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ABSTRACT: High-resolution proton double-quantum (DQ) magic-angle spinning (MAS) NMR is used
as a new technique that is capable of revealing complex motional processes in entangled polymer melts.
Theoretical analysis shows the connection of quantities relating anisotropic polymer dynamics to data
obtained from our DQ-MAS NMR experiment. With this technique, dynamic chain ordering as well as
scaling laws consistent with the reptation model was previously observed for polybutadiene (PB). Here,
the influence of rigid confinements represented by immobile moieties attached to one or both chain ends
of the PB block on chain dynamics and ordering are investigated. Symmetric poly(styrene-b-butadiene)
diblock copolymers (PS-b-PB) with varying molecular weights are examined as systems with one anchored
chain end. As materials with two tethered chain ends PS-b-PB-b-PS triblock copolymers are studied. In
these systems, the effects of rigid confinements on the polymer dynamics in the melt are analyzed. We
find that dynamic order parameters are increased by more than a factor of 2 for block copolymers compared
to homopolymers. Furthermore, on account of the chemical constraints imposed on the PB block, the
lack of the motional regime that involves diffusive reptation motion is experimentally confirmed.
Correspondingly, the scaling law pattern differs qualitatively from those observed for PB homopolymers.

1. Introduction

Heterogeneous block copolymers composed of blocks
with significantly different glass transitions are inter-
esting thermoplastic elastomers and have been widely
studied in academic! and industrial research? on ac-
count of their unique physical and technical properties.
For better understanding of these systems, a new
comparison of chain dynamics of the molten component
of block copolymers with that of the analogous ho-
mopolymer melt is particularly informative. Poly(styrene-
b-butadiene) diblock copolymers (PS-b-PB) were chosen
for this investigation. 1,4-PB was selected as the mobile
phase, since it comprises several interesting features
such as a fairly low glass-transition temperature, Ty,
which makes it conveniently accessible to experiment.
Moreover, if a proper synthetical approach is employed,
PB can be prepared nearly as a pure main-chain
polymer, avoiding a complex superposition of main-
chain and side-group dynamics. PS was chosen as the
rigid component in the block copolymers because of its
considerably higher Ty, leading to a large temperature
range over which the dynamics of the molten PB block
can be studied while the PS block remains rigid.
Another advantage of using butadiene and styrene as
monomers is the fact that well-defined block copolymers
with a narrow weight distribution can be prepared via
living anionic polymerization. Moreover, from simple 1H
NMR measurements, the chain dynamics in PB are
known to be anisotropic on intermediate time scales due
to restrictions composed by topological constraints
(entanglements).34

Recently, we established a novel technique to study
anisotropic chain dynamics of polymers in the melt and
in elastomers in a quantitative way.>® Using advanced
solid-state nuclear magnetic resonance (NMR) on pro-
tons, particularly double-quantum (DQ) magic-angle
spinning (MAS) NMR spectroscopy, it became possible
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to observe main-chain motional processes in PB that
could successfully be interpreted in the framework of
the reptation model for polymer motion introduced by
de Gennes.”® The present investigation extends our
preceding work by attaching either one or two rigid
blocks to the PB chain ends. This creates structural
constraints which strongly affect the translational mo-
tion of the PB block. Symmetric poly(styrene-b-butadi-
ene), PS-b-PB, diblock copolymers of varying molecular
weight were chosen as systems with one fixed chain end
while PS-b-PB-b-PS triblock copolymers were selected
as systems with two tethered chain ends (Figure 1).

The paper is structured as follows: first the investi-
gated materials will be specified and the experimental
NMR technique introduced. Then the formalism that
connects NMR results as obtained by our DQ technique
with polymer dynamics will be outlined, including a
brief review of some fundamental aspects about the
reptation model of polymer motion that are needed in
our analysis. Finally, our results on local order and
main-chain dynamics in PS/PB block copolymers will
be discussed and related to the behavior of analoguous
PB homopolymer melts and cross-linked styrene-buta-
diene rubbers (SBR).

2. Experimental Section

2.1. Materials. The PS-b-PB diblock copolymers studied
were synthesized by living anionic polymerization according
to well-established procedures.® Use of nonpolar solvent
ensured a product distribution of the PB chains of 95% 1,4-
butadiene linkage (of which 55% exhibit trans conformation
and 45% cis) and 5% 1,2-butadiene linkage, checked by high-
resolution *H and 3C NMR. Because of their enthalpic
incompatibility, PS and PB tend to phase separate as predicted
by the Flory—Huggins theory.'%! Depending on the volume
fractions several different morphologies can be formed.*? For
our systems, which are approximately symmetric with respect
to molar volume, the existence of lamellae was confirmed by
small-angle X-ray scattering (SAXS) and transmission-
electron microscopy (TEM). Respective lamellar spacings, Lexp,
obtained from SAXS along with block lengths, My, and glass-
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Figure 1. Schematic representation of the polymer systems used in this study. PB is a low-Ty material with extensive molecular
motion at ambient temperature. In PS-b-PB, one chain end is fixed, and therefore, chain dynamics are limited. In PS-b-PB-b-PS,
both chain ends are fixed, leading to further restrictions for polymer motion.

Table 1. Characterization of the PS-b-PB Diblock
Copolymers Used in This Study?

PS-b-PB  PS-b-PB  PS-b-PB  PS-b-PB
system  900-600 12K—10K 22K—24K 90K—120K

M (PS) 900 12 000 22 000 90 000
M (PB) 600 10 000 24 000 120 000
To(PS), °C +84.6 +90.5 +100.0
TyPB),°C  —38.6" -97.1 ~96.4 -95.6
Lexp, NM 21 35
Ltheo, NM 19 31 85
z 0 5 14 71

a8 The theoretical lamellar spacing, Lineo, Was calculated from
Ltheo = 0.024M23.13 ® Only one Ty is observed.

transition temperatures, Ty, are summarized in Table 1.
Molecular weights were determined via a combination of size-
exclusion chromatography (SEC) and solution-state proton
NMR, whereas glass-transition temperature data were ob-
tained from differential-scanning calorimetry (DSC). The
system with the shortest blocks is not microphase separated
and thus a lamellar spacing cannot be determined. As another
result of a lack of block segregation, only one broad glass
transition was observed by DSC. On time scales of mil-
liseconds, though, NMR detects dynamic heterogeneity, and
as was the case for all systems under investigation, only in
the range of T¢(PB) < T < T4(PS) chain dynamics of the PB
block were monitored. However, it should be noted that
differences in the dynamic behavior of the diblock co-oligomer
(PS-b-PB 900—600) observed in NMR is due to the incomplete
microphase separation of the sample and thus of totally
different origin. For our longest diblock copolymer, the lamellar
spacing is too large for SAXS to detect it, yet TEM clearly
indicated the existence of a lamellar morphology.

Since entanglements are expected to have a significant
influence on local order®* and main-chain dynamics,”® the
entanglement molecular weight of 1,4-PB, M¢(PB), will be
introduced here. The number of entanglements per PB is given

by

- _k
Z___k_e 1)

where N is the overall degree of polymerization of the PB chain
and N, the number of butadiene units between two adjacent
entanglements. In later discussions, the number of Kuhn
segments per chain, k, will be used rather than N, since, if
the polymer chain is theoretically described in terms of Kuhn
segments, conformational changes along the chain resemble
Gaussian statistics. In this picture, ke represents the number
of Kuhn segments between two adjacent entanglements.
Me(1,4-PB) has been found to be 1700.1* We assume that this
value is also a good approximation for the PB blocks.

As a system with two tethered PB chain ends, an industrial
PS-b-PB-b-PS triblock copolymer named RCM1 was investi-
gated, which was provided by BASF AG, Ludwigshafen,
Germany. The material usually serves as a compatibilizer to
improve mechanical properties of recycled polymer blends.
RCML1 represents a symmetric triblock copolymer of narrow
molecular-weight distribution with two PS blocks of ap-
proximately 30 000 and a PB block of 20 000 (PS calibration)
and exhibits two glass transitions at T¢(PS) = +74.4 °C and
Ty¢(PB) = —99.4 °C. RCM1 displays a hexagonal morphology
where PB cylinders are distributed in a continuous PS matrix.
The polydispersity of all studied materials was below M/M,
=1.1.
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Figure 2. (a) Schematic representation of a DQ-NMR experi-
ment. (b) Dipolar couplings present in trans- and cis-1,4-repeat
units of PB in a PS-b-PB 22K—24K diblock copolymer that
give rise to different DQ coherences and (c) the resulting two-
dimensional *H DQ-NMR spectrum at 298 K and a Larmor
frequency of 500 MHz. MAS spinning frequency was 6.8 kHz
and the excitation time 0.8 ms. Note the trace of 1,2-PB at 4.7
ppm. Because of different chemical shifts, separate evaluation
of 1,4-PB is possible.

2.2. DQ-NMR Spectroscopy. Double-quantum (DQ) NMR
under fast magic-angle spinning (MAS) is a new tool to study
structure>1% and dynamics®6 of polymeric materials. In solid-
state MAS NMR DQ coherences can be excited by high-power
radio frequency (rf) pulses utilizing the effective dipolar
coupling. Typically, DQ coherences are observed in the first
dimension (w;) of a two-dimensional NMR experiment, as
depicted in Figure 2a. The rf-pulse train incorporates a DQ
excitation part, a delay time, t;, which is incremented for 2D
experiments and constant (t; = 0) for DQ-filtered spectra, a
reconversion part and a final read-out pulse prior to detection.
Under fast MAS the DQ excitation and reconversion is
achieved by appropriate recoupling techniques based on rotor-
synchronized rf-pulse irradiation. To obtain experimental
results comparable to earlier experiments in homogeneous PB
melts® and SBR elastomers,® Levitt's C7 pulse sequence'” was
used for DQ excitation and reconversion. A typical two-
dimensional DQ NMR spectrum for a PS-b-PB diblock copoly-
mer is shown in Figure 2c. Since the experimental temperature
is chosen between the glass transitions of the PS and PB block,
the dipolar couplings between the 'H nuclear spins of the
styrene units are close to their static values. During the
elaborate excitation/reconversion process of the applied recou-
pling sequence the DQ magnetization for styrene proton pairs
is completely relaxed before the read-out pulse is irradiated
and thus no DQ signals stemming from the PS block are
detected. A series of two-dimensional DQ spectra was used to
analyze the DQ excitation behavior of the different proton pairs
in the butadiene units,® whereas the temperature-dependent
spectra were recorded as one-dimensional DQ-filtered experi-
ments with an excitation time of 0.8 ms. To obtain absolute
values of the DQ intensity and to compensate for relaxation
effects under the recoupling pulse sequence and for temper-
ature dependences of the NMR probe, the measured DQ
intensity is compared to a reference experiment under the
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same conditions, where the DQ selection during t; is skipped
and hence all excited coherences are reconverted into longi-
tudinal magnetization. It should be mentioned that first-order
phase errors occurring for long recoupling times in the
t;-dimension affect the signal intensities of DQ-filtered mea-
surements, which however can be compensated for in the full
2D DQ NMR spectrum. All NMR experiments were performed
on a Bruker ASX spectrometer at a proton Larmor frequency
of 500.13 MHz equipped with a commercial variable temper-
ature double-resonance 4 mm MAS probe at a spinning speed
of 6.8 kHz. With this probe the whole temperature range
between Ty4(PB) and T4(PS) is accessible to MAS NMR experi-
ments. It should be noted that the line widths of proton lines
of PB as obtained by *H MAS NMR change markedly over this
temperature range, see for instance refs 3 and 4. They reflect
both relaxation due to segmental motions and residual dipole—
dipole couplings; the extracted integrated intensities of the DQ
signals, however, reflect the residual dipolar couplings only,
while relaxation effects being taken into account in the fitting
procedure of the intensities as a function of the excitation
time.®

3. Correlating Theory and Experimental Data

3.1. Dynamic Order Parameters. Order param-
eters are probably best known from the vast field of
liquid-crystal research, where they are a common means
to describe a state of matter that incorporates both
molecular dynamics and long-range order.1® The key
idea of the order parameter concept is the definition of
a director, n, which defines a preferred direction in a
region of the sample. This renders molecular motion of
all residues within that region anisotropic. For simplic-
ity we will consider uniaxial systems only. Then, any
direction within a residue will on average rotate about
the director. The order parameter for direction i, S;, is
a measure of the deviation from perfect alignment along
n. Thus, in a uniaxial liquid-crystalline phase formed
by a rodlike compound on average at any instant all
molecular long-axes have the same preferred orientation
(ensemble average, index n). Although each molecule
fluctuates about the director, on average its long-axis
also points in this direction (time average, index 7). The
degree of uniaxial ordering is usually described in terms
of the second Legendre polynomial

S, = %[3 cos® 6, — 10}, )

where the brackets denote time and ensemble averaging
and 6; is the angle between the molecular direction and
the director.’®20 S has a value of 1 for perfect parallel
alignment, —%/, for perpendicular order, and 0 for the
isotropic case. As liquid-crystalline phases are com-
monly observed for form-anisotropic residues such as
rods or disks, it is customary to specify the order
parameter, S, for the unique direction of such residues,
e.g., the long axis of rods or the normal to disks.
Finite order parameters are also predicted for chain
segments between cross-links in polymer networks or
topological constraints in melts, even if they do not
incorporate any structural elements of extended geo-
metrical anisotropy.??? Yet in contrast to liquid-crystal-
line phases where long-range order exists on a range of
a few micrometers and can be macroscopically aligned,
the ensemble average for the whole polymer network
is isotropic as long as the sample is not stretched. But
still, on a microscopic level, e.g., in the principal axis
system of each individual Kuhn segment which is
affected by cross-links as shown in Figure 3, the time
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Figure 3. Time-dependent variation of the chain conforma-
tion for a polymer segment being constrained to invariant
cross-links. Each unit i between two cross-links points on
average in a unique direction giving rise to a dynamic order
parameter. The constraints entanglements impose are pro-
jected on effective cross-links depicted as solid circles.

average is not isotropic. The local order parameter in
polymer melts experienced by a given repeat unit can
be defined for times longer than typical local reorienta-
tions and shorter than large scale translational motions.
In this time regime, the corresponding mesoscopic
ordering is described by a dynamic order parameter, S,
given by
1

S =53 cos? O(t) — 10 (3)

where 0 now describes the angle between a local chain
axis and the director imposed by surrounding chains.
The dynamic order parameter, S, for a chain segment
clamped between two cross-links is correlated with the
director ni that connects these structural constraints.

Chains can take up different conformations, but on
average, they are oriented parallel to the director that
connects the two adjacent cross-links or entanglements.
The lower limit for the value of the dynamic order
parameter of a polymer chain between two spatially
fixed points depends only on its number of Kuhn
segments, ke, between them?! according to

3, -
Si=gk. ' 4)

Any further motional processes like slow dynamics of
the “fix points” result in an additional reduction of the
order parameter. Systems without any structural con-
straints will eventually behave isotropically on long
experimental time scales. These considerations hold not
only for chemical networks but also for entangled
systems on the time scales on which entanglements act
as physical cross-links. Structural relaxation such as the
overall translational motion of the center of mass of a
molten polymer chain also causes an additional reduc-
tion of the local dynamic order parameter because a
given repeat unit experiences different ordered regions
in the melt. There is ample evidence that segmental
motion and displacements over the distance between
entanglements occur on different time scales.®
Previous experimental approaches seemed to confirm
the theoretical prediction of ordering for chain segments
in chemical or physical polymer networks according to
eq 4.22727 For instance, solid-echo NMR methods were
used to determine order parameters experimentally.
Pioneering work along this line was carried out by
Cohen-Addad who studied dipolar interactions in en-
tangled 1,4-cis-PB melts and found S ~ 0.003.22 Colli-
gnon et al. investigated protonated and deuterated
polyethylene melts and determined order parameters
of 0.02.2* Valic et al. found order parameters of 0.001
for a deuterated PB probe (with M < Mg) mixed in a
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Figure 4. lllustration of the dynamic regimes which are
predicted by de Gennes’ reptation model. With each regime a
particular scaling law is associated.

PS-b-PB matrix.2> Monitoring dipolar couplings between
protons in PDMS melts Ball et al. yielded order param-
eters of about 0.01.2% Callaghan et al. applied similar
methods on natural rubber (cross-linked 1,4-cis-PI) and
determined S ~ 0.01.26:27

Little attention, however, was paid so far to the fact
that measured order parameters can reflect different
kinds of motions, e.g., segmental motions and backbone
fluctuations. Recently, we developed a novel approach
involving DQ MAS NMR that is capable of distinguish-
ing between the different proton—proton dipolar cou-
plings present in a repeat unit of PB and thus allows
us to analyze corresponding order parameters sepa-
rately.>6 For the proton frame within a repeat unit of
1,4-PB, three unique axes and correspondingly also
three different order parameters, Scr=cH, ScH-cH,, and
Sch, Can be distinguished. Note that the directions
probed by Sch=cn and Scu-ch, point along the polymer
backbone and thus allow a better measure of chain
ordering than Scp,. We measured dynamic order pa-
rameters of the order of Sch=cn = 0.13 for the olefinic
protons in 1,4-PB melts at T = Ty + 50 K and order
parameters of Scy-ch, = 0.17 and Sch-cH, = 0.13 for
cross-linked SBR rubbers and their non-crosslinked
analogues, respectively.628 These values are at least 1
order of magnitude higher than those estimated by eq
4. This finding was attributed to packing effects.

3.2. The Reptation Model. The chain motion of
entangled polymers in the melt is conveniently de-
scribed within the framework of de Gennes’ reptation
model.”8 Like the Rouse model, which describes a
polymer chain as an assembly of oscillating beads
connected by springs on intermediate time and length
scales and is valid for short polymers only,?® the
reptation model considers single chains, but in contrast
to the Rouse model interactions with surrounding
chains are included. In particular, in the reptation
model one assumes that spatial restrictions due to
entanglements can be described by an effective tube. De
Gennes’ model predicts the time dependence of the
mean-square displacement in four different dynamical
regimes each being characterized by distinct scaling
laws (Figure 4). Correspondingly, three crossover times
can be distinguished. The nomenclature for denoting the
different time scales is not unique in the literature.
Here, the definition of Doi and Edwards® is used.
Regime | resembles Rouse dynamics of a single polymer
chain, described by a bead/spring model. It is character-
ized by short range conformational fluctuations which
are represented by Rouse modes in which individual
segments experience their connectivities to adjacent
polymer segments, but interactions with surrounding
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chains are neglected. The characteristic scaling law of
the mean-square displacement is ~t 12, Exceeding a
characteristic time, 7., the regarded chain starts to
experience the effect of entanglements created by neigh-
boring chains. Hence, regime 11 is a characteristic result
of the reptation model. Although in this regime the
considered chain is still carrying out Rouse-like dynam-
ics, the motions are more anisotropic in comparison to
the simple Rouse model due to the restrictions imposed
by the spatial constraints of the surrounding chains. As
the characteristic scaling law for the translational
mean-square displacement a ~t 4 dependence is pre-
dicted. On an even longer time scale, above its Rouse
time, 7R, in regime 111, the regarded polymer chain starts
to carry out a one-dimensional diffusional process along
its contour inside the reptation tube in a curvilinear
way. In this regime the chain is said to reptate; i.e., it
creeps in a similar fashion as a snake does. The
corresponding scaling law is predicted to be ~t 12,
Finally, at t > 74, in regime IV the tube reorganizes,
and chain motion becomes isotropic. In this regime, the
scaling law is ~t 1 as known from isotropic diffusion. In
addition to predicting the scaling laws for the various
dynamical regimes, the reptation models allows one to
determine characteristic times, 7j, also. The character-
istic time above which the influence of entanglements
becomes important is expressed as

E(Mk, b
Te ™ akgT ©)

To estimate 7. the friction coefficient, {(T), can be
obtained from the Vogel Fulcher expression

an=%w% (6)

)
o(T — Typ)

where {o =1.26 x 100¥ Nsm™, o =7.12 x 1074 K™
and Tye = Tg — 50 K.2130 The necessary data on the
systems are summarized in Table 1. Kuhn's segment,
b, for 1,4-cis-PB and 1,4-trans-PB is estimated according
to

b = 0.45CS°I°" + 0.55Ca™|trans @)

where the values of C., 4.7 for the cis and 5.8 for the
trans species, can be found in the literature for homo-
PB.3! The numerical prefactors account for the distribu-
tion of cis and trans units in the chains revealed by
solution-state proton NMR, and I°s = 4.4 A and Itrans =
5.1 A follow from geometrical considerations. For cal-
culating the time scale for the diblock copolymers we
applied the same parameters (C., Ke, £o, @) as for homo-
PB but took into account slight variations in the glass-
transition temperatures in Tyr. Furthermore, ke in eq
5 characterizes the distance between two entanglements
in terms of Kuhn segments. In many relations the
number of entanglements per chain, k/ke, as introduced
in eq 1 appears. For the sake of clarity, this quantity
will be taken as Z later on. Of all the characteristic
crossover times discussed here, only 7, is independent
of the size of the polymer chain and can therefore be
used to normalize the time axis when dynamics of
polymers with varying molecular weight are to be
compared.® The equation describing 7r is of the same
form as resulting from the Rouse model but is here given
in terms of 7. and reads
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=21, ®

At 74, chain motion becomes isotropic, and thus this time
is termed the disengagement time. It is also known as
the terminal relaxation time in mechanical measure-
ments?! and is given by

14~ 2%, 9)

Thus, 74 is most strongly dependent on the chain length.
The reptation model was the subject of numerous
theoretical®2-3° as well as experimental investigations36—43
and although being still debated experimental evidence
was obtained that supports this model. Besides de
Gennes’ reptation model, which is admittedly simple to
visualize, there is an alternative theoretical model that
is capable of describing several phenomena related to
polymer dynamics: the mode-coupling theory, an ap-
proach that involves a continuum of relaxation times
and takes a nonlinear coupling of collective density
fluctuations of the surrounding chains and segmental
density fields of the regarded chain on the length scale
of Ry into account, predicts the molar-mass dependence
of the self-diffusion coefficient, shear viscosity, longest
relaxation time, and plateau modulus just as well as
the tube model.*#~46 Moreover, scaling laws for the
intermediate regime, ~t 932 for Rouse-like motion inside
the tube and ~t 916 for center of mass motion, turn out
to be very close to the ~t¥4 and ~t¥2 behavior in de
Gennes’ terminology. The mode-coupling theory was
also applied to study self-diffusion in diblock copoly-
mers.*’

3.3. The DQ-NMR Technique. The dipolar interac-
tion between protons is a particularly useful means to
study the dynamics of polymeric systems since molec-
ular motions have an averaging effect on the magnitude
of the dipolar coupling.*® Hence, its strength has to be
described by motional averages [Djrather then the
static coupling constant Dj;. The advantage of investi-
gating protons is 2-fold: high NMR sensitivity given by
a large magnetogyric ratio and their ubiquitous appear-
ance in organic macromolecules along with high natural
abundance make protons suitable probes for investigat-
ing polymer dynamics. An elegant way to measure
dipolar couplings is the DQ MAS NMR technique,!®
because only pairs of nuclear spins with finite dipolar
coupling contribute to spectral intensity. Hence, the
intensity of a DQ coherence directly reflects the strength
of the dipolar coupling. In the following, the formalism
that governs the relation between Dj; and the DQ
intensity will be presented (see also refs 6 and 15).

The DQ intensity, Ipg, can be written as a function
of the excitation time, tex, and the reconversion time,
trec, (Figure 2a) according to

o ypy [2lexetti 4,y s , ,
log = fodt [ 77 dt” Bin(wyje(t) x t) x
Sin(w;;e(t") x t")0(10)

where wijjerr depends on the excitation efficiency of the
recoupling sequence as well as on the orientation of the
corresponding molecule. The quantities t' and t"' are
times within the excitation and reconversion periods,
respectively. As long as the argument of the sine terms
is small enough (short excitation times and weak dipolar
couplings), eq 10 can be simplified by using only the
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arguments and substituting the time averaging brackets
by integrals to yield

2texc Tty

texc g4 " ’ "
Ioo ~ J, dtﬁexcﬂl dt" Wy ()i ere(t)D (11)

where t; is the time increment for two-dimensional
experiments and is zero in the case of one-dimensional
DQ-filtered experiments. This integral can be further
simplified, if the sample is either rigid or if the correla-
tion time, 7, of a dynamic process is much shorter than
the experimental time scales texc and thus the dynamic
effect can be taken into account via a pre-averaged,
residual dipolar coupling Dijjer = S;jiDjj. Since the
residual dipolar coupling is assumed to be constant on
the experimental time scale, the time dependence in eq
11 vanishes in both cases and the equation transforms
to

Ibg = FDQ2 Dij,eff2 texc2 = FDQ2 Dij2 Sij2 texc2 (12)
Equation 12 holds for rapid segmental motions of the
first dynamic regime of the reptation model and leads
to a preaveraging of the static dipolar coupling Dj;. It,
therefore, predicts an initial plateau value in Ipg(t)
depending on the local order parameter S;;. However,
the separation on logarithmic scales of the correlation
times for different dynamic processes described by the
reptation model is needed for eq 12 to be applicable. For
the intermediate dynamic regime, 7. =~ tex, Which
includes the second and third motional regimes of the
reptation model, the molecular dynamics during the DQ
excitation and thus the time dependence of eq 11 has
to be taken into account via an extra correlation term
Cr(texc + t1). This correlation term reflects the angular
dependence of the DQ excitation scheme, and is for the
applied C7 sequence of the form

1 3
Crltexe T 1) = 5@1(22,)—1(§texc)d(22,)—1(§texc + tl)D (13)

where dY), denotes elements of the second rank Wign-
er rotation matrix in the convention of Reference 49.
Equation 11 finally reads
= 2 2 2 2
Ino = Fpo Dij (Ntexe Sij Crltexe T 1) (14)

exc

Fpg? is a function that describes the recoupling sequence
and is the average over the orientation-dependent
numerical prefactors of the excitation efficiency. We
have mentioned in a previous publication that the
approximative evaluation of the integral given in eq 11
using a two-time correlation function to yield eq 12 holds
very well for processes described by algebraic time
dependences (as is of interest here) but breaks down
for, e.g., exponential decays.® Strictly speaking, eq 14
can be derived only if the rapid and intermediate time
scales are uncoupled and well separated on a logarith-
mic scale as given by the reptation model.

The correlation-loss-function, Cg(t), contains informa-
tion about the intermediate dynamic regime, and there-
fore, it can be expected that it exhibits scaling laws
characteristic for distinct motional processes of struc-
tural relaxation. Let us now evaluate the exponents that
are predicted for 7. <t < tgrand tr <t < 74 according to
the formalism given above and introduced for the
reptation model earlier in section 3.2.
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Evaluation of Cg(t) is possible under the simplifying
assumption that a segment keeps its original average
orientation as long as it is in its location between two
specific entanglements. Assuming in addition a perfectly
stable tube, Cg(t) can be understood as the return-to-
origin probability for a chain segment.2® Hence, those
repeat units which have not left their initial location
between two specific entanglements and those which
returned after some excursions to their initial location
are assumed to contribute equally to the DQ intensity,
and others do not. Under these conditions, C(t) loses its
explicit dependence on the index m of the Wigner matrix

element d(ZZZn since the correlation functions for isotro-

pic motions only depend on the rank | of the interac-
tion.* Thus, d¥), can effectively be replaced by the
second-order Legendre polynomial P,, see also ref 5.
Similar to the formalism given in ref 23, it can be
written as

+a/2

Cet) = J_,, f(rt)dr (15)

where a is the diameter of the tube and f(r,t) is the
Gaussian bell function

f(r,t) =

2
;-exp(— r 2) (16)
V2mo(t)? 20(t)
with o(t)? being the mean-square displacement. An
involved formalism given in the appendix of Graf's

thesis®® combined with expressions of the reptation
model yields

2
TeoT, Sty 0('()2=Zza \/TI 17)
R

37{3/2

and
2

¢ oty ="~ (18)
TR

After inserting eqs 17 or 18 in eq 16, scaling laws can
be estimated in the limit of long polymer chains (Z >
10)

37_[3/2 TR
2Z t

27
TTg St =<ty Crt) = 4/ ?élZTR ~t12 (20)

The latter two scaling laws were experimentally ob-
served for homo-PB.5

The time dependence of the correlation function, Cg(t),
is shown in a schematic way in Figure 5. The typical
result of a DQ-NMR experiment is depicted as solid
black lines with the characteristic scaling laws for the
second and third dynamic regime. The rapid regime is
detected as a plateau, i.e., a starting point for the
subsequent loss of the return-to-origin probability. The
corresponding scaling law is given by a ~t ° dependence.

Indeed, the motional regimes Il and 111 as well as the
crossover between them have been observed experimen-
tally for PB melts.®> In contrast to other techniques,
which focus on translational motion by monitoring the

T, St < w1y Cr(t) =

and
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7
log (t) ‘
Figure 5. Visualization of the correlation function Cg(t) in
terms of the reptation model and a typical outcome of a DQ-
NMR experiment that is able to probe this function. The black
solid lines referring to regimes Il and |11 are accessible by DQ
NMR spectroscopy, whereas regime | is detected as a plateau
value. Increasing temperatures or longer experimental time
scales leads to a decrease of the residual chain portion in the
original part of the tube at time t compared to time 7z and to
a decrease of the DQ intensity.

mean-square displacements, we probe local chain order
and detect translational motion as a process which leads
to a decay of order that a given repeat unit experiences.
As the regimes | through 111 are found experimentally,
however, the nanometer length scales over which the
order extends can be deduced based on the reptation
model and its relation to macroscopic phenomena such
as the viscosity. Also note that slight changes in S;;
between tex and trc due to limited stability of the tube
will only slightly reduce the DQ intensity, if the direc-
tion of the local order remains the same. If, however,
also the direction of the local tube changes with time,
the DQ intensity will be drastically reduced.

For polymer chains tethered to rigid objects, which
is the case in heterogeneous diblock copolymers, a
similar treatment is not yet available, since the math-
ematical relations are far more complex and, as a
consequence, analytically not solvable. A short treat-
ment on such systems, however, was provided by
Graessley.>! Nevertheless, on a qualitative level, one can
easily rationalize that the dynamic regime 111 which
incorporates the actual reptation motion process should
not occur for mobile chains anchored to some rigid
entity.

4. Results and Discussion

4.1. Dynamic Order Parameters. The reptation
model predicts several different dynamic regimes for
polymer motion, and an experimental way to monitor
some of them has been presented above. The dynamic
regime on the shortest time scale but still accessible by
DQ NMR is characterized by rapid segmental motions
with correlation times, 7. < Dj;~%. This requires motions
on time scales below 10 us, which are typically reached
at temperatures above Ty + 50 K. Then DQ NMR
monitors preaveraged dipolar couplings that are con-
stant over a considerable temperature range. For molten
amorphous polymers, remarkably high chain order
parameters were found. For the olefinic protons in 1,4-
PB, averaged over the cis and trans configurations, this
order parameter was observed to be as large as S = 0.13,
indicating extensive local chain order on a time scale of
milliseconds. The same value has been determined for
non-cross-linked random styrene—butadiene copoly-
mers, like PB another polymeric material of low func-
tionality.® Even higher values were previously found for
the carboxylic side groups in methacrylates: S = 0.38
for poly(methyl methacrylate) and S = 0.70 for poly-
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Table 2. Plateau Values of the Residual Dipolar
Couplings and Corresponding Dynamic Order Parameter
Data for Various PS-b-PB Block Copolymers at T4(PB) +

50 K&
CH; CH-CH,; CH=CH C=C

rigid PB Dij, stat, kKHz 21.0 6.1 7.0
PB 130K! Dij, ret 1.00 0.43 0.75

Dij, abs, kHz 1.2 0.5 0.9

Sij 0.06 0.08 0.13 0.2
PS-b-PB 90K-120K  Djj, rel 1.00 0.47 0.66

Dij,abs, kHz 3.6 1.7 2.4

Sjj 0.17 0.28 0.34 0.56
PS-b-PB 12K-10K  Dijjrel 1.00 0.59 0.63

Dij,abs, kHz 3.8 2.2 2.4

Sij 0.18 0.36 0.34 0.56
PS-b-PB-b-PS Dij rel 1.00 0.62 0.93

Dijabs, kHz 4.4 1.7 2.9

Sij 0.15 0.31 0.41 0.68

a For comparison, previously published data obtained for homo-
PB are included in this chart.5

(ethyl methacrylate).52 The ordering was attributed to
the existence of entanglements® which form a physical
network in high molecular-weight polymer melts. The
preordering of chains in the melt is a highly cooperative
phenomenon and is not significantly increased by
introducing chemical cross-links as indicated by our
results on random styrene-butadiene copolymers. A
growing cross-link density was found to lead to en-
hanced local order, but the resulting order parameters
do not exceed values of S = 0.17.6:28

The aim of the present work is to explore in which
way rigid confinements affect local order. The confine-
ments of polymer motion in the PB blocks are repre-
sented by rigid PS blocks, at T < Ty4(PS), to which the
PB chains are tethered on one end. In contrast to SBR
where each chemical cross-link connects two polymer
chains, in lamellar PS-b-PB diblock copolymers all PB
chains over large domains are collectively fixed and all
junction points are forced next to each other. Thus, the
interface in a block copolymer is expected to impose
much stronger topological constraints than chemical
cross-links. Finally, a PS-b-PB-b-PS triblock copolymer
will be examined in which also the second chain end is
fixed.

In 'H DQ MAS NMR, the dynamic order parameters
are determined from DQ intensities, which are related
to the dipolar couplings between two protons that give
rise to the DQ coherence according to eqs 12 and 14.
All three different dipolar couplings that are present
in a butadiene repeat unit can be measured (Figure 2b).
For the rapid dynamic regime, a constant DQ intensity
is observed as a plateau or t° regime.® Since all three
DQ intensities are measured in the same spectrum, the
ratios between them are well-defined. Because the DQ
intensity depends on experimental parameters, the
determination of absolute values of the order parameter
requires absolute measurements of at least a single
residual dipolar coupling. In PB homopolymer melts,
this was achieved by evaluating the 'H MAS sideband
intensity for the CH, protons in a single-quantum
spectrum.> This approach is, unfortunately, not ap-
plicable for block copolymers due to significant suscep-
tibility effects.5® However, as the relation between DQ
intensity and dipolar coupling constants for PB ho-
mopolymer melts is established via MAS sideband
analysis'® DQ intensity data can be analyzed to yield
the respective dipolar coupling also for PS-b-PB block
copolymers by comparing DQ data obtained for the
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Figure 6. Correlating the dynamic order parameters
Sch=cn(t) and Sc—c(t) for cis and trans units in the PB block
and angles 9; used for the transformation of Legendre poly-
nomials.*®

homopolymer and the block copolymers recorded under
the same experimental conditions. Note that Ipg ~ D?;
thus, small differences in the spectrometer performance
only slightly affect the determination of the residual
order parameters. In DQ build-up curves for a PB 128K
homopolymer we obtained relative dipolar couplings
DCHZ:DCH—CHZ:DCH=CH =1:0.43:0.75. ACCOI"diI’]g to exter-
nal SQ MAS scaling experiments at 213 K, Dcp,
corresponds to 1.2 kHz. From this value a residual
dipolar coupling of Dcpy=cn = 0.9 kHz was calculated.
In the diblock copolymers the DQ intensities are much
higher, yielding Dcy=cHq = 2.4 kHz. For PS-b-PB-b-PS
triblock copolymers, the normalized DQ intensity for the
olefinic proton interaction turns out to be even higher,
resulting in a residual dipolar coupling constant
Dch=cn = 2.9 kHz. Through comparison with respective
static values known for rigid systems, these plateau
values of residual dipolar interaction can be related to
order parameters according to

Djj eft
Si(t) = Dy et (21)

Corresponding values along with dipolar coupling raw
data are summarized in Table 2 for a PB homopolymer,
two PS-b-PB diblock copolymers, and a PS-b-PB-b-PS
triblock copolymer where also the second PB chain end
is anchored.

Proton DQ NMR experiments can distinguish three
dynamic order parameters, Scr=cH(t), Sch-cH,(t), and
Sch,(t). To describe the main-chain dynamics in a proper
way, the dynamic order parameter of a direction along
the polymer chain itself is desired. In the case of PB,
the dynamic order parameter of the double bond be-
tween the two olefinic carbon atoms, Sc—c(t), is expected
to display the highest order parameter of the polymer
chain, because the double bond acts as a stiffening
element within each repeat unit. According to standard
recipes,'848 a transformation of Legendre polynomials

Scr=ch(t) = P(cos ¥) x Sc_c(t) (22)

relates order parameters for different directions (Figure
6). We checked via simulations®5* that the relative
ratios of the different experimentally observable order
parameters are consistent with the rotational isomeric
state (RIS) statistics3! of the chain and, by trial and
error, did not identify a direction within the butadiene
unit which would display order parameters higher than
directions along or close to the C=C double bond. It
should be noted that Scy—cH data represent an average
of the individual contributions of the cis and trans units,
which, in contrast to homopolymers, cannot be resolved
in the 'H NMR experiments for PS-b-PB block copoly-
mers. The average order parameters along the polymer
chain for both the CH=CH and the C=C directions can
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be determined from
S(t) = 0.55S,,,5(t) + 0.45S (1) (23)

where the weighing factors refer to the microstructure
present in the PB chains as revealed by solution-state
NMR. For PB homopolymers we found Sc—ctrans ~
2Sc—ccis estimated indirectly from *H NMR according
to eq 22.5 Recent IH—13C heteronuclear DQ NMR data
show that this ratio also prevails in the block copoly-
mers.55

This procedure yields remarkably high order param-
eters for the PB block in PS-b-PB diblock copolymers of
Sc—c(t) = 0.56 as compared to 0.2 for homo-PB.> A
particularly noteworthy result is the observation that
the order parameters are the same for all diblock
copolymers under investigation and, thus, do not depend
on the chain length or the lamellar spacing. This implies
that the effect that causes main-chain ordering must
influence the entire mobile phase. Gradients in the order
parameter would imply even higher values at the
interface.

The order parameters for both, homo-PB and PS-b-
PB diblock copolymers, are much larger in magnitude
than is theoretically predicted by eq 4.2! This leads us
to the conclusion that substantial additional influence
on local order must be based on interchain packing. As
pointed out above the order parameter of trans units is
determined to be twice as large as that of the cis units.
This is in accord with findings that the packing for 1,4-
trans-PB is much denser than for 1,4-cis-PB since chain
alignment is hindered in the case of the somewhat
bulkier cis units.14:56

When also the second PB chain end is anchored, a
further increase of the C=C order parameter from 0.56
to 0.68 is observed. This is found for several different
PS-b-PB-b-PS triblock copolymers. It should be men-
tioned that the dramatic increase in order parameters
for PB in diblock and triblock copolymers is observed
for all directions probed by 'H DQ NMR. Differences in
the ratios between the different directions are also found
but the pattern remains similar.

4.2. Polymer Dynamics in Diblock Copolymers.
The dynamics of PB on various time scales are now well
understood and can be described within the framework
of the reptation model.5> On the basis of these results,
the influence of further spatial constraints on the
polymer dynamics of the mobile phase can be studied.
In particular, it is of interest to examine the interplay
of entanglements in the mobile phase and anchoring the
highly mobile chains to a rigid entity. In a PS-b-PB
diblock copolymer a PB chain is tethered to a wall, and
therefore, the PS block acts as a physical cross-link to
a given chain and its neighbors close to the interface.
PS-b-PB diblock copolymers of four different molecular
weights were studied. The individual block copolymers
will be distinguished by the molecular weight of the
respective blocks. PS-b-PB 900—600 is a short diblock
copolymer with a nonentangled PB block. It is also
important to note that this copolymer is not microphase
separated. The other three systems incorporate en-
tangled PB blocks and exhibit a lamellar morphology.

The combination of microphase separation and dy-
namic heterogeneity of (T4(PS) — T4(PB)) > 150 K leads
to the unique properties that make PS-b-PB diblock
copolymers particularly suitable for our purposes. It is
known that immobilization of the rubbery component
occurs in the interphase. In related PS-b-PI polymers,
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Stoppelmann et al.5” determined an interphase thick-
ness of 1 nm via deuteron NMR techniques. We carried
out similar experiments on deuterated PB chains for the
short, phase-separated PS-b-PB block-copolymer 12K—
10K (Table 1) and found, in combination with DSC
results, that a chain segment of at most 15—20 repeat
units is immobilized in the interphase of our block
copolymer.58 In accord with this finding, the observed
IH NMR signals of the mobile PB chains in one-
dimensional MAS experiments were found to correspond
to the volume fraction of the PB block. As a consequence,
we feel safe to neglect the small immobilized fraction
associated with the interphase. Experimental order
parameters for different block copolymers as well as
analogous homopolymers are plotted as a function of
temperature in Figures 7a and 8a. First note that the
order parameters decay on a logarithmic scale for the
diblocks, indicating translational motion of the indi-
vidual segments. Also note that the order parameter is
always probed experimentally on the same time scale
in the millisecond range where we excite and reconvert
DQ coherences. Via egs 5 and 6, the experimental
temperature scale can be converted into a time scale of
polymer dynamics by assuming that the time—temper-
ature superposition principle?! holds for the systems.
This implies that for the motional processes investigated
in this work, raising the temperature should lead to a
similar result as increasing the experimental time scale.
Although commonly applied in polymer science, it
should be realized that this assumption enters in all the
conclusions drawn later. Therefore, the experimental
data in Figures 7 and 8 below are presented in two
ways, i.e., as a function of temperature as measured
(Figures 7a and 8a) and after conversion of the temper-
ature scale into a time scale (Figures 7b and 8b). Should
the time—temperature superposition principle later
prove to be inadequate here, the original plots (Figures
7a and 8a) will remain valid. In particular, the absolute
maximum values of the chain order parameters ob-
served at temperatures around T4 + 50 K do not depend
on this assumption, whereas the exact values of the
scaling coefficients do.

As the quantities that describe the anisotropic chain
motion best, residual dipolar couplings between olefinic
protons, Dch=ch, and corresponding dynamic order
parameters, Scr=cH, obtained from eq 21 are employed.
To eliminate a molecular-weight dependence of the time
scale calculated from the temperature dependence via
the time—temperature superposition principle, data are
normalized with respect to 7., the only characteristic
time in the reptation model that is independent of the
chain length. This procedure yields charts of the form
Sch=cn = f(t/te) or Dcp=cn = f(t/ze), respectively (Figures
7b and 8b), where t is the experimental time scale
(typically slightly below 1 ms) given by the DQ excita-
tion and reconversion time. Plotting experimental data
in a log—log representation provides characteristic
slopes for the scaling laws referring to the different
dynamic regimes outlined in Sections 3.2 and 3.3 (see
also Figure 5).

Insight into details of the main-chain dynamics of the
PB block in a PS-b-PB diblock copolymer of varying
molecular weight can be retrieved from Figure 7b. The
maximum order parameter manifests itself as the
plateau value for short times. It is the same for all
molecular weights under investigation. As already
mentioned, this implies that the chain order is not due
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Figure 7. Temperature and time dependence of the intensity
of the olefinic DQ coherence for a series of lamellar PS-b-PB
diblock copolymers of varying molecular weight. Data are given
as a function of (a) experimental temperature and (b) time
after having converted the abscissa employing time—temper-
ature superposition.

to highly organized chains of the structural interphase
in the vicinity of the PS/PB junction points in the block
copolymer but rather an ensemble effect of the complete
PB block. At considerably longer times the systems
enter the intermediate dynamic regime, where Rouse-
like motion inside the reptation tubes with ~t=14
dependence takes place. For the three longer blocks that
are above the entanglement molecular weight of the PB
block, the dynamic regime which indicates the actual
reptation of the chain through a ~t=12 scaling law is
not observed. Instead, an extended ~t~4 regime is
found. This can be interpreted as indicating that the
tube is stabilized and Rouse-like dynamics occur on a
longer time scale, but switching to diffusive reptation
motion is restricted on account of the impenetrable
nature of the PS block. For PS-b-PB 12K—10K an
additional dynamic regime is observed at long time
scales with a decay faster than ~t=12, This process
might be due to an arm-retraction process. It is known
that arm-retraction is suppressed for higher molecular-
weight systems®! and indeed this dynamic regime is not
found for PS-b-PB 22K—24K or 90K—120K.

The short PS-b-PB 900—600 should not be subject to
reptation dynamics because no entanglements are
present. Nevertheless, the PB chains are also tethered
and apparently are highly ordered for short times. The
decay of the order parameter follows roughly a scaling
law with ~t=12, which might be attributed to simple
Rouse motion. For the entangled systems it is interest-
ing to recognize the shift of the ~t=%4 regime to longer
time scales with increasing molecular weight. This has
also been found for PB homopolymers® and semidilute
PS solutions*? and suggests a broadening of the cross-
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Figure 8. Effect of rigid confinements on local order and
main-chain dynamics as observed by proton double-quantum
NMR. Data are given as a function of (a) experimental
temperature and (b) time after having converted the abscissa
employing time—temperature superposition.

over from rapid segmental motions to tube-restricted
Rouse motions. Theoretical computations on this cross-
over region predict a molecular-weight-dependent broad-
ening of the transition from a rapid to an intermediate
dynamic regime.>®

These findings are corroborated when the range of
anisotropic polymer motion as obtained from DQ-NMR
experiments is compared for PB homopolymers and the
block copolymers (Figure 8). First, the marked increase
of the maximum order parameter (plateau value) by
tethering the chains should again be pointed out.
Furthermore, the onset of the ~t~4-regime is shifted
by about two decades in time for the block copolymers
as compared to the homopolymer. These two observa-
tions taken together mean that chain order in a block
copolymer is significantly increased and stabilized in the
sense that a given repeat unit has a much higher return-
to-origin probability in a block copolymer than in a
homopolymer of the same molecular weight.

For data evaluation we used the same C, parameters
and ke in eq 5 for all materials alike. Let us now
examine to what extend the observed shift of the onset
of regime Il can be attributed to a mismatch of these
estimated values. Feigin and Napper demonstrated that
even an inert interface leads to a modification of
conformational statistics and as a result the value of
C. for the tethered block is predicted to be 4/3 of the
homopolymer value.’° For microphase-separated diblock
copolymers Kremer and co-workers found in simulations
that entanglement effects are reduced in the tethered
molten block,®! i.e., ke in the block should be larger than
in the homopolymer. Adjusting C., and k. causes a shift
of our Scp=cn(t/ze) curves. Since a value for C, for the
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Figure 9. Dynamic order parameter of the olefinic coherence
as a function of time for a PB of 10K molecular weight fixed
to a PS block, a nonmodified PB 10K and a PB 10K that was
mixed into a PS-b-PB 12K—10K with a perdeuterated PB block
to obtain a 5% blend with respect to PB. Comparison of these
systems allows one to get insight about the stability of a tube
formed by entanglements.

block copolymer case is known® we are left with k. as
the only parameter that can be used to match the block
copolymer and homopolymer curves. From this we
estimate the effective k. for tethered polymer chains in
PS-b-PB 22K—24K (compared to PB 20K, Figure 8) to
be ke(PB block) ~ 5ke(homo-PB).

Figure 8 also includes data on the main-chain dy-
namics of the triblock copolymer. Obviously, the PB
chains are very effectively confined in such a system
and the entire experimental time scale is governed by
a ~t% regime. In fact, this observation supports another
assumption that we have tacitly used throughout,
namely that the maximum order parameter does not
decay on a logarithmic scale with increasing tempera-
ture. The slight decrease by about 30% observed in the
triblock copolymer over a temperature range of more
than 150 K does not alter our previous conclusions on
translational chain motion being the major cause for the
decay of the order parameter. Note that the correlation
time of segmental dynamics changes by about 7 orders
of magnitude over this temperature range.

4.3. Chain Order and Dynamics of Oligomers
Dissolved in a Block Copolymer. To further eluci-
date the interplay of chain anchoring and entangle-
ments we also studied whether the translational dy-
namics of a free chain is altered, if it is dissolved in a
block copolymer. In Figure 9 the time dependence of the
dynamic order parameter of the olefinic DQ coherence,
Sch=cn, for PB 10K and PS-b-PB 12K—10K are com-
pared to that of a blend of 5 wt % PB 10K in a PS-b-PB
12K—10K block copolymer with a perdeuterated PB
block. A schematic representation the structures of
these three systems is depicted in Figure 10. The
mixture of PB (ps) 10K and PS-b-PB (dg) 12K—10K
allows one to investigate the translational motion of a
PB chain in tubes that are created by entanglements of
the PB block of the copolymer. Since the PB block of
the copolymer is deuterated and proton NMR is per-
formed, the experiment is exclusively sensitive on the
dynamics of the protonated PB 10K probe. The low
fraction of PB probes can be expected not to perturb any
unique local chain ordering of the PS-b-PB matrix.
Therefore, microscopic chain conformations and packing
can be assumed to resemble those present in pure PS-
b-PB. As an interesting result, the plateau order pa-
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PB PB in PS-b-PB (d;) PS-b-PB

Figure 10. Schematic representation of PB in different
surroundings: (a) where PB can reptate in an environment of
the same material; (b) where PB can reptate in a tube formed
by entangled chains of a PB block in a PS-b-PB block
copolymer; (c) where PB is observed as an anchored block of a
PS-b-PB block copolymer. Because of the fix point, the PB
chain cannot undergo the actual reptation process. The
anchors denote that the respective PB chain end is attached
to a rigid PS “wall”.

rameter of the PB probe mixed into the block copolymer
matrix resembles that for the pure homopolymer.
Strictly speaking, we have no rational explanation for
finding exactly the same value. It is known from binary
liquid-crystalline blends that the order parameter of a
solute in a highly ordered matrix does not necessarily
resemble the order parameter of the matrix but, de-
pending on an interaction parameter, should rather lie
between the values of the pure components.’® Slight
differences that fall within the experimental uncertainty
cannot be resolved for these system.

For the intermediate time scale the experimental
curve found for the PB/PS-b-PB blend resembles the
behavior typically observed for block copolymers and
thus clearly exhibits the enhanced stability of the tube
created by entangled chains in the PB block of the block
copolymer in yielding a ~t=4 law. Although for this
system appearance of a ~t=12 behavior is of course
expected at longer times, the experimental signal-to-
noise ratio prevents observation of this regime. Repta-
tion motion of a homopolymer probe inside rigid tubelike
channels was, however, observed by Fischer et al.®° In
contrast to the blend, the pure homo-PB is governed by
a ~t~%2 law as PB 10K is only slightly entangled. In a
homopolymer, this small number of entanglements is
too low for reptation motion to become prominent. In
the block copolymer, however, disentanglement of chains
is reduced since each PB chain that creates a topological
constraint is itself tethered and thus restricted in its
motional behavior. Translational motion apparently
depends on the temporal stability of the tube.

To prove the importance of entanglements for the
arguments outlined here, DQ NMR experiments were
also performed on another mixture, namely of a PB (pe)
400 homopolymer in PS-b-PB (ds) 12K—10K diblock
copolymer, where the PB probe is much shorter than
the entanglement molecular weight. The plateau order
parameter for this system was estimated to be Scp=cnH
~ 0.002, and no further dynamic regimes are found,
clearly indicating that this homopolymer probe is too
small for the mesh size of the entanglement-based
physical network. This finding agrees with results
published by Valic et al.?®

4.4, Structural Implications of the Observed
Chain Order Parameters. Our detailed study of chain
order parameters observed at short times and their
decay as a result of translational motion at longer times
now allows us to propose a scenario of structure in
amorphous polymers, as illustrated in Figure 11. From
the scaling laws observed, we are forced to conclude that
the ordering of chains occurs in regions with sizes
governed by the entanglement molecular weight, i.e., a
few nanometers. Hence, we call these regions nano-
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Figure 11. Rationalization of the typical length scale for local
ordering in the flexible PB block in a PS-b-PB diblock
copolymer with lamellar morphology (the case for PS-b-PB
22K—24K is depicted). PS/PB junction points are denoted by
solid black circles and represent stable physical cross-links.
The domains that exhibit chain ordering on short time scales
are of the order of 2 nm. (a) One whole lamella and (b) an
expanded view of a single nanodomain are depicted.

domains. In a homopolymer melt, the chains will reptate
through those nanodomains, which are statistically
independent. Therefore, the order parameter will decay
essentially to zero. The fact that the order parameter
decays on a logarithmic scale even in block copolymers
implies that these nanodomains have different director
orientations in block copolymers also (Figure 11a). The
increase in order parameters in block copolymers as
compared to homopolymers is rationalized in Figure
11b. As adjacent chains in the nanodomains close to the
interface are preferentially aligned perpendicular to the
rigid block, the collective chain order increases for the
entire domain. Another way of looking at this is to
realize that not single chains, but the nanodomains, are
confined in the lamellae of the block copolymers, which
themselves have a thickness of several nanometers.

We hurry to point out that our present findings cannot
yet prove this scenario in all details, or beyond any
doubt. Yet, it is consistent with all the observations,
including those of mixing short chains in systems with
longer chains. At any rate, dynamic chain order param-
eters emerge as a new means to characterize polymer
chains in amorphous systems on the nanometer scale.

Furthermore, our results on chain ordering in polymer
melts are in good agreement with recent findings by
Strobl et al.52 After intensive investigation of various
semicrystalline polymers, including syndio- and isotactic
polypropylene, polyethylene (with or without octene co-
units) and poly-e-caprolactone, using SAXS,% DSC, and
AFM® as experimental techniques, Strobl and co-
workers gathered data that allowed them to propose a
new model for the polymer crystallization from the melt.
In particular, they suggest that the actual crystalliza-
tion follows a two-step mechanism involving a phase of
nanometer-sized domains of preordered molten polymer
chains referred to as granular crystalline phase. This
novel phase is characterized by decreased chain dynam-
ics, i.e., considerably ordered chains, and a cooperative
structural phase transition is anticipated if the tem-
perature is lowered to either form crystallites or raised
to cause a complete melting. For our amorphous sys-
tems, crystallization is ruled out due to structural
imperfections on a microscopic level, yet the tendency
of preordering can be clearly seen.

In a forthcoming publication, where we studied the
crystallization behavior of constrained semicrystalline
poly(dimethylsiloxane) (PDMS), we observed that the
crystallization rate is increased as a result from pre-
ordering of chains in the melt. We compared various
physically or chemically cross-linked systems to their
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non-crosslinked analogues and found a higher tendency
toward crystallization for all confined materials.55

5. Summary

The main-chain order and dynamics of the mobile PB
block of several PS/PB block copolymers with one (PS-
b-PB diblock copolymers) or two (PS-b-PB-b-PS triblock
copolymers) terminal fix points per PB chain were
investigated by high-resolution proton double-quantum
MAS NMR. Individual motional regimes and how they
are affected by rigid constraints were examined in
detail. It was found that tethering PB chains to rigid
objects has an influence on the entire PB block rather
than on a small fraction in the vicinity of the interface
only.

From previous studies on homopolymers, entangle-
ments are expected to give rise to local dynamic order
of the main chain. Corresponding order parameters for
1,4-PB were determined to be as large as Sc—c = 0.2 on
a time scale of about a millisecond.® Introduction of rigid
constraints in form of glassy PS blocks have now been
found to result in an enhancement of local order with
order parameters of Sc—c = 0.56 and Sc—c = 0.68 for
the PB block in PS-b-PB diblock copolymers and PS-b-
PB-b-PS triblock copolymers, respectively. These find-
ings are attributed to stabilization of entanglements
and, consequently, extended preordering of chains in the
melt. The characteristic length scale of ordered domains
is governed by the entanglement spacing, i.e., a few
nanometers.

In terms of the reptation model, stabilization of
entanglements by tethering one PB chain end was
experimentally observed to lead to an extended second
motional regime which involves Rouse-like dynamics
inside the tube indicated by a characteristic ~t ~1/4
scaling law. On account of anchored chain ends, the
actual reptation motion in the third dynamic regime
with a ~t ~¥2 scaling law is lost for diblock copolymers
as well as systems with two fixed chain ends.
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