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Abstract

We report on the dielectric normal mode relaxation of the isoprene block chains in dilute and semidilute solutions of butadiene—isoprene
(BI) diblock copolymers and butadiene—isoprene—butadiene (BIB) triblock copolymers. The dielectsicdosges in dilute solutions with
a concentration close to the overlapping concentrafibagreed approximately with those predicted by the bead—spring model. Above a
concentration about three times higher ti@mnthe ¢” curves broadened with increasing concentration indicating the strong concentration
dependence of the distribution of the normal modes. Two maxima ef therves were observed for BIB solutions. In semidilute solutions of
BIB, the¢” peak located in the high frequency side shifted little with concentration but'theak in the low frequency side shifted towards
low frequency with increasing concentration. This suggests that the lower order normal modes are affected by entanglement effects but the
higher order modes are not, for semidilute solutions. We have attempted to explain the distribution of the normal modes in terms of the blob
model.© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction The dielectric relaxation spectrum of a type-A homo-
polymer is of the wedge-type and the intensity of the higher
The bead—spring model [1,2] has been a successfulorder modes is weak. In order to observe better the higher
theory of molecular dynanics for isolated chains in dilute order normal modes, one may use block copolymers com-
solution. In semidilute solutions, the molecular motions posed of miscible type-A and non-type-A polymers in
slow down as a result of entanglements and are approxi-which the intensity of the higher order modes is enhanced.
mately described by the tube model [3-5]. In studies of Examples of such block copolymers are butadiene—isoprene
dielectric normal mode relaxation of type-A chains [6,7], (Bl) diblock copolymers and butadiene—isoprene—
such as polyisoprene and pay¢aprolactone), it was found  butadiene (BIB) triblock copolymers in which the I-block
that the distribution of the relaxation times in semidilute chain belongs to type-A but the B-block chain does not.
solution broadens with increasing concentration [8—10]. Usually block copolymers exhibit microphase structures.
This behaviour cannot be explained by the tube model However, polyisoprene (Pl) and polybutadiene (PB) are
[3—5] because it predicts the same distribution of relaxation miscible even in the bulk state when their molecular weights
times as the Rouse theory [1]. The broadening of the are less than 50000. Therefore, they are expected to be
distribution of relaxation times was also observed in our perfectly miscible in dilute and semidilute solutions in a
computer simulation of the dynamics in many chain systems common good solvent and hence the dynamics of the end
[11,12]. The issue of the mode distribution in semidilute and the middle part of the chains can be observed on BI
solution has not been settled yet, neither experimentally and BIB, respectively. As will be seen in the theoretical
nor theoretically. discussion below, the intensity of the higher order modes
becomes prominent on decreasing the size of the subchain.
Based on this view, we had already studied the dielectric
* Corresponding author. behaviour of Bl and BIB in bulk and concentrated solution
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[13]. The study was extended to dilute and semidilute &* is written as:

solutions and the preliminary results were reported briefly & — & 9

[14]. It was found that the dielectric loss curves in dilute == Z P 4)
solutions of Bl and BIB agree approximately with the Rouse 2% p 1+l

theory [1], but in the range above the overlapping concen- hereg, and 7, are the intensity and the relaxation time,
tration, C*, the loss curves broaden strongly with concen- respectively, of theth normal mode. According to the free-

tration [14]. In the present study, we report on the dielectric graining Rouse modety, and, of the pth mode are given
behaviour of solutions of Bl and BIB in more detail. We py (15 7]

firstly compare the experimental data in dilute solution with

previous work [1,2] and then observe how the distribution g — 87N2i23i¥<w)sin2(m> 5)
of relaxation times varies with concentration. We also (m—n)7p 2N 2N
compare the behaviour of Bl and BIB with the behaviour )
in solutions of homo-P!I [8,9]. o SN ®)
P 3nlke TP
where ¢ is the friction coefficient per bead artf) is the
2. Theory mean square end-to-end distance. For the non-draining
Zimm model,g, is given by Eq. (5) but, is given b
2.1. Dielectric normal mode relaxation of subchain %159 y Ea. (3) p1Sd Y
7r3/2173b3N3/2 (7)
Th=— ——7—————
Let us consider a random flight chain composedliaf 1 P 12”2)\pkBT

repeat units numbered 0 bbfrom the one end to the other.
The coordinate of thgth unit is R; and the mean bond
length isb. The time-autocorrelation functio#(t) of the
vectorr ,, = R, — R, is defined by

wherer is the solvent viscosity anhl, is the eigenvalue of
the pth mode [15].

2.3. Blob model
q,’)(t) _ (I‘ mn(o)'r mn(t» (1) ) . .
r2 The tube model [3-5] predicts thg is given by Eq. (5)
. . _ _ andr, is given by the same form as Eq. (6), iig.= 7p/p>.
The normalized complex dielectric constant/Ae is Hererp is the longest relaxation time of the tube model.
g|Ven by the Fourier transform of the correlation function The difference between the Rouse theory and the reptation
B(t): theory is in the expression af,. Therefore, both theories
w predict exactly the same distribution of the relaxation times.
" —&n J 3 d—¢exp(—iwt) dt @ De Gennes [16,17] assumed that a chain in semidilute
As dt solution is composed dfl, blobs and that it is confined in
0 a tube with the diameter being equal to the correlation
wheree., is the high frequency dielectric constants the length&. Ny is given by
relaxation strength, and» the angular frequency. The C\ Y@ -
relaxation strengtiAe is given by [7,9] N, = <§> (8)
24,2
= M Q) where C is the concentration of the chains a@d is the

Com ™ . : .
mm ke Mo overlapping concentration. The length of the tubés ¢
whereyp is the dipole moment per unit contour length of the times the number of blob,.

type-A subchainN, is the Avogadro numbelC,, is the Here we assume a semidilute solution of chains
concentration of the subchain (in g/&mn (r2,) is the composed oN + 1 beads andll springs. Each blob contains
the mean square distance between thte and mth z = N/Ny, beads. The beads are located inside of the blob
beads £(m — n)b?, and M, is the molecular weight of  move according to the bead—spring model but the overall
the block. chain moves according to the tube model. In other words,
the Rouse—Zimm modes with the indices> N, are not
2.2. Bead—spring model affected by entanglement but the relaxation times for the

modes forp < N, are prolonged on account of entangle-
The dielectric normal mode relaxation in dilute ment. De Gennes proposed two blob models [16,17]. In
solution is described by the bead—spring model as follows the non-draining blob model, solvent molecules cannot go
[1,2]. The random flight chain considered above is through the blob and hence the friction is proportional to
replaced by a chain consisting of springs andN + 1 the diameter of the blob as given by the Stokes law. In the
beads. Among these beads, the beads with the indices free-draining model, the friction is proportional to the
to m have parallel type-A dipoles. Then, the theoretical number of beads contained in the blob. The non-draining
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blob model predicts that the relaxation timgwith p < N, decaline (10 wt%). Hereafter C16 means a mixed solvent

is given by [17] of n-hexadecene/decaline (9/1 w/w). Polymer concentration
97 C\ - @ -1 C, in units of g/crﬁ, was determined from the densities of

Tp= _§<_*> 9) solutions estimated by assuming the additivity of densjties
p°\C of the componentse = 0.66, 0.79, 0.89, and 0.91 for C6,

wherer{ is the relaxation time for the first normal mode and C16, PB, and PI, respectively.
v is the Flory exponent characterizing the molecular weight
dependence of the chain dimension. On the other hand, the3.2. Measurements
free-draining blob model predicts that [16]
0/ ¢\ 20— -1 Dielectric measurements were carried out at 273 and
Tp= T_;<_*> (10) 303 K with a transformer bridge (General Radio 1615A)
p\C and an LCR meter (Hewlett-Packard 4284A) in the
It was indicated that, given by Eq. (10) corresponds to the frequency range 20 Hz—500 kHz. To increase the accuracy
relaxation time reduced to an iso-monomeric friction state Of measurements, we used a condenser cell with an empty

[8]. capacitance of 130 pF. Details of measurements were
Muthukumar and Freed [18,19] proposed a theory to reported previously [9]. _ .

o 15 20 viscometer of Ubbelohde-type. The solvent viscosity was

7p=79(1+CAp~* — /2(CAp™¥)*° + 2(CAp *)*°— ..) also determined by the same viscometer.
(11)

where 78 is the relaxation time in dilute solutiord is a 3.3. Reduced molecular weight and overlapping
constant proportional to the intrinsic viscosity, ards concentration
equal to 3 — 1.

In order to compare the dielectric data with theory it is
required to reduce the molecular weight(B) and the

3. Experimental monomeric friction coefficient, of the PB block chain to
those equivalent to PI. Since the characteristic ra@os
3.1. Samples for Pl and PB were reported to be similar [20], the reduced

molecular weight of PBM(B), is simply given byM(B) =

Bl and BIB block copolymers were prepared by anionic M(B)M(1)/My(B) whereM(l) andM(B) are the molecular
polymerization with sec-butyllithium im-heptane at about  weights of the isoprene and butadiene unit, respectively.
20°C. The weight and number average molecular weight, The reduced molecular weights thus calculated are listed
M,, and M,, were determined with a gel permeation in Table 1. We also assume that the monomeric friction
chromatograph (GPC; Tosoh HLC 801A) equipped with a coefficients of Pl and PB in dilute and semidilute solutions
low angle light-scattering photometer (Tosoh LS-8000). are the same, since the structures of the two types of
The characteristics of the samples are summarized inmonomers are similar, as discussed previously [13]. In
Table 1 where the code number indicates the block the case of BIB with the block molecular weights of
molecular weight in 10 kg/mol. Solvents-hexane (C6) M(B1), M(l), and M(B2), n and m appearing in Eq. (5)
and n-hexadecene (C16) of high purity grade were from are calculated in such a way that= M(B1)/M(total)
Dojin Chemicals.n-Hexane was used as received. To andm = [M,(B1) + M(l)]/M(total) whereM (total) is the
avoid crystallization ofn-hexadecene, we mixed it with reduced molecular weight of the whole BIB molecule.

Table 1

Weight average molecular weight,, of B1, I, and B2 blocks, reduced molecular weight of B1 and B2 blbeksl the overlapping concentrati@rt

Code Mw(B1) Mu(1) Mw(B2) M(B1) M(B2) M, 10°C*
BI(8-3) 7.6 3.1 - 9.6 - 12.7 1.30
BI(20-8) 20.4 8.2 - 25.7 - 33.9 0.69
BI(66-24) 66.2 23.6 - 83.4 - 107.0 0.33
BIB(8-3-8) 7.6 3.1 7.6 9.6 9.6 22.3 0.90
BIB(20-8-24) 20.4 8.2 24.3 25.7 30.6 64.5 0.45
BIB(66-24-41) 66.2 23.6 41.2 83.4 51.7 158.7 0.25

#The unit of molecular weight is 10 kg/mol. The polydispersity fadtiqfM , is less than 1.1 and typically 1.05. The microstructures (in mol%jsaP| blocks

and that of PB blocks prepared in this study are expected to be similar to those of homo-Pl and PB prepared by anionic polymerization in heptane and are
reported previously [12].

®In g/cm?.
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The overlapping concentratioB* (=1/[y]) was deter- 2 -
mined as follows. Urakawa et al. [9] reported that the _ BIBG-3-9fce 303K
exponents of the Mark—Houwink—Sakurada equation of - mc=072x102 gom? W@
Pl and PB in heptane are 0.638 and 0.634, respectively. e 2‘;;1132 4 . ?
Since heptane has similar solvent quality to C6 and C16, 250 4 929x107 /‘
C* of Bl and BIB was estimated withC* =KM, %% / /
where K (=27.2) was determined from the average | . /

value of fy] of BIB(8-3-8) in C6 (Js] = 103) and that in
C16 (] = 118 g* cm?). The values ofc* thus estimated

//

L2

-3 [

log (e"/C')

. . 22— o .
are listed in Table 1. [ B BIB(838)/C16 303K . '\.= .
. . B MA—A\AA;A a L
4. Results and discussion s / —e BTt
4.1. Frequency dependence of dielectric loss / ® C=072x 10 gom?
] 2.96 x 10
!/ A 5.82:10"2
Figs 1-3 show the representative double logarithmic sl e ]
plots of dielectric loss factore” divided by polymer 1 2 3 4 5 6

concentration C (in g/cm® versus frequencyf for log(f /Hz)

solutions of BI(66-24), BIB(8-3-8), and BIB(20-8-24), Fig. 2. Double logarithmic plot of dielectric loss factgt divided by con-
respectively. In each figure, the”/C curves of C6 centrationC versus frequency for hexane (C6) and hexadecene (C16)
and C16 solutions at 303 K are compared. The dielectric solutions of BIB(8-3-8). The concentratior®s of the BIB are given in
constantse’ are not shown since our capacitance bridge the figure. Solid lines are a guide for the eye.

was n(_)t sufficiently sensitive t_o detect low (_Jlielectric As is seen in Figs 1-3, Bl solutions exhibit a single
dispersions of the order of I Since the relaxation fre- peak while BIB solutions exhibit a bimodal curve. The
quency of the loss peaks seen in Figs 1-3 is much lower ;¢ cyryes for BI and BIB indicate the difference of
than the relaxation frequency for segmental motions dynamics between the end and the middle parts of the
(10 MHz~10 GHz), they are assigned to the normal mode ;ains As usual the nominal relaxation timeis defined

relaxation. by 7, = 1/(2xfma), Wheref, o is the loss maximum fre-
2 — . ‘ : , guency. It is noted that the theoreticg| calculated with
BI(66-24)/C6 303K A the Rouse model for homo-Pl is very close to the longest
nC-064x102gem® uf . % relaxation timer, but 7/7, for block copolymers depends
o 13xi0? 'o/°/° ° e strongly on the architecture.
3
2.5 2 : : s
BIB(20-8-24)/C6 303K ‘-/.»:'—ﬁ"'
s
:Q - r // A>2<o—o\o\) SN fe
W 3 ‘ 2.5 A o/ Vi
F ) ] / SN
2 o B C =069 x 102 g/em3
settmigim’ | Q [oves 2T a e
A 393x102 & | /" ; A 404x102
_SD —3 } 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1
25 -2
BIB(20-8-24)/C16 303K -
4/'-/- o 5 o 8
U G wh\
wo . @IS 2 U5 SR
3 St 2.5 P SVARDE ° LTAT“\
1 5 6
log(f /Hz) u C=0.70 x 102 g/em?
o 2.40 x 10:2
Fig. 1. Double logarithmic plot of dielectric loss factgtdivided by poly- Bl ?;“ﬁ‘jﬂ
mer concentratiorC versus frequency for hexane (C6) and hexadecene 1 2 3 4 5 6
(C16) solutions of BI(66-24). The values 6fof the Bl are given in the log(f /Hz)

figure. Solid and dashed lines indicate the theoretical curves calculated with

the Rouse and Zimm models, respectively. Dash-dot and dash-dot-dot linesFig. 3. Double logarithmic plot of dielectric loss factgt divided by con-
represent the curves calculated with the model-2 aits 0.14 and 0, centrationC versus frequency for hexane (C6) and hexadecene (C16)
respectively (see Eq. (14)). solutions of BIB(20-8-24). Solid lines are a guide for the eye.
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4.2. Superposition of” curves of C6 and C16 solutions The master curves of logf/C versus lod of solutions of
BIB(8-3-8) and BIB(20-8-24) were constructed by shifting
In Figs 1-3, we see that the shape of #ieurve for C6 the &” curves along the lo§ axis by log h(C16)#(C6)].
solutions is approximately the same as that of C16 solutionsHere y denotes the solvent viscosity of C16 and C6. The
at the sam&. This indicates that”(f) of C6 solution can be  results are shown in Figs 4 and 5. For Bl solutions we did
superposed witle"(a,f) of the C16 solution. Hera, is the not construct the master curves since the wkburves are
shift factor and is about 8 indicating that the relaxation time given in Fig. 1.
of the chains is proportional to the solvent viscosjtyas
given by the Rouse—Zimm theories [1,2]. Specificajlyof 4.3. Dilute solution
C6 and C16 at 303K are 0.286 and 2.31 centipoise,
respectively. 4.3.1. Relaxation spectra in dilute solution
In the superposition of the” curves of C6 and C16 The theoretical relaxation spectgg and theg” curves
solutions, it is required to check the solvent qualities of for Bl and BIB samples are calculated with Eqgs. (4)—(6).
C6 and C16 for Bl or BIB. If they are largely different, Representative examples@fg,mand corresponding’/e”,
the mode distribution of Bl or BIB in C6 and C16 could are shown in Fig. 6 for Pl, BI(66-24), and BIB(20-8-24)
be different due to the excluded volume effect and then the where the subscript m indicates the maximum. It is noted
" curves of C6 and C16 might not be superposable. In orderthat log @,/g,m) is plotted against logr(/7) so that theg,
to assess the ratio of the solvent qualities of C6 and C16, weand&” curves can be compared directly.
measured the intrinsic viscosities of BIB(8-3-8) in C6 and It is instructive to see the relationship between the

C16 to be 103 and 118 ¢ cm?, respectively. The close] intensity and the normal coordinate. In the insets of Fig. 6,
values in both solvents ensure that the qualities of C6 and
C16 against Bl and BIB are approximately the same. 2
) BIB(20-8-24)
BIB(8-3-8)
| c=1.3x102 glom?
L [l ] 3 | = | | | | L
3 -2
5 1 -
—~ C=32 +02x102 glem? /— S & P TR
\\ ‘hﬂ\b‘b“ = la/@b % a,:?b\\\ ;(.3 o qii' cﬁq.;?i. ofr S
N B . <%° A/ﬁ = ’ &‘”o\ X
DD o N - /l N N
2t o /Q’ . .r/" N\
- N
0w . C=15 x 1072 g/ecm3
// -3 - /J | | | !
C=58x102 g/cm3
r - — \ 0
oy [N P o‘.@@. N
% l%- / - 3 © 9\9 i% ﬁw @vv\o
o » S = " 8 o
i - . ://\\1‘%:?@3‘9’5;“. OQ\ - // \ 1“ ’fr 0}50 o °
IR N Y N
" / \\\ // \
r // ) -, C=24x102 g/cm3
X ] ‘ o 3L \ L
"1 2 3 4 5 6 1 2 3 4 5 6
log(f /Hz) log(f /Hz)
Fig. 4. Master curve of dielectric loss factgtdivided by concentratio® Fig. 5. Master curve of dielectric loss factgtdivided by concentratio®
constructed from the data for hexane (CH) @nd hexadecene (C16p) constructed from the data for hexane (CH) @nd hexadecene (C16p)

solutions of BIB(8-3-8). Solid and dashed lines indicate the theoretical solutions of BIB(20-8-24). Solid and dashed lines indicate the theoretical
curves calculated with the Rouse and Zimm models, respectively. Dash- curves calculated with the Rouse and Zimm models, respectively. Dash-
dot and dash-dot-dot lines are calculated with the model-2 avith0.14 dot and dash-dot-dot lines are calculated with the model-2 aith0.14
anda = 0, respectively. anda = 0, respectively.
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mode ofp = 1) and the high frequency peak to the oscilla-
tion of the subchain in the middle part.

4.3.2. Comparison of observed and theoreti¢aturves

In Figs 1, 4 and 5, the theoreticél curves calculated on
the basis of the Zimm theory (dashed line) and the Rouse
theory (solid line) are compared with the obsergédurves
at the lowest concentrations. It is desirable to compare’the
curves aC < C* with the theories. Unfortunately the lowest
concentration used in the present study was around the over-
lapping concentrationC* (=1/[y]) where intermolecular
interactions are not negligible. For exampl¥*, of BI(66-24)
solution is 0.0033 g/crhbut the lowest concentration used in
our experiment for BI(66-24) was 0.007 g/énfor C6
solution and 0.008 g/cfrfor C16 solution.

As seen in Figs 1, 4 and 5, the obserw€dcurves at

F ] C = C* are slightly broader than the theoretical loss curve

S ' a calculated with the Zimm theory and close to the Rouse
theory. As pointed out frequently [21,22], the dynamical
properties agree with the Rouse model rather than the

mm“ 1 Zimm theory in the crossover region and are described by
| il L ‘i
L il ‘ A

2 3 4

R R S B S S

log e", log (g/8m)

the reptation theory above the entanglement concentration
C. (=3C*). It is expected that at sufficiently low concen-
log ®, log(ti/1) tration the experiment agrees with the Zimm theory. In fact,
the &” curves of homo-PIs and homo-poly(lactone)s [9] in
Fig. 6. Theoretical curves of logf versus logw (dotted lines) and log(7) dilute solution agreed with the Zimm theory [2]. To

versus log £1/7) (histograms) calculated with the Rouse theory for (a) P, . : . .
(b) BI(66-24), and (c) BIB(20-8-24). The insets indicate the first three SUMMarize, the dielectric behaviour of Bl and BIB around

normal modes and the amplitude of the oscillation of dipoles indicated by C = C* agrees fairly well with the Rouse model within
the thick lines. eXperlmentaI error.

Finally we should consider the effect of the difference in
the normal coordinates f@r= 1, 2, and 3 are depicted. The the monomeric friction coefficients between the isoprene and
mode oscillates as a standing wave. In a homo type-A chainbutadiene blocks. The effect was already discussed by using
in whichn= 0 andnVN = 1, only the odd number modes are the Stockmayer—Kennedy theory [23] in Ref. [16] and it was
dielectrically active since the even number modes do not concluded that the effect is small in the case of Bl and BIB.
induce a change of dipole moment. The spectrum is of a
wedge-type as shown in Fig. 6(a). 4.4. Semidilute solution

For BI(66-24), the beads from = 0 to YN = 0.24 are
labelled with the dipoles as indicated in the inset of Fig. 6(b) 4.4.1. Muthukumar—Freed model
by the thick solid line but the other beads are non-polar. Itis  Theeg” curves for homo-type-A chaings & 0 andm= N)
seen that when these modes oscillate, the dipole vectorsat variousC/C* are calculated with the Mutjukumar—Freed
change their orientation with the amplitude as indicated theory (Egs. (5), (7) and (10)) and shown in Fig. 7. It is seen
by the arrows. We note that the amplitude for the third that with increasingC/C* the theoreticak” curve exhibits a
mode is the largest as reflected in theversusr spectrum.
The shape of the spectrum changes sensitively witK.

— C/C*=1

For BIB, only the beads located in the middle of the chain __or P —=- C/Cc*=3 ]
are labelled by the type-A dipole. The modes witk: 1, 2 e

and 3 are also illustrated in the inset of Fig. 6(c). It is seen
that the first and third modes cause the oscillation of the
dipole moment of the | block and their amplitudes are
similar. The second mode does not contribute if the | ok i
block locates exactly at the middle of the chain. In . ‘ . .
BIB(20-8-24) the second mode contributes a little due to -1 0 1 2 3 4

the slight asymmetry. As shown in Fig. 6(g), values of log o

p=4-10 have similar intensities to the third mode. Thus Fig. 7. Normalized¢” curves of a type-A chain calculated by the
the &” curve becomes bimodal: the low frequency peak is Muthukumar—Freed theory for the caserof= 0 andm/N = 1 and at
mainly due to the overall motion of the BIB molecule (the C/C* given in the figure.

log(e"/e"m
—
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hollow. This behaviour has never been observed experi-

mentally in homo-PI solutions [7—10]. Due to this disagree-
ment we will not use the Muthukumar—Freed theory to
explain theC/C* dependence of the” curves of Bl and

BIB solutions. Probably, the exact calculation of higher

2277

as depicted in Fig. 8(b). Hereafter this model is referred to as
‘model-1'.

The model-1 is qualitatively supported by the observa-
tion. As is seen in Figs 2 and 3, the location of the high
frequency peak of the’ curve around lod = 4 does not

order terms of Eq. (10) is needed to compare the theory change with increasingC but the low frequency peak

with the experiment.

4.4.2. Blob model

For fully entangled chains, the reptation model [3-5]
predicts thatg, is given by Eq. (5) andr, is given by
ro/p?. Hererp denotes the longest relaxation tima)(of

shifts rapidly to lower frequency witlC. Fig. 9 shows
log (7 /7y) for BIB(8-3-8) and BIB(20-8-24) solutions
plotted against log@/C*), where 7, and 7y represent the
nominal relaxation times for the low and high frequency
peaks, respectively. If we assume thatis independent
of C, Egs. (9) and (10) predict the slopes 2.07 and 1.08,

the tube model (tube disengagement time). Thus therespectively, withr = 0.55. The former agrees with the
dielectric relaxation spectrum is exactly the same as the observed slope of 2.0 of the log.(74) versus log C/C*)
Rouse model. As seen above, the dielectric loss curveplot.

broadens with increasingC for semidilute solutions.

However, the model-1 predicts that the relaxation

Obviously the simple view that the Rouse model is switched spectrum has a wide gap in the spectrum wide higher

to the reptation model & exceed<C* cannot explain the

than C*. This is not in accordance with the experiments

experimental results. Adachi et al. [14] attempted to explain because the” curves of homo-type-A chains calculated
the broadening based on the Ngai theory [24]. There it was with the model-1 exhibit a hollow. Thus the model-1 does
necessary to assume that the coupling increased withnot agree with our experiments.

increasing mode number, which is inconsistent with the
Ngai theory.

We analyse the relaxation spectruytr) based on the
blob model [16,17]. Fig. 8 shows schematically the
log g(7) versus logr curve for a BIB chain. In Fig. 8(a)
the curve illustrated by the solid line indicategr) for
the isolated stateN, = 1) and the dashed lines for the
fully entangled stateN, > 1). The shapes are the same
as mentioned above.

In the state wherdl, is finite, the blob model leads us to
expect that the slow modes with<< N, are governed by
the reptation model. Then the relaxation times of pie

4.4.3. A modified blob model

In the above sections we see that both the Muthukumar—
Freed theory and the blob model cannot explain the
observed mode distribution. Now we seek an empirical
relaxation spectrum which is required to satisfy the three
conditions: (1)r, is given by the tube model, (2) the modes
with p < N, are given by the Rouse model, and (3) there is
no wide gap in the spectrum between the modes ef N,
andp =N, — 1.

Based on these requirements, we assume a relaxation
spectrum in which the modes pt< Ny have gp-dependence

modes are expected to increase with concentration asdifferent from thep proportionality:rp/n:p*B. Further-

7, =~ 1INKE/p?, while the fast modes witp > Ny

conform to the Rouse theory;, ~ 79/p°. Herek = 3 for
the non-draining model (Eq. (9)) and= 2 for the free-
draining model (Eqg. (10)). Thux7) splits into two regions

I
il

log T

log g(v)

Fig. 8. Schematic relaxation spectyér) for a BIB chain: (a)g(r) of free
(solid line) and entangled (dashed line) states;d) predicted by the
model-1; (c)g(7) predicted by the model-2.

more, we assume that the spectrum in the regiom ofN,,
(Fig. 8(b)) is stretched along the abscissa so that the
whole spectrum does not have a wide gap in the spectrum

O BIB(8-3-8)
@ BIB(20-8-24) /

2 .
Eg: L i
& b
% | |
< °

1 L -

£
1 1 1 1 1 1
log(C/C*)

Fig. 9. Log ¢ /ry) for BIB(8-3-8) and BIB(20-8-24) solutions plotted
against log C/C*) where 7 and 7y represent the nominal relaxation
times for the low and high frequency peaks, respectively.
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as depicted in Fig. 8(c). Since the non-draining
blob model (Eq. (9)) predicts that = 7SN, we obtain

7, = 1INS/pf for the modes wittp < Nj,. On the other
hand, Eq. (6) gives, = 73/p” for p > Ny. At p = Ny, the
former and the latter become equal. Tifusecomes 5- 3.

If we assume the free-draining blob model (Eq. (10)), we
obtaing = 4 — 2». Sincer = 0.55 for the present systei,
becomes 3.35 for the non-draining model and 2.90 for the
free-draining model. For the sake of simplicity, we assume
B = 3.0. Thus the mode distribution given by the model-1 is
modified as

0
71N
H=5 (<) (12)
0
Tp= % (p > Nb) (13)

This model is referred to as ‘model-2'. It is noted that the
present rough model would not hold for fully entangled
systems.

Urakawa et al. [25,26] reported experimentally that
the ratio of 74/7, in semidilute solutions of a bifurcated
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T
PI-743/Hep 295K
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Fig. 10. Normalize@"” curves of solutions of PI-743 withl,, = 743 000 in
heptane at 295 KC* is 0.004 g/cni. The solid line indicates the Zimm
theory. The dash-dot and dash-dot-dot lines indicate the curves calculated
with the model-2 witha = 0.14 atC/C* = 1.41 and 3.17, respectively. The
solid and dashed lines are those with= 0 at C/C* = 1.41 and 3.17,
respectively.

We calculated the"/e",, curves for the model-2 with and
without taking Eq. (14) into account. In Fig. 10 the solid and
dashed lines indicate th&/s",, curves calculated with =0
atC = 0.0141 C/C* = 4.7) andC = 0.0317 C/C* = 7.9),
respectively. The dash-dot and dash-dot-dot lines are those

polyisoprene was close to 4. This result indicates that at With a=0.14 atC = 0.0141 C/C* = 4.7) andC = 0.0317

leastr, values ofp = 1 and 2 obey the tube model. Since

(CIC* =7.9), respectively. As is seen in this figure the slope

the present analysis is semi-quantitative and also for thec Of the theoretical curve in the high frequency range is

sake of simplicity, we adopt the model-2 given above.

So far we have modified thp-dependence of, We
should also introduce an alternative modification for the
description of the intensitg, of the pth mode. Freire et al.
studied the computer simulation of chain dynamics in many

close to that of the experimental curve. The shape of the
overall curve also agrees fairly well. However, we note
that the intensities of the modes pf= 1 and 3 for the
theoretical curves are too strong to explain the experiments.
Consequently it can be observed that introduang 0.14

chain systems in terms of the Monte Carlo (MC) method in EQ. (14) gives a slightly better description of the experi-
[27-30]. It was found that the time-correlation function of mental data tham = 0. Recently Watanabe et al. [26,31]
the end-to-end vector of homopolymers are consistently €xplained the broad dielectric relaxation spectrum of bulk

described ifg, is given by
gp = P°gp(Rousg

wherea was found to be approximately 0.14 agg[Rouse)
is the theoretical intensity given by Eq. (5). Details are

(14)

P1 with non-sinusoidal normal modes. Such analyses would
also explain the present results.

The theoreticak” curves corresponding to BI(66-24) are
calculated a€C = 0.0134 andC = 0.0158 with the model-2
and plotted in Fig. 1 by the dash-dot lines o= 0.14 and

described elsewhere [12]. Eq. (14) also helps to reach athe dash-dot-dot line fax= 0. It is seen that the theoretical

slightly better description of the experimentell curves
for the homopolymer chains.

4.5. Comparison of the model with experiments

Firstly we examine the model-2 for homo-PI solutions.
The ¢” curves of semidilute solutions of homo-PI broaden
with concentration in the high frequency side of #igeak
and the log:"” versus log curves are linear in the frequency
range logf > log f,, + 1:

loge"(w) = — alogw + const (15)

Fig. 10 shows the normalized’ curves for a homo-PI
with M,, = 743000 in heptane [9], i.e” divided by
the maximum losg",, is plotted against/f... In the range
C > C*, the exponentx converges to 0.2% 0.03 which is
smaller than 0.5 predicted by the tube theory.

curve is slightly narrower than the observed curves and the
effect of Eq. (14) is not appreciable.

In Figs 4 and 5, we test the model-2 for BIB solutions. It
is seen that the theoretical curves agree approximately with
the experimental curves. However, the intensity around
the high frequency peak is higher than the obseryéd
For the copolymer cases the modified model wath= 0
describes slightly better the high frequency region than by
assuminga = 0.14. This is the reverse trend to the case of
homo-PI. The discrepancy may be explained by taking into
account the excluded volume effect.

In our previous paper we reported that the I-block chain in
BIB is expanded [13]. If we take into account this effect, the
effective chain length of the middle part becomes longer
than the length calculated with Eqg. (3) and hence the
n and m values of Eq. (3) should be changed since the
effective chain length of the | block becomes longer than
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