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ABSTRACT: Dielectric spectroscopy from 10! to 10° Hz was used to investigate bulk amorphous multi-
armed stars of cis-polyisoprene and their linear counterparts, both having narrow molecular weight distri-
butions. The star polymers resemble the linear polymers in showing two distinct regions of dielectric dis-
persion. A molecular weight independent segmental process occurs at nearly the same frequency as in the
linear polymer due to dipole moments perpendicular to the chain backbone. The second process is caused
by the parallel dipole moments and exhibits a pronounced molecular weight dependence. The relaxation
time of the molecular weight dependent normal-mode process for linear polymers can be described accord-
ing to the Rouse theory below the critical molecular weight, M, (=10*), but above M, it corresponds to the
3.7 power of M, which is characteristic for entangled macromolecules. A similar dependence of the relax-
ation time is observed for the many armed star polymers. It is interpreted by means of the conformational
scaling properties of Daoud and Cotton and compared with theoretical and computational approaches.

I. Introduction

Star-branched polymers with arms of equal length allow
an investigation of the influence of the topological struc-
ture on molecular dynamics. In our recent study* we pre-
sented dielectric relaxation experiments on bulk linear
cis-polyisoprene and 8-arm stars of polyisoprene, both
having approximately the same molecular weight or arm
molecular weight. Linear polymers as well as star-
branched polymers of cis-isoprene show two distinct regions
of dielectric dispersion. Due to the lack of symmetry in
its chemical structure cis-polyisoprene has nonzero com-
ponents of the dipole moment both perpendicular and
parallel to the chain contour. Thus, two dielectric relax-
ation processes, a segmental- and normal-mode process,
are present.2® The latter is caused by the parallel dipole
components while the segmental-mode process has its ori-
gin in local motions of the perpendicular dipole compo-
nents.

Experimental studies of the dielectric relaxation in star-
branched molecules were started by Stockmayer and
Burke.”® These authors found that the dielectric relax-
ation time of the normal-mode process in poly(propy-
lene oxide) can be predicted from the molecular weight
and the bulk viscosity, using the theoretical models of
Ham® or Zimm and Kilb.'® Furthermore, they com-
pared the dielectric relaxation times of linear chains with
those of star-branched polymers. Adachi and Kotaka'!
discussed the degree of branching in solutions of linear
poly(2,6-dichloro-1,4-phenylene oxide) and its influence
on the dielectric relaxation times.

In the present article the dielectric relaxation proper-
ties of entangled bulk amorphous 3-, 4-, 8-, 12-, and 18-
arm polyisoprene stars are compared with those of the
linear polyisoprenes. The relaxation behavior of the star
polymers is interpreted with the conformational scaling
properties predicted by Daoud and Cotton'? and com-
pared with theoretical and computational approaches.'®71%
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Table I
Characteristics of Linear Polyisoprene

microstructure content, %
sample® 1073M, M_/M, T,°K cis-1,4 trans-14 vinyl-34

PIP-01 1.1 2000 746 18.4 7.0
PIP-05 5.1 1.03 2071 788 17.9 3.3
PIP-08 8.4 1.03 211.2 1788 16.2 5.0
PIP-13 13.1 1.03 2115 719 18.1 4.0
PIP-17 17.2 1.02 2131 764 17.8 5.8
PIP-38 38.2 1.03 213.1 1786 16.7 4.7
PIP-65 65.0 1.03 213.2 185 16.7 4.8
PIP-97 97.0 1.02 213.2 757 18.1 6.2

¢ Nomenclature: PIP-05, e.g., corresponds to polyisoprene of molec-
ular weight 5 kg mol™%. ® Extrapolation of the DSC data'® to the 0°
heating rate limit yields an asymptotic T}, value of ~205 K for this
type of polyisoprene.

II. Experimental Section

Preparation and characterization of the 3-, 4-, 8-, 12-, and
18-arm polyisoprene stars were performed by using the meth-
ods described elsewhere.'82° Linear cis-polyisoprene was pre-
pared by anionic polymerization in hexane at 303 K with sec-
butyllithium as initiator to produce linear polymers with nar-
row molecular weight distributions. Weight-average molecular
weights (M) of the stars and the star arms (M, ) were deter-
mined by light scattering and in some cases, for the arms, by
osmotic pressure. Size-exclusion chromatography (SEC) was
used to monitor the removal (via fractionation) of unlinked arms
from the stars. For the linear cis-polyisoprene weight-average
molecular weights were determined by low-angle light scatter-
ing and osmometry while SEC was used to determine the molec-
ular weight distribution {M,,/M,). The microstructure of lin-
ear and starshaped cis-polyisoprene was analyzed using '°C
NMR.? The glass transition temperature, T, was determined
from DSC at a heating rate of 20 K/min. The results are listed
in Tables I and II.

The dielectric measurements covered the frequency range from
107! to 10° Hz. Three different measurement systems were used:
(1) A Solartron-Schlumberger frequency response analyzer FRA
1254, which was supplemented by using a high-impedance
preamplifier of variable gain,?2 covered the frequency range from
107 to 6 X 10* Hz. (2) In the audiofrequency range of 10-107
Hz a Hewlett-Packard impedance analyzer 4192A was used. For
both parts the sample material was kept between two con-
denser plates (gold-plated stainless steel electrodes; diameter

®© 1990 American Chemical Society
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Table II
Characteristics of Multiarmed Polyisoprene Stars

microstructure content, %

sample® 107*M,, (star) 1072M, (arm) Ty K cis-1,4 trans-1,4 vinyl-3,4
SPIP-3-11 3.5 114 213.0 78.6 16.1 5.3
SPIP-4-15 6.1 15.3 213.4 77.6 16.7 5.7
SPIP-4-30 12.2 30.5 212.2 77.6 16.8 5.6
SPIP-4-44 17.3 44.0 213.8 78.9 16.1 5.0
SPIP-4-95 38.0 95.0 213.5 779 16.7 5.6
SPIP-8-05 4.0 5.0 212.3 76.3 17.8 5.9
SPIP-8-08 6.0 7.5 213.6 75.4 18.5 6.1
SPIP-8-14 11.0 13.8 211.9 77.3 17.7 5.0
SPIP-8-16 12.4 15.5 213.4 80.4 15.5 4.1
SPIP-8-100 79.5 99.4 214.0 77.9 16.6 5.5
SPIP-12-03 4.1 34 211.7 79.1 16.6 4.3
SPIP-12-08 9.6 8.0 211.9 79.6 16.0 4.4
SPIP-12-21 25.0 20.8 212.9 80.5 15.6 3.9
SPIP-12-68 81.0 67.5 213.5 77.2 17.0 5.8
SPIP-18-03 6.4 3.5 213.1 77.4 174 5.2
SPIP-18-11 19.7 10.9 213.7 76.2 18.0 5.8
SPIP-18-12 21.8 12.1 212.9 77.5 17.5 5.0
SPIP-18-21 38.4 21.3 213.0 76.5 17.9 5.6
SPIP-18-44 80.0 444 212.5 77.2 17.2 5.6

¢ Nomenclature: SPIP-8-05, e.g., corresponds to a star polyisoprene with eight arms and an arm molecular weight of 5 kg mol™.
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Figure 1. Temperature dependence of the dielectric loss, ¢”,

at 100 Hz for the 8-arm polyisoprene star of different molecu-

lar weights (see Table II): A, SPIP-8-05; O, SPIP-8-08; O, SPIP-

8-14.

40 mm). (3) For measurements between 10° and 10° Hz a
Hewlett-Packard impedance analyzer 4191A was employed, which
is based on the principle of a reflectometer. A small sample
condenser (diameter 6 mm) was mounted as a part of the inner
conductor of a coaxial cell. All three arrangements were placed
in custom-made cryostats wherein the sample was placed in a
stream of temperature-controlled nitrogen gas, which allowed
te?gerature adjustment from 100 K up to 500 K with £0.02
K.V

III. Results

As reported previously® undiluted 8-arm polyisoprene
stars show two distinct regions of dielectric dispersion.
The two processes are well separated on the frequency
and temperature scale; the initial process occurs around
215 K while the secondary one appears above 240 K (Fig-
ures 1 and 2). The temperature and frequency depen-
dence of the dielectric loss ¢’(v) for bulk SPIP-18-11 is
shown in Figure 3. It also reveals a low-temperature event
around 215 K, which has its origin in local motions of
the perpendicular dipole moment. This segmental mode
is related to the dynamic glass transition of the bulk poly-
mer. Furthermore, it is almost independent of molecu-
lar weight (Figure 1). In contrast the high temperature
process exhibits a pronounced dependence on the molec-
ular weight; it shifts to higher temperature with increas-
ing molecular weight (Figure 1). This trend is character-
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Figure 2. Activation plot for the segmental mode and normal
mode of the 8-arm polyisoprene star: A, SPIP-8-05; O, SPIP-8-
08; O, SPIP-8-14; ¢, SPIP-8-16.

istic for a normal-mode process, which corresponds to
motions of the entire chain caused by dipole compo-
nents parallel to the chain backbone. The empirical
Williams-Landel-Ferry (WLF) equation®® was used to
describe the temperature dependence of the relaxation
rate v,,,, at maximum loss ¢,,,” (»)

Vmas _ Cu(T=T)
Vg - C2+ T_TO

where T, is a reference temperature, v, is the correspond-
ing relaxation rate, and C, and C, are fitting parame-
ters. The values of the parameters are calculated via non-
linear least-squares fits with T, = 250 K for the segmental-
mode process and T, = 300 K for the normal-mode process.
The results are listed in Tables IIT and IV. Attention is
first directed to the segmental-mode process. For the
linear cis-polyisoprene the relaxation rate and hence the
activation parameters (Table III) are almost indepen-
dent of molecular weight except for very low molecular
weights. The same constants (Table IV) represent the
experimental temperature dependence of the relaxation
rate for the star polymers (Figure 4). From Tables III

log (1)
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Figure 3. 3D representation of the frequency and tempera-
ture dependence of the dielectric loss, ¢”, for the 18-arm poly-
isoprene star SPIP-18-11. (The steep rise at high tempera-
tures and low frequencies is caused by the conductivity contri-
bution to the dielectric loss.)

and IV it can be seen that the fractional free-volume val-
ues at T (f,/B = 1.2308C, ) are also unaffected by branch-
ing. The resulting values are in good agreement with
those of synthetic rubber.?? It thus appears clear that
the segmental mode reflects a local mode of motion, inde-
pendent of branching or chain length.®

The relaxation rates for normal-mode processes show
a strong dependence on the molecular weight and dem-
onstrate a weaker temperature dependence. The pro-
cess in linear polymers and star polymers with nearly
the same molecular weight or arm molecular weight (Fig-
ure 4) were compared, the following characteristics were
observed:!

(i) Both polymer structures exhibit the same segmen-
tal-mode process.

(ii) The normal modes have a similar temperature depen-
dence.

(iii) However, the normal modes of the star polymers
are shifted to lower frequencies.

IV. Discussion

1. Dipole Geometry and Active Modes for the Nor-
mal-Mode Process. Linear flexible polymers having
dipole moments aligned parallel to the chain contour (con-
sistently head to tail) show a dielectric relaxation due to
reorientation of the end-to-end vector. The resultant vec-
tor has been analyzed using the normal-mode descrip-
tion, and dielectric activity resides mainly in the first
normal mode.” For star-shaped polymers where the par-
allel dipole moments of the single arms are always directed
from the branch point to the end of the arms, the active
modes are the second normal modes as shown earlier by
Stockmayer.”® The ends of the arms must each move
out of phase with the branch point.

2. Molecular Weight Dependence of the Normal-
Mode Relaxation Time. The relaxation times of linear
cis-polyisoprene chains and 3-, 4-, 8-, 12-, and 18-arm stars
calculated by using the relaxation 7 = 1/2#v_,, at 320
K are plotted versus the molecular weight or the arm
molecular weight in Figure 5. As reported recently,? ¢
for linear cis-polyisoprene having molecular weights beiow
the critical molecular weight, M, (=10%), the normal-
mode relaxation time was proportional to M2° in agree-
ment with the Rouse theory.2* This low molecular weight
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region is a nonentangled region but above M, the relax-
ation time follows the power law with an exponent of 3.7
+ 0.1, which is characteristic for entangled poly-
mers.2>% The dependence of the relaxation time on the
arm molecular weight for the various star polymers is in
quantitative agreement with the 3.7 power of M, as
deduced for entangled linear chains above M,

3. Apbplication of Theoretical Models and Com-
puter Simulation. Graessley pointed out that the equil-
ibration time for the conformational fluctuations of a teth-
ered chain would be four times that for a free linear chain
of the same length.!® In order to compare the arm relax-
ation time with the relaxation time of a free linear chain,
the molecular weight dependence of the latter is fitted
at 320 K. A slope of 3.7 is found,® and this power law is
used to interpolate the relaxation time at a given arm
molecular weight. The results (Table IV) are in good
agreement with the concept!® mentioned above. In order
to understand the presented results the scaling ansatz of
Daoud and Cotton is used to describe the static melt prop-
erties of star polymers.}> For high concentrations, ¢ >
c* (=overlap concentration), where branches of differ-
ent stars overlap, the star consists of three separate regimes:
(i) a close-packed core region where the branches are
extended; (ii) an intermediate regime where the polymer
has a single star behavior; and (iii) an outer region where
the branches behave as linear chains.

When the concentration goes to unity, the interpene-
tration of different branches increases and the region where
the stars do not overlap reduces to the core. Daoud and
Cotton predicted the total radius, r, of the star in melt
to be

ra ({12 + N3 2

where f is the number of branches and every branch has
N statistical units of length I. Thus, the radius is very
weakly influenced by the number of arms. The struc-
ture in the melt is made of cores immersed in large regions
where the different branches overlap strongly and behave
like linear chains. This scaling picture will be employed
to study the dynamical behavior of entangled star-
shaped polymers.

Ham?® assumed as early as 1957 that the effects of entan-
glements in a bulk polymer are the same for branched
and linear polymers of the same molecular weight. De
Gennes attempted to examine the stochastic motion of
highly entangled star-branched polymers.?”?® It was
argued that to diffuse a 3-branched star molecule in a
network of infinitely long, fixed obstacles one would have
to withdraw the end of one of its arms down its tube to
the branch point and extend it in the direction of another
one of the arms. Using this assumption, de Gennes cal-
culated that the relaxation time of the molecules, r,, would
depend on chain length as

7, < exp(aN) | 3

where a is a constant and N is the total number of chain
segments. Klein?® presented several approaches describ-
ing the dynamical quantities of star polymers and con-
sidered the diffusion and relaxation mechanisms of entan-
gled stars in terms of the arm-retraction process.

Very recently Grest et al. presented a molecular dynam-
ics simulation of many arm star polymers (6 < f < 50)
for dilute solutions.}*'® The Daoud-Cotton scaling pic-
ture for solutions was used to identify three typical relax-
ation mechanisms, which were studied separately for large
N and f.
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Table III
WLF Parameters C,, C,, and », Determined by Eq 1 for the Segmental- and Normal-Mode Process of Linear Polyisoprene

segmental mode, T, = 250 K

normal mode, T, = 300 K normal mode, T = 320 K

code C, C,, K 107%,, Hz 10%,/B ¢, C;, K vy Hz -log 7, °
PIP-01 4.0 151.6 2.0-108 7.1
PIP-05 5.7 80.0 1.2 3.5 4.0 133.9 3.1.10* 5.8
PIP-08 5.7 70.0 2.1 34 4.3 136.2 7.4.10° 5.2
PIP-13 5.8 74.3 2.2 3.6 4.2 128.8 1.3-10° 4.5
PIP-17 6.1 70.9 14 34 44 129.5 3.9:10% 4.0
PIP-38 6.0 71.2 1.6 3.5 4.2 119.9 2.2.101 2.7
PIP-65 6.1 73.4 1.7 3.5 3.6 97.5 3.1 1.9
PIP-97 6.1 70.9 14 3.4 0.9 57.9 0.02 1.1

¢ The normal-mode relaxation time, r, is obtained from r = (2mv )"

Table IV
WLF Parameters C,, C,, and », Determined by Eq 1 for the Segmental- and Normal-Mode Process of Multiarmed Polyisoprene
Stars
segmental mode, T, = 250 K normal mode, T, = 300 K normal mode, T = 320 K
code c, C, K 1075, Hz 10%,/B C, C, K v,, Hz -log 7,8°  -log Teotnereds 8°

SPIP-3-11 6.2 75.4 1.6 3.6 3.7 111.8 3.4 x 102 3.9 4.0
SPIP-4-15 6.3 76.7 1.3 3.6 3.9 116.6 2.4 X 10% 3.6 3.5
SPIP-4-30 6.2 78.7 1.3 3.6 2.3 40.0 1.6

SPIP-4-44 6.2 79.4 1.3 3.8

SPIP-4-95 6.3 74.9 14 3.5

SPIP-8-05 6.0 75.2 1.5 3.6 4.3 132.8 9.6 X 10° 5.3 5.1
SPIP-8-08 6.0 72.5 1.1 3.6 4.2 127.5 2.2 X 10° 4.7 4.7
SPIP-8-14 6.1 76.7 1.5 3.6 4.1 123.3 1.6 X 102 3.5 3.5
SPIP-8-16 6.3 76.6 14 3.6 4.0 122.4 1.3 X 102 3.7 3.7
SPIP-8-100 6.0 76.3 1.5 3.8

SPIP-12-03 6.0 79.6 2.0 3.7 4.2 134.7 9.1 x 10? 5.4 5.4
SPIP-12-08 6.1 79.8 2.0 3.7 4.0 128.8 1.8 % 108 4.6 4.7
SPIP-12-21 59 76.7 1.9 3.8 34 104.3 5.3 x 10° 3.1 3.0
SPIP-12-68 6.2 73.8 1.0 3.5

SPIP-18-03 6.3 74.9 1.3 3.5 4.7 140.8 3.1 % 10* 5.7 5.4
SPIP-18-11 6.1 72.1 1.3 3.5 3.8 115.0 5.5 X 102 4.1 4.1
SPIP-18-12 6.0 72.6 1.5 3.5 3.8 114.3 3.1 X 102 3.8 3.9
SPIP-18-21 6.2 75.0 1.3 3.5 34 100.4 5.4 x 10! 3.1 3.1
SPIP-18-44 6.2 75.1 1.3 3.5

¢ The normal-mode relaxation time, 7, is obtained from 7 = (2wv,,)"". * The relaxation time of a tethered chain is calculated by
Tiathered = 4Tlinears WHET€ Tjin.,. i8 the relaxation time for a free chain of the same length.
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Figure 4. Activation plot for the segmental mode and normal
mode of the 8-arm polyisoprene star and the linear cis-polyiso-
prene (for the sake of clarity the segmental modes for SPIP-8-
14 and PIP-13 are plotted only): A, SPIP-8-05; A, PIP-05; 0,
SPIP-8-08; m, PIP-08; O, SPIP-8-14; @, PIP-13.

The first describes elastic deformation of the star’s over-
all shape and is essentially independent of the number
of arms, f. The longest relaxation time for the free-

4
LogMy or Log Mg

Figure 5. Dependence of dielectric relaxation time, 7, on molec-
ular weight for the normal mode of the linear polyisoprene chain
(a) at 320 K, data reported by Adachi and Kotaka (®)%® and
of the star-branched polyisoprene: *, 3-arm star; ©, 4-arm star;
O, 8-arm star; A, 12-arm star; O, 18-arm star.

draining (Rouse) case scales with

T, N1+20f1-[(1+2v)/2] = N‘Z.le -0.09 (4)

where » = 0.59 for a good solvent (d = 3). This result
supports the scaling picture where the shape relaxation
depends imperceptibly on f compared to the indepen-
dent strand approach of Zimm and Kilb,!° which pre-
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Figure 6. Dependence of dielectric relaxation time, , on molec-
ular weight, M, for the normal mode of the linear polyiso-
prene chain (A) at 320 K, data reported by Adachi and Kotaka
(®).2% For the star-branched polyisoprene, the dielectric relax-
ation time is plotted versus 2M,: *, 3-arm star; ©, 4-arm star;
O, 8-arm star; A, 12-arm star; O, 18-arm star. (The dot-dash
line represents the maximum relaxation time, 7, in the Rouse
theory.?4)

dicts 7, ~ f. The intermediate relaxation process occurs
via rotational diffusion, which is slower since it is not
enhanced by the pressure within the star, as the elastic
modes are. Both relaxation processes scale the same with
molecular weight of their arms as for linear polymers,
but they show different dependences on the number of
arms. A third relaxation process is the disentanglement
of two or more arms. For a star polymer it is predicted
that this relaxation time depends exponentially on f1/2,

When the scaling ansatz of Daoud and Cotton!? and
the results of the computer simulation of Grest et al. are
combined,* the dielectric normal-mode relaxation can
be explained as follows. For the shape relaxation of the
entangled star second normal modes have to propagate
over a distance of the order of the diameter R of the star
polymer. Therefore, a span molecular weight for a star
M pan = 2M,,y, is introduced in order to cover the extended
size of the star. Accordingly, the relaxation time for this
process corresponds to the correlation time for the end-
to-end distance (R(O) R(t)).

As deduced by Grest et al.!® for dilute solutions the
relaxation times of the end-to-end distance R depend
imperceptibly on f. The influence of the arms on each
other in the undiluted entangled state is assumed to vary
not greatly with the number of arms.®® The experimen-
tal results for the different molecular architectures are
shown in Figure 6 where log 7 is plotted against log
(2M,,,,) for the stars and against log M,, for the linear
polymers. The data support the scaling picture (eq 2)
that in the undiluted state single star behavior is reduced
to the core and star-branched polymers behave like lin-
ear chains within the studied molecular weight range. For
samples having a span molecular weight below the criti-
cal molecular weight, M, (e.g., SPIP-12-03 and SPIP-18-
03), a restiction has to be made. When the branches are
not very long, the single star region is extended and one
has to define an effective concentration, ¢, in the over-
lapping regions as earlier proposed by Daoud and Cot-
ton.

V. Conclusion

We have studied the dielectric relaxation behavior of
multiarmed cis-polyisoprene stars as well as linear cis-
polyisoprene in the bulk amorphous state. The molecu-
lar weight dependence of the normal-mode relaxation time
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for linear polymers below a critical molecular weight, M,
(=10%), obeys the Rouse theory, where 7 is proportional
to M2, Above M, the relaxation time is proportional to
M?37 which is characteristic for reptational motions.

The segmental-mode process for both linear and star-
branched cis-polyisoprene is found to be almost indepen-
dent of molecular weight and hence results in similar acti-
vation parameters. This process is directly associated
with the dynamic glass transition of the bulk polymer.

The arm relaxation time can be compared in good agree-
ment with the conformational relaxation time of a teth-
ered chain as deduced by Graessley. The dependence of
the relaxation time on the span molecular weight
(=2M,,,,) for multiarmed star polymers is in quantita-
tive agreement with the 3.7 power as deduced for linear
chains above M,. This course is explained with the con-
formational scaling properties of Daoud and Cotton and
computational molecular dynamics simulation. The lat-
ter reveals a relaxation mechanism where the star relaxes
via overall shape fluctuation, which has a radial dimen-
sion of the order of span molecular weight. The corre-
sponding relaxation times depend imperceptibly on the
number of arms. The scaling ansatz predicted for the
end—center distance has a similar dependence. The sin-
gle star behavior is reduced to the close-packed core region,
but for distances larger than this region the different
branches interpenetrate strongly and behave like linear
chains.
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