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ABSTRACT: For examination of a constraint release (CR) contribution to relaxation in monodisperse systems
of moderately entangled six-arm star polyisoprenes (Pl), viscoelastic measurements were conducted for blends
of these star Pl and a high molecular weighff) (inear PI. In the blends, the linear Pl was dilute and entangled
only with the matrix star chains. The terminal relaxation of this dilute linear probe occurred through competition
of reptation and Rouse-type CR, as confirmed from its relaxation mode distribution. The probe relaxation time
TorobeMeasured in the blends was utilized in the following way to elucidate the CR relaxation in the star matrices:
Since the CR timeCR of the star matrix is expressed adNgPrire With 2N, and 7 being the entanglement
number per two arms (span length) and the effective entanglement lifetime in the sy<teran be evaluated

if the 7y value is known. For determination of thg. value, thet,one data of the linear probe in the star
matrices was compared with the previously obtainggh. data of thesameprobe in linear Pl matrices under a
molecular idea that should be the same inir of star and linear matrices giving the samgy,cvalue. The
molecular weighM_ mq; Of the linear matrix paired with each star matrix was thus specified, and the vatyg of

in the star matrix was determined by utilizing tiik 4 value in a previously obtained empirical equatiorrf

in the linear matricestfs = 2.5 x 10718M_ ¢ S at 40°C). For the monodisperse systems of the star Plz$fe
(=(2NJ)?tiire) thus evaluated was close to the measured relaxation time, indicating that the CR mechanism
significantly contributes to the star relaxation. This result was in harmony with the validity of the molecular
picture of partial dynamic-tube-dilation (p-DTD) confirmed for the star PI.

1. Introduction features (delicate non-Rouse features reflected in the CR
eigenfunction$2°2) have been discussed. Furthermore, for the
molecular picture of dynamic tube dilation (DT&)incorpo-
rated in the current tube model(s), recent experiméhts?
indicated that the CR process plays an important role in the
self-consistent determination of the dilated tube diameter and

As an interdisciplinary research field, the entanglement
dynamics of flexible polymers has been attracting wide research
interest of physicists and chemists for long time, thus promoting
the continual development of the theoretical framework of the
tube modek~ Extensive experiments indicate that the molecular . ! -
weight, molecular weight distribution, and the chain architecture that the molecular picture of partial-DTD based on this self-
have significant effects on dynamic properties of polymiefs, ~ consistency is valid for linear and star chains.
and the tube model has been refined so as to explain all these Because of this importance of the CR mechanism for the
effects. For the research of rheology and molecular dynamics entanglement relaxation, it is strongly desired to experimentally
of entangled polymers, the linear and star-branched polymerscharacterize the CR features (relaxation time and mode distribu-
compose the major database due to the simplicity of their tion) for representative polymer systems. For polystyrene (PS),
structures, although recent research has been also extended tthe CR relaxation ofdilute probes was investigated rather
the polymers with more complicated structures such as the pom-extensively?-10.16.17(for linear/star probes in linear/star matri-
poms-6 and hyperbranchéd polymers. ces). In contrast, fotis-polyisoprene (PI) utilized in the test of

Binary blends of monodisperse linear and/or star chains arethe DTD picture, the CR relaxation of dilute linear probes in
the best model systems for investigation of the relaxation linear matrices was fully characterized recerflyput only
mechanisms related to the lifetime of the entangler@éft!® limited data have been obtained for star probes: The data are
In particular, if one component in the blend is dilute and available just for high molecular weigh¥1j star probes having
entangled only with the other component, the entanglementthe arm entanglement numdgy = MyM. > 1218 Thus, it was
lifetime for the dilute component (probe) is easily tuned through desired to characterize the CR behavior also for star Pl with
the molecular weight/topological architecture of the major lower N, so that the partial DTD picture can be tested for star
component (matrix). For such dilute probe chains entangled with Pl systems in a wider range of.

much shorter matrix chains, the constraint reléas¢CR) The standard method of characterizing the pure CR process,
relaxation activated by the matrix motion has been clearly ¢ yiscoelastic measurement for blends of dilute probesich
detected from viscoelastic experimeti3!¢19and its detailed  ghortermatrix chain16-1° cannot apply to the lowel, star
Pl probe explained above because the matrix chains much
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of the effects of the star and linear matrices on the probe Table 1. Characteristics of Pl Samples
relaxationt®we compared the relaxation time of the same probe sample 103 My, 1073 M, M/Mn
in I|n.ear and star matrices to evaluate thg CR time for.the star Six-Arm Star PI (Used as Matrix)

matrices themselves. Furthermore, we utilized the CR time thus  g(1.q9) 54.2 9.5 1.05
obtained for the moderately entangled star Pl to examine the  6(1-16) 95.4 16.0 1.03
validity of the partial DTD picture for these star PI. The results 6(1-24) 144 23.5 1.03
are presented in this paper. First, in section 2, the method of 28:23 %ié 28'? 1'8‘3‘
the evaluation of the CR time for the loWy star matrices is ] ' '
explained. Section 3 summarizes the experimental conditions. . '-slggar Pl (Used as Probe) 106

Then, section 4 presents the experimental data, the analysis for

evaluation of the CR time for those star PI, and the results of as that in the star matrix. Utilizing the entanglement number
the test of partial-DTD picture for these star PI. Finally, a N, of this equivalentlinear matrix in the empirical equation
summary of this study is given in section 5. of Tompe WE Can evaluateys in the star matrix as(star)=
Tire(linear) = Npmbe‘ztgr'fme(NpmbeNL,mat*). For any star probe
having N, entanglement segments per arm, we can utilize this

) ) Tiire(Star) value to determine the Rouddam type terminal CR
For star chains having a low-to-moderate number of entangle- tjme? in the focused star matrix as

ments per armN, < 10, the pure CR process cannot be

2. Method of Evaluation of CR Time for Low-N, Star
Matrix

characterized with the standard method, the viscoelastic mea- T;; obe= 12N} zr"fe(star) ©)
surement for blends containing these star chains as theMigh- P
dilute probes entangled witmuch shortermatrix chains,  The CR time in the monodisperse system of the focused star

because such short matrix chains are no longer in the entanglecthains is obtained by utilizing thi, value of these chains in
regime. However, we can still determine the CR time of the eq 3.
low-N, star chains with the previously utilized meth¥4d. We should note that the factor §PNg}2 appears in eq 3
This method focuses on the relaxation of dilute highinear (instead of the factor oNoné in €q 1) because the slowest
probe chains in matrices of shorter star and linear chains. TheRouse-Ham and/or tethered-Rouse CR eigenmode for the
terminal relaxation of this linear probe occurs through competi- segment position of the star arm has a node at the branching
tion of the CR process activated by the motion of the matrix point and is identical to the slowest mode for the linear probe
chains and the reptation process of the probe #4&#%161719  of the |ength X,2 In other words, the span-length of the star
and thus the probe relaxation timgoneis determined according  probe corresponding to two arms is equivalent to the full length
to the values of the CR and reptation times of the proﬁ%ue of the linear probe in the Rous#iam/tethered-Rouse CR
and 7o° . Experiment36.17.1%ndicate that the terminal CR  dynamics, giving the molecular basis for the use of the factor

probe
time of the linear probe is well described by the Rou&&R of {2Ng}2in eq 3.
relationship Here, it should be emphasized that the method explained
above utilizemeitherthe model-dependent functional form of
Torabe= Nprope Tite (MALrix) 1) F (eq 2) describing the competition of reptation and @&t
the functional form Kobe dependence) of o, For this

Here, Norove iS the number of entanglements per linear probe reason, the method is not limited to the CR-dominant case (for
(Nprobe = MprobdMe), andrise(matrix) is the effective entangle-  dilute probes in much shorter matrices). The method simply
ment lifetime in a given matrix determined by the matrix requires us to know an empirical equation xﬁﬁbe for the
structure, i.e., the entanglement numbé&r,: and topological linear probe in linear matrices and to compapgne data in
architecture €linear or star) of the matrix chain. (In eq 1 and star and linear matrices. Thus, this method provides us with
hereafter, a numerical proportionality consfaistabsorbed in the most reliable route of evaluating® for star chains with
Tiife-) low-to-middle N, values Ny = 2—8 for star Pl utilized in this
Considering eq 1, we cdnrmally express the measureglope study).
as a function oNprope Tite, and the reptation time;h, . with

probe
Toehe DEINg dependent only ONprobe

3. Experimental Section
probe

3.1. Materials. Narrow molecular weight distribution (mono-
F{N__ 2z, (matrix), 7" (N 2 disperse) linear and six-arm star polyisoprene (PI) were utilized as
{Norobe e ) Torobd Noroba)} ) the probe and matrices, respectively. These materials were anioni-

. . . cally synthesized and characterized in the previous sté@iés*26
The functional form of= in eq 2 could be derived from a model- 1.2 jinear PI sample, the dilute higi-probe in this study, was

(Sf’4 but this form is not required in our analysis. The essential jgentical to the probe in the previous study of linear Pl/linear Pl
point of eq 2 is thatiie is the same in a pair of linear and star  plends!® and all star Pl samples, the matrices in this study, were
matrices ifzprope Of @ linear given probe is the same in these also utilized in the previous study of star Pl/star Pl bleFdEhese
two matrices. samples, containing a small amoust).05 wt %) of an antioxidant

We can consider this point to experimentally determine (butylhydroxytoluene), had been sealed in Ar atmosphere and stored
Tie(star) in a focused star matrix, given that an empirical in a deep freezer until use. Lack of chemical degradation during
equation ofrﬁrﬁbe(Nprobe N ma) Of the linear probe in linear the storage was confirmed with GPC measurements.

. . : Table 1 summarizes the characteristics of the star and linear Pl
matrices is known as a function of the gntanglement nu.mb?rssamples (determined previously®24-26 from GPC combined with
Nprobe@NdNL mat OF these probe and matrices. (This equation is iynt'scattering). The samples were coded a6dnd 6(kX) for
indeed known for linear PI probes in linear Pl matri¢§s-or linear and six-arm star Pl, respectively, with the code-number
this determination, we first compare thgone data of a given  representing the molecular weight of the linear sample and/or star
linear probe in the focused star matrix and in a series of linear arm in unit of 1000. For all star samples, the arm had more than

matrices to specify a linear matrix in whiane is the same two entanglements\l, = My/Me > 2 with Mg = pRT/Gy = 5.0 x CDV

Tprobez
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10® being the entanglement spacing foPPe¢valuated from the 6 gy
gas constanR, Pl densityp (= 0.92 g cn73), and entanglement BYBRT
plateau modulu§y = 4.8 x 10° Pa afT = 313K (=40°C). These 51
star matrix chains were entangled with the highlinear probe F)
L329 (Nprobe = M/Me = 66). Al e

The systems subjected to viscoelastic measurements were blends i

of L329 probe in matrices of six-arm star Pl samples. The probe

volume fractionugepewas kept smallipone < 0.01) to ensure that L329/star matrix

log (G'/Pa)

the probe was dilute and entangled only with the star matrix. For . Uprobe = 0.01

preparation of these blends, prescribed masses of the linear and e N

star samples were uniformly dissolved in benzene (at a total ] 10°M,

concentration= 5 wt %) and then benzene was allowed to Ir g8 'g 12.?)

thoroughly evaporate, first under atmospheric conditions and then ¢ 235

in a high vacuum at 40C. 0r d: 30.6
3.2. Measurement. For the linear/star Pl blends, dynamic e: 40.7

viscoelastic measurements were conducted with the Advanced -1 . . . . . : :

Rheological Extending System (ARES, Rheometrics) in a parallel 6

plate geometry (diameter 25 mm) at temperatures betwee30 T L

and +80 °C. The oscillatory strain amplitude was kept small
(=0.05) to ensure the linearity of the viscoelastic response, and
the storage and loss moduB;, andG", were recorded as a function

of angular frequencyy in the range of 0.2£100 rad/s at each
temperature. For some star samples, the dielectric responses were
measured with an Impedance Analyzer 1260/Dielectric Interface
1296 (Solartron).

Prior to each run of the viscoelastic/dielectric measurements, the
samples were annealed at respective temperatureslfomin to
ensure stability/uniformity of the sample temperature. The time
temperature superposition worked for the viscoelastic and dielectric
data, and all data were reduced/compared at a reference temperature log (war/s™)
T, = 40 °C. The shift factor was well described by the previously
reported empirical WLF equatidlog ar = —4.13( — T,)/(150
+T-T).

Figure 1. Storage and loss moduly' andG", obtained for blends of

the dilute linear PI probe (L329) in six-arm star Pl matrices as indicated
(unfilled circles). The data, obtained in this study, are reduced at 40
. . °C. The filled circles and dotted curves represent the moduli of the
4. Results and Discussion linear probe and star matrices in respective monodisperse systems.

4.1. Overview of Probe Relaxation in Star and Linear
Matrixes. Figure 1 shows th&' andG" data of the blends of ~ €valuated from th€&g*(w) andGmat‘(w) data of the blend and

L329 probe in the star matrices at %0 (unfilled circles). The ~ Pure matrix a$t0.16-49
volume fraction of the probe igyone= 0.01. The filled circles

and dotted curves indicate the behavior of the L329 probe and Gprobe (@) = Gg*(@) = (1 — VpropdCmai (@) (4)
star matrices in their respective monodisperse states. For
comparison, Figure 2 shows representattyeand G" data In this paper, the previously utilized subsc?ift161°“1” and

obtained previously for the blends containing the same probe “2” are replaced by “mat” and “probe” (cf. eq 4) and the second
(vprobe= 0.01) in linear PI matrice® As seen in Figures 1 and  subscripts indicating the state (in the blend or pure state) are
2, the blends clearly exhibit fast and slow relaxation processes.omitted for clarity/simplicity of notation. (Since this paper
The fast process is attributed to the terminal relaxation of the examines only the blends containing dilute probes, no confusion
matrix and the partial relaxation of the higfh-probe, and the  would arise from this change in the notation.)
slow process is assigned as the terminal relaxation of the probe, The relaxation behavior of the probe in the blend is most
as noted for similar blend$:16°1% The terminal relaxation of  clearly examined for its storage modul@,,,{») evaluated
the probe is retarded on an increase of the matrix molecularwith eq 4. ThisG),,,{®) is very close tdGy(w) of the blend at
weight Mmas, Which is indicative of the constraint release (CR) low w where the matrix has fully relaxed (unless the matrix
effect of the matrix on the probe relaxation that becomes less molecular weight is high and the low-shoulder ofGy(w) is
significant on the increase ®ma: This retardation of the probe  not clearly resolved).
relaxation withMmat is less significant than the retardation of Figure 3 compares theG,,{») data of the L329
the matrix relaxation itself, which is partly attributable to probe having different volume fractiongyo,e = 0.005 and
competition of CR and other mechanism (such as reptation) in 0.01 in the same 6(I-16) star matrix. The reduced modulus
the relaxation process of the linear L329 probe. Vprobe Chrond®) TOr thesevprone Values are indistinguishable
As seen in Figures 1 and 2, the complex modulus of the and thus individual probe chains relax in the same way,ae
blends is close to that of respective matrices at angular = 0.005 and 0.01, confirming that the L329 probe is dilute and
frequenciesy above the terminal relaxation frequency of the entangled only with the matrix chains in the rangevgbpe <
matrices. This result, commonly seen for blends containing 0.01. (Note that the reduced molecular weight of the probe,
dilute probes};1%1619 indicates that the dilute probe chains  vprobe Mprope= 0.83 x 10° for vprope= 0.01, is well below the
negligibly affect the relaxation behavior of the matrix chains. entanglement spacing for Rlle = 5.0 x 10%.) In the remaining
Thus, the complex modulus of the matrix in the blend agrees part of this paper, we focus on the relaxation behavior of the

with the modulus in its pure (monodisperse) st&@gai(w), dilute L329 probe withvpone = 0.01 in the star and linear
except a difference in the matrix volume fractical(— vprobd, matrices (Figures 1 and 2) to examine the constraint release
and the modulus of the probe in the bler@gone(w), is process in the star matrices.

Ccbv
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Figure 4. Comparison of the storage moduluS,(,,) data at 40C
obtained for the L329 probe havingy.,e = 0.01 in (a) various six-
arm star Pl matrices and (b) linear Pl matrices. The data in the
linear matrices were obtained in the previous sttfdyzor the

Figure 2. Storage and loss modulg’ andG", obtained for blends of

the dilute linear Pl probe (L329) in linear PI matrices as indi-

cated (unfilled circles). The data, obtained in the previous sttidye

reduced at 40C. The filled circles and dotted curves represent the clearest comparison of the dependence of. the G’ curve
- ! L ; ! N b

moduli of the linear probe and star matrices in respective monodlspersein the 6(1-09) star matrix withl, — 9.5 x 107 frCOJI'EtOp pa?lrgli and/or

systems. in the L14 linear matrix wWithM_ma = 14.4 x 1C® (for bottom
panel) was chosen as a reference and the curves in the other matrices
were shifted horizontally by a factor éfso as to superpose the law-

tails of these curves (wher@,,,, O ) onto that of the reference
curve.

/Pa)

curve of the same probe (L329) in linear matrices obtained in
the previous study? These curves are shifted similarly, with
the curve in a linear matrix d¥l_ s = 14.4 x 10° being utilized
as the reference.

As seen in Figures 4a and 4b, t@,,,. curve of the L329
probe becomes steeper with increasig and/or M ma; Of
the matrix. This change in the shape of the curve indicates that
the slow relaxation mode distribution of the L329 probe be-

'
probe’

G

-1
probe

log (v,
w

! 0 All 2 comes narrower and its terminal relaxation intensity increases
log (o/s™) onh an increase oM, and/orhML,mat above a threshold value,

th __ tl —
Figure 3. Comparison of the reduced storage modu}Hgbe‘le;)mbe_ Mg = 16.0 x 10° and My = 43.2 x 10°. Note that
at 40°C obtained for the 329 probe having different volume fractions these threshold values are much smaller #gjaoe of the L329
Vprobe = 0.005 and 0.01 in the same 6(1-16) star matrix. probe.

The above changes of the relaxation mode distribution/

4.2. Relaxation Mode Distribution of Probe.The viscoelas- intensity of the linear L329 probe chain are attributed to

tic relaxation mode distribution of the probe is most clearly competition of its own reptation and constraint release (CR),
reflected in thew dependence of its storage modul@,,. the latter being activated by the matrix chain motidh?’.1

(w) (cf. eq 4). In Figure 4a, this dependence is compared for This competition is overwhelmed by the CR mechanism and
the dilute L329 probeyone = 0.01) in various star matrices the pure CR relaxation of the probe is observed only in the
as indicated. For the clearest comparison of the shape of therange ofM, < M;h (=<Mprobg and/orMy mat < M['fmat (<Mprobe
Girone CUIVE representing the dependence, we have chosen where the matrix relaxes much faster than the probe therein. In
the curve in the 6(1-09) star matrix (arm molecular weiyht this range, the relaxation mode distribution (CR mode distribu-
= 9.5 x 10°) as a reference and shifted the curves in the other tion) of the probe does not change with the matrix molecular
matrices horizontally by a factor df so as to superpose the weight, as seen in Figure 4, parts a and b. This CR mode
low-w tails of these curves (whef&, .. [] ?) onto that of the distribution can be most clearly examined for a normalized
reference curve. For comparison, Figure 4b showsGlg,e storage modulus defined H%1° cDV
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& _ Mprobe ,
probe pvprobcRT probe

Here,p is the density of the system (blen&)js the gas constant,
andT is the absolute temperature. In Figure 5, the normalized
moduli of the L329 probe in the star and/or linear matrices
havingMa < MY and/orM ma; < M{,, are plotted against a
normalized frequencytprone Wheretponeis the experimentally
determined probe relaxation time (more accurately, the second
moment average relaxation time) explained later for Figure 6.
The star matrix Mma: = 54.2 x 103 large unfilled circles) has
the arm molecular weighMy = 9.5 x 10° < Mppe FOr
comparison, Figure 5 also shows the previous'ddta various
linear probes (10° Mprope = 179, 248, and 626) exhibiting the
CR relaxation in much shorter linear matrices. For clarity of
the plots, only representative data are shown.

In Figure 5, we first note that the normalized plots for the
linear probes of variouMppein the CR regime collapse into
a universal curve. This fact indicates that the probes have the
universal CR mode distribution in the normalized format.
Furthermore, theé’probe data are quantitatively close to the
solid curve that represen@, .. expected for the Rouse€CR
mechanisn¥, 4

®)

Norobe wz(lsfpmb Jﬂ"‘)zp“‘

(for Rouse-CR) (6)

U J—
probe —

=11+ 0’ (15t 0pd7)p

Here, the factor of 1Byond7? (With 7probe being the second
moment average) is the longest relaxation time of the CR
process of the prob¥.

The above results clearly indicate that the terminal viscoelastic
CR relaxation of the linear PI probe can be described by the
Rouse-CR mechanism,as similar to linear polystyrene (PS)
probes in linear/star PS matrice31617Thus, we can utilize,
as a good approximation, the Rou<eR expression of the CR
time in our later analysis of the CR relaxation in star Pl matrices
(although delicate non-Rouse features have been also noted fo
the dielectrically determined eigenfunctions for the CR mo-
tion?20.2§,

In relation to this RouseCR feature of the probe, it should
be noted that the dilute linear Pl probes exhibited the purely
CR relaxation behavior in linear matrices in a range of the
Struglinski-Graessle$? parameterysg = MprobdVle 2Mi mai °
> 0.21° This range ofrsg, specifying theMprope and My mat
values of linear PI probes and matrices that allow the probe to
exhibit pure CR behavior, is wider compared to that for linear/
linear polystyrene blend&;sg > 0.5. Namely, the CR behavior
can be more easily observed for PI. This result indicates that
the probe relaxation is not uniquely determined by the entangle-
ment numbers for the probe and mati¥g;obe = MprondMe and
NLmat = ML malMe, but is affected by additional molecular
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dilute linear probes
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Figure 5. Normalized modul{ Mprond pvprondR T} Gprope O dilute linear

Pl probes in linear/star Pl matrices much shorter than the pinteR
regimg. The data for the L329 probe in the 6(1-09) star matiimf:

= 54.2 x 10 large unfilled circles) were measured in this study, and
all other data (in the linear matrices) were obtained previotishor

the clearest examination of the viscoelastic CR mode distribution, the
moduli data are plotted against a hormalized frequentyone Where
Tprobe IS the experimentally determined terminal relaxation time of the
probe. (Therponedata for the L329 probe are summarized in Figure 6,
and those for the other probes were documented in ref 19.) The solid
curve indicates the prediction of the RouseR model for linear probes

(eq 6).

L329 in Linear

L329 in Star

r

4 4.5 5 5.5
log ML‘mat, log M,
Figure 6. Plots of the terminal viscoelastic relaxation time (second
moment average relaxation timg)one Of the dilute L329 probe in six-
arm star Pl matrices (large unfilled squares) and/or linear Pl matrices
(circles) at 40°C. The symbols with pip indicate that the probe exhibited
pure CR behavior in the given matrices. Thenedata in the star and

linear matrices were obtained in this and previdstudies, respectively.

parameters such as the local CR gate number suggested byhese data are plotted against the molecular weight of the arm (for the

Graessley, as discussed in the previous wdfk.

4.3. Relaxation Time of Linear L329 Probe.On the basis
of eq 4, the terminal relaxation time of the probe in the blend
is unequivocally evaluated from th&s* and G, data of the
blend and pure matrix at low as

J _ G;B - (1 - vprob&)G;nat
w—0

w{ Gg - (1 - Uprobge%a} »—0
This 7proneis identical to the second moment average relaxation

U
probe

Ul
wGprob

TprobeE

)

star matrices) and/or the matrix chain as a whole (for the linear
matrices). The small filled squares specify linear matrices that provide
the probe with the relaxation environment equivalent to the environment
in respective star matrices. For further details, see text.

time [zOdefined in terms of the relaxation spectriigiond7)
of the probe in the blend?10-2619 [F0= [ /% 7?Hprope d(IN 7)]
X [/ZTHprobed(In 7)] 1. This average heavily weighs on slow
relaxation modes, and thugsoneis close to the longest relaxation
time.

In Figure 6, therpopnedata of the dilute linear L329 probe in
the star matrices are plotted against the molecular Weigh&DV
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of the star arm (large unfilled squares). For comparison, the
data of the same probe in linear matrices examined in the
previous work® are plotted against the matrix molecular weight
M mat (large unfilled circles). The data point for the highest
ML mat (=329 x 1) represents the relaxation time of the L329
probe in its monodisperse state. The small filled squares indicate
M¢ mat Of linear matrices equivalent to respective star matrices,
as explained later in more details.

In Figure 6, we first note that thel, dependence afyropein
the star matrices becomes stronger with increasiggvhile
the M mar dependence in the linear matrices becomes weaker
with increasingM_ mar This difference can be partly related to
the difference in the global motion of the matrix chains that
activates the local CR process of the probe: The matrix
relaxation timerma: (=product of the matrix viscosityma: and
complianceJna) corresponding to this motion exhibits the
exponentiaM, dependence for the star matrices and\he,af->
power-law dependence for the linear matrices.

In fact, the above difference afone in the star and linear
matrices is considerably diminished whgryeis plotted against
Tmat @and/orymas @s shown in Figures 7a and 7b. At the same
time, it should be also emphasized that thgpedata are never
proportional totma: and/orymas even in the CR regime where
the probe exhibits the universal relaxation mode distribution.
(The lack of the proportionality t@ma indicates lack of the
Stokes-Einstein behavior.) This fact is also noted in Figure 6
where tpone in the linear matrices in the CR regime (shown
with the circles with pips) is proportional t¥l, maf, not to
ML mat® as observed forma. Similarly, theM, dependence of
Tprobe IN the star matrices is weaker than thatwf:. These
differences of théMma dependencies afprobe and Tmar Can be
related to the number of matrix chains penetrating/sustaining
each entanglement point, as discussed previctiSly.

In relation to the above results, it should be emphasized that
the power-law typeM ma: dependence ofprone in the linear
matrices is observed only in a narrow rangeMafma: (circles
with pips in Figure 6) where the probe exhibits the universal
CR mode distribution (cf. Figure 5). This range is specified by
rse = MprobMeMmar 3 = 0.21° The My ma dependence
weakens on an increase Bf_ma beyond this range and this
weakening, associated with the change in the mode distributio
(cf. Figure 4b), is attributed to the competition of the CR and
reptation mechanisms in the probe relaxation.

For convenience of later analysis, we here summarize the
ML matandMpronedependencies of the terminal (second-moment
average) CR relaxation time .. of linear probes in linear
matrices. In the range ofsg > 0.2 (CR regime),ziry, is
proportional toM, maf (cf. circles with pip in Figure 6) and to
Mpmbe, as shown in the previous wotR Figure 8 summarizes
theserj ., data for various linear probes (having 2Mprope
= 179-626) obtained in the previous wotkThe data, plotted
against M maMpropd, are well described by an empirical
equation shown with the solid curve,

=10 %M

n

— 18 3
L, mat probe 25x 10 ML mat Nprobe

(in s) in linear PI matrices at 40C (8)

Tlinear

This empirical equation is later utilized in our evaluation
of the CR time of the star matrices. (Thg.,, data in the
linear matrices were equally well described by an em-
pirical equation with a little smalle ma exponentzir,. =

10 241M L ma ®proné (in S), as shown from an extensive test
of the 7CR data in the previous study.However, the CR time
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Figure 7. Plots of the terminal relaxation timgoneOf the dilute L329
probe at 40°C against (a) star/linear matrix relaxation time and (b)
matrix viscosity. The symbols with pip indicate that the probe exhibited
pure CR behavior in the given matrices.
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Flgure 8. Terminal viscoelastic relaxation timg.ne Of various dilute
near Pl probes in much shorter linear matricesqR regimg. The

rpmbe data at 40°C, obtained in the previous studi¥s? are plotted

againstML,ma?Mpmbez. The solid line indicates the empirical eq 8.

of the star matrices evaluated with this equation was practically
indistinguishable from that with eq 8.)

4.4. CR Relaxation Time of Monodisperse Star PlAs
explained earlier, the CR relaxation timg: of the star matrix
can be evaluated from the molecular weilfhtna* of the linear
matrix that has arequivalent effect on the probe relaxation.
Now, we apply this method to the data summarized in Figure
6 to evaluaterSh. for our moderately entangled star Pl matri-

ces. TheM mat* values are specified in Figure 6 with the small
filled squares, and the entanglement lifetimg(star) in the
given star matrix is evaluated from tHi4_ma* value with the
aid of egs 1 and 8 as

Tie(star)= 2.5 x 10 "M, .,+}° (in s) (9)

Substituting thistiite(star) value in eq 3, we obtained the CR
time 753, of our moderately entangled star Pl matrices in their
monodisperse state.

Figure 9a compares th'@ﬁ'; (small filled squares) with the
observed relaxation timels of these star Pl systems (unfiIIeéJDV
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- (circles) of monodisperse star Pl systems af@Q0with up-pro (solid
2t curves) angus—prp (dotted curves) expected for the partial- and full-
DTD processes. Th&_prp Was obtained from the dielectric data under
3 the full-DTD assumption, whileu,-ptp Was evaluated from the
7 dielectric data andggr data (Figure 9) without this assumption. For
further details, see text.
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0 0.5 1 1.5 2 For monodisperse systems of linear Pl examined in the
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log (M/M,) previous stgd;ﬁ, Fclgure 9 compares the QR time and observed
relaxation timet;.,, (dotted line; eq 8 wWittM_ mat = Mprobd
obs H : R obs :
Figure 9. Comparison the viscoelastic CR relaxation tinf& for and tpns,, (circles), and Figure 10 shows thii:./Toe,, ratio

monodisperse systems of star and linear Pl chains with the observed(filled circles). Differing from the behavior of star Pigrs,, of

terminal relaxatipn time©os (circles) at 40°F:. For tEe star Pl system linear Pl is much smaller thaml(i:niar in the well entangled

(top panel), unfilled and filled squares indicatgf; obtained from regime. This result suggests that the CR mechanism has an only

viscoelastic data of star/stdand linear/star blends, respectively, and minor effect on the terminal relaxation time of well entangled

the thted curves decr;]pg K evaluated with the previou_sly reported linear chains, although the terminal relaxation mode distribution

empirical equation? ey = 4.0 105st exp0.7LNa} (in ). For is considerably affected by this mechanishiThus, the CR

the linear Pl systems (bottom panet, was evaluated from the . . . . o .

empirical eq gly ( panelfa mechanism plays a quite different role in the terminal relaxation
of the star and linear chains. A related difference has been noted

circles). TheseSR andz2% data are plotted against the number for blends containing nondilute probes that were entangled

of entanglements per span lengtil2M.. Small unfiled ~ among themselves as well as with the matrices.

squares show thegtf:r data of highly entangled (hight,) star 4.5, Partial- and FuI!-DTD Pictures for Monodisperse Star.

Pl obtained previously with the standard meththe evalu- P! The CR mechanism undoubtedly allows the topological
CR constraint (represented as a tube) to loosen with time, and this

ation of 7, from the star Pl/star Pl blend moduli, and the

dotted curve indicates an empirical equationrﬁfrobtained loosening gives a basis of the molecular picture of dynamic

from thesersctzr data for the highMl, stars tgg/s — 40 x tube dilation (DTD). This picture is classified into the full-DTD

50 2 18 CR . A and partial-DTD pictures, the former being based on an
107>Na"exp{0.7INg}). " The 7, data obtained with the current g mption that the relaxed portions of the chain do not

mh_ethod (_s_malll filled _squa}rescz_are In satlsfact%ry aglr_s_emeptk\]/\_nth effectively constrain the unrelaxed portion and behave as a
this empirical equation, lending support to the validity of this simple solvent while the latter considering the magnitude of

method. _ _ tube dilation to be determined by a balance of the full-DTD
More |mportantly,b Figure 9a demonstrates thgf, is not motion of the probe chain and a CR-displacement of this

very longer thantgy for the monodisperse star Pl in a chain. These molecular pictures lead to different expressions

considerably wide range ®/M. between 2 and 16. This fact,  of the normalized relaxation modulugt) = G(t)/Gy (with Gy

most clearly noted for theSh/z3ty ratio (circles) shown in peing the entanglement plateau modulus) of monodisperse star

Figure 10, suggests that the CR mechanism significantly con- systems:

tributes to the actual relaxation of the star PI in this range of

Md#/Me. This conclusion is consistent with the validity of the u(t) = @' (O/B() (10)

molecular picture of partial dynamic-tube-dilation (p-DTD)

discussed later for Figure 11. with CDV
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Bioro® ={@'®} ¢ (with d = 1.3 for PF?) for full-DTD Finally, we should remember that the full-DTD picture works
(11a) as a good approximation for monodisperse systemimeér

P1.26:28:34 Thus, this picture has a different validity for linear

and and star chains. This difference is related to the full-DTD

diameteras_prp of the tube?22326For the monodisperse linear
Bo-prot) = min[B;_prp(t);  Ber(V)] for partial-DTD (11b) chains having a narrow distribution of the relaxation modes,

a&-ptp remains rather small even in the terminal regime and
Here, ¢'(t) is the survival fraction of the dilated tube that can thus the segments witha_prp can be CR-equilibrated in time.
be determined from dielectric data if the chain has type-A In contrast, for the monodisperse star chains having a broad
dipoles (which is the case for Pi§222330and Scg(t) is the mode distribution,as—ptp becomes considerably large in the
maximum number of the entanglement segments that areterminal regime and the CR-equilibration ov&rptp cannot
mutually equilibrated with the CR mechanism in a given time occur in time thereby leading to the failure of the full-DTD
scale oft. The dilation exponend, experimentally determined  picture. Thus, the topological architecture of the chain has a
from the loww plateau height ofG' for linear/linear blends large influence on the validity of this picture.
containing mutually entangled higil-components, is close to In relation to this influence, we expect that the partial-DTD
1.3 for PI2231 For the star probejcr(t) is evaluated from the  picture works well also for complicatedly branched chains such
terminal viscoelastic CR timesct;on the basis of the tethered- as comb, pom-pom, and hyperbranched chains. In addition, the

Rouse dynamics &% full-DTD picture may work better (but not necessarily well)
for the arms of these complicatedly branched chains than for
Na — N It N rqt\|* the arms of the simple star chains because the trunks in the
Ber(t) = Ny Z exp—— | Zex - (12) former class of chains would not relax prior to the arms and
p= 2tgol i thus suppress the increasespfprp. A test of these expectations

is considered as an interesting subject of future wérk.
In eq 12, the factor of & represents the terminal dielectric
CR time, andrs andNs (=Ng19) are the longest relaxation time 5. Concluding Remarks
for the contour length fluctuation (CLF) of the star arm and the_ For the purpose of examining the constraint release (CR)
number of entanglement segments corresponding to the ampli-conribution to relaxation of moderately entangled six-arm star
tude of CLF, respectively. The factop appearing In €q 12 P, we conducted linear viscoelastic tests for blends of these
represents the tethered-Rouse type ratiogfjfto the charac-  star Pl and dilute high molecular weight) linear PI, the latter

teristic time of thepth viscoelastic CR mode, and the factgr  pehaving as a probe entangled only with the matrix star chains.
is the ratio ofz to the relaxation time ofth CLF modze. For  The terminal relaxation of this dilute linear probe occurred
monodisperse star chaing,andrq are expressed &s* through competition of reptation and Rouse-type constraint

release (CR). The probe relaxation tinygne measured in the

ro= sinz( m2p — 1 )sin_z( 7 ) (13a) blends was utilized to evaluate the CR timg,, of the star

P 2{2N, + 1} 2{2N, + 1} matrices themselves with the aid of an empirical equation for
the probe CR time in linear matrices. It turned out that

and was considerably close to the observed relaxation time of the
star PI, which indicates that the CR mechanism has a significant
I = sin? M2q- 1 simd—% contribution to the terminal relaxation of stars in a wide range
q 2{2N; + 1} 2{2N; + 1} of Ma/Me. Validity of the partial-DTD picture, found for the
with N, = Nallz (13b) star Pl systems in a wide range Mf/Me, was consistent with

this significance of the CR mechanism. In addition, a difference
Ther, andr'q values are obtained from tHé, value (cf. eq from monodispersp linear PI. systems (rgther minor CR contri-
13), andz; can be evaluated from the data for the dielectric bution to th_e termma_l relaxation time of_Ilnear PI) suggests that
relaxation time of linear P$28in the nonentangled regime:; the topological architecture of the chain has a large influence
/s = 9.3 x 10713M2 at 40°C.1833 Thus, Bcr (eq 12) is on the CR contribution.
experimentally determined from the&?> data summarized in
Figure 9.

In Figure 11, theu(t) data of the star Pl matrices in their
monodisperse states (converted from@&felata) are compared
with the moduli for the full-DTD and partial-DTD processes,
ui-pro(t) (egs 10 and 1la; dotted curves) apgdpro(t) (egs
10 and 11b; solid curves), with the tube survival fractigit)
necessary for evaluation qfs—prp(t) and up-pro(t) being (1) Doi, M.; Edwards, S. FThe Theory of Polymer Dynamic€laren-
evaluated from the dielectric data obtained in this and previ- don: Oxford, UK., 1986. _
oug“2 studies. The: data are much closer 1g,-prp than to (g) Graess'te)y' W. WAGD. IPO'V";- _509'39822 47'2 6;-
ui-prp, indicating that the full-DTD picture fails severely but 54; \,\//Ivfti?;‘ eT’ HCPr%gAdPUO )FI,RS 2%102 gl ?31795 :
the partial-DTD picture works considerably well for the mono-  (5) archer, LA Varshney, S. KMacromolecule1998 31, 6348.
disperse star Pl systems. This conclusion, being obtained for (6) Archer, L. A.; Juliani.Macromolecule004 37, 1076.
the highM, star PI in the previous study and confirmed for the  (7) Simon, P. F. W.; Muller, A. H. E.; Pakula, Macromolecule2001
moderately entangled stars in this study, indicates the importance . 34 1677.

. . . . (8) Kharchenko, S. B.; Kannan, R. N{lacromolecule2003 36, 407.
of the CR mechanism in the terminal relaxation of the entangled (9) Yoshida, H.. Watanabe, H.: Kotaka, Macromoleculed 991, 24, 572.

star F:!J)Chains- (Similar behavior was noted for star polysty- (10) watanabe, H.; Yoshida, H.; Kotaka, Macromoleculest992 25,
renes: 2442,
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