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ABSTRACT: Forced Rayleigh scattering (FRS) and pulsed-field-gradient NMR have been used to measure
the self-diffusion coefficient, D, of a poly(ethylene oxide)—poly(ethylethylene) diblock copolymer in the
molten state. The copolymer contains 42% PEO by volume and has a total molecular weight of 4100
g/mol. Upon heating from room temperature the sample transforms from crystalline lamellae to hexagonal
cylinders, and then to a bicontinuous cubic “gyroid” phase (with la3d space group symmetry), before
finally disordering at 175 °C. FRS measurements were performed in the gyroid and cylinder phases,
and NMR measurements in the gyroid and disordered states. Cylinder samples both with and without
shear alignment were employed. A hysteresis loop permitted measurements of D in both cylinder and
gyroid phases at the same temperature (60 °C). FRS decays from cylindrical samples were described by
a sum of two exponentials. For the aligned samples, values of the diffusivity along (Dpar) and across
(Dperp) the cylinders were extracted; the mobility along the cylinders was approximately 2 orders of
magnitude larger. This is consistent with the estimated enthalpic penalty for withdrawing the minor
block from the cylindrical microdomain. FRS decays from the gyroid phase were consistently single
exponential and gave a diffusivity consistent with Dy, in the cylinders, reduced by the tortuosity of the
gyroid network. The FRS and NMR results agreed very well, and the mobility varied smoothly with
temperature through the order—disorder transition. However, the magnitude of the copolymer mobility
was significantly lower than that of either constituent homopolymer or of two other disordered PEO—
PEE diblocks, even after accounting for differences in molecular weight. This is tentatively attributed
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to the onset of entanglement effects.

Introduction

The relationship between microstructure and dynam-
ics continues to be an active area of research in such
soft materials as liquid crystals, surfactants, and block
copolymers. The physics of such problems embodies a
combination of interesting phenomena. For example,
self-diffusion in a microphase-separated A—B diblock
copolymer melt involves at least three issues: (i)
thermodynamic penalties for A/B segment contacts,
which act to localize the covalent A—B junctions to the
interfaces between microdomains; (ii) mechanisms of
center-of-mass motion that depend on chain length and
morphology; (iii) differences in the magnitude and
temperature dependence of the monomeric friction
factor between blocks, which may well be functions of
local composition. All these issues arise in considering
the anisotropy of block copolymer motion in the ordered
state: how different are the diffusivities along (Dpar) and
through (Dperp) the interface between microdomains?
Recent studies have shed considerable light on this
problem.~11 In particular, it appears that for unen-
tangled copolymers the anisotropy is rather large (Dpar/
Dperp > 10), due to the ability of the chains to move along
the interface without mixing the two blocks,348° whereas
for entangled copolymers the anisotropy is small, due
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to a reduction of Dy, attributed to the inability of a
chain to reptate without mixing the two blocks.267

The previous measurements have emphasized lamel-
lar systems, where the interface presents a two-
dimensional manifold for Dpa. In quenched lamellar
samples (i.e., those with no long-range alignment of
domains) the measured mobility is dominated by Dpar
and is rather insensitive to Dperp. In contrast, the
cylindrical and body-centered-cubic sphere morphologies
have interfaces that are connected in one and zero
dimensions, respectively, and could provide more quan-
titative information about Dperp. Alternatively, the
bicontinuous gyroid morphology presents a three-
dimensionally connected interface, and the mobility may
be completely independent of Dyerp. Practical difficulties
arise when varying morphology. If the two blocks differ
significantly in their monomeric friction factors or
entanglement molecular weights, the inevitable changes
in composition, molecular weight, and temperature may
lead to substantial changes in D that are not purely
thermodynamic in origin. Consequently, it is desirable
to change morphology with as little change in molecular
structure as possible.

In this paper, we study the effects of morphology on
the self-diffusion of a molten poly(ethylene oxide-b-
ethylethylene) (PEO—PEE) block copolymer. The co-
polymer exhibits thermotropic transitions between crys-
talline lamellar (L;), hexagonal cylinder (C), and la3d
(“gyroid”) (G) microphases, as observed by small-angle
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X-ray scattering and rheology.'213 Diffusion measure-
ments were performed by forced Rayleigh scattering
(FRS) in both quenched and shear-aligned C phases,
and by FRS and pulsed-field-gradient NMR in the G
microstructure. By virtue of a thermal hysteresis loop
in the copolymer phase behavior, it proved possible to
measure D in both C and G phases at a single temper-
ature, thus providing an unusually direct determination
of the effect of microstructure on chain mobility. The
anisotropy of motion in the C phase is large, but
consistent with the expected enthalpic penalty for
mixing the two blocks. Diffusivity in the G phase is
interpreted in terms of the mobility along a cylindrical
strut combined with the tortuosity of the network
structure. The results are also compared with the self-
diffusivities of the constituent homopolymers and of two
other disordered PEO—PEE copolymers.

Experimental Section

Synthesis and Labeling. The synthesis of the poly-
(ethylene oxide-b-ethylethylene) block copolymers and poly-
(ethylethylene) homopolymer used in this study was achieved
through sequential living anionic polymerization and has been
described elsewhere.’* The synthetic route began with the
polymerization of 1,3-butadiene in THF with sec-butyllithium
as the initiator to form poly(1,2-butadiene), which was end-
functionalized with ethylene oxide to produce a monohydroxyl-
terminated polybutadiene. This material was then catalyti-
cally hydrogenated, yielding the analogous monohydoxyl-
terminated poly(ethylethylene) (PEE-OH). For the diblock
copolymers, the PEE-OH was converted to the corresponding
potassium alkoxide, which became the initiator for the ethyl-
ene oxide polymerization. The PEO block also contains a
hydroxy terminus, which provides an attachment site for
labeling the chain with 4'-(N,N-dimethylamino)-2-nitrostil-
bene-4-carboxylic acid (ONS). This dye was synthesized as
previously described.>® The labeling reaction was carried out
in methylene chloride at 45 °C, using a 5-fold molar excess of
dye to polymer, for 2 weeks in the absence of light. Polymer
recovery was accomplished by evaporating most of the solvent
and then drying under high vacuum. To separate the unat-
tached dye from the labeled polymer, the recovered mixture
was passed through a silica gel column using methylene
chloride as the mobile phase. Gel permeation chromatography
(GPC) indicated that the molecular weight distribution had
not been altered during the labeling process and UV detection
confirmed that the polymer was labeled and the free dye had
been removed. The labeled polymer was then vacuum-dried
and stored in the dark at —15 °C.

Characterization. The complete characterization of the
PEO—PEE copolymer emphasized in this study has been
reported elsewhere, where it was designated OE-6.14 Briefly,
the molecular weight of the PEE-OH block, Mpgg, was calcu-
lated to be 2100, using the number of repeat units (as
measured by *H NMR spectroscopy on the unsaturated pre-
cursor), and the molecular weight of the initiator fragment and
of the hydroxy terminus. GPC was performed on the PEE-
OH, indicating a polydispersity, Mw/My, of 1.07. The molecular
weight of the PEO block, Mpeo, was calculated to be 2000,
based on the PEE-OH initiator concentration and the mass of
EO monomer added to the reaction and assuming quantitative
conversion. The overall polydispersity determined by GPC was
1.09. Finally, the volume fraction of PEO, fpeo, for OE-6 was
calculated to be 0.42 using densities of 0.806 and 1.06 g/mL
for PEE and PEO, respectively.® Two other PEO—PEE
copolymers, OE-12 and OE-13, were also examined for com-
parison purposes: OE-12 has M,, = 2200, fpeo = 0.52, and M,/
M, = 1.11, and OE-13 has M,, = 2500, fpeo= 0.73, and My/M,
=1.11. Furthermore, OE-12 has a methyl terminus, whereas
OE-13 (and OE-6) are capped by a hydroxyl group.** The PEE
homopolymer employed in this study has a molecular weight,
M, of 1200 with a polydispersity of 1.08.
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Rheology. Dynamic mechanical measurements were per-
formed on a Rheometrics RSA-11 solids analyzer operated in
oscillatory mode, using a 1-mm-thick shear sandwich geom-
etry. Following sample insertion at room temperature, the
material was heated above the PEO melting temperature (ca.
40 °C) to facilitate loading. The dynamic shear moduli, G' and
G", were then measured during isochronal temperature sweeps,
at a frequency of 0.5 rad/s and a heating rate of 1 °C/min.
Strain amplitudes were less than 2%, and the temperature
was controlled to within 1 °C over the range 25—-180 °C by a
thermally regulated nitrogen gas purge within the sample
chamber.

Small-Angle X-ray Scattering. X-ray scattering experi-
ments were carried out on a SAXS instrument that utilizes
Cu K, radiation (1 = 1.54 A) emanating from a Rigaku RU-
200BVH rotating anode generator equipped with an 0.2 mm
x 2 mm microfocus cathode and Franks mirror optics. Two-
dimensional SAXS patterns were recorded on a Siemens
multiwire area detector located at the end of a 1.0 m evacuated
flight tube. Samples were placed inside an evacuated chamber
and annealed for 10 min before beginning X-ray experiments.
Sample temperatures were maintained to within £0.1 °C by
resistive heaters mounted in a water-cooled brass block. All
SAXS data were corrected for detector response prior to
analysis.

Forced Rayleigh Scattering. Diffusion coefficients were
measured by FRS using the experimental apparatus and data
analysis schemes described elsewhere.617 A transient grating
was formed in the sample by crossing two mutually coherent
Ar* laser beams (1, = 488 nm). The duration of this “writing”
pulse was typically 100 ms. Erasure of the grating, due to
center-of-mass diffusion, was monitored by directing one of the
same beams (attenuated by a factor of 10%) to the grating
location and measuring the diffracted intensity at the first-
order Bragg angle. In all cases, a single-shot experiment was
sufficient to provide excellent signal-to-noise. The diffracted
intensity was usually well-described by the following expres-
sion:

I(t) = [A exp(—t/t) + B]? + C? ()

where A denotes the amplitude, 7 the decay time, and B and
C the coherent and incoherent baseline contributions, respec-
tively. In cases where the above model did not give satisfac-
tory agreement with the data, the following double exponential
expression was used:

I(t) = [A, exp(—t/T)) + A, exp(—t/z,)]* + C* @

where A; and A; are amplitudes, 7; and 7, are decay times,
and C is the incoherent background.

FRS samples were prepared as follows. Appropriate amounts
of labeled (tracer, 0.8 mg) and unlabeled (matrix, 100 mg) OE-6
were codissolved in methylene chloride (4—5% g/mL). The
solution was forced through an 0.45 um nylon filter with a
syringe. Most of the solvent was removed by evaporation, and
then the polymer was vacuum-dried to constant weight. One
specimen was heated to 185 °C under vacuum to disorder the
copolymer and to allow it to flow into an FRS cell consisting
of two 25 mm diameter quartz disks (Heraeus Amersil)
separated by 1 mm, fused along the perimeter with quartz
except for a 5 mm gap to permit filling. This sample was
cooled under vacuum quiescently, which took approximately
10 h, leaving the material in a “quenched” state (i.e., ordered
but not macroscopically aligned), and then sealed with epoxy
under an argon atmosphere. The other sample was subjected
to a shear field to create macroscopic alignment prior to FRS
experiments (see below).

Samples were placed in a copper block equipped with
resistive heaters to maintain temperature control to within
+0.2 °C. For each temperature studied, the sample was first
equilibrated for 15 min and then the decay function was
recorded for at least three values of grating spacing, d, over a
range from 1 to 22 um. For each experiment, 1000 data points
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were acquired, although for clarity, only a subset are shown
in plots (see Figures 3a and 5).

Shear Alignment. A reciprocating shear field was applied
to the sample to establish a preferred direction of alignment.
The shearing apparatus employed a pair of parallel PTFE-
covered brass plates with a1 mm gap.*® The temperature was
held at 60 °C for the duration of the shearing and controlled
to £1 °C with resistive heaters and a thermocouple located in
each block. The strain amplitude was maintained at 100%,
and the frequency was 1.3 rad/s for the first 1.5 h and 0.2 rad/s
for a subsequent 2 h, which corresponds to approximately 1200
total shear cycles. After the shear direction was marked on
the sample, it was removed from the shearing device and
placed directly into the FRS sample holder that had been
preheated to 60 °C. To preserve the microstructure, care was
taken to keep the sample above the melting point of the PEO
block during the transfer between the shearing and FRS
apparatuses. Forced Rayleigh scattering measurements were
then performed, at 60 °C, as a function of angle between the
shear axis of the sample and the FRS measurement direction,
i.e., the grating normal.

Pulsed-Field-Gradient NMR. PFG-NMR was employed
to measure self-diffusion of the (unlabeled) OE-6 copolymer,
the OE-12 and OE-13 copolymers, and the PEE homopolymer,
following standard procedures;**?° measurements on PEO
homopolymers have been reported previously.?* The temper-
ature was controlled to within +0.2 °C. Before beginning each
experiment, approximately 20 min was allowed for equilibra-
tion at the desired temperature. The stimulated echo three-
pulse rf sequence was employed in most of this work. The
attenuated echo signal A was recorded at each of six to ten
values of the field gradient pulse length, 6. Plots of In A(9)/
A(0=0) vs X = 0°G? (A — d/3) were constructed, and the
diffusion coefficient was determined from their slopes. G and
A, the magnitude and spacing between the gradient pulses,
were 180 G/cm (slightly dependent on temperature) and 100
ms, respectively; a steady field gradient of magnitude G, =
0.7 G/cm was also employed and required the addition of a
small correction term to X. Small curvatures in these echo
attenuation plots were found to be consistent with the known
dispersity of the polymer specimens; larger curvatures were
encountered for conditions where the copolymer is known to
adopt the cylindrical microstructure. In the latter cases, no
detailed interpretation of the echo attenuation in terms of
averaged anisotropic diffusion was attempted.

Static Birefringence. Depolarized transmission measure-
ments were carried out using a home-built apparatus consist-
ing of the following optical train: a He—Ne laser (1, = 632.8
nm), a pair of crossed polarizers with the temperature-
controlled sample holder placed between, and a photodiode
detector. The transmitted intensity was measured as a
function of temperature. A sample exhibiting birefringence
over length scales of micrometers or larger will produce a
nonzero signal, indicating the existence of an anisotropic
ordered phase, whereas an isotropic phase, either disordered
or ordered, will not show a birefringent signal.?? This approach
has been shown to provide an estimate of the grain size in
ordered block copolymer melts.?

Results

A. Morphological Characterization. Numerous
examples show that the dynamic shear moduli, G' and
G", are sensitive to microstructural changes in block
copolymer solutions and melts.?* Rheological measure-
ments, when combined with small-angle scattering
techniques, provide an excellent method to locate phase
boundaries and to identify the ordered structures present.
The temperature dependence of G' for OE-6 during a
heating—cooling—heating cycle is shown in Figure 1, as
previously reported;!? illustrations of each morphology
are shown as insets. The morphology assignment was
based on SAXS measurements, and the phases are
labeled L., C, and G to indicate crystalline lamellar,
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Figure 1. Dynamic elastic modulus measured during heating
and cooling at 0.5 rad/s and 1.0 °C/min for molten OE-6. The

cylinder and gyroid (la3d) morphologies are illustrated as
insets.

HE®

hexagonal cylinder, and gyroid phases, respectively.
During the first heating, there was a significant rise in
modulus at 80 °C that often accompanies an order—
order transition into a cubic phase. A softening of the
material began at 125 °C and persisted until cooling was
initiated at 160 °C. Subsequent cooling showed G’ to
retrace the heating curve until ca. 100 °C, where the
magnitude of G' continues along the plateau indicative
of the G phase, suggesting that the C — G transition is
not readily reversible in this system. The G phase
persisted under cooling until PEO crystallization inter-
vened, forming the L. phase, which destroyed the cubic
symmetry. Heating the L, phase to 45 °C causes it to
melt and form C, as observed during the first heating.
Increasing temperature further through the C — G
transition causes G’ to rise and plateau and ultimately
soften until the material disorders. The location of the
order—disorder transition was established as 175 + 2
°C, where G' drops by more than 1 order of magnitude
over a 2 °C interval. SAXS data taken at 60 °C are
shown in Figure 2a (after heating from the crystalline
state) and Figure 2b (after cooling from 120 °C). The
triangle indicators on these plots designate the allowed
reflections for hexagonal cylinders and the la3d space
group, respectively. The indexing of higher order reflec-
tions (shown as insets multiplied by a factor of 10)
clearly supports hexagonal cylinders and la3d as the
phases for the conditions in Figure 2a,b, respectively.
Annealing experiments in the C phase show it to be a
long-lived metastable intermediate. Cylinders were
observed to persist for at least 24 h (no transition to G
observed) at 60 °C, whereas at 80 °C, the C phase
persists for only 15 min before transforming to G.
Similar experiments in the G phase at 60 °C showed
no transitions to C. The kinetics of order—order transi-
tions in these systems are not fully understood at this
time, but recent studies suggest that the matching of
principal spacings between morphologies, chain dynam-
ics, and fluctuations can all play significant roles.1325

B. Homopolymer and Disordered Copolymer
Self-Diffusion. Self-diffusion coefficients of PEO and
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Figure 2. Radially averaged SAXS intensity as a function of
scattering wave vector, g, for OE-6 at 60 °C (a) after heating
from the crystalline state and (b) after cooling from 120 °C.
Triangles indicate positions of allowed reflections for (a) the
hexagonal phase, i.e., v1:v/3:v/4:+/7:4/9, and (b) the 1a3d space
group, i.e., v/6:v/8:v/14:/16:4/:4/22:7/24:/26:4/30:4/32:/38:
V/40:4/42:4/50.
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PEE homopolymers were measured by PFG-NMR. The
PEO homopolymer diffusion coefficients presented here
were reported previously by Cheng et al.?? The PEO
homopolymer molecular weight was given as 1470 g/mol
with a polydispersity of 1.05. The results were scaled
to the molecular weight of the OE-6 copolymer, assum-
ing the applicability of the Rouse theory expression

_ kT
D =NC )

where N is the degree of polymerization and ¢ is the
monomeric friction factor. Use of this relation is
reasonable considering the low molecular weights in-
volved, the large distance from the glass transition, and
the known entanglement molecular weights (Mepeo =
1.7 x 10% and Mepee = 1.1 x 10%);15 the same approach
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Figure 3. (a) Representative FRS decays taken in the gyroid
phase, at the indicated temperatures. The smooth curves
through the data are single-exponential fits. (b) Representative
plots of decay time versus grating spacing squared, for the
same conditions as in (a).

was employed for the OE-12 and OE-13 data. However,
it is conceivable that OE-6 should be viewed as en-
tangled, given that its total molecular weight is more
than twice M¢ peo. If 0ne were to use reptation scaling,
then the scaled PEO homopolymer and OE-12 and OE-
13 data would be reduced by an additional factor of
order 2. These homopolymer and disordered copolymer
mobilities serve as an informative reference with which
to compare the copolymer data.

C. Self-Diffusion in the Gyroid Phase. Typical
FRS decays observed in the G phase are shown in
Figure 3a, for four temperatures at a grating spacing
of 14.2 um. After an incoherent baseline subtraction,
the data were normalized to unit amplitude and placed
on a logarithmic time scale. The smooth curves through
the data represent single-exponential fits according to
eq 1. As is standard practice, the first 5—15% of the
points are not included in the fits, because this portion
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Figure 4. Diffusivity of the OE-6 copolymer measured by
NMR and FRS in the gyroid phase and the disordered phase.
Also shown are the diffusivities of the constituent homopoly-

mers, PEO and PEE, and the disordered OE-12 and OE-13
copolymers, after Rouse scaling to the molecular weight of OE-

of the FRS signal may contain contributions from dye
rotation and thermal relaxation, as well as the convolu-
tion of the writing pulse with the sample response
function. Clearly, the fits are very good, indicating that
one relaxation mode is sufficient to describe the long-
time decay Kinetics, as one might anticipate on the basis
of the cubic symmetry. Moreover, at each temperature,
we examined the FRS decay times as a function of
grating spacing. A representative plot containing t
versus d? for these four temperatures is shown in Figure
3b. In all cases, a linear relationship (with zero inter-
cept) was observed between 7 and d?, confirming the
diffusive origin of the relaxation process. The diffusion
coefficient can then be determined from the slope, i.e.,
D = d%4x?r. Additionally, D was calculated from the
reciprocal plots (1/z vs 1/d?), with equivalent results. The
reported diffusivity is the arithmetic mean of these two
values. The uncertainties in D (<10%) are smaller than
the data points, hence the error bars have been omitted
from plots containing diffusivities.

The self-diffusion of OE-6 was measured with FRS
over the temperature range from 60 to 140 °C, and the
results are shown in Figure 4. The FRS sample
contained 0.82 wt % labeled chains. This concentration
is low compared to typical tracer polymer concentrations
used in FRS experiments. However, care needs to be
taken when making FRS measurements on labeled
block copolymers to ensure that the dye plays no special
role in polymer diffusion, such as dye—dye interactions
causing association of labeled chain ends. To this end,
we also employed PFG-NMR with unlabeled samples
to confirm the FRS self-diffusion measurements and to
extend the temperature range into the disordered state.
Within experimental uncertainty, the diffusion coef-
ficients determined from each technique are identical,
which demonstrates that the dye is not causing anoma-
lous behavior in this system. Furthermore, the NMR
measurements were repeated approximately one year
later (data set ii in Figure 4) and were equivalent. Two
interesting features emerge from these data. First,
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Figure 5. Comparison of typical FRS decays between the
gyroid and cylinder morphologies, taken under identical condi-
tions, d = 7.3 um and T = 60 °C.

there is no apparent change in the temperature depen-
dence of D upon traversing the ODT. Second, the scaled
homopolymer and disordered copolymer diffusivities
(also shown in Figure 4) are significantly greater than
those of OE-6. Possible implications of these features
will be discussed subsequently.

D. Self-Diffusion in Quenched Cylinders. The
self-diffusivity of OE-6 in the C phase was measured at
60 °C, after heating the sample from the L. phase. The
hysteresis thus permitted measurements at the same
temperature, but in different morphologies. After in-
coherent baselines were subtracted and normalization
to unit amplitudes, representative FRS results for both
the G and C phases at 60 °C, and a grating spacing of
7.3 um, are presented in Figure 5. The intensity is
plotted logarithmically to facilitate the determination
of single exponential behavior. Linearity of the decay
from the G phase clearly indicates single-exponential
behavior, which was seen at all temperatures, as
discussed above. However, the diffusion in the C phase
is different for two reasons. First, the FRS decay is
obviously much slower, indicating a smaller diffusion
coefficient in C. Second, the decay is clearly not linear,
implying a non-single-exponential relaxation. There-
fore, the FRS decays arising from the C morphology
were fit to eq 2, which produced two time constants, Trast
and zgon. These are plotted as a function of d? in Figure
6. (The range of d? is necessarily smaller than in Figure
3b, due to the reduced mobility and to the metastability
of the C phase). Each decay constant exhibits a linear
dependence on d? with zero intercept, indicating that
the chains are diffusing at two distinct rates; however,
it is also possible that there are two distributions of
decay rates, rather than two single exponentials. This
non-single-exponential behavior implies that (i) the
“grain” size of the polycrystalline material is comparable
to, or even greater than, the grating spacing and (ii) the
anisotropy in diffusivity (Dpar VS Dperp) is substan-
tial 348921 |n the case of OE-6, we are unable to
visualize the cylinder grain size by TEM because once
the copolymer is cooled (even very rapidly) to below the
Tm of PEO, the cylinder morphology is lost, and the L.
structure forms. However, we were able to estimate the
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Figure 6. Plot of decay time versus grating spacing squared,

for the fast and slow modes of the quenched cylinder phase at
60 °C.

cylinder grain size to be roughly 4 um, using static
birefringence measurements, by following the approach
developed by Balsara and co-workers?? combined with
theoretical predictions for birefringence from Lodge and
Fredrickson.?® Thus the grain size is comparable to the
FRS grating spacing and can explain the presence of
double exponential decays observed in a quenched
sample, as reported previously by Ehlich et al. in a
lamellar PS—PI copolymer.2# The faster mode presum-
ably reflects motion primarily along cylinders that have
a distribution of orientations about the grating normal,
whereas the slower mode involves motion from cylinder
to cylinder, and along cylinders lying nearly perpen-
dicular to the grating normal. Consequently, we expect
the fast mode diffusivity to be less than Dyqr, and the
slow mode diffusivity to be greater than Dperp.

E. Self-Diffusion in Shear-Aligned Cylinders.
FRS measurements were carried out on a sample that
had been subjected to an oscillatory shear field under
the conditions described in the Experimental Section.
We were unsuccessful in characterizing the degree of
alignment with SAXS or TEM, since the long-range
order of the microstructure is not preserved upon cooling
into the crystalline lamellar phase. However, we can
offer indirect evidence for alignment: rheological mea-
surements were performed to observe the response in
the dynamic moduli, G’ and G", in situ, after the same
shearing conditions had been employed. Both G' and
G'" decreased monotonically during the shearing process
and reached plateaus that were a factor of 3 less than
the initial magnitude. Subsequent frequency sweeps on
the shear-aligned sample exhibited moduli that were
ca. 4 times smaller than the moduli in the isotropic
(unsheared) case. The reduction in moduli that ac-
companied the shearing is, while not definitive, strong
evidence for alignment of the cylinders along the shear
direction.’®2” Furthermore, SANS measurements on a
related PEO—PEE sample did indicate orientation of
cylindrical domains.28

After cessation of the shear alignment, the sample
was transferred to the FRS sample holder, and mea-
surements of the self-diffusivity as a function of the
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Figure 7. Diffusivity of OE-6 as a function of rotation angle,
in the shear-aligned cylinder sample, at 60 °C. The smooth
curve indicates the expected projections of Dyar and Dperp. The
amplitudes of the modes (according to eq 2) are indicated on
the plot.

angle (¢) of the shear direction relative to the FRS
measurement axis were carried out. These results are
presented in Figure 7. The FRS signals were well
described by eq 2. At all values of ¢, the resulting time
constants were linear with d?, confirming diffusive
behavior. As the material has a preferred orientation,
we attribute the faster mode at ¢ = 0° to Dyqr, Or motion
along the cylinders, and the slower mode at ¢ = 90° to
Dperp, motion across the cylinders. The second mode we
attribute to diffusion in regions of imperfect alignment,
which should exhibit a mean diffusivity intermediate
between Dpar and Dperp.  The curve in Figure 7 repre-
sents

sin® ¢ (4)

D=D,., cos’ ¢+ D

par perp
the expected dependence on ¢ if the sample were
perfectly oriented. The points close to the curve con-
tributed ca. 60% of the diffracted amplitude for all four
values of ¢; the actual values of A; and A, from eq 2
are shown on the plot. The agreement of eq 4 with the
faster modes at 30° and 60° supports the interpretation
that we indeed measured Dpar and Dyerp and that there
was a significant degree of alignment. Furthermore, the
weaker mode gives an approximately orientation-
independent diffusivity, intermediate between Dy, and
Dyerp, Which is consistent with its assignment to regions
of imperfect alignment. The resulting ratio between
Dpar/Dperp is 83, which is significantly larger than any
previously reported anisotropy in block copolymer dif-
fusion.

Discussion

To facilitate the discussion of the above results, the
diffusivities obtained at 60 °C in the several morpho-
logical states are listed in Table 1. There are four
aspects to these results that we will consider: (i) the
relative values in Table 1, from a qualitative perspec-
tive; (ii) the ratio of Dpar to Dyerp in the aligned cylinders;
(iii) the ratio of D in the gyroid to Dy, in the cylinders;
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Table 1. Diffusivities at 60 °C

morphology 10 D, cm?/s
gyroid 141
qguenched cylinders, fast mode 8.4
guenched cylinders, slow mode 0.96
aligned cylinders, parallel 215
aligned cylinders, perpendicular 0.26
aligned cylinders, “defect” mode 2—4

(iv) the copolymer mobilities in comparison to those of
the constituent homopolymers and disordered copoly-
mers.

It is reasonable that Dy, is the largest mobility
measured, because for unentangled chains one antici-
pates that motion along an interface can take place
without additional mixing of the blocks, whereas there
will be an enthalpic penalty for pulling a block out of a
cylinder and transporting it across the majority
phase.2°-31 Similarly, one anticipates that Dperp Will
reflect the slowest mode of motion available. This
argument also incorporates the plausible, but untested,
assumption that mobility through defective regions in
the morphology occurs at an intermediate rate. All of
the data in Table 1 are consistent with this picture. The
minor mode in the aligned state, attributed to diffusion
in defective regions in an otherwise reasonably well-
aligned sample, gives a mobility sensibly intermediate
between Dpar and Dperp.  Furthermore, it lies between
Diast and Dgjow in the quenched cylinder sample. As
discussed above, we attribute Dt and Dgow to a
distribution of randomly oriented cylinder grains, with
a typical grain size, or “orientational persistence length”
of the cylinders, comparable to the meaurement dis-
tance. The large difference between Dpar and Dperp
suggests that the chains in the quenched sample move
a distance d primarily along the cylinder axes, and the
resulting distribution of mobilities reflects the distribu-
tion of projections of cylinder axes along the grating
normal. Finally, the gyroid can, to a first approxima-
tion, be considered as a network of cylindrical struts
where the mobility along a strut is identical to Dyar.
Consequently, D in the gyroid phase should be lower
than Dpar, by a factor that can be interpreted as the
tortuosity of the network. The tortuosity factor from
Table 1 is thus about 1.5.

As noted above, the measured anisotropy, Dpar/Dperp
~ 80, is the largest yet reported for block copolymer
diffusion. Furthermore, this value is likely to be a lower
bound to the true anisotropy, due to the inevitable
contribution of defects to the measurements even in the
well-aligned state. This anisotropy could involve at
least three factors: the thermodynamic barrier to pull-
ing the PEO block through the PEE-rich domain; a
different mechanism of motion for Dperp Versus Dyar; @
difference in monomeric friction factors for PEO diffus-
ing in PEE-rich regions, compared to within the PEO
domains, and vice versa. It is impossible at this time
to resolve these three possibilities, but it is possible to
argue that the first factor could be sufficient to explain
the measured anisotropy. The barrier to motion should
scale as fyN, which is the enthalpic price for placing the
PEO block in a pure PEE domain. Thus,

Dperp = D, exp[—afyN] (5)
where D, is the bare diffusivity (the mobility in the
absence of any thermodynamic interaction) and a is a
parameter of order unity. Previous measurements in
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lamellar PEP—PEE samples suggest that a ~ 0.6,”
whereas Yokoyama and Kramer found o ~ 1.2 in
spherical PS—PVP materials.32 We may estimate yN
at 60 °C to be ca. 20, utilizing the measured ODTs for
two symmetric PEO—PEE copolymers!* and the Leibler
result that (yN)opt = 10.5.3% (However, as these low
molecular weight copolymers are predicted to be strongly
influenced by composition fluctuations,3* this value for
N represents a lower bound.) If we make the assump-
tion that Dpar = D,, as is standard for Rouse chains, then
eq 5 (with o = 0.6) predicts an anisotropy of 150, which
is remarkably consistent with the observed value (e.g.,
only modest adjustments to yN or o would result in
perfect agreement). We may conclude, therefore, that
the observed anisotropy can be attributed entirely to the
thermodynamic penalty for mixing the blocks. It is
worth noting, however, that Helfand has considered the
possibility that one block traverses the other micro-
domain either curled up in a ball or hyperstretched, with
either conformation reducing the PEO—PEE contacts
and thus the enthalpic penalty.3! In such a case the
barrier in eq 5 would have a lower dependence on N
and could therefore accommodate a higher value of yN
(as anticipated by the fluctuation theory) and still be
consistent with the experimental result.

We now consider a direct comparison between D in
the gyroid and Dgar in the cylinders. Rather than
attempt a direct calculation of the tortuosity factor for
G, we estimate it in two ways. First, close examination
of the G structure indicates that, starting from one strut
i, a chain would need to travel along a minimum of 5
struts to reach the nearest strut j that is collinear with
i. The linear distance from i to j is equivalent to ca. 3.5
struts. Thus, in the time it takes one chain to diffuse 5
strut lengths, it will move a mean square distance (5/
3.5)2 ~ 2 times further along a cylinder than through
the gyroid. This is reasonably consistent with the
experimentally observed ratio of 1.5, particularly given
the possibility that the measured Dy, is lower than the
true value. The second approach is to draw on the
calculations performed by Anderson and Wenner-
strom.3®> They computed the ratio D,/D for various
surfactant systems in bicontinuous cubic, Lz, and mi-
croemulsion phases, where D is the self-diffusion coef-
ficient of either the water, oil, or surfactant, and D, is
the corresponding diffusion coefficient in an isotropic
medium. Analytically, they obtained the ratio to be 1.5
for any particle diffusing on a minimal surface exhibit-
ing cubic symmetry. Although their calculations did not
include the 1a3d space group, in the closely related space
group, Pn3m, they obtained a value of approximately
1.5, which is entirely consistent with our measurements.

The previous discussion outlines an internally con-
sistent interpretation for the copolymer diffusion data.
However, one comparison remains, that between OE-6
and the homopolymer and disordered copolymer mobili-
ties. As noted above, D for the homopolymers and the
disordered copolymers are significantly greater than D
for OE-6, after accounting for differences in molecular
weight via the Rouse model; reptation scaling would
reduce, but by no means eliminate, the difference. The
data for OE-12 and OE-13 agree rather well, indicating
that the pendant hydroxyl group on OE-13 (and OE-6)
plays no role and that differences in composition are
not important. Furthermore, the OE-12 and OE-13
diffusivities are always close to the slower of Dpge and
Depeo, suggesting that a linear combination of component
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friction factors applies to the copolymer diffusion.
Consequently, we can eliminate friction factor effects
as the major source of the difference between OE-6 and
the other copolymers. For Rouse chains, one expects
Dpar & Do, Where D, is the diffusivity of a fully
disordered but otherwise equivalent copolymer, i.e., OE-
12. However, this is clearly inconsistent with the
results. An alternative approach would be to infer that,
in fact, Dpar < Do and that these low molecular weight
copolymers cannot move readily along the interface. It
has been demonstrated that highly entangled copoly-
mers cannot diffuse along the interface without mixing
of the blocks, thus incurring an enthalpic penalty,” but
OE-6 can only be weakly entangled at best. Neverthe-
less, this appears to be the most plausible explanation.
If correct, then the observed anisotropy of a factor of 80
would be significantly less than the difference between
Dperp in the cylinder phase and D,. This is also
consistent with the fact that D for OE-6 is less than that
for OE-12 even in the disordered state; the influence of
pretransitional composition fluctuations in retarding
entangled copolymer diffusion has been both observed
experimentally3%37 and predicted.83° We also note that
the recent theoretical approach of Guenza and Sch-
weizer may be promising in this regard.*® They find
that D/D, can be substantially reduced even above the
ODT, with the ratio decreasing smoothly through the
ODT, consistent with the experimental observations.
However, as their treatment is a liquid state theory, it
cannot address the effect of morphology directly, i.e.,
in terms of Dpar and Dperp.

Summary

The self-diffusion of a PEO—PEE diblock copolymer
has been measured by FRS and NMR, in the gyroid
(1a3d) and cylinder morphologies. Due to morphological
hysteresis, it proved possible to measure D in both
microphases at the same temperature (60 °C). FRS
measurements on shear-oriented cylinders gave two
well-resolved diffusion coefficients, one of which was
assigned to diffusion within well-aligned regions of the
sample, the other to diffusion within imperfectly aligned,
or defective, regions. The resulting values for diffusion
along (Dpar) and across (Dperp) the cylinders differed by
a factor of 80, an anisotropy that is larger than any
previously reported for block copolymer diffusion, but
one that is in good agreement with the expectation
based on an enthalpic penalty for pulling one PEO block
out of one cylinder and inserting it into another.
Diffusion in a quenched cylindrical sample indicated a
distribution of mobilities, which could be reasonably
described by the sum of a fast and a slow diffusive
process, both of which were sensibly intermediate
between Dpar and Dperp. These were attributed to
different projections of cylinder axes along the diffusion
direction, coupled with an orientational “grain size”
comparable to the FRS diffusion distance (a few mi-
crons). Diffusion in the gyroid phase was a factor of
approximately 1.5 lower than Dyqr, Which is consistent
with estimates of the tortuosity of the minor component
networks; i.e., the chains diffuse along the struts of the
bicontinuous morphology at the same rate as they move
along the cylinders. Finally, the diffusion in the gyroid
phase was measured as a function of temperature,
including in the disordered state, and compared to the
self-diffusion of the constituent homopolymers and
disordered copolymers. The homopolymers and disor-
dered copolymers diffused significantly more rapidly
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than did the gyroid sample, even in the disordered state
and even after accounting for differences in molecular
weight. This is tentatively ascribed to the onset of
entanglement effects.
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