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The structure, order—disorder transition (ODT), and
dynamics of self-assembling diblock copolymer melts has
been intensely studied in recent years.12 Microdomain
scale fluctuations strongly influence equilibrium proper-
ties above and below the ODT and are rather well
accounted for by coarse-grained field theory (BLFH)3
and liquid state polymer reference interaction site model
(PRISM) theory.*5 For unentangled, short diblocks, the
influence of microdomain formation on translational
diffusion appears to be weak.®” However, transport of
entangled diblocks is significantly retarded, becoming
slower as the degree of polymerization and/or segrega-
tion increases, thereby indicating a strong coupling of
entanglement constraints and thermodynamically-
driven microphase separation.:89

We have recently developed a microscopic polymer-
mode coupling (PMC) theory of diffusion in entangled
blends!® and diblock copolymer!? liquids which is a
natural extension of the successful PMC theory of
homopolymer solutions and melts.’213  This theory
provides a good description!! of self-diffusion and tracer
diffusion measurements for quenched samples®® of
entangled symmetric copolymer polyolefin melts above,
and slightly below, the ODT. More recently, Lodge and
co-workers® have performed measurements over a much
wider range of degree of polymerization and segregation
conditions for shear-aligned lamellar microstructure
samples. Rather surprisingly, the measured self-diffu-
sion tensor exhibited modest anisotropy. Two distinc-
tive regimes of diffusion suppression were observed: a
thermally activated behavior, followed by a tempera-
ture-independent regime under the strongest segrega-
tion conditions where a factor of =100 reduction of the
diffusion constant due to microdomain formation was
observed. Qualitative interpretations were advanced on
the basis of “activated reptation” °14 and “entropic arm-
retraction” motional mechanisms.®

The primary goal of this communication is generalize
and apply the PMC theory to simultaneously treat
diblock copolymer self-diffusion above and well below
the ODT. This requires combining the PRISM theory
of diblock melts,® including recent extensions to estimate
the location of the ODT and quantitatively describe
scattering data,'®> with the PMC approach. New dy-
namic scaling laws are derived, and both model calcula-
tions and quantitative applications to experiments are
presented. Our work represents the first general treat-
ment of the entangled copolymer problem and compari-
son with recent experiments. Predictions for the chain
relaxation time relevant to viscoelastic and dielectric
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measurements, and diblock tracer diffusion, are also
briefly discussed.

The simplest “structurally, interaction, composition-
ally, and dynamically symmetric” model is adopted.>1?
The AB diblocks are uncrossable Gaussian chains of N
segments, of equimolar f = 1/, composition, identical
segment lengths o = d (hard core diameter), a repulsive
tail potential vag(r) is adopted corresponding to a
positive bare enthalpic y-parameter, and a single seg-
mental friction constant ,, which characterizes the
unentangled Rouse dynamics. The compressible melt
has a reduced segment density po®, or equivalently a
density screening (or “packing”) length® &, = 3/(7po?).

Both PRISM and PMC theories are based on an
isotropic liquid description. The self-diffusion constant
is D = (BEN)™1, where 8 = (kgT)™! and ¢ is the total
friction constant per segment. Although not literally
true below the ODT, the isotropic model is consistent
with the PMC treatment of entanglements. Moreover,
it seems reasonable on the basis of the experimental
observations of (i) no discontinuity of D at the ODT,6-9.16
(ii) strong (isotropic) fluctuations near and below the
ODT,! (iii) weak anisotropy of D in shear-aligned
samples,®® and (iv) similarity of D measured in some
guenched and oriented samples.8? PMC theory com-
putes the additional friction due to time-correlated
intermolecular forces felt by a tagged copolymer. Based
on a projection scheme (denoted below by a superscript
“Q”) that (approximately) extracts the influence of slow
dynamical processes and structural constraints, the
general result ist011
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The first equality is an exact formal expression where
Fq(t) is the total force exerted on segment o of the
tagged chain by all segments on matrix copolymers. The
second line follows from the basic PMC theory ap-
proximations.'213 The wavevector integrals quantify
contributions to the friction associated with correlated
dynamical processes on a length scale 2x/k, and the
sums are over species type (A or B). For t =0 the term
in braces is the medium-induced “potential-of-mean
force”, Wuwmr, between tagged diblock segments of type
M and M’ induced by interactions with the surrounding
melt.)” The latter are described by renormalized effec-
tive potentials (or direct correlation functions) Cym =
Co + (1 — omm)p Yy, where Cq is the k = 0 value of the
repulsive (hard core) contribution and y is the effective
y-parameter.> Wy has both total density and concen-
tration fluctuation components.10.11.17

The fluctuating force time correlations decay via
collective melt motions, as described by the (projected)
dynamic structure factor S,%M,(k,t), and via single
tagged copolymer motions, as described by the intra-
molecular dynamic structure factors w(,?,lM,(k,t). In the
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homopolymer limit, y — 0, and the entangled athermal
melt theory is recovered, where the fluctuating forces
are mediated solely by matrix density fluctuations
described by* So(k) = So(k = 0) = Sp = 12(,/0)%. The
latter simplifications apply since a one-component melt
is homogeneous on the dynamically relevant polymer
radius-of-gyration length scale Rg = o(N/6)¥2> £, The
final approximate equality in eq 1 follows for the
copolymer problem from the fact® that N=1 0 y < —C,,
Sp = (—pCo) ! for* large N, and a dynamically “frozen
matrix” (no “constraint release”) assumption,
S2w(kt) = Swuw(k); it is formally identical to the
entangled homopolymer melt result except the decay of
the entanglement forces via probe copolymer motion is
influenced by physical clustering and microdomain
formation. The dominant length scale for N-dependent
friction coefficient renormalization is Ry, which is
proportional to the microdomain scale 2x/k*. Thus,
thermodynamic segregation constraints couple strongly
to the relaxation of the hard core entanglement forces.
Note that if the excluded volume forces are ignored in
eq |, and only the (small) contribution due to y is
retained, plus the dynamic propagators appropriate for
Rouse chains are employed, then we recover the per-
turbative theory of unentangled copolymer diffusion of
Leibig and Fredrickson.18 If the Rouse propagator is
employed in eq I, then one recovers a PMC treatment
appropriate!®1! for unentangled diblocks, as discussed
by Genz and Vilgis.1®

Explicit evaluation of eq | requires the projected
dynamics of the tagged copolymer in the melt. Follow-
ing precisely the same approximate scheme successfully
developed for the entangled homopolymer problem, we
employ the so-called “renormalized Rouse” (RR) model'?
formulated in terms of the bare excluded volume forces
as generalized to the symmetric diblock copolymer
case.l! The simple dynamic RPA form?° for the RR
propagator is employed, o (k,t) = oK) exp[—k2t/
Blrro(K)], where w(K) is the total single chain (Gauss-
ian) structure factor and the effective RR friction
coefficient Crr is given by
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Here, ji(x) is the first spherical Bessel function, gmwm (o)
is the intermolecular pair correlation function between
segments of species M and M’ on different chains at the
contact distance relevant to the hard core repulsion, and
the projected propagator is given by Rouse dynamics.
The two terms in curly braces describe the contributions
of density and concentration fluctuation mediated ex-
cluded volume forces, respectively. The former are
spatially local in a dense fluid and hence constrain the
four mutually interacting segments on the tagged
copolymer and surrounding matrix to be spatially close,
consistent with qualitative notions about entangle-
ments. In contrast, concentration fluctuations are
spatially correlated over large distances and hence can
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induce dynamical correlations of tagged copolymer
segments that are widely separated in space. Micro-
domain formation enters the force time correlations via
local physical clustering, as quantified by the contact
value of Ag = gaa + gee — 2048, and the concentration
fluctuation collective structure Sy(k). In PRISM theory
for symmetric chain models,*> the RPA form?! applies:
Sp(K) = (F(k) — 2x)~1, where y is fluctuation renormal-
ized and F(k) is a known combination of copolymer
partial structure factors where F(k*) O N1,

The final proportionality in eq 2 applies for well-
entangled chains and implicitly defines the factor J =
J(T,N,f,p,&,) as the ratio of the concentration fluctuation
mediated to density fluctuation mediated friction con-
stants. A numerical factor “A” has been introduced to
account for our expected inability to accurately compute
the absolute magnitude of friction within PMC theory
and the oversimplified symmetric diblock model em-
ployed. Although one might hope that 1 is independent
of material parameters, in practice the simplified nature
of the theory may require it to depend on nonuniversal
properties such as f, £, and N, (but not N or T) in
guantitative applications to experimental data. The
quantity pgo®So is proportional to the mean square
excluded volume force exerted by the matrix polymers
on a tagged segment, while the N2 factor is of geometric
origin and proportional to the number of “contacts”
between a pair of interpenetrating coils in three-
dimensions.13

Using eq 2 in eq | yields for entangled copolymers
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where Np O [go(0)]72 is a system-specific crossover
degree of polymerization from unentangled to entangled
diffusion’® and Dy is a reference diffusion constant
unaffected by concentration fluctuations corresponding
to the y — 0 limit. Based on the dominant one-
wavevector description of microdomain scale concentra-
tion fluctuation,®5 eq 2 predicts J O (Ag(0)/&,)°V'S*N,
where S* is the peak intensity S,(k*). The factor (1 +
AJ) also represents the enhancement of the longest
conformational relaxation time of the chain due to the
slowing down of entanglement force time correlations
associated with microdomain formation. For the sym-
metric model, this connection is precise since PMC
theory predicts?? a “Fick’s law” type relation, 7 0 R¢?/D,
where 7 is the terminal chain relaxation time that
controls the frequency of the stress or dielectric loss
modulus maximum.

Analytic scaling laws follow from eqs 2 and 3 plus the
known dependence of S* and Ag on temperature and N
as predicted by diblock Gaussian thread copolymer
PRISM theory.5>1115 A representative example for S*,
including comparison to experimental scattering data,
is shown in Figure 1. The general calculation, and
behavior in limiting cases, of S* and an apparent ODT
temperature, TopT, have been discussed elsewhere.>15
One finds S* O N(T > TODT)y N4/3(T = TODT): and NZ(T
< Topt). The local clustering function is given by Ag
= gan + Oee — 20as = (12/7p0%)(1/VN)[12V/S*IN —
~/3N/S* + +/6ysN — 12/4/2ysN], which vanishes as y —
0, and where y = ys — (2S*)~1 with ys equal to the critical
value (10.495 for f = 1/;). Combining these results yields
Ag O N"Y(T > Topr), N"¥(T = Topr), and NY(T <
Topt). The low-temperature result is physically sensible
for a highly segregated liquid composed of nearly pure
A and B microdomains. The frictional enhancement
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Figure 1. Best fit (with §,/0 = 0.14) of PRISM theory (full
line) to experimental inverse peak static structure factor data
for a symmetric PEP—PEE melt of N = 791 (see ref 14). The

inset shows model calculations for the local clustering function
based on f = 0.5, §,/o = 0.3.

factor J grows as the amplitude of both long wavelength
concentration fluctuations and local physical clustering
increase and obeys the qualitative power laws: J 00 (S*/
N)3/2 O NO(T > TQDT), N1/2(T = TODT), and NS/Z(T <
Topt). The entangled homopolymer law of D 0 N2 is
predicted far from the ODT. However, for large N, new
scaling exponents emerge at and below the ODT: D O
N~52(T = Topt) and N~74(T <« Topt). The latter novel
prediction follows from the “ground state” PRISM
description of the low-temperature segregated struc-
ture.®> In strong contrast, isotropic BLFH theory?
predicts S* 0 N2(N/T)2 at T < Topt. This yields D O
N~112T3 corresponding to a much smaller diffusion
constant that decreases much faster with N, is strongly
temperature-dependent, and vanishes as T — 0.

Following the experimentalists,®~° the ratio D/Dy is
employed to quantify diffusion suppression, where Dg
is defined in eq 3. For viscoelastic or dielectric experi-
ments, the relevant ratio is /7o = (Do/D)(R¢/Rg0).2 The
fundamental prediction of our theory is the existence
of three distinct dynamical regimes. (1) Far from the
ODT the concentration fluctuations have essentially no
effect; i.e. D/Dg = 1 and is T-independent. (2) As the
ODT is approached, and somewhat below it, D/Dg
decreases rapidly due to enhanced physical clustering
and microdomain formation, and a strong thermal
dependence on the diffusion suppression emerges. The
precise magnitude and T dependence of D/Dg is not
expected to be universal since it is influenced by system-
specific equilibrium structure and entanglement char-
acteristics of the chains. (3) Well below the ODT, where
the local clustering and microdomain scale concentra-
tion fluctuations tend to saturate at their strongly
segregated values, D/Dgy approaches a minimum (non-
universal) value proportional to N=32, which is T-
independent. This is suggestive of an “entropic” trans-
port mechanism, although PMC theory focuses on the
ensemble-averaged friction and not the copolymer tra-
jectories. This three-regime scenario is in excellent
qualitative agreement with recent experiments.® The
fundamental physical content is that the thermody-
namic desire to keep the A and B segments segregated
prolongs the relaxation time of the fluctuating entangle-
ment forces, which slows down copolymer translational
diffusion and conformational relaxation.

Model calculations of J and D/Dg, which exhibit the
three limiting regimes, and crossovers between them,
are shown in Figure 2. A meltlike density screening
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Figure 2. Log-linear plot of the normalized diffusion coef-
ficient and the factor J as a function of normalized inverse
temperature for f = /,, several values of N, £,/o = 0.3, and 4
= 0.07.

length®S of £J/o = 0.3 and A = 0.07 (see below) were
employed. At intermediate temperatures the reduced
diffusion coefficient decreases in an approximately
exponential manner, consistent with the “thermally-
activated” interpretation of the data.® The correspond-
ing “apparent activation energy” is predicted to be a
(relatively weakly) increasing function of N, which
reflects the fact that T/Topt is not a perfect scaling
variable for the concentration fluctuation mediated
frictional enhancement.

We have applied the theory to recent self-diffusion
measurements on four well-entangled, f = ¥/, PEP—PEE
polyolefin melts.58° The first comparison is for two
guenched (globally isotropic) materials:58 PEP—PEE1
(N =562 based on Msegment = 56 g/mol) and PEP—PEE2-
(N = 895). In the experimental temperature range,
PEP—PEEL1 is well above its Topt = —41 °C and
presumed to obey entangled homopolymer dynamics
unaffected by long range concentration fluctuations.
PEP—PEEZ2 has a Topt = 96 °C, and the corresponding
Do was estimated by scaling the measured PEP—PEEL1
diffusion constant by the factor (562/895)2, appropriate
for entangled homopolymer melts. These data are
shown in the top panel of Figure 3, along with D for
PEP—PEEZ2, which falls increasingly below the en-
tangled homopolymer value as the material is cooled.
Theoretically, we follow the same analysis procedure
sketched above and elsewhere;!! Do(T,N) is determined
from the experimental PEP—PEEL data.5® A best fit
of eq 3 to the PEP—PEE?2 data is obtained by varying
the numerical factor A and density screening length. The
best fit values are 4 = 0.07 and &,/o = 0.3, and the
predicted temperature dependence is in excellent agree-
ment with the data. Since experimental-based esti-
mates of the nonuniversal melt scaling (or packing)
length are ~1—-5 A 23 the fit value of &, = 030 falls in
the expected range based on typical statistical segment
length values.

A much more severe test of the theory is the most
recent data for oriented PEP—PEE materials.® This
study included PEP—PEE?2 plus two higher molecular
weight samples, PEP—PEE3(N = 1450, Topt = 291 °C)
and PEP—PEE4(N = 1970, Topr = 500 °C). The
“parallel” self-diffusion constant data versus reduced
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Figure 3. (Top panel) Comparison of the best fit theory (full
lines) to experimental data®® for quenched samples of PEP—
PEE2. Data for PEP—PEE1 and the estimated entangled
homopolymer curve for PEP—PEE2 (dashed curve) are also
shown. These quenched sample data were previously ana-
lyzed*' using PMC theory but with BLFH theory as the
equilibrium input. (Bottom panel) Comparison of theory (same
A and &,/o values as in the top plot) with normalized parallel
diffusion constant data of shear-aligned samples.® The data
for a quenched PEP—PEE2 sample®® are also shown.

temperature are shown in the bottom panel of Figure
3. The measured anisotropy of the diffusion constants
was small (factor of =2—3 or much less) and is ignored
in our isotropic theory. Note the quenched and aligned
PEP—PEE2 data are indistinguishable to within ex-
perimental error. Our corresponding PMC predictions
are based on exactly the same values of 4 and &,
extracted from analysis of the quenched PEP—PEE2
data. We emphasize these results are not a fit. The
agreement of theory and experiment is very good,
especially considering the simplicity of the theory and
the large factor of 100 reduction of diffusion observed
under relatively strong segregation conditions.

Prior theoretical work (employing BLFH equilibrium
input)!! for PEP—PEE diblock tracer diffusion near the
ODT demonstrated good agreement with experiments
on quenched samples.?8 More recent experimental
work® employed a more segregated PEP—PEE4 matrix.
The corresponding tracer D/Dy values were found to be
T-independent, and =0.012 + 0.004 (PEP—PEE4), 0.20
+ 0.05 (PEP—-PEE2), and 0.6 + 0.1 (PEP—PEEL).
Quantitative application of our theory (with PRISM
input) is technically involved and will be discussed
elsewhere.?* However, semiquantitative analysis is
very simple. Since the T dependence of D/Dy arises
solely from the matrix concentration fluctuations, S*,
one can immediately conclude T independence is pre-
dicted for tracer diffusion in PEP—PEE4 where T <
Toot. Moreover, for entangled diblock tracers shorter
(N¢) than the chemically and compositionally identical
matrix chains (N), the qualitative dependence of D/Dg
on tracer molecular weight follows from a power count-
ing analysis of the known dependence on N; of Ag(o)
and w(K) in eq 2, which yields J O (N¢N)72. Equiva-
lently, the reduced tracer diffusion constant can be
expressed in terms of the analogous self-diffusion ratio
as D/Dg = {1 + (N¢N)"2[(Do/D)seir — 11} ~*. Thus, on the
basis of the experimental® (Do/D)seir = 90 4 30 for PEP—
PEE4, we predict D/Dg = 0.17 + 0.05 (PEP—PEE2) and
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0.5 £+ 0.1 (PEP—PEEL1), which are remarkably consis-
tent with experiment. Tracer data for PEP—PEES are
not available, but we predict D/Dy = 0.035 + 0.012.
Physically, the reduced diffusion constant suppression
for shorter tracers is due to the smaller frictional
penalty required to dynamically transport A (B) tracer
segments through B (A) matrix microdomains.

The theory can be extended to treat the consequences
of composition [anisotropic diffusion is of far less concern
(irrelevant) for cylindrical (spherical) microphases],
block friction constant asymmetry, chain stretching,
dilution by neutral solvent, and matrix constraint
release.?* Both homopolymer and diblock tracer diffu-
sion can also be addressed.’’ PMC theory can be
generalized to finite frequencies, thereby allowing treat-
ment of concentration fluctuation effects on early time
(anomalous) diffusion, the unentangled—entangled cross-
over, and chain internal mode dynamics. Finally, we
caution that the cage-averaged isotropic dynamics ap-
proach is expected to eventually fail, perhaps at very
high degrees of segregation and/or for situations of
strongly spatially dependent local friction.
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