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ABSTRACT: The self-diffusion of an asymmetric poly(ethylene-co-propylene)-b-poly(dimethylsiloxane)
diblock copolymer in the hexagonally ordered state is investigated using pulsed field gradient NMR. The
order-to-disorder transition (ODT) occurs at Topr = 192 °C. A marked nonexponentiality of the echo
attenuations is found, and coming from high temperatures, an increase of this nonexponentiality is
observed. This is caused by the onset of anisotropic diffusion along the cylinder axes within the hexagonal
order whose orientations are randomly (isotropically) distributed in the sample. The echo attenuation
curves are fitted by assuming isotropically oriented grains of parallel cylinders with preferentially
longitudinal diffusion along the cylinders and slow molecular propagation from cylinder to cylinder,
perpendicular to the cylinder axes. The ratio of diffusivities parallel and perpendicular to the cylinders
is of the order of 50 at room temperature, decreasing notably with increasing temperatures. The magnitude
and activation energy of the diffusivity along the cylinder axes are between those of the corresponding

two homopolymers with the same molar masses as the block copolymer.

1. Introduction

Diblock copolymers consist of two chemically different
polymer chains joined by a covalent bond. In the melt
this class of polymers forms different microphase-
separated morphologies below the order-to-disorder
transition (ODT) temperature. The state and morphol-
ogy of diblock copolymers depends on the volume
fraction of one block, f, the overall degree of polymeri-
zation, N, and the Flory—Huggins interaction param-
eter, y, which is inversely proportional to the temper-
ature.! Because of the repulsive interaction between
both different chain segments, microphase separation
into an ordered state takes place for yN > (yN)opr. The
value of (yN)opt depends strongly on f. Below (yN)opr,
a disordered melt with internal concentration fluctua-
tions is formed. Above this value, a variety of different
morphologies occurs, e.g., the lamellar structure, the
hexagonal structure consisting of cylinders, and the
cubic structure consisting of micelle-like entities, de-
pending on the composition of the diblock copolymer.!

The relationship between microstructure and dynam-
ics continues to be an attractive area of research.
Whereas the structure of diblock copolymers has been
thoroughly studied in the past, less is known about their
dynamics. Self-diffusion in a microphase-separated
diblock copolymer involves different issues: (i) thermo-
dynamic repulsion between A and B segments contacts,
which tend to localize the covalent bonds between A-
and B-rich domains; (ii) differences in the magnitude
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and temperature dependence of the monomeric friction
coefficients between blocks, which may depend on
composition; and (iii) the mechanism of dynamics (e.g.,
self-diffusion), which depends on the volume fraction,
chain length, and morphology. All these issues arise in
considering the anisotropy of diblock copolymer motion
in the ordered state: how different are the diffusivities
along and through the interface between the different
blocks A and B?

Lodge et al. have investigated the tracer and self-
diffusion in a lamellar microphase-separated symmetric
diblock copolymer by means of macroscopically oriented
samples.? In the case of the nonentangled block copoly-
mers, the diffusion was found to be anisotropic: whereas
the diffusion along the lamellae (parallel) is not re-
tarded, the diffusion across the interface (perpendicular
diffusion) is strongly decreased as a consequence of the
thermodynamic repulsion between the two blocks.? In
entangled symmetric diblock copolymers both the dif-
fusion along and across the lamellar interfaces is
strongly retarded?® because, in addition to the thermo-
dynamic repulsion hindering the perpendicular diffu-
sion, the entanglements prevent the motion of the
chains parallel to the interface.

By far less investigated than the dynamics of sym-
metric diblock copolymers is the dynamics of asym-
metric diblock copolymers in the cylindrical ordered
state. Lodge et al. have investigated a poly(ethylene-
co-propylene)-b-poly(ethyl ethylene) (PEP—PEE) diblock
copolymer showing an order-to-order transition from
cylinders to spheres and did not find a discontinuity in
the self-diffusion coefficient crossing the order-to-order
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transition temperature.2 Hamersky et al. investigated
the self-diffusion in an asymmetric polyethylenoxide-
b-poly(ethyl ethylene) diblock copolymer using forced
Rayleigh scattering (FRS).* In the cylindrical morphol-
ogy, double-exponential signal decays were found in the
isotropically ordered as well as in the macroscopically
aligned sample. The nonexponential signal decays have
been attributed to diffusion along and across the cylin-
der axes (in the isotropically ordered sample) and to the
diffusion in macroscopically ordered and imperfectly
ordered regions (in the macroscopically aligned sample).
In this way, anisotropies of diffusion as large as ~80
have been found.

For the cylindrical and the lamellar morphology we
expect single-chain diffusion parallel and perpendicular
to the interface between A and B blocks. To investigate
this anisotropy, two methods can be used: (i) to inves-
tigate a macroscopically oriented (i.e., shear-aligned)
diblock copolymer sample as a function of rotation angle
or (ii) to investigate isotropically oriented samples and
to extract the (different) diffusion coefficients from the
nonexponentiality of the signal decay. In the present
study, we investigate the self-diffusion of an isotropi-
cally oriented poly(ethylene-co-propylene)-b-polydi-
methylsiloxane (PEP—PDMS) diblock copolymer form-
ing the cylindrical morphology using pulsed field gradi-
ent (PFG) NMR. The results are compared to the self-
diffusivities of the corresponding homopolymers. We
observe a remarkably large anisotropy of motion in the
cylindrical phase.

2. Experimental Section

2.1. Sample. The poly(ethylene-co-propylene)-b-poly(di-
methylsiloxane) (PEP—PDMS) diblock copolymer was anioni-
cally synthesized®® and termed PEP—PDMS 21. The molar
mass M, is 1.30 x 10* g mol~* and the polydispersity index
Mw/M;, = 1.1. The volume fraction of the minority block, feep,
is 0.25.° The PEP block is slightly entangled: The entangle-
ment molar mass M. of PEP is 1500 g mol~* at 25 °C and 2300
g mol~! at 140 °C.” The PDMS block is nonentangled (M, =
1.3 x 10* g mol™1). The diblock copolymer is essentially
nonentangled because the onset of entanglement effects is not
apparent until M ~ 2.3 x M,.®

The ODT temperature is Topr = 192 °C.° The average
diameter of the cylinders was obtained from the position of

the first-order Bragg peak in SANS, g* to, ( (25fPEPn)/«/§/q*
=9.5nm.?

An appropriate amount of the copolymer was inserted into
an NMR tube, evacuated for 24 h, and sealed under high
vacuum.

2.2. PFG NMR. The incoherent intermediate dynamic
structure factor, Sinc(q,t), of the diblock copolymer was mea-
sured using PFG NMR. A detailed description of this method
can be found in refs 10 and 11. The NMR signal was generated
by the stimulated-echo rf-pulse sequence: 7, — 7 — 7, — t' —
[, — t — echo. The measured spin echo attenuation A/A, due
to field gradient pulses applied after the first and third 7/, rf
pulse, respectively, is equivalent to the incoherent intermedi-
ate scattering function known from neutron scattering:*?

AA(): Sinc(@.t) = f exp(iqz)P(z,t) dz (1)

A and A are the spin echo amplitudes with and without field
gradients applied, respectively. P(z,t) is the so-called propaga-
tor® or the probability density for a displacement of a polymer
segment over the distance z within the diffusion timet=1t' +
7. g = |q| = yog is a generalized scattering vector with vy
denoting the gyromagnetic ratio of protons, 6 the width, and
g the magnitude of the gradient pulse. With a Gaussian
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propagator (free diffusion), we obtain from eq 1
Sinc(d:t) = exp(—g*tD) )
with
(= 2Dt (3)

where D denotes the self-diffusion coefficient and Z?00the rms
displacement of the polymer segments in the z direction during
t.

The PFG NMR experiments were carried out with a home-
built NMR spectrometer operating at a *H-resonance frequency
of 400 MHz.134 In each experiment, r was chosen to be 3 ms.
In each experimental run, 6 and t were fixed and g was
incremented. The maximum g value was 25 T m™ and the
maximum ¢ value 1.85 ms. The length scales probed by PFG
NMR lie between 1/gmax = 80 nm and a few um. The diffusion
times t were varied between 13 and 603 ms. Equation 2
represents the so-called narrow-pulse approximation 6 <t
which is fulfilled in our experiments. The experimental error
of the temperature is +1 K. The upper experimental limit is
200 °C; thus, our investigations are mainly restricted to the
ordered phase of PEP—PDMS 21.

2.3. Transverse Nuclear Magnetic Relaxation. Mea-
surements of the transverse nuclear magnetic relaxation times
T2 were carried out at two temperatures using a Bruker AMX
300 spectrometer with a 10-mm selective *H probe head using
the Carr—Purcell—Meiboom—Gill (CPMG) sequence!! (z = 200
us). The data analysis was performed using a program with
the regularization technique and self-consistent method.*®

3. Results and Discussion

Typical echo attenuations curves, Sin(q,t), for differ-
ent temperatures and observation times are shown in
Figure 1. Two main observations are made: The echo
attenuations are strongly nonexponential and the echo
attenuations lie on a masterplot Sin¢(q,t) vs g%t over the
complete temperature range. This masterplot confirms
the validity of eq 3 and the occurrence of unrestricted,
ordinary diffusion over the considered time and length
scales; diffusion barriers that influence the diffusion in
the diblock copolymer on the length scales of our
experiment do not exist. Therefore, we have to assign
the nonexponentiality of Sine(q,t) to a distribution of self-
diffusion coefficients along the z direction.

We analyzed Sinc(q,t) in terms of the following model
for anisotropic diffusion: We assume straight and
parallel cylinders ordered in grains (at least over a
length of the rms displacements of the chains during
t), which are oriented isotropically in the sample (“poly-
crystalline sample”). In the PFG NMR experiment, the
self-diffusion in only one direction (z direction) is
measured. The case of diffusion along randomly oriented
arrays of elements, each having an axis of cylindrical
symmetry, has been calculated previously.1%11:16 For the
rms displacements along the z axis, in one grain, one
obtains

[2°0= 2D, t cos® (4)

where Dy is the self-diffusion coefficient for the motion
parallel to the cylinder axis and 6 denotes the polar
angle between the z axis and the cylinder orientation
in the grain, i.e., the direction of the displacement; see
Figure 2. While Sinc(q,t) for spins residing in a given
element will be Gaussian, this is not the case for the
the powder average. Averaged over all element orienta-
tions yields for the spin echo attenuation
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Figure 1. Echo attenuations Si(q,t) vs g%t in a semiloga-
rithmic representation at the temperatures indicated and at t
=23 ms (v), 33 ms (2), 53 ms (O), 103 ms (¢), 203 ms (v), 303
ms (&), 453 ms (x), and 603 ms (®). The full lines are fits to
eq 7. The dashed line in (a) shows a fit of eq 7 with Dperp = 0
for 62 °C.
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Figure 2. Schematic illustration of a grain from the ordered
diblock copolymer and the diffusion parallel and perpendicular
to the axes of the cylinders. 6 is the angle between the
orientation of the cylinders and the laboratory axis z (direction
of the pulsed field gradients) in which the self-diffusivity is
measured.

Sinc(@.1) = [ exp(—0*tD,,,, cos’ 6) sin 0 do  (5)

The result is a strongly nonexponential echo attenua-
tion which is indicated as the dashed curve in Fig-
ure la. The measured echo attenuations, however, are
less nonexponential than those described by this model.
We assign this deviation to slow chain diffusion per-
pendicular to the cylinder axes, i.e., to Dperp > O (see
Figure 2).

If diffusion perpendicular to the cylinder axis is
permitted, the rms displacement is given by

[Z°0= 2t(D,,,, cos® 6 + D, sin® 6) (6)
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Figure 3. Distribution w(log T,) of transverse nuclear mag-
netic relaxation times T, in the diblock copolymer at T = 22
°C () and 50 °C (¥). The arrow, the peak of the free chains in
the hexagonal state.

Now, averaging over all element orientations leads to

Sinc(q't) = j(‘)ﬂ exp[—qzt(Dpar COS2 0+

Dyerp SiNZ 6)] sin 6 d6 (7)
Fitting eq 7 to the data yields two parameters: the
diffusion coefficient parallel to the cylinder axis Dpar and
the (inverse) anisotropy of motion, Dperp/Dpar. The
integration in eq 7 was carried out numerically and the
expression obtained was fitted to the experimental data.
This type of analysis has also been successfully when
applied to the study of diffusion in the channels of
mesoporous adsorbents of type MCM 41.17 These fits are
shown as full lines in Figure 1. However, slight devia-
tions from the fits are observed in the initial part of g2t
— 0 of the echo attenuations which we attribute to the
existence of “free chains” in the matrix between the
cylinders. An additional indication of the existence of
these free chains is shown in Figure 3, where the
distributions of T, relaxation times for two temperatures
are presented. Besides the peaks related to the relax-
ation of the two blocks of the diblock copolymer in the
ordered state (the main peaks at T, < 10% ms), a weak
peak at large relaxation times is observed which we
attribute to free chains in the diblock copolymer melt.
The amplitude of this peak increases with temperature.
We are not able to separate the diffusion coefficient of
the free chains from the diffusion coefficient of the
chains forming the cylinder and diffusing parallel to the
cylinder axis, Dpar, i.e., to decompose the Sin(q,t) in one
part of the free chains and one part of the chains
confined to the cylinders. Note that the two blocks of
the chains (PEP and PDMS) have different T, values:
The short T, can be attributed to the PEP block (in the
cylindrical core) and the peak with the intermediate T,
value to the PDMS (matrix).

Let us now return to the deviations from our model.
For temperatures below ~132 °C the echo attenuations
slightly split for different times, t. The observed non-
exponentiality becomes weaker with increasing t. We
attribute this effect to diffusion along curved paths,
which is observed when the experimental time scale is
sufficiently long. The motion is still confined to one-
dimensional elements but now along a curvilinear path.
If the cylinders are bent, motion along cylinders which
are initially oriented perpendicular to the laboratory z
axis contribute to [Z2[] Therefore, the echo attenuations
become more and more exponential with increasing
diffusion time t as shown in Figure 1a.
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Figure 4. Echo attenuations Sin(q,t) vs g?t in a semiloga-
rithmic representation at the temperature T = 80 °C for t =
603 ms with different repetition times (2 s, open; 10 s, filled
symbols).

One might argue that because of the existence of two
different states of diblock copolymers (free chains and
cylinder-forming chains), different spin-lattice relax-
ation times T are present and, therefore, an apparent
t dependence of the echo attenuation should be observed.
This is not the case because if different longitudinal
nuclear magnetic relaxation times exist due to the
presence of diblock copolymer chains with different
mobility, they are averaged out because of spin diffu-
sion.18 We have carried out an experiment to prove this
hypothesis: Measurements at 80 °C with different
repetition times (2 and 10 s) and therefore different time
intervals for T; relaxation gave nearly identical echo
attenuation curves for all observation times t. An
example is shown in Figure 4. We conclude from the
results of these experiments that different T; values
cannot be the reason for the time dependence of the echo
attenuations. The time dependence of the curves below
~132 °C can thus only be explained by slightly bent
cylinders.

We now discuss the anisotropy of diffusion, Dpar/Dperp.
From the fits of the expression given in eq 7 values of
the diffusivities parallel (Dpar) and perpendicular (Dperp)
to the cylinders were extracted. The mobility across the
cylinders increases with temperature from Dyperp &~ Dpar/
60 at 60 °C up to Dperp &~ Dpar/5 at 195 °C. The anisotropy
is remarkably high and the straight length of the
cylinders seems to be in the order of micrometers. In a
PEP—PDMS diblock copolymer forming a lamellar
structure, a parallel order of lamellae over only ~60 nm
was found.1® The values determined were similar to the
anisotropy previously reported for the cylindrical mor-
phology by Hamersky et al.* The FRS method used by
Hamersky et al. works analogously to PFG NMR* in
that it monitors the single-particle correlation function
of the diffusing species in one dimension in space.
Hamersky et al. analyzed the signal decay in the
isotropically oriented sample in terms of a sum of two
exponentials which they attributed to diffusion parallel
and perpendicular to the cylindrical axes. But each
chain has to change many times between different
cylinders during the measuring time; therefore, only an
averaged self-diffusion coefficient should be measured.
The nonexponentiality of the signal decay should arise
from the distribution of cylinder axes (an increase of
nonexponentiality with decreasing diffusion length or
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Figure 5. Dependence of the diffusion anisotropy Dpyar/Dperp
on temperature. The full line is a guide to the eye.
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Figure 6. Arrhenius plot of the self-diffusivities Dp,r (®) and
Dyerp (a) of the diblock copolymer. The self-diffusivities of a
PEP homopolymer of M = 12 500 g mol~* from ref 21 (O0) and
a PDMS homopolymer of M = 12 500 g mol~! from ref 20 (0)
and their temperature dependences are also depicted.

grating spaces can be seen in Figure 6 of ref 4). The
same argument should play a role in diffusion in the
shear-aligned sample: during a typical measuring time
of 100 s the chains have to move a distance between
perfectly and imperfectly aligned regions. Nevertheless,
the conclusions drawn from the experiments of Ham-
ersky et al. are very convincing, but additional experi-
ments are desirable.

Our experimentally found anisotropy decreases mo-
notonously with increasing temperature (Figure 5). We
find that, even at the ODT temperature, Sinc(q,t) is
nonexponential. To explain this, we have to consider a
distribution of diffusion coefficients due to the polydis-
persity in molar mass affecting also the diffusivities both
parallel and perpendicular to the cylinder axis. For this
strongly asymmetric sample, the thermodynamic repul-
sion is rather high at Topr (YN > 33); i.e., concentration
fluctuations are present in the disordered state right
above Topt. We conclude that above Topt the nonexpo-
nentiality is due to fluctuations in composition as well
as to polydispersity. As we are not able to separate the
anisotropy from the polydispersity at the highest tem-
peratures, the anisotropy obtained by fitting with eq 7
is too high near the ODT.

We now turn to an examination of the temperature
dependence of the diffusion coefficient along the cylinder
axis, Dpar (Figure 6). For comparison, the self-diffusivi-
ties of PEP and PDMS homopolymers having the same
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molar mass as the diblock copolymer are shown as well.
The observed temperature dependence follows an Ar-
rhenius law with the activation energy of Ep = (31 + 1)
kJ mol~1, which is between that of PDMS (16 kJ/mol20)
and PEP (58 kJ/mol?t) diffusion. This is not surprising
since the diffusion of a chain moving along the cylinders
is subjected to the monomeric friction coefficients of
either blocks, PDMS and PEP.

In Figure 6, the diffusion coefficient perpendicular to
the cylinder axis Dperp is shown as well. For tempera-
tures below 165 °C, log Dperp depends linearly on the
inverse temperature. The motion perpendicular to the
cylinder axis is determined by the monomeric friction
of PEP and PDMS as well as by the thermodynamic
repulsion between the different blocks. If an individual
chain propagates in a way that its PEP block moves
from the core of one cylinder to another, this block must
pass through a matrix consisting of PDMS block copoly-
mer chains. The diblock copolymer thus has to pass an
energy barrier, corresponding to the repulsive interac-
tion between PEP segments and the PDMS matrix. For
thermal activation over this barrier, Dperp is given by

Dyerp O Dy exp(—afyN) (8)

perp

where Dy is the self-diffusion coefficient of the copolymer
chain in a (hypothetical) homogeneous state at the
temperature of interest and depends on the mechanisms
of motion in the absence of the thermodynamic interac-
tion. a is a constant of order 1. For the magnitude and
temperature dependence of the diffusion coefficient Dg
in the hypothetical homogeneous state, we have taken
the self-diffusion coefficient of a PEP—PDMS diblock
copolymer having nearly the same degree of polymeri-
zation and a volume fraction of the minority block fpgp
= 0.22 (which is close to 0.25 of the sample studied here)
which was investigated by us in a previous work.?2 The
magnitude and temperature dependence of the dif-
fusion coefficient found in the disordered state should
be close to Do(T) for the actual sample. For the Flory—
Huggins parameter different values have been proposed.
Schwahn et al.?3 estimated the mean field equivalent y
parameter for a symmetric PEP—PDMS to be %(T) =
82 KIT — 2 x 1072 Whereas Vigild® estimated the y
parameter to be y(T) = 64 K/T — 3 x 1072. By combining
eq 8 with this relation and fitting to the data of Dperp,
we obtain o = 0.34...0.46. These values are comparable
to what was found before: o = 0.5 in a lamellar PEP—
PEE system®and o = 1.2 in a spherical PVP—PS diblock
copolymer.24

For temperatures above 165 °C, Dperp inCreases more
strongly than what was predicted from eq 8, and we find
o = 0.5. We explain this behavior by assuming that the
model of thermal activation to cross the interface (eq 8)
fails because of an increasing number of defects in the
cylindrical morphology. Also, for temperatures not far
below the order-to-disorder transition, the composition
profile is not sharp, promoting motion across such
interfaces.

4. Summary

The self-diffusion of an asymmetric PEP—PDMS
diblock copolymer below the order-to-disorder transition
temperature (Topt = 192 °C) has been investigated by
means of pulsed field gradient NMR. In the ordered
state, the diblock copolymer forms a cylindrical mor-

phology.

Macromolecules, Vol. 32, No. 18, 1999

We have found a strong nonexponentiality of the echo
attenuations which reflects the anisotropy of motion in
the sample. For describing the nonexponentiality of the
echo attenuations, we have used a model assuming
diffusion along the cylinders and (slow) perpendicular
propagation from cylinder to cylinder in a sample of
isotropically oriented grains consisting of straight paral-
lel cylinders. The resulting values for the diffusion
coefficients along (Dpar) and across (Dperp) the cylinder
axes differ by factors between 60 at T = 60 °C and 5 at
T =190 °C. The results are in good agreement with the
previously reported anisotropy by Hamersky et al.# and
Ehlich et al.?> Below 132 °C we found that the echo
attenuations slightly depend on the observation time.
We speculate that the deviations are due to bent
cylinders.

An activation energy of 31 £+ 1 kJ mol~! is found for
the motion along the cylinder axis which is between
than of PDMS and PEP diffusion, as expected. Close to
the ODT temperature still a marked nonexponentiality
of the echo attenuation is found which is caused by
anisotropy of motion, concentration fluctuations, and
polydisperity of chain length.
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