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ABSTRACT: 3C and 2H NMR relaxation time measurements were performed on four linear styrene—
isoprene tetrablock copolymers (SISI) of overall molecular weight about 12 000 g/mol in order to
characterize the segmental dynamics of both components. The two isoprene blocks are equal in length as
are the two styrene blocks. A wide range of temperatures (from 285 to 530 K) and several compositions
(volume fraction of styrene: 23%, 42%, 60%, and 80%) were investigated. Previous small-angle neutron
scattering (SANS) results by Lodge et al. showed that these materials are homogeneous on length scales
much larger than the radius of gyration. The segmental correlation times for both components in SISI
were extracted by fitting the experimental data to the modified Kohlrausch—Williams—Watts (mKWW)
orientation autocorrelation function and Vogel—Tammann—Fulcher (VTF) temperature dependence. While
previous measurements found that the global dynamics in this system are quite homogeneous, these
NMR measurements show that the segmental relaxation times of styrene and isoprene segments differ
by orders of magnitude. At high temperatures, the dynamics of styrene segments are about 10 times
slower than that of isoprene segments; this can be attributed to the difference in the intrinsic mobility
of the two types of segments. The segmental dynamics of 5% polyisoprene (P1) tracers in one tetrablock

matrix are very similar to that of the matrix isoprene segments.

Introduction

Miscible polymer mixtures are of great practical
interest because mixing can lead to economical materi-
als with desirable and tunable properties. Materials
processing can also be facilitated by the modification of
flow properties through blending. Unfortunately, the
dynamics of miscible mixtures of chemically distinct
polymers are significantly more complex~* than those
of homopolymer melts, making the prediction of miscible
mixture rheology difficult. Time—temperature super-
position fails in many miscible mixtures,*® and the glass
transitions of mixtures are typically much broader than
the corresponding homopolymers.16 The microscopic
basis for these phenomena is that each component
brings to the mixture a distinct dynamic behavior,”
governed by its chemical structure and its local physical
environment. Clearly it would be desirable to be able
to predict the complex dynamic properties of mixtures
based on homopolymer properties. A critical step toward
this goal is to understand how the dynamics of each
component change upon mixing.

Heterogeneity in segmental dynamics is generally
accepted as a reasonable explanation for the complicated
rheological behavior of miscible blends. Much effort has
been made toward obtaining experimental information
about segmental relaxation times for a variety of binary
miscible blends, including polyisoprene/poly(vinyl eth-
ylene) (PI/PVE),147-16 polystyrene/poly(vinyl methyl
ether) (PS/PVME),1"~20 poly(ethylene oxide)/poly(methyl
methacrylate) (PEO/PMMA),21=24 polystyrene/poly(2,6-
dimethylphenylene oxide) (PS/PXE),?52% polystyrene/
poly(tetramethyl carbonate) (PS/PTMC),2728 and poly(2-
chlorostyrene)/poly(vinyl methyl ether) (P2CS/PVME).2°
It appears that in most cases the two components in
miscible blends maintain distinct dynamics. The seg-
mental relaxation times of the two components in a
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given blend can be different by many orders of magni-
tude even though the two types of chains are mixed at
a molecular level.

Multiblock copolymers offer not only interesting mor-
phological and material properties but also a new
opportunity to test our understanding of dynamics in
multicomponent systems. Tetrablocks of styrene and
isoprene (SISI) have been studied from this point of view
by Lodge and co-workers using small-angle neutron
scattering (SANS), shear viscosity, and self-diffusion
techniques.3%31 SANS measurements indicate that these
tetrablocks are homogeneous on length scales well
beyond the radius of gyration.3® A single effective
monomeric friction coefficient Cer(fs, T) was extracted
from viscosity measurements, whereas the individual
friction factors {ps and &py were obtained from tracer
diffusion. A remarkable feature of these results was the
fact that in a given matrix and at a given temperature,
Ceff ~ Eps ~ Cp1. This result is surprising. The large ATy
of the homopolymers PS and PI, and some previous
experimental work,32 indicate that the segmental dy-
namics should be very heterogeneous in the tetrablocks.
In miscible blend systems, heterogeneous segmental
dynamics leads to tracer friction coefficients with dis-
tinct temperature and composition dependences. In an
effort to understand why this is not the case in SISI
tetrablocks, the characterization of the segmental dy-
namics for both isoprene and styrene components in this
system over a wide temperature and composition range
is presented here.

In this paper, NMR measurements were used to
obtain 13C T; (and NOE) and ?H T; for the same SISI
samples used in the work of Lodge and co-workers.30:31
The styrene content for these samples ranges from 23%
to 80%. A wide range of temperatures (280—530 K) was
investigated at two magnetic fields. NMR methods
based upon isotopic labeling provide a clean separation
of component dynamics. For both components at each
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Table 1. Characterization of Tetrablock Copolymers and
Homopolymers

block molecular weight (g/mol)

samples styrene isoprene styrene isoprene f®  Tg(K)

PI-1K 900
PI-11K 10500
Pl 1350 0.00 201

SIS1232 1400 4400 1600 4400 0.23 228.9°
SIS1422 2600 3300 2900 3300 0.42 257.6¢
SIS1602 3000 1900 3500 1900 0.60 294.1°
SIS1802 4900 1100 5200 1100 0.80 312.6°
PS 10900 1.00 366.7

a From ref 30. ® Based on the styrene segment volume (ref 30).
¢ Measured by rheology (ref 30).

composition, segmental correlation times were extracted
by fitting T1 (and NOE) data to the mKWW (modified
KWW) autocorrelation function and the VTF tempera-
ture dependence. In addition, a NMR measurement on
the segmental dynamics of 13C-labeled PI tracer in one
tetrablock matrix was performed in order to understand
tracer dynamics in these systems.

The major conclusions of our study are as follows: (1)
SISl tetrablock copolymers show strong segmental
dynamic heterogeneity. The dynamic difference between
the two components becomes larger at lower tempera-
tures. (2) At sufficiently high temperatures, the seg-
mental dynamics of styrene segments are slower than
that of isoprene segments by about 1 decade. This can
be explained by the intrinsic mobility difference between
the two types of segments. (3) NMR measurements on
13C-labeled PI tracer dissolved in the SISI60 matrix
showed that the segmental dynamics of the PI tracer
are almost identical to (but slightly faster than) those
of isoprene segments in SISI. This is consistent with
the influence of junction points on the dynamics of
nearby segments.

The heterogeneity on the segmental level, in contrast
to the approximate homogeneity on the global level,
makes SISI tetrablocks very interesting mixtures. In a
future paper, we consider the quantitative relationship
between the segmental and global dynamics in this
system.33

Experimental Section

Materials. Four SISl tetrablock copolymers of varying
composition, synthesized through living anionic polymerization
by Dr. Steve Smith,% were provided by Prof. Tim Lodge. Their
structures are regular in the sense that the two styrene blocks
have about the same length, as do the two isoprene blocks.
The styrene units are a random mixture of 25% perdeuteri-
ostyrene and 75% protiostyrene. The total degree of polymer-
ization N ~ 120 is roughly the same in the four copolymers.
Previous SANS measurements®® showed that these materials
are homogeneous on length scales larger than the radius of
gyration even though styrene and isoprene interact unfavor-
ably.343 The order—disorder transition temperatures for all
four samples are estimated to be below —50 °C and thus far
from the temperature range of this study. Characterization
information is shown in Table 1. The numerical suffixes in
the sample codes SISI123, SISI142, SISI60, and SISI80 specify
the styrene volume percentage fs.

The molecular weights of all homopolymers are also listed
in Table 1. PI, PI-1K, and PI-11K (with My/M, = 1.11, 1.39,
and 1.02, respectively) were synthesized by Dr. Marinos
Pitsikalis. The details regarding the purification, synthesis,
and characterization are available elsewhere.63¢ Both P1-1K
and PI-11K are *3C-labeled samples with 66% 3C enrichment
for one methylene carbon (C1 in Figure 1). Perdeuterated ds-
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Figure 1. C NMR relaxation time measurements for C1
carbons in isoprene segments of the four tetrablock copolymers
at 75.6 MHz. Solid lines are the fit results using the mKWWwW
autocorrelation function and VTF temperature dependence.

PS (PS in Table 1) with My/M, = 1.05 was purchased from
Polymer Source Inc. (P903-dPS).

NMR Sample Preparation. SISI123 has the lowest T4 of
the four copolymers. We dissolved it in cyclopentane to make
a dilute solution and then transferred the solution to a NMR
tube. About 90% of the solvent was removed under partial
vacuum. The resulting concentrated solution was physically
coated onto the wall of the NMR tube to make a layer less
than 1 mm thick. Vacuum was then applied while holding the
tube horizontally. After 72 h, the tube was sealed under
vacuum and placed vertically in an oven at 50 °C for another
hour to allow the sample to flow down to the bottom of the
tube. From inspection of the *C NMR spectrum, no solvent
remained at a level higher than 1%. Two more blends,
containing either 5% PI-1K or 5% PI-11K in SISI60, were
prepared in the same way. The blend of 5% PI-11K in SISI60
is only miscible at temperatures above 130 °C.

SIS142 and SIS160 could be easily cooled to below their Ty
by placing them in a pan on dry ice. Solid granules were loaded
into NMR tubes in cold CO; environment in order to prevent
the condensation of water vapor. The NMR tubes were then
placed on a vacuum line, warmed slowly to room temperature,
and sealed after 12 h.

Pure Pl is a low-viscosity liquid at ambient temperature and
could be directly poured into NMR tubes; SISI80 and PS were
loaded into NMR tubes as granular solids.

NMR Measurements. Two different relaxation measure-
ments, spin—lattice relaxation time (T;) and nuclear Over-
hauser effect (NOE), were conducted over a wide temperature
range. Both NMR observables detect the segmental dynamics
as they are sensitive to reorientation of C—H or C—D bond
vectors. T1 was measured by the standard 7—t—a/2 pulse
sequence, waiting at least 8T, between the acquisition and the
next pulse. NOE was measured as the ratio of *C signal
intensity from the spectrum with continuous decoupling to that
with inverse-gated decoupling, waiting at least 10T, between
acquisitions. The number of scans used for signal averaging
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ranged from 8 to 64, depending on the sample and tempera-
ture. The measurements were performed on a Varian Inova-
500 NMR spectrometer with a Doty high-temperature probe
and a Bruker DMX-300 NMR spectrometer using a homemade
probe. Spectra were processed with line broadening equal to
one-tenth of the line width of the spectra. Temperature was
controlled to +£0.5 K and calibrated to within an uncertainty
of +2 K using a combination of an ethylene glycol thermom-
eter®” and melting point standards.

In this work, we selectively measured *C and 2H signals
for isoprene and styrene units, respectively. In this way we
could obtain the dynamic information for isoprene and styrene
segments without interference from each other. For the
isoprene component, ¥C T; and NOE experiments were
performed on the two methylene carbons (C1 and C4 in Figure
1) from 285 to 500 K at *3C Larmor frequencies of 75.6 and
125.2 MHz. For the styrene component, 2H T; were measured
for both backbone and phenyl ring deuterons from 330 to 530
K at 2H Larmor frequencies of 46.1 and 76.8 MHz. At low
temperatures substantial overlap was observed between the
two kinds of deuterium resonance lines. Since the two kinds
of deuterons have very similar T, values and very similar
temperature dependences, to interpret the data consistently,
we averaged the T, values over all eight deuterons for all
temperatures and used these rate-averaged T; values in our
analysis.

The following procedure was used to ensure that no tem-
perature-induced degradation®®3° took place during experi-
ments. We first took NMR measurements on the isoprene units
at low temperature. Additional experiments were performed
from low to high temperature. Following the experiments at
the highest temperature, repeated measurements were made
on the isoprene units at two low temperatures. For each
sample, T, and NOE agreed with the original measurements
within the experimental uncertainty (+3%).

NMR Relaxation Equations. Depending on the nucleus
and its chemical environment, there can be several contribu-
tions to the observed NMR relaxation rates, including dipolar
interaction, chemical shift anisotropy, and quadrupolar relax-
ation.*® Nuclear spin relaxation is caused by fluctuating local
fields through these mechanisms. It is the orientational motion
of internuclear vectors that causes such fluctuations, and to
the extent that these fluctuations have frequency components
at the resonance frequency for the nuclei of interest they will
cause relaxation.

The quantitative connection between molecular motion and
spin relaxation is made through the spectral density function,
which is defined by

I) =", /" G(t) exp(~iwt) dt 1)

Here G(t) is the orientation autocorrelation function which
describes the reorientation of the internuclear vector (*3C—H
or C—D in our experiments):

G(t) = %mosz o(t) 0~ % )

Here 60(t) is the angle of a 13C—H or C—D bond at time t relative
to its original position. The brackets denote the ensemble
average over a collection of nuclei. J(w) expresses the power
available at frequency w to relax the spins in question.

For the methylene carbons of isoprene segments, the dipolar
interaction is the dominant relaxation mechanism for **C—H
bond relaxation, and 13C T; and NOE are given by* 44

Ti = Kn[I(wy — o) + 33(@a) + 63y + 0] ()
1

6J(wy + we) — Iwy — o,
NOE = 1 + V_H (wy ) (wy ) 4)
Vel I(wy — o) + 3I(we) + 6I(wy + w¢)

In these expressions, wu/2w and wc/2w are Larmor frequencies
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of 'H and 3C nuclei, respectively, n is the number of protons
attached to the '°C nuclei of interest (n = 2 for methylene
carbons), yn and yc are the gyromagnetic ratios of *H and *C,
and K is a constant which depends on the average C—H
internuclear distance (equal to 2.29 x 10° s~2 for methylene
units).

For deuterium nuclei, relaxation is dominated by the electric
quadrupole coupling and has the following relationship to the
reorientation of a C—D bond:41~44

2 2
Til - %ﬁ(%) [D(wp) + 4I(2wp)] (5)

Here wp/27 is the Larmor frequency of deuterium. The
deuterium quadrupole coupling constant e?qQ/h was taken
as 172 and 190 kHz for the backbone and side group deuterons,
respectively.4346.47

Correlation Function and Correlation Time. The cor-
relation function G(t) is not directly observable in the NMR
measurements. We proceed by assuming a particular func-
tional form for it and then optimizing the fit parameters by
comparison with the experimental data. The modified KWW
function was shown to give an excellent fit to the experimental
data for several polymers over wide temperature range.*®50
It is composed of an exponential term characterizing the fast
librational motion and a stretched exponential term represent-
ing the slower segmental motion.

t t\p
G(t) = ay exp(— a) + (1 = ay) exp[— (r_) ] (6)

seg,

Here aii, and 7, characterize the amplitude and relaxation
time for librational motion. Fits to the experimental data were
insensitive to 7;;, and this parameter was set equal to 1 ps.
Tseg aNd 3 describe a characteristic segmental relaxation time
as well as the distribution of times associated with it. We
assume that 744 follows a VTF temperature dependence.51:52

Tsg| __B
'og(r )_T—TO )

©

where 7., B, and Ty are constants for a given component in a
particular sample. Usually we are interested in the correlation
time for segmental dynamics 7segc, Which is defined as the
integral of the segmental portion of the correlation function:

Results

Figures 1—2 show the 13C T; and NOE values
measured at two different magnetic fields for the C1
carbons of pure Pl and the isoprene segments in the
four SISI copolymers. The data for pure PI in Figure 2
comes from ref 16. Note that the T; minimum moves
successively to higher temperatures as the fraction of
styrene units increases. Since the T; minimum indicates
the temperature at which the segmental dynamics occur
on roughly a 1 ns time scale, this qualitatively indicates
that the isoprene segmental dynamics are slowed down
by surrounding styrene units. For SISI80, the T;
minimum shifts to higher temperatures by about 70 K
as compared with pure Pl. NOE data exhibit the same
variation with composition, shifting to higher temper-
atures with increasing styrene content. For all samples,
the C4 carbons have higher T; values than C1 carbons
but a very similar temperature dependence, and the T;
minimum positions only differ by about 5 K. Thus, the
two backbone carbons have very similar dynamics. The
data for C4 carbons can be found in the Supporting
Information.
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Figure 2. 13C NMR relaxation time measurements for C1
carbons in pure Pl and isoprene segments of the four tetrablock
copolymers at 125.2 MHz. Solid lines are the fit results using
the mKWW autocorrelation function and VTF temperature
dependence.

Figure 3 shows the rate-averaged 2H T; values
measured at two different magnetic fields for all deu-
terons of pure PS and the styrene segments in the
tetrablock copolymers. Clearly, the T; minima at both
frequencies move toward lower temperatures with
increasing isoprene content, qualitatively indicating
that the styrene segmental dynamics become faster due
to the presence of isoprene segments. For SISI23, which
has the highest isoprene content, the T; minimum
decreases by about 105 K compared to the T, minimum
of pure PS, indicating a very large change in terms of
segmental dynamics.

Superposition of the Experimental Data. A model
independent way of examining the effect of mixing upon
segmental dynamics is to directly superpose the experi-
mental data using temperature shifts.5® As shown in
Figure 4, we found that temperature shifts (not shifts
in terms of 1000/T) produced a reasonable master curve
for pure PS and styrene segments in all the tetrablock
samples. Small vertical shifts were needed to superpose
the T, data (see Table 2).

Analogous superposition curves at 125.2 MHz for 13C
T, and NOE of pure Pl and isoprene segments in
tetrablock copolymers are presented in Figure 5. (The
superposition curves at 75.6 MHz are comparable but
are not shown here.) Here the superposition for the
isoprene segments is not quite as good as that for the
styrene segments. Pure Pl has a slightly narrower T;
curve, and the isoprene segments in SISI80 have a
broader T, curve compared to other tetrablock samples.
For SISI tetrablock copolymers, there are a few isoprene
and styrene units immediately located at each side of
each junction point whose dynamics are significantly
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Figure 3. 2H NMR relaxation time measurements for per-
deuterated pure PS and styrene segments of the four tet-
rablock copolymers at 46.1 and 76.8 MHz. The rate averaged
T, values for all the backbone and phenyl ring deuterons are
presented. Solid lines are the fit results using the mKWW
autocorrelation function and VTF temperature dependence.
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Figure 4. Superposition of the rate averaged T, data for pure
PS and four tetrablock copolymers. A single temperature and
vertical shift suffice to superpose the data at 76.8 and 46.1
MHz simultaneously for a given composition copolymer.

influenced by the other component. It is probable that
this influence is much stronger than that from neigh-
boring chains in the case of simple mixing. In SISI80, a
significant fraction of the isoprene units are very near
a junction point. We propose that this “junction effect”
causes a broader distribution of isoprene segmental
relaxation times for SISI80. Results discussed below
support this hypothesis.

All shift parameters used to construct Figures 4 and
5 are listed in Table 2. While the superposition curves
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Table 2. Horizontal and Vertical Shifts Needed To
Superpose the Experimental Data of Tetrablock
Copolymers onto Those of Pure Homopolymers

components  samples  Alog(nTi) (s) AT (K) ATy (K)?2

Isoprene SISI23 —0.04 —28 —28
SIS142 —0.08 —40 —40
SISI60 —0.11 —54 —54
SISI80 —0.18 —72 —68

ds-Styrene SISI80 0.009 31 33
SISI60 0.018 52 56
SIS142 0.029 71 76
SISI123 0.058 104 106

a8 From fits in Table 3.

M
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Figure 5. Superposition of T, and NOE data for pure P1 and
four tetrablock copolymers. A single temperature and vertical
shift suffice to superpose the data for two methylene carbons
at 76.8 and 46.1 MHz simultaneously for a given composition
copolymer. Only the data of carbon 1 are shown here.

are not perfect, they are adequate to provide a model-
independent check on the fitting results obtained below.
A strong indication that these shifts are meaningful is
the fact that the same temperature and vertical shifts
sufficed to superpose both the T; and NOE data at two
different fields (NOE is only available for the isoprene
units). In addition, the same shifts superposed the data
from the C4 carbon of isoprene units (not shown here).

Fits to mMKWW and VTF Functions. Although the
superposition procedure provides some information
about the effects of mixing on the component segmental
dynamics, fitting the experimental data to a model
correlation function allows us to extract the segmental
relaxation times and have a more quantitative descrip-
tion of the experimental results. As we show below, this
model-dependent fitting procedure produced results in
good agreement with the model-independent shifting
methods. Since we found in a previous study*® that the
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mKWW function (eq 6) provides an excellent fit to NMR
relaxation time data, we employed it here in combina-
tion with the assumption of VTF temperature depen-
dence (eq 7).

Fitting was performed individually on the experimen-
tal data set for each nucleus in each sample using egs
1-7. For each of the two carbons of isoprene units, 13C
T1 and NOE at both frequencies were fitted simulta-
neously. In this procedure, there are five unknown
parameters: ajip, f, T», B, and T,. Because of the
relatively small range of correlation times sampled in
these NMR measurements, B and T, are highly cor-
related with each other, and one of these two param-
eters needed to be constrained to produce reasonable
trends in terms of mixing. As detailed in the rest of this
paragraph, a variety of fitting procedures were em-
ployed, all of which yield the same values of the
segmental correlation times within 0.1 decade. Accord-
ing to previous work on PI/PVE blends,'® T, closely
tracks the variation of the T; minimum temperature
when constraining B to a constant value. Here we chose
to constrain Ty to follow the T; minimum temperature
for all samples with the exception of SISI80, for which
the T; minimum is blurred out by the junction effect.
(For SISI80, AT, was allowed to deviate slightly from
AT;. For this sample, a bimodal distribution of segmen-
tal relaxation times fits the isoprene data better than
the unimodal distribution (eq 6); these results are not
presented here.) As the styrene fraction increases, we
needed to either decrease /5 or increase aji,. In Table 3,
we list only the parameters obtained by the second
procedure, but the segmental correlation times from
these two fitting procedures agree with each other
within 0.1 decade. As shown by the solid lines in Figures
1-3, the parameters in Table 3 yielded good fits to the
experimental data, even though there is some deviation
for the samples with very short isoprene segments
(strong junction effect). If we constrain B and allow Ty
to be a free fit parameter, the segmental correlation
times differ by less than 0.1 decade.

A similar fitting procedure was used for the T; data
of styrene units, except that Ty was not constrained to
track the T; minimum. Again there are two ways to fit
the data: constrain a;, or constrain . Since the
proportion of librational motion was expected to be
independent of the environment of molecules,>* and this
approach yielded excellent fits to the experimental data,
we chose to constrain ayip to its pure homopolymer value
(0.23). For most samples, the difference between the
segmental correlation times extracted from these two
methods is less than 0.2 decade. Only for SIS123, at the
lowest temperature of our experiments, is there a larger
difference (0.3 decade). For both components, there is
substantial uncertainty (+0.1) in the fitted values of .

Segmental Correlation Times. From the fit pa-
rameters in Table 3, the segmental correlation times of
isoprene and styrene segments were calculated using
eq 8. The resulting curves are plotted in Figure 6. As
expected, the correlation times of isoprene segments at
a given temperature increase as the styrene fraction
increases, and this effect is more pronounced at low
temperatures. On the other hand, the segmental dy-
namics of styrene become faster with increasing iso-
prene fraction. Though the qualitative shapes of the
correlation time curves are the same for isoprene and
styrene segments, the slopes are steeper for styrene
segments, indicating a higher apparent activation en-
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Table 3. Best Fit Parameters for Segmental Dynamics of Isoprene and Styrene Segments in Tetrablock Copolymers and
Homopolymers

samples
fit parameters pure PI SISI23 SIS142 SIS160 SIS180 pure PS
Isoprene
Ci B 0.52 0.47 0.45 0.44 0.45
T (PS) 0.11 0.11 0.094 0.075 0.081
To(K) 158 185 197 211 226
B (K) 557 545 547 578 589
Alip 0.30 0.32 0.35 0.39 0.52
Ca p 0.50 0.45 0.42 0.42 0.42
Tw (PS) 0.13 0.10 0.085 0.082 0.10
To (K) 162 190 202 216 230
B (K) 503 507 507 521 517
Alib 0.33 0.36 0.38 0.43 0.53
ds-Styrene p 0.54 0.51 0.50 0.48 0.47
Te (PS) 0.98 0.78 0.71 0.52 0.30
To(K) 211 241 261 284 317
B (K) 526 540 542 577 614
Alib 0.23 0.23 0.23 0.23 0.23
| Styrene units IIlsoprene units 04 _‘-:'_A'
74 ps \
SISI80 -4~ SISI60
sisleo 0.3 ~%- 5% PI(11K) in SISI60
sisk2 & ~@~ 5% PI(900) in SISI60
—~ -8-sisl3 ¢ o 0.2+
o) $ @
3 d 2
; =
c
o 0.0
o
-0.1
SRTEN
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Z sisia2
-11 1‘” < sisi23 T T T
.,....,..PI..,...., 22 24 26 28 30
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1000/T (K -1) Figure 7. 13C NMR relaxation time measurements for C1

Figure 6. Segmental correlation times for two pure ho-
mopolymers and four tetrablock copolymers calculated using
the fit parameters in Table 3. For isoprene segments, the
plotted lines represent the average behavior of the two
methylene carbons. A temperature shift of 9 K to higher
temperatures was made to pure PI to account for the molecular
weight dependence of Ty (as explained in the text). Error bars
reflect the uncertainty associated with the fitting procedures.

ergy for this component in a given copolymer at a given
temperature. Also, the change in dynamics with com-
position is larger for styrene segments than for isoprene
segments.

Because the correlation times of the two different
carbons in isoprene units are very similar at any
temperature within the range of these experiments, they
were averaged, and the average values are used for
further discussion. The similarity of the correlation
times for these two carbons is expected and is one
indication of the robustness of the fitting procedure.
Another indication is the excellent agreement between
the shifts in T and the temperature shifts deduced from
the superposition procedure for styrene segments (see
comparison in Table 3). The uncertainty in the reported
correlation times, as reflected by different fitting pro-
cedures, is shown by representative error bars in the
figure. In constructing this figure, the segmental cor-
relation times of pure Pl (M, = 1350) have been shifted
to high temperature by 9 K to account for the Ty
difference, so now the curve in Figure 6 corresponds to
the segmental correlation time of a higher molecular
weight Pl (M, = 11 000).

carbons in isoprene segments of SISI60 and two PI tracers
(PI1-1K and PI-11K) in SISI160 matrix at 125.2 MHz. The dotted
lines guide the eye.

Segmental Dynamics of Tracers in Tetrablock
Matrix. 13C labeling enables us to measure the seg-
mental dynamics of a low-concentration PI tracer in a
tetrablock matrix. 5% PI-1K and PI-11K homopolymers
were put into SISI60 as tracers, and the segmental
dynamics of these tracers were measured. Because both
PI tracers are 66% 13C labeled in C1 position, about 90%
of the C1 NMR resonance signals come from the tracers,
and only 10% comes from the isoprene segments of
SISI60 matrix. As an approximation, we neglect the
contribution from the matrix and take the measured
values as the T, of PI tracers. Figure 7 shows the T3
for the isoprene segments (C1 carbon) in the two 5%
P1/SISI60 blends plotted with the T; values for the
isoprene segments in SIS160. Here only four data points
were obtained for high molecular weight tracer PI-11K
because of phase separation at low temperatures. The
two tracers show about the same T; values, and both
superpose well with the T; curve of isoprene segments
in the SISI60 matrix after shifting both sets of tracer
data to higher temperature by 9 K (not shown). While
we do not attempt to quantitatively explain the 9 K shift
here, this indicates that the segmental dynamics of Pl
tracers are nearly identical to (but slightly faster than)
those of isoprene segments in tetrablock copolymers.
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Figure 8. Ratios of segmental correlation times of styrene
and isoprene segments in pure melts (upper curve) and
tetrablock copolymers (lower four curves), calculated from fits
shown in Figure 6.

Discussion

Dynamic Heterogeneity. Lodge and co-workers
investigated the tracer diffusion of a PS homopolymer,
a Pl homopolymer, and a Sl diblock copolymer in SISI
tetrablock matrices as a function of temperature and
matrix composition. Remarkably, the friction factors of
PS, PI, and Sl in a given tetrablock matrix are quite
similar (within a factor of 2—3) and also nearly equal
to the friction factor of the matrix itself.3! These results
indicate that the tracer diffusion effectively senses a
quite homogeneous dynamic environment.

From Figure 6 we can clearly see that isoprene and
styrene segments in the tetrablock copolymers have very
different segmental dynamics and very different appar-
ent activation energies. If we plot the ratio of segmental
correlation times of styrene and isoprene segments vs
temperature (as shown in Figure 8), this difference is
much more apparent. For any given sample at any
temperature, the dynamics of styrene segments are
always slower than that of isoprene segments, and the
dynamic difference between them grows larger as the
temperature is lowered. We ascribe this dynamic het-
erogeneity to the huge dynamic difference between PI
and PS homopolymers (ATy4 ~ 170 K).

If we extrapolate the curves in Figure 6 to longer time
scales, the difference between the dynamics of the
styrene and isoprene segments at the copolymer Ty is
up to 7 orders of magnitude. Using these extrapolations,
we defined an effective Ty for one component in the
tetrablock copolymers as that temperature at which 7eeg,c
is predicted to be 1 s. The difference in effective Ty of
the two components ranges from 20 K for SISI123 to 80
K for SISI80. This suggests that the tetrablock samples
should have very broad glass transitions. This deduction
is strongly supported by the fact that the glass transi-
tion temperatures of these tetrablock samples were not
readily measurable by DSC.%° Preliminary results from
lower temperature experiments by Fytas and co-workers
are in reasonable agreement with our extrapolations.5®

A central question is how the very heterogeneous
segmental dynamics in the SISI tetrablocks give rise
to the homogeneous global dynamics discussed above.
We will focus on this issue in a future publication.3?

Intrinsic Mobility Difference. Another interesting
phenomenon in Figure 8 is that at very high tempera-
tures the results for all four tetrablock samples seem
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to converge to a common value 109 Tseq,c ps/ Tsegcp1 = 1.0—
1.2. This difference should be attributed to either the
different intrinsic mobilities of the two kinds of chains
or a local composition effect, or both. From Figure 6 we
can see that, at the highest temperature of our experi-
ments, the dynamic differences for each component
caused by the composition variation are no more than
0.5 decade and diminish rapidly with increasing tem-
perature. Thus, we interpret the 1 decade dynamic
difference in Figure 8 at high temperatures as the
intrinsic mobility difference due to differences in the
molecular structure and intramolecular potentials for
isoprene and styrene segments.5® Qualitatively, the
faster dynamics observed for isoprene segments is
reasonable given the absence of large side group. If this
reasoning is correct, then a similar intrinsic mobility
difference should be observed for pure Pl and PS in
dilute solution with low molecular weight solvents.
Indeed, this is the case. The segmental dynamics of pure
Pl and PS have been measured in a number of sol-
vents.557 In cis-decalin the segmental dynamics of Pl
is 0.9 decade faster than that of PS at 500 K (estimated
from measurements done at slightly lower tempera-
tures). This agreement strongly supports our suggestion
here. A similarly strong correlation between dilute
solution data and high-temperature polymer mixture
data was obtained for the PI/PVE system.6

Junction Effect on Segmental Dynamics. As
mentioned above, a unimodal distribution of segmental
relaxation times is not able to quantitatively describe
the T;. values of isoprene segments in SISI80. This
might be due to the junction effect on such short
isoprene chains (16 repeat units on average). In the SISI
tetrablock copolymers, a few isoprene units immediately
next to a junction point should have much slower
dynamics than the isoprene units away from the junc-
tion points. This is likely to be the reason why a
unimodal distribution of segmental relaxation times
does not adequately fit the data.

In Figure 7, we showed that PI homopolymer tracers
in SISI60 have faster segmental dynamics than the
average isoprene segments in the copolymer matrix.
This is consistent with our hypothesis of a junction effect
on isoprene segments. That is, we assume that the
chemical attachment of a styrene chain (high Ty com-
ponent) to the isoprene chain makes the isoprene
segments of the matrix have slower dynamics on aver-
age than that of the free PI tracer. The junction effect
on styrene segments presumably also influences our
experimental results, although here the impact is ap-
parently not as strong.

Though the existence of a junction effect is clear, it is
difficult to quantify the number of repeat units near a
junction that are affected by it. It is reasonable to think
that the junction effect in block copolymers is similar
to the chain end effect in homopolymers. Under this
assumption molecular dynamics simulations provide
some indications about how strong the effect is. Lyulin
and co-workers®® showed that PS chain ends influence
the mobility of only a few neighboring monomers (3—5
nearest neighbors), both in the backbone and in the
aromatic side groups. Faller and co-workers®® reported
that for PI there are three monomers at each chain end
that have a discernible difference from the central
monomers in terms of the relaxation times of C—H
vector reorientation.



Macromolecules, Vol. 36, No. 21, 2003

6 e NMR " ;

7 ®m o oaens _
— <
14 A
2 v
£ -8
e 9
g 9
.

; [®)
g 0 2
- o

20 22 24 26 28 30 32 34 36

1000 (K )

Figure 9. Comparison of segmental correlation times for pure
Pl and isoprene segments in SISI42 with previous work on
the same samples using quasi-elastic neutron scattering
(QENS) and depolarized Rayleigh light scattering (DRS).%?

Comparison with Other Work on SISI. Fytas and
co-workers®? have used quasi-elastic neutron scattering
(QENS) and dynamic light scattering to investigate the
segmental relaxation of isoprene segments in SIS142
and pure PIl. The comparison between our results and
theirs is shown in Figure 9. Note that there is a half
decade relative vertical shift between the two sets of
data; this is not surprising since NMR, QENS, and
dynamic light scattering measure different observables
and may account for segmental dynamics at slightly
different length scales. For pure PI, the two sets of data
agree very well with each other. For isoprene units in
SISI142, there is some inconsistency among the different
techniques at high temperatures but good agreement
at lower temperatures.

Concluding Remarks

We have investigated the segmental dynamics of
isoprene and styrene segments in four SISI tetrablock
copolymers using 13C and ?H NMR at two magnetic
fields. The mKWW orientation autocorrelation function
combined with a VTF temperature dependence was
employed to extract segmental correlation times. The
trends of correlation time variation with composition
obtained in this way agree well with those inferred from
a model-independent superposition approach.

The SISI tetrablocks show large differences between
the segmental dynamics of the two components and the
dynamic difference becomes larger toward lower tem-
peratures. At temperatures far above Ty, the segmental
dynamics of styrene segments are slower than that of
isoprene segments by about 1 decade. This can be
attributed to an intrinsic mobility difference and is in
quantitative agreement with measurements of each
chain individually as a dilute component in a common
solvent. The segmental dynamics of a 5% Pl tracer
(either 11 or 1 K) are similar to but slightly faster than
that of isoprene segments in SISI. The slight difference
is consistent with a junction effect, which strongly
modifies the segmental dynamics of segments near the
junction point.

In contrast to the very heterogeneous dynamics found
on the segmental level, the global dynamics inferred
from tracer diffusion are homogeneous.3! The relation-
ship between the segmental and global dynamics in SISI
will be addressed in a future publication.33
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