become 

€11 = C A A  

€22 = ~ ' t g g  + 2 ~ ( 1  - ~)tAg + (I - x ) ' ~ A A  

t i 2  = (1 -  tu + XCAB 

where tAA, tAB, and tgg denote the contact energies between 
styrene-styrene, styrene-bromostyrene, and bromo- 
styrene-bromostyrene segment pairs. Insertion of these 
expressions results in 

or 

with 

The second parameter, rl2, appearing in eq 4 has been 
introduced by Patterson13 to specify the dissimilarity in 
thermal expansion, that is, in free volume between the two 
polymeric components. I t  is defined as 

712 = 1 - T1*/T2* 

where Tl* and T2* denote the reduction temperatures of 
the two components to be used with the scaled equation 
of state. Assuming 

T2* - Ti* i= x(TB* - TA*) 

where TA* and TB* denote the reduction temperatures of 
polystyrene and polybromostyrene, gives 

712 X ~ A B  

with 
TAB = 1 - TA*/Tg* 

Registry No. PS, 9003-53-6. 
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ABSTRACT: Mass spectrometric and gel permeation chromatographic analyses are used to identify the cyclic 
oligomers formed in the polycondensation reactions of dithiols and dibromoalkanes leading to  aliphatic 
polysulfides. A correlation exists between the two sets of data obtained by these techniques. Cyclic oligomers 
with only an even number of repeating units are detected among the polycondensation reaction products. 
This fact is considered evidence that these oligomers are generated directly from the reacting monomers and 
not by degradation of the corresponding polymers. 

Introduction 
The formation of cyclic oligomers in polycondensation 

reactions is a phenomenon frequently 
Current methods of detecting oligomers contained in 

polymer samples are based on gas, liquid, and size exclu- 
sion chromatography, combined with some structural 
identification methods. These techniques are indeed 
powerful, but sometimes low volatility of samples, low 
solubility in suitable organic solvents, or low resolution in 
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liquid chromatography make alternative and rapid meth- 
ods of detection and identification of complex mixtures 
of low molecular weight compounds highly desirable. 

Mass spectrometry (MS) is particularly suitable for the 
detection of these materials since they are volatile under 
high vacuum a t  relatively mild temperatures a t  which 
polymers remain undecomposed and therefore undetect- 
ed.4-6 

We have been interested in the synthesis and charac- 
terization of a series of polysulfides: -( (cH2)6s)n-, poly- 
(hexamethylene sulfide) (I); -( (CH2)3S)n-, poly(tri- 
methylene sulfide) (11); -((CH2)2S)n-, poly(ethy1ene sulfide) 
(111); and -(CH2S),-, poly(methy1ene sulfide) (IV). These 
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