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ABSTRACT: From a combination of tailored synthesis and deuterium NMR free induction decay (FID)
measurements, the molecular dynamics of various entanglement sections in four-arm star polybutadienes
has been studied. Each arm of the polybutadiene stars has a monodisperse molecular weight of 30 000
g mol~%, and each has a deuterated sequence of molecular weight 2000 g mol~*. This sequence, which
corresponds to an entanglement length, has been located at different distances from each arm end, namely
one entanglement length from the free end, /., />, and 3/, of the way down the arm to the star core and
at the core. Although the FIDs from the core and near the free end are always distinctly different, the
FIDs from the other sections are only clearly distinguishable above ca. 40 °C. This is interpreted in terms
of the molecular weight corresponding to the longest Rouse mode detectable on the NMR time scale at
various temperatures. The deuterium FIDs have been analyzed according to an exact solution for the
transverse relaxation, which produces an effective correlation time that increases toward the core of the

star and with decreasing temperature.

Introduction

Molecules of branched topology have a profound effect
on the melt processing of polymers and hence are the
subject~3 of extensive study. The simplest model of such
a molecular architecture is the star polymer, where
several polymer chains are connected to a common
junction. There is currently much interest* 6 in the
tailored synthesis of model star polymers, whereby
molecules of well-defined functionality and monodis-
perse arm length are produced, allowing the results of
physical characterization studies to be sensibly inter-
preted within the context of theoretical dynamical
models. In a previous paper,” details of the synthesis of
a series of polybutadiene star polymers, of functional-
ities 3, 4, 8, and 12 were reported. Each star had a
similar arm molecular weight of approximately 30 000
g mol~t. The dynamic rheology of these star polymers
was interpreted using a model developed by Ball and
McLeish,® which arises from considering the possible
molecular mechanism by which stress relaxation can
occur in a star polymer. In common with other theories,®
this is essentially understood within the framework of
the tube model but recognizes that reptation cannot
occur in a star polymer because of the presence of the
junction. Instead, relaxation is controlled by fluctuations
of the entangled tube length, in which the free end of
the star arm retraces some of its tube before a further
outward exploration of the melt. This motion completely
renews the configuration of the outer part of the arm
as far as the deepest retraction. In consequence, each
entanglement length of the star arm is considered to
have its own characteristic correlation time, which, for
the relaxation of stress, will increase exponentially® with
distance from the free end. However, within the tube
model, stress is essentially held by tube segments
unvisited by a free chain end—it is this that is observed
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by rheology. The reorientation of the actual chain seg-
ment within the tube will follow different dynamics.
However, this basic idea, that there are a range of
orientational correlation times, localized to entangle-
ment sections, while intuitively reasonable, has not, to
our knowledge, been directly observed experimentally,
and it is a primary objective of the present paper to do
S0.

To this end, we have synthesized a family of 4-arm
star polybutadienes, all of monodisperse arm molecular
weights of around 30000 g mol~%, with deuterated
entanglement lengths situated at various distances from
the free end of the star arm, in an otherwise fully
hydrogeneous polymer. The deuterium NMR transverse
relaxation is therefore a direct experimental probe of
the dynamics of specific entanglement sections. To
interpret the results, we have employed, for the first
time, an exact solution for the transverse relaxation
time!® incorporating a single orientational correlation
time. We have recently used!! similar deuterium NMR
methodologies to quantify Rouse and reptation dynam-
ics in linear polybutadiene chains of various molecular
weight, and parameters calculated in that study will be
used in the present work.

Selective labeling to isolate the dynamics of specific
parts of a polymer chain has been used by others,
particularly in the investigation of networks.12=14 In
most cases, the deuterated sequence was rather short,
approximately 30 deuteriobutadiene monomers, and the
networks were randomly cross-linked. Of particular
relevance to the data we present here was the use of
4-arm star polybutadienes with the deuterated se-
guences at the junction and the free ends of each arm
that were subsequently cross-linked. It was noted that
the deuterium NMR spectrum for the free end had a
broader line width than that for the junction, but no
attempt was made to model these data. Deuterium
NMR has also been applied to study chain dynamics in
coronas of ionomer aggregates,'®> namely poly(styrene-
b-sodium acrylate) reverse micelles and sodium car-
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boxylate terminated polystyrene aggregates. A sequence
of three monomer units in the polystyrene chain were
deuterated and located at various points along the
chain. Deuterium line widths, signal intensities, and
relaxation times were measured, and the local bond
correlation times were calculated by means of the
standard Bloch—Purcell-Pound theory. It was con-
cluded that a molecular mobility of the ionic junction is
dramatically reduced and that even at a distance of 25
repeat units from the nonionic block junctions, the
mobility was still less than that in free chains.

In our previous paper which concentrated mainly on
the rheology’ of polybutadiene star polymers of various
functionality, we showed a deuterium NMR spectrum
of the free, end entanglement section of the arm. It had
a Lorentzian line shape, which is consistent with this
section of chain undergoing Rouse dynamics.1® The end
section is, therefore, undergoing entirely different dy-
namics than the other (approximately 14) entanglement
sections along the arm, which can only reorient when
the arm retracts the required distance along the tube
confining it, as described above. In the present work,
we therefore examine sections from the core through to
the penultimate entanglement length only, to provide
a self-consistent picture of the range of dynamics along
the star arm.

Experimental Section

Synthesis of Labeled Star Polymers. The entanglement
molecular weight (M) of polybutadiene, calculated from
literature values'” of the plateau modulus, is 1 970 g mol™.
In this work, a series of four-arm polybutadiene star-branched
polymers have been synthesized in which the target molecular
weight of each arm was 30 000 g mol™, approximately 15
entanglement lengths. Each arm is labeled with a short section
of polydeuteriobutadiene of molecular weight equivalent to
approximately one entanglement length. The arms are, in
effect, isotopic copolymers of butadiene and deuteriobutadiene.
In all, six stars of this type have been prepared, in which the
position of the labeled section varies from the very core of the
star to the tip of each arm.

The precursor arm poly(butadiene—deuteriobutadiene) co-
polymers were prepared by the sequential addition of the
monomers, using anionic polymerization and classic high-
vacuum techniques. Benzene (distilled and dried over calcium
hydride) was used as the solvent and sec-butyllithium (1.3 M
solution in cyclohexane, Aldrich) as the initiator. Deuteriob-
utadiene was prepared by the reductive dechlorination of
hexachlorobutadiene according to the procedure of Craig and
Fowler.*® Butadiene (Aldrich) was passed through a drying
column prior to use. After the polymerization of each block, a
sample of polymer was removed for molecular weight deter-
mination. From high-resolution, solution-state NMR measure-
ments, the polymer microstructure was determined as 45%
cis and 45% trans 1,4- and 10% 1,2-polybutadiene.

Construction of the star-branched polymers was achieved
by adding sufficient silicon tetrachloride to the solution of
living precursor arm polymer, to give a 25% mole excess of
living polymer ends with respect to Si—Cl bonds. The mixture
was stirred at 50 °C for 2 days to allow complete coupling
before terminating the excess, unreacted living arm polymer
with nitrogen sparged methanol. The product was collected
by precipitation into methanol. The excess arm polymer was
separated from the star-branched polymer by multiple frac-
tionations, using toluene as the solvent and methanol as the
nonsolvent.

Molecular weight determination was carried out by size
exclusion chromatography (SEC), using both concentration and
viscosity detectors. It has been shown that SEC elution
volumes for star-branched polymers can show a marked
dependence upon the solution concentration. As a result of this,
the universal calibration method may yield molecular weight
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Figure 1. Deuterium transverse relaxations M(t) at 20 °C
from the various labeled segments within the star arm. The
solid lines are fits to data using eq 5. For clarity, not all data
points are included.

Table 1. Molecular Weight of the Deuteriobutadiene
Block, Position of the Deuteriobutadiene Block,
Molecular Weight of the Whole Arm Precursor, and Arm
Polydispersity (Pd) Used in the Synthesis of Four-Arm
Partially Deuterium-Labeled Polybutadiene Stars

position of Mw Mpn Mw Mn Pd
deuteriobutadiene block block block  arm arm arm
core 1800 1800 36900 37000 1.00

3/4 from end? 2000 1700 30100 29900 1.01

1,0 2400 2200 33300 32300 1.03

1/, from end® 3200 3100 33000 33000 1.00
penultimated 2300 2300 24800 24800 1.00

end 2100 2100 29800 29800 1.00

a The exact position of the deuterated block begins at M., 22 400
from tip. ® M, 16 100 from the tip. ¢ My, 8400 from the tip. 4 My,
2000 from the tip.

Table 2. Molecular Weight, Functionality, and
Polydispersity (Pd) of Four-Arm, Partially
Deuterium-Labeled Polybutadiene Stars

position of B B
deuteriobutadiene block M, star Mpstar Pd functionality
core 144 000 143000 1.00 3.9
3/, from end 122200 115100 1.06 4.0
Y, 132400 132400 1.00 4.0
/4 from end 113200 107 700 1.05 3.5
penultimate 93200 91100 1.02 3.8
end 111 000 111000 1.00 3.7

values that are lower than the true values. However, we have
ascertained that for stars in this molecular weight range no
concentration dependence was evident.” Tables 1 and 2 provide
details of the precise location and molecular weight of each
deuterated entanglement section in the star arm, together with
arm and star molecular weights, polydispersity indices, and
functionalities.

Nuclear Magnetic Resonance. On-resonance free induc-
tion decay signals (FIDs) were recorded on a Chemagnetics
CMX-200 spectrometer, operating at 30.7 MHz for deuterium.
Standard single-pulse experiments were performed, typically
using a 90° pulse width of 2.75 us, 1024 data points, 2 us dwell,
recycle delay of 15 s, and 2048 acquisitions. All samples were
degassed and sealed under vacuum prior to the NMR mea-
surements.

Results and Discussion

General Features of the FIDs. FIDs were mea-
sured at temperatures from —30 to +60 °C. Figure 1
shows the FID from each deuterated section, recorded
at 20 °C. First, it is clear that the NMR is sensitive to
the range of dynamics exhibited by the different en-
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Figure 2. Deuterium transverse relaxations M(t) at 60 °C
from the various labeled segments within the star arm. The
solid lines are fits to data using eq 5. For clarity, not all data
points are included.

tanglement sections. The FID from the penultimate
section decays slowly, corresponding to relatively fast
dynamics, consistent with this section being in close
proximity to the free end of the arm. Conversely, the
FID from the section situated at the core decays rapidly,
corresponding to relatively slow dynamics, which is
consistent with the constraint exerted by the tetrafunc-
tional star junction. Second, the FIDs from the sections
situated at fractional distances of /4, /5, and 3/, from
the free end, while lying between the FIDs from the
extremes, are nevertheless indistinguishable from each
other, a result that is initially surprising.

Figure 2 shows the FIDs recorded at a higher tem-
perature of 60 °C. There are two main differences
between these data and those shown in Figure 1. First,
the FIDs at the higher temperature do, in general, decay
more slowly than at the lower temperature, indicating
that raising the temperature reduces the orientational
correlation time, as expected. Second, there is now a
discrimination between the sections situated /4, /2, and
3/, from the free end. From hereon, these sections will
be referred to as “removed from the extremes”, and we
shall return to this point later.

It has been pointed out to us by a referee that, because
the polymers are only partially deuterated, there is the
possibility of some residual proton—deuterium dipolar
interaction, which may not be fully averaged by molec-
ular motion and could therefore contribute to the rate
of decay of the FID. To check for this, the FIDs for some
samples were recorded with high power (approximately
63 kHz) proton decoupling during the acquisition. The
FIDs with and without the decoupling were identical,
within experimental error, suggesting that the molec-
ular motion effectively averages this dipolar interaction.

In Figure 3, we plot T,* (the time for the FID to decay
by a factor of 1/e) versus temperature, from —30 to +60
°C. It should be emphasized at this point that none of
the FIDs are single exponential (except perhaps that of
the penultimate section), hence the required use of the
exact solution'® to be discussed, and so the NMR
relaxation time T, has little significance other than
being a convenient indicator of the rate of decay of the
transverse relaxation. For all the sections apart from
the core, T>* increases with temperature, indicating the
dynamics are approaching the extreme narrowing re-
gime. This has also been confirmed from deuterium T;
measurements,!® the T, increasing from 9.5 ms at 20
°C to 24 ms at 60 °C. The T4's of the different sections
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Figure 3. Transverse relaxation times T for the various
labeled segments within the star arm as a function of tem-
perature.

at any temperature are identical, within error, consis-
tent with the T3 being sensitive only to the very local
motions. The T,* of the core section is virtually insensi-
tive to temperature, suggesting this section is strongly
confined by the tetrafunctional junction and interchain
entanglements, giving it dynamics similar to a chemi-
cally cross-linked network chain. The discrimination
between the dynamics of the sections removed from the
extremes is only revealed above about 40 °C.

Difference between FIDs at 20 and 60 °C: A
Quantitative Explanation. We now return to the
principal difference between the data in Figures 1 and
2—that the FIDs from the sections removed from the
extremes are distinguishable at 60 °C but not at 20 °C.
We explain this in terms of the Rouse relaxation times
of the entanglement sections. We argue that, although
the three deuterated sections removed from the ex-
tremes do not travel to the junction or free end of the
molecule, there is an influence of these extremities on
the dynamics of the midsections, which is revealed on
the NMR time scale, at some temperature between 20
and 60 °C. It has been shown that, at short times, even
entangled linear polymers lose orientational correlation
first through short Rouse modes, and then progressively
longer Rouse modes before arm-retraction or reptation
mechanisms take place.” Here, we argue that, at the
elevated temperatures, the deuterated sections /, and
3/, from the free end become aware of the free end and
junction, respectively, through the long Rouse modes of
the star arm.

The shortest Rouse mode that would be necessary for
the section 1/, from the end to be influenced by this free
end is that corresponding to a section of chain of
molecular weight May/4, where M, is the molecular
weight of one arm. Similarly, the Rouse mode that
would be necessary for the section 3/, from the end to
be aware of the core is also that corresponding to a
molecular weight of MJ/4, because this section is situ-
ated My/4 from the core. The effect of the core on this
section, however, would be to slow it down, compared
to its dynamics in a linear chain of molecular weight
M,. Because the distance of the sections %/, and Y/, are
each the same distance from their nearest extremity,
they would become aware of the presence of the extrem-
ity at the same time.

Let the Rouse time of a section of chain of molecular
weight M,/4 be denoted as 71/4. A test of the long Rouse
mode hypothesis is whether the distinction between the
various sections after a time equal to 714 will be
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perceived within some typical time scale for the NMR
experiment. An appropriate time to use as a measure
of the duration of the NMR experiment is T,. To
demonstrate quantitative support for the hypothesis of
Rouse modes, it is necessary to find the length of chain,
in terms of molecular weight, which corresponds to the
longest Rouse mode possible within time T3. Rouse
times are proportional to the square of molecular
weight,?® and so the Rouse time 7' for a section of chain
of molecular weight M’ is given by
"2
7 (M) = r(%) =T, (1)

where m and 7 are the molecular weight of the Rouse
unit and its fundamental Rouse time, which have values
of 260 g mol~1, and 8.3 x 1077 s, respectively.r From
Figure 3, the T, at 20 °C is approximately 0.4 ms.
From eq 1 this gives a value for M’ of 5700 g mol~%. M,
for these samples is 30 000 g mol~?1, and so the value
for M’ corresponds to about 1/sM,. This shows that at
20 °C, within the time scale of the NMR experiment,
any given section can only perceive the effects of any-
thing up to /sM, away. This is slightly less than the
1/4M, necessary for the section /4 or 3/, from the free
end to perceive the free end or the junction. This there-
fore provides an explanation for the overlapping FIDs
from the sections removed from the extremes at 20 °C.

To perform the same calculation at 60 °C, we require
the correlation time t for a Rouse unit at this temper-
ature. Applying a simple WLF shift?* from 20 to 60 °C
leads to a predicted 7 of 1.5 x 1077 s at 60 °C. From
Figure 3 it can be seen that the T for the sections
removed from the extremes is about 0.6 ms. Equation
1 then leads to a molecular weight of 16 400 g mol™1,
approximately half the length of the star arm. There-
fore, it is quite reasonable to assume that at the elevated
temperature, on the time scale of the NMR experiment,
the /4 and 3/, sections will execute dynamics influenced
by the free end and the core of the star arm, respec-
tively. Consequently, the three sections removed from
the extremes can be discriminated in the FID at this
temperature.

Quantitative Analysis of the FIDs. In this part of
the paper, we shall fit the FIDs to a theoretical model,
which allows calculation of a characteristic orientational
correlation time, and this quantifies the range of
dynamics exhibited by the different entanglement sec-
tions in the star arm. To analyze the FIDs, a theoretical
result developed by Brereton® will be employed. This
analytic result is an exact solution for the transverse
NMR relaxation from a labeled statistical segment
whose self-correlation function is that of a single
exponential. This theoretical result G(t,A,7,) for the
transverse relaxation signal from an NMR-active seg-
ment, whose dynamics is described by a single correla-
tion time 7, can be written as follows:

9(tA ) =

4K ox ID(—t(K - 1))
(1 + K)? — (1 — K)® exp(—2tK/z,) 21,

K = K(A,7,) = /1 + 2iAr,

G(t,A,1,) = Re[g(t,2A,7,) 9(t,—A,1,) 9(t,—A,7)]  (2)

The theoretical signal is determined from two key
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parameters: A, the rescaled quadrupolar interaction
strength, and ty,, the single correlation time. This model
is valid for both fast (A7, < 1) and slow dynamics (Azy
> 1), unlike the commonly employed second moments
approximation, which is only valid for fast dynamics.
In the limit of fast dynamics (A7, < 1), K~ 1ineq 2,
leading to

G(t,A,1,) = exp(— gAzrbt) (3)

which is the familiar single-exponential decay of trans-
verse magnetization, where we can identify

a2, = 1
ZA Tp T2 (4)

where T, is the spin—spin relaxation time.

Any statistical segment in a polymer chain is known
to display a wide spectrum!® of correlation times,
making the NMR determined zy, an effective correlation
time. This 7, is determined by the type of polymer
dynamics, for example Rouse or reptation. As will be
seen, this approach generates extremely good fits, with
correlation times that can usefully be understood in the
light of previous work!? on linear polybutadiene melts.

In our previous work!! on linear polybutadiene melts
it was necessary to introduce two rescaled quadrupolar
interaction strengths, termed A; and A;. Computer
simulation revealed that the fast local level atomic
motion averaged the NMR interaction term differently
for the methylene and methine deuterium nuclei. The
short linear chains in the previous paper were analyzed
using a result!® for Rouse chains, with the interesting
finding that only one friction coefficient was required.
That is, despite the intrinsic differences in atomic level
mobility, reflected by the two A values, the longer time
scale reorientations can be well described by a single
representative chain, with one local friction coefficient
corresponding to the length scale of the statistical unit.
Therefore, in our model we are justified in using a single
effective correlation time 7, even though there are two
A values.

The FIDs were analyzed using the function M(t,zy)
given by

M(t,zp) = %G(t'Al’Tb) + %G(t'AZ'Tb) (5)

where the fractional contributions simply come from the
proportions of methylene and methine deuterium nuclei
in the butadiene repeat unit. The two A values are taken
from the work!! on linear chains, which yielded A; =
4600 Hz and A, = 7900 Hz, leaving only one fitting
parameter, the effective correlation time 7,. Each labeled
section over the temperature range —30 to 60 °C has
been fitted to eq 5. The value of 7y, for each data set was
determined by a least-squares approach and can be
found in Table 3. Above —20 °C, this approach generates
good fits as can be seen in Figures 1 and 2. When the
effective correlation time 7, becomes too large, the
theoretical function G(t,A,r,) becomes insensitive to this
parameter. This happens!® when Az, > 10 and puts an
upper limit on the value for 1, that can be reliably
determined, as approximately 2 ms. Below —20 °C it is
impossible to find a satisfactory fit using eq 5 without
allowing A; and A; to increase in magnitude. Underlying
the theory in egs 2 and 5 is the assumption of relatively
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Table 3. Correlation Time 7y, (us) for Each Deuterated
Section at Various Temperatures (°C), from Fits to Eq 2

temp  core 3, 1, Y, penultimate
60 >2000 61.7 47.3 35.8 115
50 335 64.6 54.1 42.7 11.9
40 1360 71.4 62.4 52.4 15.8
30 >2000 78.7 69.0 63.6 19.1
20 >2000 90.7 89.6 81.7 24.1
10 >2000 134 117 117 36.3
0 >2000 224 179 205 61.1
—10 >2000 1050 579 1080 127
—-20 >2000 >2000 >2000 >2000 1620
—30 >2000 >2000 >2000 >2000 >2000

fast local level dynamics. At these lower temperatures,
this assumption is no longer valid. From inspection of
Table 3 it can be seen that, in general, the values for 7,
follow a logical trend in that 7, becomes shorter at
higher temperature and also toward the free end of the
star arm. However, the variation of 7, with location of
the entanglement section has nothing like the exponen-
tial dependence predicted® from theories quantifying the
rheology, as discussed in the Introduction. This would
appear, at first sight, to be a severe discrepancy, but
we should recognize that the molecular processes re-
quired for relaxation of stress are entirely different from
those required for the decay of transverse nuclear
magnetization. In the former case, the characteristic
time is that required for the reorientation of the tube
segments,® which involves diffusion of the free end of
the star arm, within the tube, to the segment under
consideration. The deuterium NMR transverse relax-
ation, however, arises from reorientation of the chain
segments themselves. Within the context of the tube
model, we may consider this to occur via curvilinear
Rouse motion within the unmodified tube segment,
which will clearly occur on a much shorter time scale
than stress relaxation.

It is interesting to compare the effective correlation
times found from the analysis of the star samples at 20
°C with our earlier work! on linear polybutadiene also
at 20 °C. For simplicity, but without loss of generality,
we will only consider the signal arising from the
methylene deuterium nuclei. The penultimate section
to the free end of the star arm is not very constrained
by the entanglement structure in the melt. It is there-
fore anticipated that the FID will be similar to that of
a free chain of a molecular weight equal to the entangle-
ment molecular weight.?2 Such a chain generates a
transverse relaxation signal given by!!

6
Grouse(t) = exp(— ;Afr In Nt (6)

where 7 is the shortest Rouse time and Ng is the number
of Rouse units in an entanglement length, that is

N,=— (7)

where M, is the entanglement molecular weight and m
the molecular weight of a Rouse unit.!! At 20 °C the
penultimate section has parameters (Table 3) such that
Astp = 0.1, making eq 2 a valid approximation. For our
single correlation time result (eq 3) to correspond to the
Rouse result (eq 6) requires the effective correlation time
7p to be written as
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The entanglement molecular weight M is approxi-
mately 2000 g mol~1, and from our previous work,! we
obtained a value of 260 g mol~* for m and 8.3 x 107’ s
for 7, leading to a value for N of 7.7 and a predicted 7,
= 2.2 x 107%s. The fit of eq 5 to the FID obtained from
the penultimate section from the free end gave a value
of the effective correlation time, 7y, of 2.4 x 1075 s (Table
3). That the effective correlation time for this penulti-
mate section is larger than that of the Rouse chain
prediction might be expected. The penultimate section
has an entanglement length of chain attached to one
end and the rest of the star arm to the other. It is
therefore not unreasonable that the effective correlation
time is somewhat larger than that anticipated by the
free Rouse chain comparison. This determined effective
correlation time therefore compares favorably with our
earlier work!! on linear polybutadiene.

Next we consider the data obtained from the section
1/, of the way from the end. This will be compared to
the predicted correlation time from a reptating linear
chain of the same molecular weight to that of the star
arm. From this we can evaluate the influence of attach-
ing one end of the chain to the star core and assess how
sensitive NMR is to this constraint. A reptating chain
is predicted?? to generate a transverse relaxation as

follows:
18, 2 M M

Greptation(t) = exp[— - AT me In(m)t] 9)
For the section 1/, way from the end, we find (Table 3)
that Air, = 0.4. This is not truly within the fast
dynamics limit, necessitating the use of the exact
solution (egs 2 and 5) and is borne out by the fact that
the FID of this section is not a single exponential.
However, for the purpose of the comparison, we are
attempting to make between star and linear polymer
dynamics, it is convenient to use the fast dynamics
approximation of eq 3, especially as the FID only
departs significantly from a single exponential at times
longer than Ty*. For our single correlation time result
eq 3 to correspond to the reptation result eq 9 implies

_12M M
W= M, nMet (10)

Here, M is taken to be the molecular weight of a star
arm (30 000 g mol~1), leading to a predicted 7, = 1.3 x
1074 s. The fit of eq 4 to data obtained from the section
1/, way from the end yields a value of 7, of 9.0 x 1075,
which is remarkably close to this anticipated value. This
reveals that, over the time scale that this NMR experi-
ment is sensitive, the section 1/, way from the end of
the star arm is behaving similarly to that of the
midsection of a corresponding linear reptating chain.

For the core section the effective correlation time z,
was generally found to be at least 2.0 x 1073 s. This
can be seen to be reasonable by considering that the
correlation time increases by a factor of 4 on going from
the penultimate section to the /, section. It is therefore
not surprising that there is at least another order of
magnitude increase as the labeling moves from the
midsection to the core, giving a minimum expected value
of 1073 s.



7106 Adams et al.

Conclusions

We have shown how deuterium NMR of selectively
labeled star polymers can quantify the range of correla-
tion times exhibited by different entanglement sections
along the star arm. The FIDs have been interpreted
according to an exact solution® for the transverse
relaxation, which yields an effective orientational cor-
relation time 1, for each section. At constant tempera-
ture, 7, increases from the free end of the star arm
toward the star core. In general, 7, for any specific
section increases with decreasing temperature, although
the assumptions inherent in the model put an upper
limit of about 2 ms on the reliable determination of zp.
An interesting result of the analysis is that NMR
appears to be insensitive to the difference between the
dynamics of the central section of a star polymer and
that of an analogous section in a linear polymer of
molecular weight equivalent to the star arm. This is
essentially because relaxation of transverse magnetiza-
tion occurs within a few milliseconds, during which time
the distinctly different dynamics exhibited by star
polymers and linear polymers, which would contribute,
for example, to stress relaxation, will not be apparent.

The FIDs from the central sections (those situated at
fractional distances of /4, 1/, and 3/, along the arm) were
found to be identical at room temperature but distin-
guishable at higher temperatures. An explanation for
this result was found from consideration of the molec-
ular weight corresponding to the longest Rouse mode
possible within the NMR time scale. At room temper-
ature, this molecular weight corresponded to only about
one-fifth of the arm length, leading to the conclusion
that the dynamics of the central sections would not be
influenced by the extremities. At 60 °C, this increased
to one-half the arm length; hence, it was reasonable to
assume that the sections situated fractional distances
of 1/, and 3/, from the end would be influenced by the
rigid core and flexible free end, leading to faster and
slower decays, respectively.
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