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from this type of reaction was present in the other product 
mixtures i t  was not detected. It is possible that it is 
present in other product mixtures, however, since no effort 
was made to prove its absence. 

Malononitrile was treated with tetrafluoroethylene and 
benzoyl peroxide but the products were coupled radicals 
with essentially no incorporation of tetrafluoroethylene. 
Experimental Section 

The procedure used has been described before.14 The results 
of the experiments are presented in Table 111. 
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ABSTRACT: Polystyrene-polybutadiene (SB) diblock polymer in n-tetradecane forms an ordered microdomain 
structure in which spherical microdomains composed of polystyrene (PS) block chains me dispersed in a solution 
of polybutadiene (PB) block chains in a simple-cubic-like lattice. The superlattice, which is stabilized by 
the conformational entropy of the PB chains, is shown to  be a primary cause of nonlinear and plastic flow 
behavior of the solution with an apparent yield stress proportional to $p, the volume fraction of SB in the 
solution. The superlattice starts to be distorted, resulting in loss of long-range spatial order of the microdomain 
structures, a t  temperatures higher than Td, the lattice disordering temperature. The lattice disordering is 
shown to cause an increase of the line profile of the small-angle X-ray scattering (SAXS) maximum and also 
a discontinuous change of the Bragg spacing with temperature. It is also shown that with increasing temperature 
across Td, the flow behavior changes from nonlinear and plastic to linear and non-Newtonian behavior, and 
the apparent yield stress vanishes. Upon further increase of temperature above the critical temperature T,, 
the microdomain structure is dissolved into, more or less, a homogeneous solution of PS and PB; i.e., the system 
undergoes an order-to-disorder transition. This transition causes the change of the flow behavior from 
non-Newtonian behavior. An effect of adding homopolybutadiene into the solution on the lattice-disordering 
phenomenon is also discussed. 

I. Introduction 
In the previous paper’ of this series we have explored 

the microdomain structure of polystyrene-polybutadiene 
(SB) block polymer in a selective solvent of n-tetradecane, 
good for polybutadiene (PB) chains but very poor for 
polystyrene (PS) chains as a function of concentration and 
temperatures. In this paper we shall explore some effects 
of the microdomain structure and its superlattice on the 
rheological behavior of the solution. 

In section I11 we shall present some results of small-angle 
X-ray scattering (SAXS), especially the results indicating 
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two thermal transitions, (i) the lower temperature one 
associated with a thermal destruction of the superlat t ice  
(Le., simple-cubic-like spatial arrangement of the spherical 
microdomains of PS dispersed in the matrix of PB solu- 
tion) at  the lattice-disordering temperature Td (section 
111-1) and (ii) the higher the temperature one associated 
with an order-to-disorder transition2 involving dissolution 
of the microdomain structure to a nearly homogeneous 
molecular mixture at  the critical temperature T, (section 
111-2). Some effects of the la t t ice  disorder ing on the 
temperature dependence of the line profiles of SAXS 
maximum and that of the Bragg spacing shall be discussed 
in section 111-1 and 111-3, respectively. 

In section IV we shall describe changes of the rheological 
behavior of the solutions with temperature, especially at 
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Figure 1. Oscilloscope displays on the variations of the SAXS 
profiles with heating (upper row) and cooling (bottom row) of 
n-tetradecane solutions of the SB block polymers at various 
concentrations: (a) 11, (b) 20, (c) 35, and (d) 60 wt%. The change 
of the profile with temperature is essentially reversible. The origin 
of each scattering profile is shifted diagonally. The white arrows 
indicate the scattering maxima arising from interparticle inter- 
ference at relative angular positions of L4243. The first-order 
peak disappears at T t T,, and the peaks at 4 2  and 4 3  may 
overlap into a single broad peak or dissappear at Td 5 T (<TJ. 

the two transition temperatures Td and T, (section IV-1) 
and with concentration (section IV-2). At temperatures 
below Td, it is shown that the solution exhibits an apparent 
yield stress that  scales with @ B ~  where mP is the volume 
fraction of SB in the solution (section IV-2). Below the 
yield stress, the dynamic behavior of the solution is de- 
scribed by linear elasticity with the shear modulus also 
approximately proportional to &. In section IV-3 we shall 
derive a master relationship between the structural pa- 
rameter 6s/s, and the rheological parameter G or uo. 
Finally in section V we shall discuss some effects of adding 
homopolybutadiene to the solution on the superlattice and 
on the rheological behavior. 

11. Experimental Methods 
Details of the sample preparation and SAXS measurements 

as well as the rheological measurements were described elsewhere 
by Kotaka et d.3 and Hashimoto et al.' A commericial SB block 
polymer (Phillips Petroleum, Solprene 1205) was used as received 
without further purification. The polymer has number-average 
molecular weight 5.2 X 10' and styrene content 29.5 w t  %. The 
n-tetradecane solutions (coded as C14) were prepared hy mixing 
prescribed amounts of SB and solvent with an excess amount of 
methylene chloride, which was subsequently evaporated com- 

35 wt % 60 wt % 

LJ 
0 0 :2R 

Lollice Disordering 

Figure 2. Schematic diagram showing the lattice disordering. 
At  temperatures below the lattice-disordering temperature, Td. 
the solution possesses a long-range spatial order of the spherical 
microdomains. At  temperatures T > Td, the solution possesses 
only a short-range liquid-like order of the microdomains. 

0 0 0 0  

Order-lo- Disorder Transition 

Figure 3. %hematic diagram showing order-tdhrder transition 
at critical temperature T,. At  T < T., the microdomains exist 
in the solution, which gives rise to an ordered arrangement of the 
polymers in the solution, while at T > T, the microdomains are 
dissolved into a more or less homogeneous molecular mixture, 
which gives rise to a disordered, isotropic arrangement of the 
polymers in the solution. 

pletely. n-Tetradecane has almost complete selectivity, a good 
solvent for PB and a poor solvent for PS chains. 

111. SAXS Studies on Ordered Structures in 
Solution 

Figure 1 shows oscilloscope displays of the uncorrected 
SAXS profiles from the block polymer solutions at  various 
concentrations during heating (top row) and cooling pro- 
eeases (bottom row). The origin of each profile was shifted 
diagonally to avoid overlap. The white m o w s  in the figure 
indicate the scattering maxima attributed to interparticle 
interference, their relative angular positions being located 
a t  v'l, 4 2 ,  and v'3. Quantitative investigations of the 
desmeared scattering profiles together with volume con- 
sideration revealed that the spherical microdomains com- 
posed of PS chains are dispersed in the matrix of P B  
solutions in a simple cubiclike lattice a t  low temperatues.' 

With increasing temperature the lattice tends to be 
disordered a t  a relatively narrow temperature range, de- 
fined as the lattice-disordering temperature, resulting in 
a sudden increase of the line profdes of the first-order peak 
(see Figure 4) and an overlap or extinction of the second- 
and third-order peaks at v'2 and v'3, respectively. The 
lattice-disordering phenomenon may be seen at tempera- 
tures between 50 and 60 "C for an 11 wt % solution, be- 
tween 60 and 70 "C for a 20 wt % solution, between 80 and 
90 " C  for a 35 wt % solution, and between 100 and 140 
"C for a 60 wt % solution in Figure 1. Figure 2 sche- 
matically illustrates the lattice-disordering phenomenon. 
Above the lattice-disordering temperatures, the long-range 
spatial order of the spherical microdomains are lost, while 
the nearest-neighbor distance of the domains (i.e., the 
short-range order) is preserved. 

Upon a further increase of temperature the first-order 
scattering maximum itself disappears, or its peak intensity 
becomes extremely weak at  critical temperature T,. The 
extinction of the first-order peak is attributed to an or- 
der-to-disorder transition that invokes a dissolution of the 
microdomain structure into, more or less, a homogeneous 
mixture of PS and PB chains at the molecular level as 
schematically illustrated in Figure 3. 
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creasing interdomain distance Do due either to increasing 
concentration gradient of the P B  segments (case i) or to 
increasing loss of the conformational entropy (case ii). 
Thus in this case an attractive force F is exerted between 
the particles to decrease the free energy of the microdo- 
main system AG by decreasing Do. 

If the two PS domains come too close to each other, the 
volume available to the P B  segments becomes too small, 
resulting in a loss of conformational entropy. Thus in this 
case a repulsive force F acts on the particles to decrease 
AG by increasing Do. The equilibrium value of Do (Deq) 
is determined so as to minimize AG with 

At high concentrations, the osmotic compressibility of 
the solution becomes 10w.~-~  Consequently, the confor- 
mational entropy of the P B  chains determines stability of 
the superlattice. The higher the concentration, the deeper 
is the free-energy well with Do around D and the greater 
is the quasi-elastic restoring force f(+,,?) for a unit dis- 
placement of Do, resulting in the greater stability of the 
lattice: 

f ( 4 P , T )  = 

] (2) 

[ aAG(;;04Jp,n ] = o  (3) 

dF(4P,T) d2AG@o;4p,T) [ dD0 [ dD,2 Do=Dq,@p,T 

Do=Dq,++p,T 

where F(4,,T) is the quasi-elastic restoring force. 
If the spherical domains are in the field of the quasi- 

elastic force with a "spring constant" f(@p,T), then the 
distribution of the interparticle distance Do is given by a 
Gaussian function with a variance a d 2  given, from Boltz- 
mann's law, by9 

where kB is Boltzmann's constant. If the origin of the 
quasi-elastic force is the conformational entropy of the PB 
chains, then 

Therefore, ffd2(dp,T) is independent of temperature, and 
consequently the fwhm 6s/s, is also almost independent 
of temperature, as shown in Figure 4 at T < Td (see eq 29). 

If the origin of the quasi-elastic force is energetic, f(h,n 
is essentially independent of T. Consequently 

a d 2  - T ( 4 4  

ad2(4P,T> = kBT/f(@P,T) (4) 

f(4ptT) - ~ B T  ( 5 )  

which might be a possible reason why ad2 or &/s, increases 
with temperature a t  T > Td.  The above argument is not 
directly applicable to our case even at T > Td, since f ( @ p , T )  
is primarily entropic but not energetic. However, we may 
speculate that the increase of ad2 or 6s/s, with temperature 
a t  T > Td is a consequence of increasing energetic con- 
tribution to f(4p,T). Due to the increase of energetic 
contribution to f ( d p , T ) ,  f (@p,T)  may have a weaker tem- 
perature dependence than that predicted by eq 5 ,  which 
in turn results in the effect that the thermal energy kBT 
(on the a d 2  and 6s/s,) outweighs the effect of the elastic 
restoring force constant ~ ( c $ ~ , T ) .  

The energetic contribution to f (@p,T)  at  T > Td may be 
envisioned as follows (see Figure 5) .  Let us consider a case 
when an intersphere distance is increased from D,  to D 
+ AD as in Figure 5a. The free energy of the system w o d  
increase with the fluctuation AD, because the fluctuation 
creates a density dip in the region between the two par- 
ticles or the fluctuation forces the molecules to take the 
more stretched out conformations to fill the density dip, 
which results in a loss of conformational entropy. If the 

-.- SB/C14llll 
I -*- sB/CI4f20~ 

). -.- SWC14135) 

4 ' ' ' ' 100 ' ' ' ' ' (  200 ' 
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Figure 4. Temperature dependence of the full width at half- 
maximum (fwhm) of the SAXS profiles at the fmt-order scattering 
maximum for the SB solutions at various concentrations. In the 
code SB/C14(x), x refers to the weight percent of the SB block 
polymer in n-tetradecane C14. The arrows indicate the lattice 
disordering temperature Td. 

The thermal transition temperatures Td and T, are ob- 
viously a function of concentration, Le., the higher the 
concentration the higher the temperatures (see Figures 1 
and 7). It is also shown in Figure 1 that the change of the 
SAXS profile with temperature is essentially reversible, 
indicating that the microdomain structure in our system, 
including the short-range and long-range spatial orders of 
the spherical domains, closely follows thermal equilibrium. 

1. Lattice-Disordering Phenomenon. In order to 
investigate the lattice-disordering phenomenon, SAXS 
profiles were measured at finer temperature intervals than 
those in Figure 1 and were corrected for absorption, par- 
asitic scattering, scattering from the cell enclosing the 
solution, background scattering arising from the thermal 
diffuse scattering, collimation errors in both slit-width and 
slit-length directions, and nonuniformity of the detector 
sensitivity of the PSPC as indicated in the previous paper.l 
From the first-order scattering maximum (at the reduced 
scattering angle s,) of the corrected scattering profiles 
(which were shown in the previous paper1), the Bragg 
spacing D and the full width at  half-maximum (fwhm) 6s 
were estimated: 

Ds, = 1 s, = (2 sin fl,)/X (1) 
where 28, and X are the scattering angle of the first-order 
maximum and X-ray wavelength, respectively. 

Figure 4 shows the temperature dependence of the fwhm 
6s/s,. The lattice-disordering temperature T d  is defined 
as shown by the arrows in the figure, i.e., as an inflection 
point of 6s/s, plotted vs. T. It is clearly shown that a t  a 
given concentration the h e  profile is unaltered below Td 
but becomes increasingly broader above Td: a t  a given 
temperature, the higher the concentration, the smaller the 
value 6s/s, and therefore the smaller the lattice disorders. 

At  this point let us discuss the nature of the quasi-elastic 
force responsible for this superlattice below Td, keeping 
in mind all the experimental evidence given above. In our 
system this force originates from the conformational en- 
tropy of the P B  block chains emanating from the spherical 
microdomains composed of the PS block chains.* That is, 
when the interdomain distance Do becomes too large, it 
tends to create a density deficiency of the P B  segments 
toward the center of the matrix. This density deficiency 
may be compensated either (i) by an excess amount of 
solvent molecules in the center of the matrix to keep 
overall segmental density constant5 or (ii) by stretching 
the P B  chains to fi the space in the center of the domains. 
In both cases the free energy of the system G(D,; dP, T )  
(@p is the polymer volume fraction) increases with in- 
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Figure 5. Schematic diagrams showing the lattice disorders. At 
T < Td, the polybutadiene (PB) chains are firmly anchored to 
the polystyrene (PS) spheres, so that the quasi-elastic restoring 
force constant f($p,?? is proportional to kBT, while at 7' > Td the 
anchoring of the PB chains is loosened, resulting in some of the 
block chains being pulled out from the PS spheres and filling in 
the region between the PS spheres, or resulting in activation of 
motion of the chemical junction points normal to the interfaces, 
which stabilizes the fluctuation AD. 

P B  chains are tightly anchored to the PS spheres, the 
excess free energy can be released only by decreasing the 
fluctuation AD. This is the molecular origin of the at- 
tractive force between the spheres, and in this case f (@p,T)  
is given by eq 5. At T < Td, the PS spheres are unswollen 
with the solvents because of a high x value between the 
solvent and the PS block. Hence the P B  chains are firmly 
anchored to the PS spheres. With increasing temperature 
the x value decreases, and hence the spheres are softened. 
The excess free energy due to the fluctuation ALI may then 
be released by pulling out some of the block chains from 
the spheres and then filling in the density dip with them 
(see Figure 5c). The pulled-out PS block chains involve 
thermodynamic interaction with the P B  matrix, which 
however, is a decreasing function of temperature. Thus 
at T > T,, the fluctuation of the intersphere distance may 
be stabilized by the pulling-out and filling-in mechanism 
of the block chains, which in turn are stabilized by de- 
creasing thermodynamic interaction between polystyrene 
and polybutadiene block chains and enhanced by de- 
creasing thermodynamic interaction between solvent and 
polystyrene block. This may be the molecular origin of 
the energy contribution to f(+p,T). 

Equation 5 may be generalized as follows: 
f ( + p , T )  - NeffjZBT (54 

where Neff is the number of active polybutadiene block 
chains that are firmly anchored to the polystyrene spheres 
and contribute to elastic restoring force. The value Neff 
is generally a function of T. At T < Td, Ne, is independent 
of temperature, while a t  T > Td, Neff is a decreasing 
function of T due to the pulling-out and filling-in mech- 
anism, resulting in f(+p,T) - T" ( n  < I).31 

Figure 6. Temperature dependence of the Bragg spacing D 
estimated from the first-order SAXS maximum for the SB so- 
lutions at various concentrations. The discontinuity of D with 
T as shown in the arrows is a consequence of the lattice-disordering 
phenomenon. 

1 

/ ,I /I 
SB/Ci4 

03 F 02 0 4  06 

C 
Figure 7. Variations of T, and Td as a function of C, the weight 
fraction of polymer in the solution. 

Another consequence of the lattice disordering is seen 
in the discontinuous change of the Bragg spacing D when 
the temperature is changed across Td. This is shown in 
Figure 6, where log D is plotted with log (l/T). As dis- 
cussed in detail in the previous paper, a t  T < Td the mi- 
crodomains are arranged in a simple cubic lattice. Con- 
sequently the Bragg spacing D has a definite physical 
meaning and is identical with Do, the nearest-neighbor 
distance, and the length of the cell edge asc for the sim- 
ple-cubic lattice. However, a t  T > Td the long-range order 
of the domains is lost. Consequently, one cannot apply 
Bragg's law to the SAXS maximum from the disordered 
structure having the short-range order only. In other 
words, the Bragg spacing D estimated from eq 1 does not 
have a well-defined physical meaning. Thus discontinuous 
change of D with Tis an artifact caused by an erroneous 
application of Bragg's law for the disordered structure 
above Td. This point is further analyzed in section 111-3. 

The temperature dependence of D follows a power law 
as described in the previous paper: 

D - ( 1 / ~ ) - 1 / 3  (6) 
which may be interpreted as a consequence of decreasing 
segregation power of the P B  and PS chains with temper- 
ature.' 

2. Order-to-Disorder Transition. Figure 7 shows the 
concentration dependence of the critical temperature T,  
where the order-to-disorder transition occurs, as well as 
that of the lattice-disordering temperature Td. The 
quantity C is the weight fraction of polymer in the solution. 

Below T, the chemical junction points of the block 
polymers are restricted in a relatively narrow interfacial 



Macromolecules, Vol. 16, No. 3, 1983 Ordered Structure in Block Polymer Solutions. 2 365 

Table I 
h,, and the Apparent Bragg Spacing (D) of the Liquid 

Argon and the Corresponding Cell Edge (a , )  of the 
Simple-Cubic Lattice as a Function of Density ( u )  or 

Fractional Volume of Argon ( Q ~  ) 

u, A-3“ @P A-‘b D, Ac a , , A d  a,/D 

0.100 0.185 1.675 3.75 5.40 1.43 
0.143 0.265 1.716 3.66 4.79 1.31 
0.200 0.371 1.736 3.62 4.29 1.18 

Estimated by applying Bragg’s law for the SAXS maxi- 

hmax, 

u = (2n)3’*/u1*, u , *  = u l / e .  Estimated from Figure 8. 

mum from the liquid, D = 2n/hmax. 
eq 1 2  by assuming a simple-cubic lattice. 

Estimated from r - 
1 2 3  h(A- ’ )  

Figure 8. Scattering profiles Z(h) of liquid argon at three reduced 
densities u and the particle scattering intensity P(h) .  h = (4r/X) 
sin 8, and 28 is the scattering angle (Guinier and Fournet”). From 
the angular position of the scattering maximum, h,,, one can 
estimate the “apparent” Bragg spacing D for the liquid state. 

region. Moreover, the end-to-end vectors of the block 
chains are preferentially oriented normal to the interface, 
giving rise to a kind of mesomorphic, ordered structure. 
On the other hand, above T, the chemical junction points 
are distributed randomly in three-dimensional space, and 
the end-bend vectors also orient randomly in space, giving 
rise to an isotropic, disordered structure. The higher the 
concentration, the higher is the critical temperature T,, 
which may be interpreted as a consequence of increasing 
effective segregation power between the PS and P B  chains 
with increasing C. 

3. SAXS Analyses on the Discontinuity of Bragg 
Spacing D with Tat Td. We analyze here the discon- 
tinuous decrease of the “apparent” Bragg spacing D with 
increasing T above Td. In order to simplify the analysis, 
we consider a model system in which an assembly of simple 
particles (like argon) a t  a given particle density (4p) un- 
dergoes a thermal transition corresponding to the lattice 
disordering of the spherical domains, i.e., the transition 
in the spatial arrangement of the particles from a sim- 
ple-cubic lattice to liquid. We estimate the “apparent” 
Bragg spacing D by applying eq 1 to the SAXS maximum 
from the liquid state, the value of which is then compared 
with the spacing D,  identical with the cell edge as,, esti- 
mated for the system with a simple-cubic lattice. 

The scattering from the simple liquid composed of 
spherically symmetric particles may be given byl49l5 

I (h)  = Ie(h)NJP(h)[l  - ( ( 2 ~ ) ~ / % / u ~ ) p ( h ) ] - l  (7)  
where h = 27s = ( ~ T / X )  sin 0 (20 being the scattering 
angle), E2(h) is the scattering intensity from a single 
particle, I,(h) is the Thomson scattering from an electron, 
Nv is the average number of particles in the irradiated 
volume, u1 is the volume occupied by a particle, and t 

designates a constant approximately equal to unity. The 
function P(h) is given by 

hD(h) = ( 2 / ~ ) ~ / ~ J ~ r a ( r )  sin hr dr  (8) 

a ( r )  = exp[-@(r)/kBq - 1 
with 

(9) 

where @(r)  is the potential energy of a pair of particles 
whose centers are separated by a distance r .  

Fournet has derived eq 7 on the basis of the Born and 
Green theory on equation of state16 and has employed eq 
7 to predict the scattering by liquid argon of several den- 
sities u,  some results of which are shown in Figure 8.l’ We 

01 % 0 2  0 3  0 4  
I I I 

0 

Figure 9. The ratio of the Bragg spacing for the superlattice 
(identical with the cell edge asc in the case of a simple-cubic lattice) 
to  the “apparent” Bragg spacing D for the liquid state for n- 
tetradecane solution of the SB block polymer and for argon. Note 
that the discontinuity of the Bragg spacing involved by the lattice 
disordering (a,,/D) increases with decreasing particle volume 
fraction for argon or polymer volume fraction. 

may apply Bragg’s law to the scattering maximum from 
the liquid to  obtain the “apparent” Bragg spacing D = 
2a/h,, (hmm being the value h that gives rise to the 
scattering maximum) as a function of the densities u or 
the volume fractions of the particle 4p as defined by 

u E ( ~ T ) ~ / ~ / U , *  (104 

@* = uo/u1* u1* = U 1 / €  (lob) 
where uo is the volume of argon. The results are summa- 
rized in Table I. 

One can estimate also the cell edge us, as a function of 
u or 4p if the system hypothetically forms a simple-cubic 
lattice: 

4 P  = - 4T( E)’  
3 asc 

where R is radius of the particle. From eq loa, lob, and 
11, it follows that 

= ( ~ ~ ) 1 / * / ~ 1 / 3  (12) 

One can estimate the change of Bragg spacing from asc to 
D accompanied by the transition in the spatial arrange- 
ment of the simple particles from simple-cu’bic lattice to 
the liquid state, as a function of concentration as shown 
in Table I and Figure 9. 

As clearly seen in Table I and Figure 9, the structure 
transition involved by the lattice disordering results in a 
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Table I1 
Shear Moduli (G), Yield Stress (uo), and Plastic Viscosity (q) at Room Temperature Estimated from the Best Fits with the 

Experimental Data and the Data Calculated from Eq 13 
concentration C 

parameters 0.11 0.20 0.30 0.35 0.40 0.50 0.60 
G, dynicm' 4.4 x l o 3  9.6 x l o 3  1.5 x l o 4  
u,,, dynicm' 1.0 x 10' 4.0 x 10' 6.0 x 10' 
r l ,  p 5.0 X 10'  8.0 X 10' 4.5 X l o 3  

SB ICIU20) 

Apparent Shear Rate y (sec-1) 

Figure 10. Steady-state flow behavior of 20 w t  70 n-tetradecane 
solution at relatively low shear rates at various temperatures. The 
broken lines indicate simulated curves with the constitutive 
equation (13) for a given set of the parameters 7 and up 

discontinuous decrease of the Bragg spacing from as, to 
D. The discontinuity of the spacing is a function of con- 
centration: the greater the concentration, the smaller the 
discontinuity. The general trend is exactly parallel to that 
observed in the microdomain system of the block polymer 
solution, which confirms our speculation on the discon- 
tinuity of the Bragg spacing involved by the lattice dis- 
ordering. 

IV. Rheological Behavior 
In this section we shall discuss the effects of the two 

transitions, the lattice disordering and the order-to-dis- 
order transition, on the rheological properties of the block 
polymer solution. The transitions will be induced ther- 
mally at  T d  and T, as described in sections 111-1 and 111-2 
at  a given concentration or by changing concentrations at  
Cd and C, at a given temperature ( c d  and C, corresponding 
to the concentrations where the lattice disordering and the 
order-to-disorder transition occur, respectively). The de- 
tailed analysis of the rheological behavior itself was de- 
scribed thoroughly in a previous paper.3 

1. Change of Rheological Behaviors at Td and T,. 
Figure 10 shows typical results of the temperature de- 
pendence of the steady-state flow behavior of the 20 wt 
% n-tetradecane solution a t  a relatively low shear rate. 
The solid lines are the measured curves, while the broken 
lines are calculated results based on the constitutive 
equation for the mechanical model as shown also in Figure 
10, where a. is the yield stress, 7 is the plastic viscosity, 
and G is the shear modulus: 

a - a0 a + a o  & 

7 G  
+ u(-a - a0)- + - = 9 (13) u(a - a0)- 

7 

with 
u(x) = 1 for x > 0 u(x)  = 0 otherwise (14) 

1.7 x 104 1.7 x 104 2.8 x 104 3.4 x i o 4  
1.0 x 103 
2.0 x 104 

U 

? 

Figure 11. Schematic representation of the Lissajou's patterns 
of SB/C14 system below and above the yield stress uo (ul < uo 
< 4. 
The values uo and v given in the figure give the best fit to 
the experimental resultsa3 

For a better assessment of uo, we also utilized the results 
of dynamic measurements. Figure 11 shows schematically 
a typical Lissajou's pattern of the system below and above 
the yield stress uo. The system exhibits linear elasticity 
(rectilinear Lissajou's pattern with maximum stress u1 and 
loss tangent less than 0.1) a t  the stress level below a. and 
nonlinear viscoelastoplasticity a t  the stress level above a. 
(lozenge-shaped pattern with maximum stress a2). Such 
experiments lead to a1 < a. < a2, and by decreasing the 
range a2-ul, one can determine a,,. The results shown in 
Table I1 are thus obtained by simultaneously considering 
the best fit of the steady-state flow curve with the con- 
stitutive equation and the linear and nonlinear criteria of 
the dynamic response. 

The results in Figure 10 show that the solution appar- 
ently exhibits a yield stress go at low temperatures (below 
60 "C). The value decreases with increasing temperature 
and vanishes at  temperatures higher than 70 O C .  The 
lattice disordering temperature Td of this solution is about 
65 O C  from Figure 4 and Figures 6 and 7. Thus the solu- 
tion has a finite apparent yield stress at  temperatures 
below Td where the superlattice exists but no yield stress 
a t  temperatures above T d .  The apparent yield stress 
corresponds to the mechanical energy imposed on the so- 
lution that is dissipated to destroy the superlattice. The 
dynamic test shows that below Td the solution exhibits 
linear elasticity if the shear stress is lower than uo and 
nonlinear plasticity if the shear stress is higher than no. 
As temperature is increased above Td, the solution exhibits 
a transition in rheological behavior from nonlinear, plastic 
flow to linear, non-Newtonian flow. 

Upon further increase of temperatures, the flow changes 
from linear, non-Newtonian to linear, Newtonian behavior, 
as is also seen from Figure 10, at  a temperature corre- 
sponding approximately to T,  ( E  105 "C) for the order- 
to-disorder transition. This mechanism of the rheological 
transition at  higher temperature has been proposed by a 
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Figure 12. (a) Steady-state flow behavior of n-tetradecane so- 
lutions at 25 "C at various concentrations: 8, 9, 10, 11, 20, 30, 
and 35 wt %. (b) Simulation of the experimental data (open 
circles) at low shear-rate region with the constitutive equation 
(13) for the given set of the parameters shown in Table 11. 

number of workerslpZ4 and confirmed unequivocally by 
means of simultaneous measurements of SAXS.3,25v26 

2. Concentration Dependence of Rheological Be- 
havior. Figure 12a shows typical results of the concen- 
tration dependence of the steady-state flow behavior of the 
n-tetradecane solution at  a relatively low shear rate at  25 
"C. It is shown in the previous paper' that the spherical 
microdomains themselves exist in the solutions with con- 
centrations greater than 8 wt %. That is, the critical 
concentration C, where the order-to-disorder transition 
occurs is approximately equal to or less than 8 wt %. It 
is also shown that at  11 wt % the solution clearly possesses 
the long-range spatial order of the spherical microdomains 
but that at 8 wt % the solution does not, since it does not 
show well-defined higher order maxima. Thus the con- 
centration Cd at which the lattice disordering occurs exists 

CI, = I  
i 

'3 
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sequently increase of the free energy 6AG: 

6AG N ~ B T  In (POconatr/Pconatr) (19) 
The variation of 6AG with shear strain y may be calculated 
in terms of the confined chain statistics subjected to the 
shear deformation. 

If the particles in the upper layer in Figure 14 are dis- 
placed by x l u ,  relative to those in the lower layer by the 
shear deformation without involving any heat-dissipation 
mechanisms, 6AG should periodically vary with x/usc as 
shown in Figure 14c. The shear modulus G may be then 
calculated as 

6AG = a y V  = G y 2 V  

Hence 

G = (6AG/V)/y2 (20)  
where V is the volume of the system and y is the shear 
strain (x/usc). From eq 19 and 20 it follows that 

( C )  

Figure 14. Schematic diagram showing the elastic deformations 
of the PB block chains with its end-to-end vectors from (q, r2) 
(a) to (r;, r2/) (b) accompanied by the shear deformation and (c) 
that showing the free-enegy change 6AG accompanied by the 
relative displacement of the particles in the upper layer with 
respect to the lower layer ( x / u s c ) ,  without involving any heat- 
dissipation mechanisms. 

polymers in the interfacial region, and ASconstr is the con- 
straint entropy, which is a loss of entropy involved by 
confining the respective chains in the respective domain 
space while keeping the demand of uniform space-filling 
with the segments.'+12 

When the shear deformation is applied to the lattice, 
as may be depicted in Figure 14, the change of free energy 
6AG, a t  the high concentration regime may be given by 
6AG = 

6AHint - T6AS, - T6ASco,,~r + 6AGmi, N -T6AScon,tr 
(17) 

This is because the shear deformation may not involve 
significant change either in the spatial, segmental density 
distributions of the block chains and the solvent molecules 
in the interphase (leading to &AHint N 0) or in the inter- 
facial volume fraction (leading to GASq 7 0). Also, the 
shear deformation may not involve significant changes in 
the partition of the solvents to each phase, leading to 
6AGmix N 0. The assumptions made above may be legit- 
imate when the concentration is relatively high and the 
osmotic compressibility becomes low enough to suppress 
the concentration fluctuations. 

The change of the constraint entropy 6ASconatr may be 
given by 

6ASconstr  = N ~ B  In ( P c o n s t r / p c o n s t r )  (18) 

where N is the total number of the chains in the system, 
POcomtr is the probability density of the P B  chain with all 
the segments being confined in the matrix phase while 
satisfying the requirement of the uniform space-filling with 
the PB segments, and Pconstr is the corresponding proba- 
bility density of the P B  chain for the deformed state. 

The root mean square end-to-end distance (rms) of the 
PB chains is determined from the demand of the uniform 
filling of the space with segments. When the simple-cubic 
lattice is deformed by the shear stress, the end-to-end 
vectors r1 and r2 are deformed to r< and r2/, respectively, 
to satisfy the demand of the uniform filling even in the 
deformed state (Figure 14). The elastic deformation of the 
polymer coils that leads to stretching of the rms of one type 
of chains (rl - rl') and to compressing of the rms of the 
other type of chains (r2 - r2/) results in a decrease of the 
probability density from POconatr to Pconstr leading to a de- 
crease of the constraint entropy term 6AScOnstr and con- 

G N N / V  - rpp (22)  
Therefore G is proportional to polymer volume concen- 
tration rpp, leading to eq 15a. We shall later discuss eq 22. 

Moreover we assume that the periodic function of 
6AG(x) may be given by 

6AG(x) = 6AG,,, sin2 (ax /a , , )  (23)  
where 6AGm, is the free-energy barrier that must be ov- 
ercome for the system to flow. That is, if the applied 
mechanical energy is smaller than a critical value pro- 
portional to 6AGm,, the energy is stored in the lattice and 
recoverable. However, if the applied energy exceeds the 
critical value, it is not stored in the lattice but is dissipated 
as heat. The stress a- corresponding to 6AGm, imposed 
to the system to jump the barrier is assumed to be pro- 
portional to the yield stress up Then the force F(x)  exerted 
on a given particle by the particles in the neighboring 
lattice is given from 

F ( x )  = -d6AG(x)/dx = F,,, sin ( 2 a x / u S c )  (24)  

u ( x )  = NsFm, sin ( 2 a y )  (25)  
where N s  is the number of particles per unit area and 
Nam, can be interrelated to G 

G = (do/dy),,o = 2nNsF,,, (26)  

u = (G/2a) sin ( 2 n y )  

The shear stress u is then given by 

Thus from eq 22 and 26 
(27)  

umex = G / 2 n  

Consequently, from eq 22 and 27 
Do - G - 4P (28) 

Equation 28 explains why uo and G have the same 
power law for the concentration dependence as shown in 
Figure 12. The basic assumption umax - a. remains un- 
proven here, and the assumption involved in eq 23 or the 
accuracy of the equation has to be discussed on the basis 
of detailed statistical mechanical considerations. 

Now coming back to eq 21 and 22, POconst, and Pconstr 
themselves are strong functions of 4 p  but the ratio 
p,mtr/~,mtr may be just a weak function of $p, depending 
primarily on a weak concentration dependence of the 
statistical segment length. Consequently we assumed that 
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Figure 15. A master relationship between 6s/s, and (GVJ1 or 
( uoV,)-' obtained from the measurements of concentration de- 
pendence at 25 O C  (numbers in parentheses represent the con- 
centration C in weight percent of polymers) and of temperature 
dependence at 20 wt % concentration (numbers without par- 
entheses represent the temperature). 

In (Pconstr/Pcomtr) is independent of $p for our qualitative 
treatment, which leads to eq 22 and 28. 

3. Interrelation between the Structural and 
Rheological Parameters. In this section we shall discuss 
an interrelation between the structural parameters such 
as asc and 6s/s, and the rheological parameters such as G 
and go in the high-concentration and low-temperature 
regime where the superlattice exists. 

According to the scattering theory from the ideal para- 
crystal" with the small lattice disorder "d, 6s/sm is given 
by 

6s/s, N a3I2(4 In 2)1~2(ud/a,,)2 (29) 

where Qd is the standard deviation of the nearest inter- 
particle distance from the average value a%. For simplicity, 
the lattice is assumed to have isotropic disorders in eq 4. 
The distribution of the distance in the field of the qua- 
si-elastic force is given by a Gaussian form with ad, which 
in turn is given by eq 4 and the spring constant f given 
from eq 24 and 26 by 

f = dF(x)/dxlX=o = G/(a,>d (30) 
Thus from eq 29,4, and 30 and by noting that Ns - 
one obtains 

6 s / S m  - ~ B T / ( G V J  - ~ B T / ( ~ o V J  (31) 
where V, is the unit cell volume of the macrolattice. Thus 

one expects that 6s/sm is linearly proportional to (GV,)-l 
or (uoV,)-l. The structural and rheological data obtained 
at the various temperatures and concentrations should fall 
onto a single master curve given by eq 31. 

The preliminary experimental results used to investigate 
the eq 31 are shown in Figure 15. Although the data 
points are scattered and limited in number, the results 
seem to support the relation. From Figure 15 i t  is also 
concluded that 

uO/G 0.05 (32) 
for our system. Thus the yield strain y thus estimated 
is about 570, which is far smaller than t i a t  for a perfect 
simple-cubic lattice. Thus the yielding phenomenon ob- 
served here is strongly affected by lattice defects. 

f 1 

Figure 16. Variations of the desmeared and corrected SAXS 
profiles of the n-tetradecane solution of the SB block polymers 
with an addition of homopolybutadiene (HPB). In the code of 
SB/BxC114(20), 20 designates the weight percent of the SB block 
in the ternary mixture, and x designates the weight percent of 
the HPB (B) in the mixture of HPB and n-tetradecane (C14), 
which form the matrix phase for spherical domains. 

V. Effects of Blending Homopolybutadiene on 
Lattice Disordering and Rheological Behavior 

Figure 16 shows the change of the desmeared and cor- 
rected SAXS profiles at  room temperature with an addi- 
tion of homopolybutadiene (HPB) (A?n = 2 X lo3) to the 
solution. The HPB is believed to be solubilized in the 
matrix of the PB solution. In this series of specimens, the 
weight fraction of the SB block polymers in the ternary 
mixture of SB, HPB, and n-tetradecane was always kept 
at  0.2, while the weight percent x of HPB in the mixture 
of HPB and n-tetradecane (which forms the matrix phase) 
was varied systematically from 0 to 100 (0, 10,20, 50, and 
100 wt %). The ternary mixture is coded as SB/BxC- 
14(20), where 20 designates the weight percent of SB in 
the ternary mixture and x designates the weight percent 
of HPB (B) in the mixture of HPB and n-tetradecane 
(C14). 

It is clearly seen that the line profile broadens with 
increasing HPB content. Three scattering maxima at  
relative angular positions of 1:.\/2:.\/3 are clearly discer- 
nible for the systems with HPB content x less than or 
equal to 20. Upon further increase of HPB content, the 
line profile dramatically broadens, and the maxima at 4 2  
and d 3  overlap into a single broad mixima, indicating that 
the lattice disordering takes place a t  the HPB content x 
greater than 20 and close to 50. 

The lattice disordering accompanied by the addition of 
HPB is more quantitatively analyzed in terms of the fwhm 
&/s, plotted in Figure 17 as a function of weight fraction 
of the HPB ( w H P ~ ) ,  as a buffer, in the mixture of the PB 
block chains and the HPB chains. The relative fwhm is 
almost constant at W ~ B  5 0.59 (corresponding to x 5 20). 
Upon further increase of the wHPB, it dramatically in- 
creases. The lattice disordering occurs at  the inflection 
point W H ~ B  = 0.66 (i-e., x = 27) as shown by the arrow in 
the figure. 

All these results agree well with the prediction derived 
from rheological studies by Watanabe et al.2s,a on SB/C14 
solutions mixed with HPB. That is, solutions with HPB 
content x in the solvent less than 20 exhibit nonlinear and 
plastic flow, while those with the fraction of HPB more 
than 50 shows linear viscoelastic behavior (still non-New- 
tonian at high shear rates). The rheology of these systems 
strongly suggests that the superlattice formed in the sys- 
tem with x = 20 becomes the disordered liquid-like ar- 
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other words, the lattice disordering m a y  b e  stabilized b y  
the addition of HPB.32 

The same arguments given above lead t o  the conclusion 
that the 6AG and 6AG,, of the system subjected to the 
shear deformation decrease with increasing the HPB 
content, giving rise t o  decreased values of go and of G .  
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ABSTRACT: The relaxation component of the heat capacity at constant heating rate (10 K min-') of a 
polydisperse polystyrene as a function of previous cooling rate, annealing time, and annealing temperature 
is accurately predicted by an adaptation of an algorithm due to Moynihan using parameter values determined 
from an analysis of the glass transition kinetics of a single thermal history. For this material, the annealing 
behavior below Tg is determined by the same kinetic parameters that describe the glass transition phenomenon. 
A similar analysis of published data for a monodisperse polystyrene indicates that the monodisperse material 
has a broader distribution of relaxation times and is more nonlinear. The parameter optimization method 
used appears to be sufficiently sensitive to permit routine characterization of the enthalpy relaxation of 
amorphous materials. 

Introduction 
Annealing of polymers below the glass transition tem- 

perature range results in a decrease in enthalpy, which is 
recovered during reheating to above the transition range. 
This recovery is manifested as an endothermic peak or 
inflection in the heat capacity a t  temperatures ranging 
from well below1-' to the upper edgegl0 of the glass tran- 
sition range. A review of experimental aspects of this 
phenomenon has been given by Petrie.'O Sufficient data 
have now been published to permit several generalizations 
to be made: (1) The decrease in enthalpy during annealing, 
AH, and the temperature a t  which the heat capacity 
maximum occurs, T-, are both increasing linear functions 
of annealing temperature T, when T, is more than ca. 30 
K below Tr When T, is about 20 K below T AH passes 
through a maximum and then decreases witK increasing 
T,. (2) AH and T,, are linear functions of log t ,  ( t ,  = 
annealing time) when t ,  is sufficiently short that the an- 
nealed glass is still far from equilibrium. At long t,, AH 
becomes constant as the annealed glass approaches 
equilibrium. (3) Both AH and the value of C, a t  T,,, 
C,,,, increase with heating rate QH. T,, increases ap- 
proximately linearly with log QH. 

Kovacs et a1.l1 and Hodge and Berens12 have demon- 
strated that sub-T, peaks result from the nonexponen- 
tiality and nonlinearity of the glass transition kinetics. 
Hodge and Berens also demonstrated that all of the ex- 
perimental observations listed above are reproduced by 
applying the successful treatment of glass transition ki- 
netics described by Moynihan and co-~orkers '~  to thermal 
histories, which included annealing. In addition, a good 
description of T,, and C,, as a function of T, and t ,  for 
poly(viny1 chloride) (PVC) was obtained.12 

Although the validity of applying Moynihan's formula- 
tion to annealing effects is well supported by the repro- 
duction of the general trends listed above, its reproduction 
of the data for PVC is not a good quantitative test of its 
accuracy for several reasons. First, the amount of 
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"crystallinity" in the PVC (as measured by the area of the 
broad endotherms well above T,) was not closely con- 
trolled, and in view of suggestions that crystallinity may 
immobilize chain segments in the amorphous phase a t  the 
interface,14-16 the possibility exists that the distribution 
of relaxation times (or nonexponentiality) differed from 
one sample to another. Also, it is known that the breadth 
of the glass transition increases with crystallinity in several 
polymers,15 and since this breadth is determined by a 
number of factors in addition to the distribution width 
(e.g., activation energy and nonlinearity), it is possible that 
other aspects of the glass transitions were affected as well. 
Second, the PVC powder was quenched into liquid nitro- 
gen in order to accelerate the annealing process, so that 
the cooling rate through T, could only be estimated. Fi- 
nally, the extraction of parameters from the experimental 
data was performed by a subjective judgment of goodness 
of fit. 

The work described here was motivated by the need to 
test the application of Moynihan's formulation to an- 
nealing more rigorously. For this purpose a completely 
amorphous polymer, atactic polystyrene (PS), was chosen 
and all cooling, annealing, and reheating were performed 
in the DSC instrument under controlled conditions. Model 
parameters were obtained from experimental data for a 
single thermal history by the optimization procedure de- 
scribed below, and the model was tested by comparing 
predictions for other thermal histories with experimental 
data. Since it was not our purpose to compare the merits 
of the Moynihan approach with any other description (e.g., 
that of Kovacs et al."), other formulations were not tested. 

The Model 
For convenience, we give a brief account of Moynihan's 

treatment and how annealing is introduced. A full de- 
scription is given elsewhere.'* Enthalpy relaxation is 
calculated from Boltzmann superposition of responses to 
the total thermal history by considering cooling and 
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