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ABSTRACT: A series of poly(ethylenepropy1ene)-poly (ethylethylene) (PEP-PEE) diblock copolymers, con- 
taining 55% by volume PEP,  and the corresponding PEP and PEE homopolymers have been investigated 
by dynamic mechanical spectroscopy. The ordered and disordered states are characterized by qualitatively 
different low-frequency rheological properties in close agreement with previous reports on this subject. 
This paper addresses three aspects of such behavior in the vicinity of the order-disorder transition: iden- 
tification of the microphase-separation transition temperature, TMsT, evaluation of fluctuation effects, and 
characterization of the ordering kinetics. We identify TMsT based on the distinct discontinuity in C' (w << 
wc)) and G" (w << 0;') that accompanies the order-disorder transition; w,' = 3w," << T ~ - ~  delineates the 
beginning of the phase-state-dependent low-frequency regime where T~ is the conventional single-chain 
longest relaxation time. Above and below TMsT the rheological properties are complex for w < wc (e.g., 
failure of time-temperature superposition), owing to the presence of composition fluctuations. In the dis- 
ordered state these effects are evident 50 "C beyond TMSy The magnitude of these fluctuation effects is 
underpredicted by recent theory, although the relative fluctuation contributions to  the dynamic elastic and 
loss moduli are in quantitative agreement with theory. Quenching experiments from slightly above to  just 
below TMs, reveal a ca. 10 "C region within which the ordering process can be followed rheologically. On 
the basis of the temporal evolution of C' (w << w,') following such temperature quenches, we conclude that 
the ordering process is governed by heterogeneous (secondary) nucleation. 

I. Introduction ment-segment interaction parameter, x .  is linear with 
Block copolymer rheology has been shown in the past 

to be strongly dependent  on morphology, which can be 
divided into two general  categories. The ordered, or 
microphase-separated, state refers to the familiar peri- 
odically arranged spherical, cylindrical, lamellar, or bicon- 
t inuous  double-diamond structures,' while the disor- 
dered state is  spatially homogeneous. These two ther- 
modynamic regimes are separa ted  b y  the order-disorder 
t ransi t ion (ODT),  also referred to as the microphase sep- 
arat ion t ransi t ion (MST);  here we use these exmessions 

inverse temperature ,  thus producing a disordered mate- 
rial at sufficiently high temperatures. This situation is 
analogous t o  UCST behavior  i n  b inary  polymer mix- 
tures. Below the MST temperature (TMST) block copol- 
ymers  exist in the ordered state. We presently describe 
a detai led s t u d y  of the dynamic  mechanical propert ies  
of a near ly  symmetr ic  (f = 0.55) set of model poly(ethy1- 
enepropy1ene)-poly(ethylethy1ene) diblock copolymers, 
denoted PEP-PEE, both above and below TMsT where 
f corresponds t o  the volume fraction of the PEP block. 

interchangeably. In all known block copolymers the seg- 

' Present address: Department of Chemical Enginering a d  Mate- 

Nearly all previous investigations a imed at elucidat- 
ing the relationships between rheology and morphology 
for block copolymers have relied upon mater ia ls  com- 
posed of polystyrene and/or polydiene blocks, includ- rials Science, University of Minnesota, Minneapolis, MN 55455. 
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ing polystyrene-polybutadiene-polystyrene (SBS)2-4 and 
polystyrene-polyisoprene-polystyrene (SISI5-' triblock 
copolymers and 1,4-polybutadiene-cis-1,4-polyisoprene' 
and 1,4-polybutadiene-l,2-polybutadiene (1,4-PB-1,2- 
PB)9"0 diblock copolymers. All these studies have con- 
cluded that the MST is accompanied by gross changes 
in the rheological properties a t  low frequencies, although 
the precise establishment of TMST and the detailed inter- 
pretation of the mechanical behavior around the transi- 
tion remains somewhat controversial.6 

Although the commercially important SBS and SIS ther- 
moplastic elastomers have received much attention, these 
are not ideal materials for fundamental investigations of 
the rheology of block copolymers near the order-disor- 
der transition. In order for TMsT to exist a t  a tractable 
temperature (T  5 200 "C), these materials must be lim- 
ited to rather low polystyrene block molecular weights, 
e.g., for f = 1/2 ,  M,, 5 lo4 g/mol. This precludes quan- 
titative evaluation of statistical thermodynamic theories 
developed for high molecular weight polymers''*l2 and 
limits rheological studies to the disentangled state of this 
b10ck.l~ Moreover, the relatively high value of Tg for poly- 
styrene (- 100 "C) further constrains TMsT since the MST 
must be well above TB in order to observe this transition 
rheologically yet sufficiently low to allow testing of the 
disordered state without degradation. Preparation of 1,4- 
PB-1,2-PB diblock copolymers near the MST by Bates 
and c o - ~ o r k e r s ' ~  was motivated by the shortcomings of 
the polystyrene-based block copolymers. These materi- 
als are characterized by a variety of useful properties 
including a low Tg (<O "C) and a moderate TMsT a t  a 
molecular weight well into the entangled regime for each 
block;13 for example a f = 0.38, M, = 75 400 g/mol poly- 
mer is characterized by TMsT = 108 "C. The order-dis- 
order transition, determined from the discontinuity in 
isochronal plots of the elastic modulus and dynamic vis- 
cosity versus temperature, was found to be coincident 
with the identification of two branches in the dynamic 
moduli below a critical reduced frequency, wc,  i.e., G' - 
w 2  and G" - w for T > TMsT and G' - G" - u0.5 for T 
< TMST. Similar dynamic moduli scaling is found with 
the SBS and SIS In addition, an anoma- 
lous departure from typical terminal behavior was observed 
in the disordered state as much as 50 "C above the MST 
in the 1,4-PB-1,2-PB materials," which had not been 
reported previously. Subsequent theoretical work 
attributes this behavior to fluctuation e f f e~ t s . ' ~  

All of the block copolymers discussed thus far contain 
polydiene blocks which can readily cross-link when exposed 
to oxygen, heat, or radiation. Although precautions are 
usually taken to prevent degradation, e.g., deep-freeze 
inert-atmosphere storage and nitrogen purging during 
experimentation, any unexplained results from such stud- 
ies are nevertheless suspect. Therefore, we were moti- 
vated to develop more resilient materials with which to 
investigate order and disorder in the entangled state, with 
the immediate objective of corroborating our prior find- 
ing regarding the identification of the MST and fluctu- 
ation effects." 

Recently we reported on the successful development 
of PEP-PEE, a fully saturated hydrocarbon diblock copol- 
ymer that retains all the desirable characteristics of 1,4- 
PB-1,P-PB and, in addition, exhibits much greater sta- 
bility toward degradation.16 In this paper we describe 
the linear dynamic mechanical properties of four nearly 
symmetric ( f  = 0.55) PEP-PEE diblock copolymers and 
the corresponding PEP and PEE homopolymers. This 
work clearly demonstrates the influence of composition 
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Table I 
Characterization Results 

PEP,' 
sample IO-,MN" MW/MNb w t  90 Cld CZd 

PEP-PEE-1 31., 1.05 53 6.6, 146., 
PEP-PEE-2 50.1 1.07 56 7.9, 148., 
PEP-PEE-3 81.2 1.05 53 8.1, 151., 

1.07 54 8.0, 141., 
PEP 86.1 1.07 100 6.4, 173., 
PEE 172 1.03 0 8.7, 148., 

a Determined by membrane osmometry. Determined by size- 
exclusion chromatography. ' Determined by 13C NMR. d WLF pa- 
rameters. 

PEP-PEE-4 106 

fluctuations on the rheological properties around the MST 
and confirms the first-order nature of this transition for 
nearly symmetric samples. In addition, dynamic shear 
measurements obtained following a temperature quench 
from just above to just below TMST demonstrate the abil- 
ity to supercool the disordered material and provide a 
measure of the subsequent ordering kinetics. These find- 
ings fully corroborate the earlier results obtained for 1,4- 
PB-1,2-PB diblock copolymers." 

11. Experimental Section 
The synthesis and characterization of the four PEP-PEE 

diblock copolymers and the corresponding PEP and PEE 
homopolymers discussed in this report are described else- 
where.16 Characterization results for these materials are listed 
in Table I. The PEP block contains 5% randomly distributed 
isopropylethylene and 95% alternating ethylenepropylene units, 
while the PEE block consists of 98% ethylethylene repeat units. 
All of the materials in this work are atactic and lack a crystal- 
line melt transition. 

Dynamic elastic and loss shear moduli, G' and G", were deter- 
mined for each material with a Rheometrics System IV rheom- 
eter operated in the oscillatory mode (0.01 I w I 100 rad/s) 
using 50-mm-diameter cone-and-plate test fixtures. Sample 
temperature was controlled (fl "C) between 5 and 300 O C  with 
a thermally regulated nitrogen gas purge. This temperature 
range is well above the glass transition temperatures reported 
earlier for these materials." The cone-to-plate gap was kept 
constant by adjusting the apparatus at each measurement tem- 
perature in order to account for instrument thermal expansion. 

Three different types of dynamic mechanical tests were 
employed in characterizing the rheological properties of PEP- 
PEE: isochronal temperature scans, isothermal frequency scans, 
and isothermal/isochronal time scans. The first set of experi- 
ments involved measuring the elastic modulus of PEP-PEE-2 
and PEP-PEE-3 at a constant frequency over a select range of 
temperatures while heating the sample near the microphase sep- 
aration transition. PEP-PEE-2 was tested at 1.0 rad/s between 
85 and 105 "C with 2% and 20% strain amplitudes. PEP-PEE- 
3 was tested at 10.0 rad/s between 275 and 300 "C with a 2% 
strain amplitude. Exposure to the later extreme temperatures 
was restricted to less than 4 h during these experiments. Size- 
exclusion chromatography (SEC) traces of PEP-PEE-3 obtained 
before and after such tests were indistinguishable, thus dem- 
onstrating that degradation had not occurred; for times greater 
than approximately 4 h at 300 O C ,  chain scission became evi- 
dent in the SEC traces. The second set of experiments con- 
sisted of conventional isothermal frequency scans conducted at 
a variety of temperatures for all six samples listed in Table I. 
In the third set of experiments, the dynamic shear moduli were 
measured over time at a constant frequency after quenching 
PEP-PEE-2 from the disordered state (Le., above TMST) to the 
ordered state (Le., below TMsT). Seven quenches were per- 
formed from 100 O C  to a temperature between 89 and 95 "C 
after which G' and G" were continuously monitored at w = 0.30 
rad/s. In each case approximately 10 min was required for the 
temperature of the sample to equilibrate, within the tempera- 
ture resolution of the instrument, at the target temperature. In 
the isothermal frequency scans and the quench experiments the 
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Figure 1. Temperature dependence of G' obtained at two strain 
amplitudes and a single frequency (w = 1.0 rad/s) while heat- 
ing sample PEP-PEE-2. The discontinuity in G' at 96 f 1 OC 
results from the microphase separation transition. 
maximum strain amplitude was kept at a constant low level 
(2-4%) so as to minimize nonlinear effects. 

111. Results and  Analysis 
1II.A. MST Temperatures. As with order-disorder 

transitions in low molecular weight systems, such as water, 
the microphase separation transition in block copoly- 
mers is accompanied by significant changes in various 
macroscopically observable physical properties. In the 
case of frozen and melted water these differences are imme- 
diately obvious. However, because the microphase sep- 
aration transition is only weakly first order," in con- 
trast with the strong first-order character of the melting 
(freezing) transition in water, the corresponding prop- 
erty changes are more subtle. Nevertheless, these effects 
can be easily observed given sufficient time, as recently 
documented for the PEP-PEE block copolymers pres- 
ently being discussed.'6 In order to precisely identify 
TMsT, we conducted low-frequency (w < uc, see section 
1II.B) isochronal dynamic shear measurements as a func- 
tion of temperature on samples PEP-PEE-2 and  
PEP-PEE-3. Prior flow visualization and SAXS mea- 
surementsI6 showed that TMsT = 91 & 10 "C for PEP- 
PEE-2; similarly PEP-PEE-1 was shown to be disor- 
dered and PEP-PEE-3 and PEP-PEE4 are ordered for 
25 < T < 225 O C .  G'(n results for PEP-PEE-2 and 
PEP-PEE-3 are presented in Figures 1 and 2, respec- 
tively. In each case the elastic modulus decreases dis- 
continuously (within the rheometer temperature resolu- 
tion) at the MST. Using this technique, we have estab- 
lished TMsT = 96 * 1 O C  and 291 * 1 O C  for PEP-PEE- 
2 and PEP-PEE4 respectively. In order to asass whether 
strain influences these measurements, we repeated the 
experiments on PEP-PEE-2 with 10 times the initial 
(2%) strain amplitude. As illustrated in Figure 1, below 
TMsT the apparent elastic modulus drops significantly 
with this increased strain amplitude, indicating a consid- 
erable nonlinear viscoelastic behavior: this effect will be 

ORDERED 

0 
0 

0 

0 

DISORDERED 

I C  
RHEOMETER ~ ~ o o o o o D  
TEMPERATURE H 
RESOLUTION 

01 I I I I 
275 280 285 290 295 3 

T. *C 
'0 

Figure 2. Temperature dependence of G' (w = 10 rad/s) obtained 
while heating sample PEP-PEE-3. The sample disorders at 
291 i 1 "C. 

I I I 
-2 0 2 

log I q w l ,  rodls 

Figure 3. Master curves obtained from representative PEP 
homopolymer dynamic mechanical shear data. 

further considered in the Discussion. However, our deter- 
mination of TmT as evidenced by the discontinuity in 
G' is unaffected by this increase in strain, leading ua to 
conclude that  the quoted MST temperatures are the true 
equilibrium (i.e., strain-free) values. 

1II.B. Reduced Frequency Plots. The frequency- 
dependent viscoelastic properties for three of the four 
PEP-PEE diblock copolymers and the PEP and PEE 
homopolymers are illustrated in Figures 3-8. These 
reduced frequency plots were constructed using the time- 
temperature superposition pr in~ip le '~  with a reference 
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Figure 4. Master curves obtained from representative PEE 
homopolymer dynamic mechanical shear data. 
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Figure 5. Master curves obtained from representative PEP- 
PEE-1 diblock copolymer dynamic mechanical shear data. Ter- 
minal relaxation behavior demonstrates that this material is 
disordered over the range of temperatures indicated. 

temperature  To = 35 "C; vertical corrections of To/ T were 
also appl ied to the data .  Time-temperature superposi- 
tion worked well for all values of frequency over the range 
of temperatures employed for PEP (Figure 31, PEE (Fig- 
ure  4), PEP-PEE-1 (Figure 51, PEP-PEE-3 (not  shown), 
a n d  PEP-PEE-4 (Figure 6); t h e  results for PEP-PEE-3 

T, O C  G' G" 

35 A A 

65 + 0 

105 0 

To=  35OC 

I I I I 

log (a,w), rad/s 

Figure 6. Master curves obtained from representative PEP- 
PEE-4 diblock copolymer dynamic mechanical shear data. The 
low-frequency power law behavior indicated is characteristic of 
the ordered state. 

T, 
35 

* 65 
6 1 t 85 

log (aTw), rad/s 

Figure 7. Reduced frequency plot for representative dynamic 
elastic data obtained from sample PEP-PEE-2. Shift factors 
were determined by concurrently superimposing G' and G" data 
for w > wIC and w > w ' ' ~  (see Figure 8), respectively. The filled 
and open symbols correspond to the ordered and disordered 
states. Failure of time-temperature superposition for T 1 96 
"C derives from fluctuation effects. 

have been omit ted since they are nearly identical in form 
with those for PEP-PEE-4. T h e  results for PEP-PEE-2 
are  discussed below. In  each case t h e  shift  factors aT 
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Figure 8. Reduced-frequency plot for representative dynamic 
loss data obtained from sample PEP-PEE-2. Symbol notation 
and shift factors are specified in Figure 7. 

could be closely approximated by the WLF equation13 

where the fitted constants C, and C, are given in Table 
I. 

The  reduced-frequency plots generated for the  
homopolymers (Figures 3 and 4) show typical terminal 
linear viscoelastic behavior, i.e., G’ - w2 and G” - w as 
w - 0. Similar terminal behavior is displayed by PEP- 
PEE-1 (Figure 5), which is consistent with the homoge- 
neous nature of this sample.“ In contrast, sample PEP- 
PEE-4, which is ordered over the entire temperature range 
investigated,“ is characterized by nearly equivalent 
dynamic elastic and loss moduli a t  low reduced frequen- 
cies, log w,I S -3.5 and log w,” S -3 (Figure 6), which 
scale as G’ - G” - woS6; w,I and w,” are the values of 
a* below which the effects of order and disorder are 
manifested. Thus, microphase separation dramatically 
influences the low-frequency rheological properties of PEP- 
PEE diblock copolymers, as seen previously with the 1,4- 
PB-1,2-PB materials.’O 

Unlike the low-frequency time-temperature superim- 
posability of the dynamic shear moduli shown in Figures 
3-6, the C’ and G” data for PEP-PEE-2, presented in 
Figures 7 and 8, do not superimpose below critical reduced 
frequencies of wtC 5 -0.5 and of‘, S -1.0, respectively. 
These reduced frequency plots were constructed by super- 
imposing the high-frequency branches (w > wc) of the 
isothermal G’ and G” data, the corresponding WLF param- 
eters are listed in Table I. For the highest measurement 
temperature (170 “C) the dynamic mechanical data do 
not extend beyond w,. Therefore, this set  of low- 
frequency results was located in Figures 7 and 8 based 
on eq 1 using the WLF coefficients determined at lower 
temperatures. Here we note that although the use of time- 
temperature superposition on rheologically complex mate- 
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rials such as samples PEP-PEE-2 and PEP-PEE-4 is 
not rigorously correct, this method is useful in compar- 
ing the qualitative changes that occur a t  low frequencies 
near the MST. We comment further on this point in 
the Discussion. 

As anticipated from our determination of T M S T  (see 
Figure 1) the rheological behavior of PEP-PEE-2 (Fig- 
ures 7 and 8) shows characteristics of both the ordered 
and disordered states as established by the results from 
samples PEP-PEE-4 (Figure 6) and PEP-PEE-1 (Fig- 
ure 5), respectively. For example, a t  35 “C PEP-PEE-2 
behaves rheologically like PEP-PEE-4, e.g., G’(w) - 

for w << w ’ ~ ,  while above 146 “C its behavior is essen- 
tially terminal as in the case of PEP-PEE-1. In addi- 
tion, there is a lack of superimposability of the data 
between these temperatures below 0,. Although this 
behavior is quite complex, a qualitative change is observed 
to occur a t  T M s T ;  Le., for T > 96 “C,  the low-frequency 
branch curves distinctly downward, whereas for T < 96 
“C the curvature is decidedly upward. Also, as already 
indicated, for T < T M S T  and w < w,, the results are highly 
strain-dependent (Figure l), whereas for T > T M s T  we 
detected virtually no strain dependence in G’ or G” over 
the 0-20931 range of strain amplitudes employed. This 
strain dependence derives from a tendency for the ordered 
block copolymer to orient in a shear field,” thus produc- 
ing an anisotropic material with a commensurate reduc- 
tion in G’. A detailed discussion of this effect is pre- 
sented in a separate report.” Here we note that heating 
the sample above TmT rapidly (less than a minute) erases 
any anisotropy imparted to the microphase-separated 
material, much like the effect obtained when melting sin- 
gle crystalline (i.e., “oriented”) water. Subsequent cool- 
ing (Le., “recrystallization”) leads to a complete recovery 
of the original unsheared state. 

These discontinuities in physical properties character- 
ize the order-disorder transition. However, unlike strong 
first-order transitions, such as the melting or freezing of 
water where the physical properties immediately above 
and below the transition temperature remain essentially 
unaffected by the proximity to a phase transition, the 
weakly first-order MST is driven by fluctuations,12 which 
become apparent a t  temperatures well above and below 
T M S T :  A recent small-angle neutron scattering study of 
a partially deuterated PEP-PEE diblock copolymer clearly 
demonstrates the central role of fluctuations in inducin 

The failure of time-temperature superposition above and 
below T M S T  evident in Figure 7, and to a lesser extent 
in Figure 8, is a direct manifestation of these fluctua- 
tions, which respond to changes in temperature differ- 
ently (i.e., as shown by Fredrickson and Helfand“) than 
do the classical viscoelastic responses. Because these fluc- 
tuation effects reflect a collective response from many 
polymer chains, they naturally appear a t  frequencies well 
below the single-chain terminal frequency, w E= T ~ - ~ .  How- 
ever, the continuous development of this low-frequency 
rheological behavior is quite distinct from the discontin- 
uous change in properties at 96 “C for PEP-PEE-2, which 
can be unambiguously attributed to the MST. 

In contrast with the low-frequency behavior (w < we),  
the high-frequency (w > wc) PEP-PEE-2 data show no 
evidence of the microphase separation transition as illus- 
trated in the inset of Figure 9. However, the WLF equa- 
tions determined for each block copolymer do vary sys- 
tematically between those determined for the correspond- 
ing homopolymers as seen in Figure 9. In fact, there 
appears to be a jump in the location of the shift factor 

the weak first-order microphase separation transition. l! 
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Figure 9. Comparison of the WLF shift factor curves for the 
six polymers studied in this work. The jump in location from 
PEP-PEE-1 to PEP-PEE-2, -3, and -4 is consistent with the 
presence of large composition fluctuations in sample PEP-PEE- 
2 just above T ST However, the MST does not noticeably influ- 
ence the WLPparameters as shown in the inset. 

curves in going from PEP-PEE-1, which lies close to that 
for PEP, to PEP-PEE-2, -3, and -4, which are grouped 
closely together near the result for PEE. A discussion 
of these findings is presented in section 1V.B. 

1II.C. Quench Experiments. The rheological behav- 
ior of the PEP-PEE diblock copolymers clearly depends 
on phase state. During the course of our initial experi- 
mentation with PEP-PEE-2 we discovered that under 
certain conditions the ordered low-frequency response, 
Le., G' - G" - , required a finite time to develop 
after the diblock copolymer had been quenched below 
TMST from the disordered state. Where this time equaled 
or exceeded the time necessary to achieve thermal equil- 
ibration, we were able to monitor the evolution of the 
dynamic moduli as the ordered phase developed. Fig- 
ure 10 depicts the growth of G' for PEP-PEE-2 at  92 "C 
(AT = TMST - T = 4 " C )  following a quench from 100 
"C (AT = -4 " C ) .  These measurements were taken at  a 
constant frequency of 0.3 rad/s (log aTw = -2.741, which 
is well below the critical reduced frequency, wc. 

For AT = 4 "C  the dynamic elastic shear modulus 
increases in magnitude for approximately 46 min follow- 
ing thermal equilibration (Figure 10). Anticipating that 
the ordering kinetics represent a crystallization process, 
we have modeled our time-dependent rheological results 
using the Avrami equation" 

(2) 
which is conventionally used to relate the fractional crys- 
tallization, X ( t ) ,  to time t through a crystallization rate 
constant, k ,  where the exponent n may take on a value 
between 1 and 4 depending upon the dimensionality of 
crystal growth and the nature of the rate-limiting step. 
In general, X ( t )  is obtained through a direct measure- 
ment of sample crystallinity, e.g., by monitoring density. 

X ( t )  = 1 - exp(-kt") 
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Figure 10. Evolution of G' in sample PEP-PEE-2 following a 
quench from the disordered state (T = 100 "C at t = 0) to 92 
"C ( t  = to) ,  which is 4" below TMST. The solid curve is a fit to 
the Avrami equation. t1,* is defined as the time required to 
realize half the ultimate increase in log G'. 

We presently make the assumption that X ( t )  can be related 
to G'(t)  by 

G'( t )  - G', 
X ( t )  = G', - G', (3) 

where G', and G', are the initial (just quenched) and 
asymptotic ( t  - a) dynamic elastic moduli. An excel- 
lent fit of eqs 2 and 3 to the data can be obtained by 
adjusting n and to (between 5 and 10 min due to the 
thermal equilibration time) as illustrated in Figure 10, 
where n varied from 2 to 4 depending on the quench tem- 
perature. While we cannot infer a microscopic mecha- 
nism from these results, they certainly suggest that a crys- 
tallization (i.e., ordering) process occurs for small amounts 
of supercooling. 

Our primary use of the Avrami model has been to extract 
a characteristic ordering time t l , 2  defined here as the 
time required for half of the increase in log G' to occur 
following a temperature quench (see Figure 10). t l ,2  val- 
ues are listed for seven quench temperatures in Table I1 
where 1 I AT 5 7 "C. For AT 2 7 "C PEP-PEE-2 orders 
too rapidly for this measurement technique to be effec- 
tive while the uncertainty in T (fl "C) precludes rhe- 
ometer-based kinetic experiments for AT 5 1 "C.  In spite 
of these limitations the results in Table I1 show that a 
narrow window exists below the MST in which the order- 
ing kinetics can be determined. 

IV. Discussion 
1V.A. Determining T M S T .  The qualitative features 

of the dynamic shear moduli determined for PEP-PEE 
diblock copolymers in both the disordered and ordered 
states resemble those reported previously, particularly 
with respect to the 1,4-PB-1,2-PB diblock materials," 
which are quite similar in composition, molecular weight, 
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Table I1 
Results from PEP-PEE-2 Temperature Quenches' 

T,* O C  t,,,: min 
95 976 i 50 
94 110 f 13 
93 25.7 f 2.0 
92 20.1 f 3.0 
91 9.5 f 1.7 
90 5.0 f 0.5 
89 3.7 f 1.0 

a Initial temperature prior to quench was 100 "C. ' Subject to a 
systematic uncertainty of 1 O C .  t,,? is defined as the time required 
to attain half the ultimate increase in log G'(t)  following a temper- 
ature quench. 

and entanglement density. In both PEP-PEE and 1,4- 
PB-1,P-PB the low-frequency regime in the ordered state, 
far from the MST, behaves as G' - G" - This 
relation begins to break down as these materials are 
brought near the MST. At  the MST G' and (less notice- 
ably) G" drop discontinuously as a consequence of dis- 
ordering. Similar behavior has been observed in several 
studies involving SBfP4 and SIS5 triblock copolymers. 
This discontinuity in rheological properties is a natural  
consequence of the first-order nature of t h e  MST. In 
our judgement, isochronal (w < w,) G'(T) data obtained 
during heating (this avoids the hysteretic effects evident 
in the quenching experiments) represent the most pre- 
cise and practical method for establishing TMST. 

Accurate determination of TMST requires the acquisi- 
tion of dynamic mechanical data well below a critical fre- 
quency, w,. We have established the critical frequencies 
for G' and G" by making use of the time-temperature 
superposition principle. High-frequency (w > a,) data 
are found to superimpose satisfactorily, producing the 
results illustrated in Figures 7 and 8. It  is obvious from 
these plots that for log (uTw) 5 0.5 = log w', and log 
(a,w) S -1.0 = log w'lC two branches appear in log 
G'(u,u) and log G"(aTw), respectively, as indicated by 
the filled and unfilled symbols. The gap between these 
two distinct branches occurs a t  TMsT (compare Figures 
7 and 8 with Figure 1) and increases in size with decreas- 
ing reduced frequency. In order to observe a significant 
jump in G' and G" at  TMST, experiments must be con- 
ducted well below w', and w",, respectively. While use 
of the superposition principle is not strictly correct for 
this rheologically complex material, its application in this 
context has no direct bearing on our determination of 
TMqT. Obviously, superpositioning the data is quite use- 
ful in guiding the selection of an appropriate low fre- 
quency for use in the isothermal temperature scans. 

Recently, Han and Kim' have proposed an alternative 
method for interpreting dynamic mechanical data in order 
to establish TMST in block copolymers. Their approach 
relies on the familiar Cole-Cole plot (here G'(o) versus 
G"(o)), which eliminates the nonrigorous use of time- 
temperature superposition. Han and Kim interpret a 
departure from temperature independence in a log G'(w) 
versus log G " ( w )  representation as evidence of the 
microphase separation transition. In Figure 11 we have 
recast the results from Figures 7 and 8 in this modified 
Cole-Cole format. The qualitative features of this plot 
bear a striking resemblance to Figure 7, essentially vali- 
dating our use of time-temperature superposition. How- 
ever, the onset of a temperature dependence occurs 
between 146 and 135 "C, which is 39-50 OC above the 
actual MST. As discussed further below, this cont inu-  
ous departure from temperature-independent behavior 
begins when fluctuation effects become rheologically sig- 
nificant and should not be used as evidence for the MST. 

T, "C 
b 35 

112 L'r 

P 146 

I 1 I 

4 5 6 
log G", 

Figure 11. Modified Cole-Cole plot of the data presented in 
Figures 7 and 8. 

Prior misinterpretation of this feature appears to derive 
from a lack of low-frequency (w << w,) data combined 
with a large temperature increment (15 "C) between mea- 
surements on the SIS system.' 

The location of the microphase separation transition 
is predicted to depend on the composition, f ,  the Flory- 
Huggins interaction parameter, x, and the degree of poly- 
merization, N."9'2 For f = 0.55 

(4) (xNMST = 10.7 + 43.16%-'/3 
with 

where a and u are the statistical segment length and vol- 
ume, respectively. The constant term appearing in eq 4 
corresponds to the mean-field prediction'' while the term 
proportional to P 1 / 3  is a fluctuation correction." In 
general, the segment-segment interaction parameter is 
linear with inverse temperature; Le., x = A T '  + B. The 
precise determination of TMST for samples PEP-PEE-2 
and PEP-PEE-3 along with our accurate measurements 
of N ,  (Table I) allow us to estimate the coefficients A 
and B for f = 0.55. We base this calculation on an M, = 
56 g/mol (Le., a PEE) repeat unit. Assuming no excess 
volume of mixing with pPEE = 0.870 and pp = 0.855 g/ 
cm3 a t  23 OC'' gives u = 1.079 X lo-'' cm? A typical 
polymer melt thermal expansivity,22 u-'du/dT = 6.5 X 

K-', is also assumed. As described elsewhere" we 
have determined In a = -1.10 X 10-3T + 2.38 A for an f 
= 0.55 PEP-PEE diblock copolymer based on SANS mea- 
surements. With these parameters we obtain 

(6) 
Unlike the 1,4-PB-1,2-PB system where the constant (i.e., 
entropy) term dominates x , ' ~  here it represents only 690 
of the interaction parameter midway between the two 
measurement temperatures. 

1V.B. Fluctuation Effects. The limiting rheologi- 

x = 4.69/T + 4.44 X 
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cal characteristics in the disordered and ordered states 
are illustrated in Figures 5 and 6, respectively. In both 
cases the PEP-PEE results are virtually identical with 
the corresponding 1,4-PB-1,2-PB data described pre- 
viously.’o Well above the MST the block copolymer 
behaves like a homopolymer (see Figure 5), while far below 
the MST the dynamic mechanical response exhibits a 
nonterminal power law behavior (see Figure 6). This 
ordered-structure response bears a striking resemblance 
to that obtained from critical gels.24 However, we are 
unable at  this point to suggest a microscopic model, con- 
sistent with both a gel structure and a microphase-sepa- 
rated block copolymer, which recovers G’ - G” - 0.5. 
In fact, at  present we cannot ascribe a detailed struc- 
ture, e.g., polycrystalline versus random bicontinuous lamel- 
lae, to these ordered materials. 

The rheological behavior of PEP-PEE-2 also closely 
resembles that of the corresponding 1,4-PB-1,2-PB 
samplelo (Le., BB6). Above approximately 146 “C this 
material responds like PEP-PEE-1. As the tempera- 
ture is lowered, below 146 “C, a new relaxation mode 
becomes evident for w < w,, which shifts to lower reduced 
frequencies with decreasing temperature. We can now 
definitively assign this response to transient concen- 
tration fluctuations based on SANS measurements 
obtained from a partially deuterated PEP-PEE sample 
near TMSpl’ This conclusion is also consistent with dielec- 
tric spectroscopy data obtained from the nearly symmet- 
ric 1,4-PB-1,2-PB  material^.'^ 

At  temperatures well above TMST the amplitudes of 
the concentration fluctuations, which have a character- 
istic block copolymer period D = 3R, for f = 0.55,11,’2 
are relatively small and accordingly exert little influence 
over the low-frequency properties. As the temperature 
approaches TMST, the concentration fluctuation ampli- 
tude increases significantly, thereby impeding the long- 
range motion of individual block copolymer chains (recall 
that Wc7d << 1). However, above the MST there is no 
permanent pattern established, and at  sufficiently long 
times (low frequencies) the system still behaves as a liq- 
uid. This can be readily seen in Figure 7 .  Thus we can 
interpret the pronounced shoulder on the low-frequency 
T 2 96 “ C  data in Figure 7 as deriving from a “pattern” 
relaxation mode. Just above the MST this “pattern mode” 
leads to more than a 1 order of magnitude increase in 
the dynamic elastic modulus over that which would char- 
acterize the nonfluctuating system; superposing the T 2 
146 “ C  data facilitates this comparison. A description 
of the disordered state morphology (i.e., pattern) derived 
from a combined rheological and SANS study of a par- 
tially deuterated PEP-PEE sample is presented in a sep- 
arate report.” 

In a series of papers, Fredrickson and co-workers have 
developed a theory for the low-frequency rheological prop- 
erties of block copolymers near the MST. The most recent 
of these  publication^,'^ which incorporates fluctuation 
effects, is most relevant to the present work. Although 
a detailed analysis of their theory is beyond the scope of 
this discussion, Fredrickson and Helfand15 provide two 
specific predictions, which can be evaluated using the 
results from PEP-PEE-2. For the symmetric case (f = 
1/21 at  the MST they predict 
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and 

( 7 )  

where G’,(u) and G”o(w) are the “bare” (Le., fluctuation 
free) dynamic moduli, 6 refers to the fluctuation contri- 
bution, w - 0 specifies the terminal regime, and Ne 
is the entanglement degree of polymerization. Using 
Ne,PEP = 21 and Ne,pEE = 19126 as upper and lower bounds 
on Ne, we calculate a 5-44% fluctuation contribution to 
G’, which is more than 1 order of magnitude less than 
what is measured for PEP-PEE-2 a t  96 “C (see Figure 
7 ) .  However, the ratio of eqs 7 and 8 is 5.5, which accu- 
rately accounts for the asymmetric influence of fluctua- 
tion effects on G’ and G“; comparison of Figures 7 and 8 
shows approximately a 6-fold greater increase in G’ rel- 
ative to G” due to fluctuations a t  96 “C. These findings 
are in close a reement with those reported earlier for 1,4- 

Below TMST a permanent pattern is established in a 
block copolymer. Here the low-frequency behavior changes 
qualitatively as previously described. Because this pat- 
tern is both permanent and (in principle) long-range, it 
is extremely sensitive to strain,” which accounts for the 
nonlinear behavior observed in Figure 1 below TMST. A 
more quantitative treatment of this issue is also taken 
up elsewhere.18 

In addition to nonlinear effects we have observed a 
considerable temperature dependence to G‘ and G” in 
sample PEP-PEE-2 below the MST. This is not surpris- 
ing since fluctuation effects are expected to be mani- 
fested on either side of the MST” analogous to what 
occurs around a critical point in binary mixtures. How- 
ever, unlike the fluctuation effects above the MST, which 
produce essentially a linear viscoelastic response, those 
below the transition cannot be evaluated quantitatively. 
Nevertheless, sufficiently far below the MST, i.e., for sam- 
ples PEP-PEE-3 (not shown) and PEP-PEE-4 (Figure 
6), the influence of fluctuations clearly becomes insignif- 
icant. 

Although we have not observed any discontinuity in 
the WLF parameters for sample PEP-PEE-2 at  the MST 
(see inset in Figure 9), the effects of microphase separa- 
tion do become apparent when all four diblock copoly- 
mers are considered together. As illustrated in Figure 9 
there is a noticeable jump in the shift factor curves in 
going from PEP-PEE-1 to PEP-PEE-2, -3, and -4. This 
behavior is not surprising given our understanding of fluc- 
tuations. 

Because the segregation of a block copolymer is restricted 
to molecular dimensions, unfavorable segment-segment 
interactions can only be relieved through the develop- 
ment of composition fluctuations. These increase in ampli- 
tude with decreasing temperature, i.e., with increasingly 
unfavorable mixing. As we have seen, such composition 
fluctuations can be manifested a t  a considerable dis- 
tance from TMST. As a consequence, sample PEP-PEE- 
2 is characterized by significant local segregation a t  all 
our measurement temperatures. Because these fluctua- 
tions relax a t  frequencies less than u,, the high- 
frequency data, which were used to extract the WLF 
parameters, reflect a segregated state. However, only a 
small jump in amplitude is predicted12 a t  the MST; note 
it is the establishment of a permanent long-range pat- 
tern that leads to changes in the w < w, properties. There- 
fore, it is understandable that based on high-frequency 
measurements sample PEP-PEE-2 resembles PEP- 
PEE-3 and PEP-PEE-4 in Figure 9. In the case of PEP- 
PEE-1, which lies much further above the MST (we esti- 
mate TMST = -72 “ C  based on eqs 4-6), fluctuation effects 
are greatly diminished and accordingly this material 
behaves differently than the locally segregated samples. 

PB-1,2-PB. I f  
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We note that these arguments will not apply to binary 
liquid mixtures where the approach to a critical point 
leads to a divergent composition fluctuation correlation 
length, but the amplitude of the fluctuations remains small. 

1V.C. Ordering Kinetics. The mean-field treat- 
ment of order and disorder in block copolymers by Leib- 
ler" predicts a stability limit just below the microphase 
separation transition, and a critical point for f = 1/2. On 
the basis of this theory, Hashimoto2' recently proposed 
a time-dependent Ginzburg-Landau (TDGL) treatment 
for the ordering process in block copolymers following a 
temperature quench from the disordered state. This 
approach closely resembles traditional spinodal decom- 
position theory28 with the free-energy function taken from 
Leibler's result. Thus, the instability is manifested at 
q* - Rp-' rather than at q = 0 as occurs in unstable 
binary liquid mixtures. 

Fredrickson and Helfand12 have recently demon- 
strated that the introduction of fluctuation corrections 
to Leibler's theory completely suppresses the stability 
line (T,  - 0 K), thus eliminating the second-order (i.e., 
continuous) critical point. Therefore, we do not expect 
Hashimoto's approach to correctly describe the ordering 
kinetics since, within the context of fluctuation theory, 
there is no stability limit. Instead, we anticipate a nucle- 
ation and growth mechanism, as is commonly encoun- 
tered for systems undergoing a first-order transition. 

Very recently Fredrickson and Binder2' have devel- 
oped a homogeneous nucleation and growth theory for 
nearly symmetric diblock copolymers based on the pre- 
viously described fluctuation picture. These authors pre- 
dict a narrow region of slow ordering kinetics just below 
the MST, consistent with our experimental findings (see 
Figure 10 and Table 11). The predicted volume fraction 
of lamellar phase present at time t following a quench 
below TMST can be closely approximated by the Avrami 
equation (eq 2) with n = 4. As illustrated in Figure 10, 
G'(t) is well represented by the Avrami function although 
our estimates for n vary between approximately 2 and 4. 

Based on our definition of t1,2 (see section 1II.C) and 
with f = 0.55 and E = 1.1 X lo4 (T  = 96 "C), the 
Fredrickson-Binder theory reduces to 

with the free-energy barrier given by 

OAF* = 0.235p1/36-2 (10) 
where T~ is the terminal relaxation time, P = (kBT)-', 
and 

(11) 

These equations represent a classical nucleation the- 
ory with the traditional A T 2  exponential dependence 
replaced by AX-'. Defining a kinetic limit of metastabil- 
ity as P A F * / ~  = we calculate an experimentally (Le., 
kinetically) accessible supercooling gap of ATk 19 "C 
for sample PEP-PEE-2; note that AT, is essentially dic- 
tated by the exponential term in eq 9. This predicted 
supercooling gap size is qualitatively consistent with our 
experimental findings (Table 11). 

Since the barrier term in eq 9 dominates the temper- 
ature dependence of t,/,, a plot of In tlI2 versus K 2  should 
yield a linear relationship. This is not found as illus- 
trated in Figure 12a. Furthermore, the slope (- AF*) is 

X - XMST 6=- 
XMST 

FREDRICKSON - 
BINDER 
THEORY 

N 
2 4  'z-51 c 

0 

TMST O C  

( b l  

everywhere a t  least 1 order of magnitude smaller than 
the prediction (solid line). Although these initial exper- 
iments are rather crude (yet reproducible), the differ- 
ence between theory and experiment is sufficiently great 
that we believe homogeneous (i.e., primary) nucleation 
is not the controlling mechanism. This circumstance is 
well-known in homopolymer (e.g., polyethylene) crystal- 
lization where secondary nucleation determines the crys- 
tallization kinetics a t  moderate under coo ling^.^^ By anal- 
ogy with homopolymers, where the rate of crystalliza- 
tion is known to depend exponentially on A T '  rather 
than A T 2 ,  we have also plotted our kinetic results in 
terms of 6-' in Figure 12b. On the basis of TMST = 96 
"C, the data again fail to linearize. Owing to the close 
proximity of our quench temperatures to the MST, the 
data reductions as illustrated in Figure 12 are extremely 
sensitive to the determination of TMSP As we have stated, 
the temperature control over the rheometer leaves a 1 
"C uncertainty in our determination of the transition tem- 
perature (see Figure 1). Therefore, we also show the 6-2 
and 6-' plots for TM, ,  = 97 "C in Figure 12. This mod- 
ification fails to linearize the homogeneous nucleation plot 
but does bring the secondary nucleation representation 
into a linear form. This result together with the gross 
overestimation of AF* by the homogeneous nucleation 
theory leads us to tentatively conclude that heteroge- 
neous (secondary) nucleation governs the ordering pro- 
cess near the MST. We will further explore this inter- 
esting aspect of block copolymer dynamics in future work. 
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V. Summary and Conclusions 
A rheological investigation of order and disorder in a 

nearly symmetric set  of poly(ethylenepropy1ene)- 
poly(ethylethy1ene) (PEP-PEE) diblock copolymers has 
been presented. This study completely corroborates our 
earlier findings regarding 1,4-polybutadiene-l,2- 
polybutadiene diblock copolymers near the microphase 
separation transition (MST)." In particular, fluctua- 
tion effects have been shown to strongly influence the 
dynamic elastic and loss moduli below a critical reduced 
frequency, oc, both above and below the MST. These 
fluctuation effects are evident as much as 50" above the 
transition temperature. At the MST there exists a dis- 
tinct discontinuity in G' and G" for o c wc, which pro- 
vides a precise method for identifying the transition tem- 
perature. 

Just below the MST lies a narrow range of tempera- 
tures (TMST - T ,< 10 " C )  within which the ordering pro- 
cess (following a quench from the disordered state) is 
sufficiently slow so as to allow the quantitative evalua- 
tion of nucleation and growth kinetics. Initial experi- 
ments indicate that for such shallow quenches ordering 
occurs via a heterogeneous (secondary) nucleation pro- 
eess. 

On the basis of the striking similarity between the pres- 
ently reported results and those published earlier," we 
conclude that these phenomena are universal for all sym- 
metric diblock copolymers above the entanglement molec- 
ular weight. Future efforts in this area will examine how 
varying composition and chain architecture (e.g., tri- 
block versus diblock) influences the low-frequency rheo- 
logical properties near the order-disorder transition. 
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