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ABSTRACT: A detailed test of the Rouse model has been performed on a nonentangled 1,4-cis-poly-
(isoprene) (PI) by investigating the end-to-end vector dynamics by means of broadband dielectric spectros-
copy. The contribution to the dielectric relaxation of the end-to-end vector dynamics was determined by
subtracting the signal from the local segmental dynamics dominating at higher frequencies. This signal was
inferred from experiments on higher molecular weight samples. Our results show that the Rouse model
accounts remarkably well for the experimental data once the narrow distribution of molecular masses is
properly accounted for. The very same approach is found to provide a good description of a simultaneous
dielectric/rheology experiment. Despite the overall good agreement between experiments and model
predictions, small excess contributions in the high frequency side of the dielectric losses are detectable.

Introduction

The chain dynamics of linear polymers is one of the basic and
classical problems of polymer physics, and thereby, it has been
the subject of intensive mvestlgatlon both experimentally and
theoretically, over many years.'~>!' Despite of the broad range of
models and theoretical approaches existing in the literature, there
are many aspects of the problem that remain to be understood
(see refs 3 and 10—15 and references therein). Most of the current
investigations are devoted to the problem of the dynamics of
highly entangled polymer melts with different architectures and
topologies and to the rheology of polymer systems of industrial
relevance.!'~"* Concerning the chain dynamics of unentangled
polymers, it is generally assumed that the well-known Rouse
model'" provides a suitable theoretical description. The Rouse
model represents a linear chain as a series of beds and springs
subjected to entropic forces in a medium with a constant friction.
Although this simple approach obviously fails in describing the
melt dynamics of long chains at longer times, the Rouse model is
also used for describing the fastest part of the response of
these long chains, and thereby it is a common ingredient of all
available model and theories. The validity of the Rouse model
has been instigated by means of different experimental techni-
ques>*>*1316 and also by molecular dynamics simulations.'”>*
Even so, a full and detailed test of the Rouse model is challenging
because in unentangled polymer melts the segmental dynamics
(o-relaxation) contributions overlap significantly with the high-
frequency components of the chain dynamics. In fact, even by
microscopic techniques with spatial resolution as neutron scatter-
ing, it is rather difficult to distinguish the border between chain
and segmental relaxations.? This fact, among others, restricts the
use of rheology experiments to test accurately the Rouse model
on unentangled polymer chains. Itis very hard to obtain rheology
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data of unentanged polymers in the melt. This is due to the rapid
relaxation times of the material and the broad spread of the effect
of more local molecular mechanisms that affect the stress relaxa-
tion modulus at higher frequencies. Another related limitation of
rheological techniques is the rather narrow frequency range
usually accessible by such techniques.

More detailed information about chain dynamics of unen-
tangled polymers can be obtained by means of broadband
dielectric spectroscopy (BDS) using A-type polymers in the
Stockmayer classification.”® Those polymers contain dipole mo-
ments along the chain backbone that do not cancel at the whole
chain, giving rise to an “end-to-end” net polarization vector. In
addition, they also have dipole moment components perpendi-
cular to the chain contour, as other types of polymers. It is
nowadays well-known that the dielectric spectrum of any A-type
polymer contains two different relaxation processes. One of
them, the segmental relaxation process, is due to fluctuations of
the perpendicular dipolar component, whereas the other, the so-
called “normal mode relaxation”, reflects the fluctuation of the
end-to-end vector, R. The correlation function of this vector
(R(1)-R(0)) can be expressed in terms of the discrete Rouse
model as

_ _ 2 N-1
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where N is the number of beads and b is the size of the N — 1
bonds in the chain (b*(N — 1) is the unperturbed chain mean
squared end-to-end distance). 7, is the relaxation time associated
with the Rouse mode p and is given by
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where £ is a constant monomeric friction coefficient, T the
absolute temperature, kg Boltzmann’s constant, and 7g the
“segmental” Rouse time (ts = 7,- y). 7s is a time which appar-
ently does not have a clear physical meaning (the fastest Rouse
time would be 7,— y—;), but it can be related with the so-called
characteristic Rouse frequency (W = 3kpT/Eb%) as 15~ = 4W.
Nevertheless, 7g is here used as a convenient parameter for the
further analysis. Equation 1 shows that only the odd Rouse
modes contribute to the end-to-end vector correlation function.
Moreover, the contribution from the high p numbers is strongly
suppressed due to the amplitude factor, which for low p values
approximately behaves as 1/p*. Therefore, the end-to-end corre-
lation function, and thereby the dielectric normal mode process,
is dominated by the slow (low-p) Rouse modes. This is in stark
contrast with the stress relaxation where the decay is equally
distributed among all modes. This fact facilitates resolving
normal mode and segmental relaxation contributions by di-
electric spectroscopy. Moreover, the broad frequency range
covered by BDS allows accessing simultaneously to both con-
tributions (normal mode and segmental relaxation) at the same
temperature. This is a decisive condition for any adequate
separation of both relaxations in experimental data. Note that
both dynamical processes usually depict distinct temperature
dependences,**’ which limits the applicability of the time—tem-
perature superposition (TTS) principle in the overlapping range.

One of the canonical A-type polymer is 1,4-cis-polyisoprene
(PI), which can be obtained by anionic polymerization with a
narrow distribution of molecular weights. Dielectric measure-
ments of both the segmental and normal modes of linear PI with
different molecular weights (mainly entangled systems) have been
reported in the literature many years ago.*” ®'? From these
works, it is well-known that the segmental relaxation of PI has
relaxation times essentially independent of the chain molecular
weight (provided it is sufficiently large to make the chain-end
group effect negligible) whereas the normal mode relaxation time
strongly depends on molecular weight. In linear chains, this
dependence presents a clear crossover around the entanglement
molecular weight of PI (5017 g/mol according to ref 9). For
polymers of lower molecular mass, where no entanglements
exists, the molecular weight dependence follows, with good
approximation, the behavior expected from the Rouse model;
i.e., the normal mode relaxation time scales as M>. Thus, in this
molecular weight range, it is expected that the normal mode
relaxation spectrum, reflecting the fluctuations of the end-to-end
vector, could also be well described by the Rouse model. This
question has been recently investigated by means of BDS on a
rather low molecular weight PIsample (M,, = 1300 g/mol)."> The
authors concluded that the model describe satisfactorily the
normal mode relaxation despite the presence of some noticeable
deviations at high frequencies. However, the reported experi-
mental data show that the normal mode peak itself is noticeably
broader than that predicted by eq 1 (see Figure 7a of ref 15).
Nevertheless, the low molecular weight of the sample used for
such a test provoked a very pronounced overlapping of the
segmental relaxation with the normal mode, which made the
detailed comparison difficult. As already mentioned, this is an
intrinsic difficulty in testing the Rouse model because for rela-
tively low molecular weight polymer melts the whole chain
dynamics occurs in a time/frequency range where non-negligible
contributions from the more local segmental dynamics takes
place, namely in the high frequency side of the whole chain
response.

In this work we have investigated in full detail the accuracy of
the Rouse model in describing the normal mode dielectric
relaxation. To this end, we have compared the model predictions
with the dielectric loss spectrum determined by means of broad-
band dielectric relaxation experiments in the frequency range
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Table 1. Microstructure of the Samples Investigated in This Work“

sample M, [g/mol] M, [g/mol] I, T, (DSC) [K]
PI-12 1100 1200 1.11 194
PI-29 2700 2900 1.06 203
PI-100 10 100 10 500 1.04 209
PI-345 33500 34500 1.04 210
PI-820 76 500 82000 1.07 210

“ M, is the average molecular weight, M, is the weight-averaged
molecular weight, I, is the polydispersivity index, and T, represents the
glass transition temperature determined from the middle point in the
DSC heating scan.

1072—10° Hz on a low polydisperse linear 1,4-cis-polyisoprene
sample with molecular weight M, = 2900 g/mol, i.c., well below
the molecular weight between entanglements, but high enough to
provide a rather good separation between the normal mode and
the segmental relaxations. PI samples with different molecular
weights in the range 10°—10° g/mol were also investigated. These
additional experiments allowed us to model the a-relaxation
contribution to the whole relaxation curve and consequently to
resolve properly the normal mode response contribution. Our
main finding is that the Rouse model can account near perfectly
for the experimental dielectric relaxation spectra, but only when
the effect of the (small) molecular weight distribution is properly
taken into account. This finding has been further tested analyzing
in a single framework the data obtained from a simultaneous
dielectric and rheology experiment on the same sample. Both
rheology and dielectric data are well accounted simultaneously by
the Rouse model by using a single parameter set.

Experimental Section

Materials. 1,4-cis-Polyisoprene samples were provided by
Polymer Source. They were synthesized by living anionic po-
lymerization of isoprene in apolar media. After polymerization,
the poly(isoprene) backbone is constituted mainly by cis units
(80%). The molecular weight (M) and polydispersity index
(determined from size-exclusion chromatography experiments)
of the samples investigated are listed in Table 1. To avoid
oxidation, PI samples were stored at —25 °C. In addition, before
the experiments samples were dried in a vacuum oven at 70 °C
for 24 h to remove any trace of solvent.

Dielectric Spectroscopy. A broadband dielectric spectro-
meter, Novocontrol Alpha analyzer, was used to measure the
complex dielectric permittivity, e*(w) = &(w) — e’ (w), ® =
27f, in the frequency (f) range 10~ '—10° Hz. The samples were
placed between parallel gold-plated electrodes of 20 mm dia-
meter. The value of the gap between the electrodes was fixed to
0.1 mm (by a narrow PTFE cross shape piece). The measure-
ments accuracy in the whole frequency range was better than 2 x
10* for the dielectric loss permittivity. Isothermal measure-
ments were performed every 10 deg over the temperature range
220—300 K using a temperature controller based on N»-gas jet
stream (Quatro form Novocontrol). The temperature stability
was in all the cases better than £0.1 K.

Rheology. The complex shear modulus G*(w) were measured
with a rotational rheometer ARES-LS2 from TA Instruments in
the w range 10~'—4 x 10? s~'. Measurements were performed
with two transducers (2K FRTN1 and 200 FRTN1) under a N,
atmosphere, and the temperature was set by the LN2 controller.
The samples were placed in between parallel plate tools with a
diameter of 8 mm, and a gap of 1.3 mm was used. Using this
geometry, it was possible to access not only to the terminal
relaxation, precursor of the Newtonian flow, but also to the
intermediate region where the segmental dynamics also contri-
butes to the rheological behavior.

Moreover, we also realized an experiment were both dielectric
permittivity and shear modulus were measured at the same time
in the same setup in order to obtain the very same conditions
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Figure 1. Normal mode and a-relaxation of PI-29 at different tem-
peratures. Considering one data set, the normal mode is at low
frequency while the a-relaxation appears at higher frequency. The data
are measurements from 220 K (left) to 300 K (right) with temperature
steps of 10 K. Lines represent the normal mode contribution calculated
with the Rouse model taking the actual sample polydispersity into
account (see text).

(sample, temperature, ...). The sample was placed between the
dielectric tools of the rheometer consisting of two parallel plates
(25 mm diameter) electrically isolated from the rheometer body.
Thus, the rheology experiment was performed with the ARES-
LS2 while an electric impedance analyzer from Novocontrol
realized the dielectric experiment. No interference between both
experiments was detected. Although in these experiments the
sample thickness (0.9 mm) was relatively large for an optimum
dielectric test with high accuracy, but relatively small for a
convenient rheology experiment, the simultaneous experiment
removes any effect of using different sample geometry/prepara-
tion and different temperature reading; the latter could produce
spurious frequency shift. These requirements are critical for the
detailed test of the Rouse model presented here.

Differential Scanning Calorimetry. The glass transition tem-
peratures (7) of all the compounds were determined by differ-
ential scanning calorimetry (DSC) (Q2000 TA Instrument)
using 5 mg PI samples, in hermetic Al pans, cooled, and
subsequently heated at a common rate of 10 K/min. The glass
transition temperature was determined from the middle point of
the heat flow step during the heating run. The values obtained
for all the PI samples investigated are summarized in Table 1. A
significant variation of the obtained value with the molecular
weight is found (namely for low molecular masses) in good
agreement with literature results.’

Results

A. Broadband Dielectric Spectroscopy. Figure 1 shows the
high level of accuracy obtained by means of the present BDS
experiments when measuring the rather weak dielectric
relaxation of a PI-29 sample, for both the normal mode
and the a-relaxation. From simple inspection of the data it is
apparent that the normal mode peak shifts by changing
temperature without any significant change in shape (time—
temperature superposition is verified for this process), which
is one of the predictions of the Rouse model (see eq 1).
However, it is also evident that the shift of the normal mode
peak is distinct than that of the a-relaxation one;i.e., the TTS
fails for the complete response.®?” This fact is illustrated in
Figure 2 where data at two temperatures where both pro-
cesses are clearly visible in the frequency window are com-
pared. For this comparison the axes were scaled (by a
multiplying factor) in such a way that the normal peaks
superimpose. Whereas the superposition in the normal mode
range is excellent, the same shift makes the o-relaxation peak
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Figure 2. Comparison of normal mode and o-relaxation frequency
shifts for PI-29 when temperature is changed from 220 to 250 K. The
curve at 220 K has been shifted and scaled to match the normal mode
peak at 250 K. The clear failure in overlapping for the o-relaxation can
be observed at higher frequency. Line represents the normal mode
contribution calculated with the Rouse model taking the actual sample
polydispersity into account (see text).

Freq [Hz]

Figure 3. Dielectric relaxation curves collected at 250 K on 1,4-cis-
polyisoprene with different molecular weights.

positions to be about half a decade different. In Figure 3 the
data recorded at a common temperature for samples with
varying molecular weight are presented. It is remarkable that
not only the normal mode changes in position with molec-
ular weight but also the o-relaxation peak. The latter is
consistent with the previously reported results.” When con-
sidering the temperature dependence of the normal mode
peak (temperature dependence of the shift factor) we found
that, whereas for high molecular masses (above that between
entanglements) they are the same within uncertainties
(Williams—Landel—Ferry equation parameters with 7, as
the reference temperature C; = 30.2+0.7and C, = 57.0 £
0.2 K), for lower molecular weight samples the value of C;
remains the same but C, becomes noticeably smaller, being
49.2 K for PI-29. This is likely related with the significant
variation of 7, in the low molecular range (see Table 1).

B. Rheology. The data resulting from the rheology experi-
ments performed on a PI-29 sample of 1.3 mm thickness
using two parallel plates of 8 mm diameter are shown in
Figure 4a. To produce this plot a master curve at a reference
temperature 7, = 230 K was built imposing the horizontal
shift factor ar determined from BDS (see above) and a
vertical shift factor by = T,/T. It is apparent that the super-
position so obtained is good in the terminal relaxation range,
although at the highest frequencies, where the contributions
of the segmental dynamics are prominent, the data super-
position fails clearly. The use of master curves in rheology
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Figure 4. (a) Master plot (reference temperature 7, = 230 K) of the real
and imaginary parts of the shear modulus, G*(w) (G, filled symbols;
G", empty symbols) from PI-29, measured at different temperatures
(215 K, inverted triangles; 220 K, triangles; 225 K, diamonds; 230 K,
circles; and 240 K, squares). Data have been shifted horizontally by
using the shift factors derived from the BDS experiments and a vertical
scaling by = T,/T was also applied. (b) Simultaneous rheology (G,
filled squares; G”, filled circles; tan o, filled triangles) and BDS
experiments (¢, empty circles) on PI-29 at 230 K. Lines correspond
to the description obtained using the Rouse model, with a single set of
parameters, for all the data sets.

experiments is a standard practice because of the rather
limited frequency range and the general applicability of the
TTS principle to the terminal relaxation range. However, the
presence of the segmental dynamics contribution at high
frequencies when approaching 7, could make the applica-
tion of TTS questionable because the different temperature
shifts of global and the segmental dynamics (see above).
Thus, using rheology data alone, the high frequency side of
the terminal region could be highly distorted.

In addition, simultaneous dielectric and rheology experi-
ments on the same piece of a PI-29 sample were also
conducted at a selected temperature of 230 K. In this case
the sample thickness was smaller to balance the data quality
of both dielectric and rheological results. We found that a
thickness of 0.9 mm provides a rather good compromise. The
output of these experiments at 230 K is shown in Figure 4b.
Despite the very different geometry used, the rheological
results are in close agreement with those obtained before. In
this simultaneous experiment, the dielectric normal mode is
clearly resolved so the peak position defining the time scale
can be determined with low uncertainty, although again the
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Figure 5. o-Relaxation times of polyisoprene at 230 K as a function of
molecular weight. The line corresponds to eq 5.

accuracy of the dielectric relaxation data is not so good as
that obtained in the data presented before. Nevertheless, this
experiment will be essential in testing the ability of the Rouse
model in accounting simultaneously for both the dielectric
and rheology signatures of the whole chain dynamics.

C. Data Analysis. Dielectric o-Relaxation. In order to
describe the segmental relaxation of the PI samples, which
overlaps with the normal mode (NM) at the higher frequen-
cies, the imaginary part of the obtained dielectric permittiv-
ity in this range was analyzed by using the phenomenological
Havriliak—Negami (HN) function®-*’

Ae

e(w) = e+ 1+ (l.wTHN)ﬂV

3)

where Ae = g — &.., €., and &, are the unrelaxed and relaxed
values of the dielectric constant, and Ty is a characteristic
relaxation time. In addition, a power law contribution
(o< ™ ') was used to account for the normal mode contribu-
tion at low frequencies, which is the frequency dependence
expected from the Rouse model for frequencies larger than
the characteristic one of the shortest mode contribution.
Thus, we assumed that the high frequency tail of the normal
mode follows a C/w law and superimposes on the low
frequency part of the a-relaxation losses, C being a free
fitting parameter at this stage. In eq 3, 8 and y are shape
parameters (0 < f, ¥ < 1) describing respectively the
symmetric and the asymmetric broadening of the equivalent
relaxation time distribution function. The a-relaxation time
corresponding to the loss peak maximum was obtained from
the parameters of the HN function as follows:>’

; Bym v
{ (£ zy)}
1/B
|:Sill (2 ﬁ”zy)}

The results obtained for samples with different molecular
weight at a common temperature of 230 K are shown in
Figure 5. It is evident that in the low molecular weight range
the time scale of the segmental dynamics is considerably
faster than that corresponding to the high molecular weight
limit. This behavior is mainly associated with the plasticizer
like effect of the end-chain groups, which are more and more
relevant as chain molecular weight decreases. The line in
Figure 5 describing the experimental behavior for the PI
samples investigated is given by

To = THN

e 8

To(M
al 1+ (10000/M)°
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Figure 6. Ratio 7,/7, as a function of the molecular weight at 230 K.
Solid line represents the behavior predicted by the Rouse model. The
arrow indicates the reported value of M for PL.°

As observed, the value corresponding to the ideal infinity
long chain, t4(ce), is obtained already for molecular masses
above 30000 g/mol. This is in good agreement with the
molecular weight for which the value of T, no longer depends
significantly on molecular weight (see Table 1).

Dielectric Normal Mode. As already commented in the
Introduction, the dielectric normal mode reflects the fluctua-
tions of the end-to-end vector and is dominated by the
slowest chain normal mode. As a consequence, the peak
frequency provides a rather direct access to the longest time
ofeq 2, 71, usually called Rouse time. Using these values of 7,
at 230 K, we have checked whether below the molecular
weight between entanglements the Rouse model predictions
concerning the molecular weight dependence of the slowest
relaxation times is verified. In Figure 6 we present the values
of the ratio 7/74 as a function of the molecular mass. The
ratio between the longest relaxation time and the value of 7,
obtained at the same temperature in the same experiment is
the way used trying to remove the possible variation in
7y arising from the monomeric friction coefficient, which
can be assumed as straightforwardly related with the changes
in the glass transition temperature and, hence, with the
noticeable effect of end-chain groups in the segmental
dynamics. In addition to the data of the polymers here
investigated, data from other two PI samples previously
measured in our laboratory are also included for complete-
ness, namely for PI samples with values of M, = 6700 g/mol
and M, = 4600 g/mol. Figure 6 shows that below a
molecular weight of around 7000 g/mol the data scales
approximately with M>. This is just the Rouse model pre-
diction, i.e., what is deduced from eq 2 for low-p values where
the following approximation holds:

EB*N?

Ti= 3/(]3 TJIZ (6)

Rouse-Model-Based Description of the Normal Mode Di-
electric Relaxation. Once we have confirmed the range of
molecular masses where the molecular weight dependence of
the longest relaxation time verifies eq 6, we will test if the
whole dielectric normal mode conforms the Rouse model
predictions. We have selected the sample PI-29 for this test
because, on the one hand, it has a molecular weight suffi-
ciently below of the molecular weight between entangle-
ments (so all the molecular masses of the distribution are
below Mg) and, on the other hand, it shows a normal mode
that is rather well resolved from the segmental a-relaxation
contributions to the dielectric losses (see Figures 1 and 2).
Using higher molecular weight samples yield the possibility
that the high molecular weight tail of the distribution was
above the entanglement molecular weight. On the contrary,
for lower molecular weight samples the stronger superposi-
tion of the normal mode and the a-relaxation will make the
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Figure 7. Rouse model prediction without taking sample polydisper-
sity into account (dashed line) compared to BDS data points. The
dotted line represents the modeled contribution of the a-relaxation (see
text).

comparison less conclusive. For the test, we have taken the
data recorded at a temperature of 230 K where the normal
mode contribution is completely included within the experi-
mental frequency window, being at the same time the
a-relaxation contribution also well captured (see Figure 7).

In order to check if the dielectric normal mode response
can be accurately described by the Rouse approach, we have
calculated the dielectric loss corresponding to the end-to-end
vector correlation function (eq 1). As it has been aforemen-
tioned, due to the 1/p* factor, the correlation function is
dominated by the low-p Rouse modes. In this framework, the
imaginary part of the dielectric permittivity associated with
the normal mode results as

22 A p ot
ol ot () s O
p:odd r

For using eq 7, we need the previous determination of N,
which is not known a priori, as it requires the estimation of
the bead size. Adachi and co-workers® estimated the bead
size of PI on the basis of an analysis of the segmental
relaxation in terms of a distribution of Debye relaxation
times. These authors suggested that a PI bead would contain
about seven monomers. However, a generally accepted
approach is to consider that the bead size would be of the
order of the Kuhn length, b3 The literature value of by for
Pl is 0.84 nm,*? which corresponds to a molecular mass of the
Kuhn segment of 120 g/mol. This means that a Kuhn
segment would contain about 1.5 monomers, about a factor
of about 5 less than Adachi et al. estimated.

On the other hand, recent results have evidenced that the
o-relaxation in the glass transition range probes the polymer
segmental motions in a volume comparable to bk *.>*** Thus,
we can identify the “segmental” Rouse time 7g at T, with the
a-relaxation time determined at this same temperature, i.e.,
75(Ty) = 5 s. In this way, by using the WLF equation
describing the temperature dependence of the normal mode
peak, the obtained value of g at 230 K would be 1.1 x 10™*s.
Using this value and that obtained for 7; from the normal
peak maximum in eq 2, a value of N = 24 results. Note that
according to this value the bead mass would be around 121 g/
mol, in very good agreement with literature results for the
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Kuhn segment mass,*> and consequently the corresponding
bead size will nearly identical to by.

Thus, in order to test the validity of the Rouse model in
describing the dielectric normal mode relaxation data we
assumed N = 24 in eq 7, which would be completely
predictive, except in an amplitude factor, once the slowest
relaxation time 7; was determined from the loss peak
maximum (see above). The so calculated curve is shown
as a dashed line in Figure 7. It is very clear that the
calculated curve is significantly narrower than the experi-
mental data, not only at high frequencies where some
overlapping contribution from the a-relaxation exists, but
more importantly also in the low frequency flank of the loss
peak. This comparison evidence clearly that the experimen-
tal peak is distinctly broader than the calculation of the
Rouse model based in eq 7, confirming what was already
envisaged in Figure 7a of ref 15. Nevertheless, an obvious
reason for this discrepancy could be the fact that the actual
sample has some (small) polydispersity. Despite the fact
that PI samples with a low polydispersity (Table 1) were
chosen, even samples obtained from a very controlled
chemistry contains a narrow distribution of the molecular
weights, which was not considered in the previous calcula-
tion. Moreover, due to the overlapping of the a-relaxation
contribution on the high frequency side of the normal
mode, a convenient modeling of the faster process is man-
datory for a full detailed quantitative checking of the Rouse
model predictions. This more elaborated checking is pre-
sented below where we first model the contribution to the
dielectric response of the more local segmental dynamics in
order to completely resolve the normal mode contribution.
Moreover, for modeling both the normal mode and the a-
relaxation, we need to consider the effects of the actual
molecular weight distribution of the sample. Namely, we
have assumed a Gaussian-like distribution shape in a first
approximation, being therefore the distribution of molec-
ular masses g(M) given by

1 (M —M,)*| .
M) =——— -2 01 with
M) = e ‘”‘"[ 202 }W“
My
o :Mn V -1 (8)

where the values of M, and M, are taken from Table 1,
hence characterizing the actual sample properties.

As already mentioned, the overlapping the a-relaxation
contribution with the whole chain dynamics is an intrinsic
problem in checking the Rouse model, since its applicability
is limited to chains with moderate molecular weight (below
the molecular weight between entanglements). Because the
time scale separation between the two dynamical processes
is not complete, a detailed analysis of the validity of the
Rouse model predictions at high frequencies requires ac-
counting accurately for the a-relaxation contribution. As
can be seen in Figure 3, the o-relaxation contribution from
long chains is nearly independent of molecular mass, but for
low molecular masses (ca. below 20 000 g/mol) it is shifted
to higher frequencies and slightly broader (see Figure 5).
Because the rather small length scale involved in the seg-
mental dynamics (around a nanometer),®'*? it is expected
that for a relatively low molecular weight sample, as PI-29,
there would be contributions to the a-relaxation with
different time scales originated because the presence of
chains of different lengths. This could explain the fact that
the a-relaxation peak of the PI-29 sample is slightly broader
than that of a high molecular weight one, the PI-820 for
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instance (see Figure 3). Thus, in order to take this small
effect into account, we decided to describe the a-relaxation
of the PI-29 sample as a superposition of different con-
tributions. The contribution to the o-relaxation from a
single chain of molecular weight M is assumed to be of
the HN type (eq 3), with intensity Ae(M) proportional to the
number of units (segments) in the chain, i.e., proportional
to M. Under this assumption, the whole a-relaxation would
be given as follows:

N B Ae(M)
et (w) = f[l " (inHN(M))ﬁ]Vg(M) dMm
Agy M ©)
- g(M)dM

- My J 1+ (jwtgn(M))P)

where g(M) dM is the number density of chains with
molecular weight M, Aeg, is the total dielectric strength
associated with the a-relaxation, and 1/M, is just the
normalization factor. The parameters 5 and y in eq 9 were
taken form the fitting of the a-relaxation losses of the
highest molecular weight sample PI-820 (8 = 0.71, y =
0.50);1.e., the shape of each component has been assumed to
be that obtained from the experiment in a sample with a
high molecular weight and a narrow distribution. For such
a sample no differences between the contributions of dis-
tinct chains are expected (see Figure 5). Furthermore, note
that for this sample the a-relaxation is very well resolved
from the normal mode, and therefore, its shape can be
accurately characterized. Moreover, according to eq 5,
the following expression for tyn(M) was used, Tyn(M)/
Tan(e) = [1 + (10000/M)*] ", where a value of Tyyn(e0) =
Tun(82000) is a good approximation. In order to avoid the
unphysical asymptotic behavior (¢” o< ) given by the HN
equation at very low frequencies, the physical asymptotic
behavior (¢ o« w) was imposed for frequencies 2 decades
lower than that of the peak loss frequency. This cutoff
frequency was chosen because is the highest cutoff fre-
quency, allowing a good description of the a-relaxation
data from the high molecular weight PI samples. The
resulting curve is depicted in Figure 7 as a dotted line.
The value of Agy (single adjustable parameter) has been
selected to fit the experimental data above f = 5 x 10* Hz,
where no appreciable contributions from the normal mode
would be expected (see dashed line in Figure 7 as a first
estimate). After calculating the a-relaxation contribution,
the normal mode contribution can be completely resolved
by subtracting it from the experimental data. The so-
obtained results are depicted in Figure 8 using a log—log
representation.

Now, we are in a situation where it becomes possible to
perform a detailed comparison between the experimental
normal mode relaxation and the calculated Rouse model
expectation. In order to incorporate the small sample poly-
dispersity, the response expected from the Rouse model has
been calculated as a weighted superposition of the responses
corresponding to chains with different molecular weights.
Since the molecular masses of the chains in the PI-29 sample
are all below the molecular weight between entanglements,
the molecular weight dependence of 7, will be that given by
eq 2 for all of the different chains. For calculating 7,(M), we
have used in eq 2 a common value g irrespective of the
molecular weight of the particular chain. Furthermore, we
calculated 7,(M,,) as the reciprocal of the peak angular
frequency of the experimental normal mode of this sample.
In this way the Rouse model remains completely predictive,
and the corresponding dielectric response to be compared
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Figure 8. Resolved normal mode relaxation of PI-29 sample (see text).
The lines represent the behavior predicted by the Rouse model including
for the actual sample polydispersity (solid line) and without it (dotted
line). Triangles correspond to the difference between the experimental
losses and the Rouse model predictions. The inset shows schematically
how the presence of configuration defects allows fluctuations of the
whole chain dipole moment without variation of the end-to-end vector.

with normal mode contribution from the actual sample will
be given by

Aey 2p? A pr\  wt,(M)
ey(w) = /M— cot2<— — P _o(M)dM
W) = 50 [ M5 > cot’ (35 Trorn, ot

p:odd
(10)

where the contribution to the normal mode from a given
chain is proportional to the chain dipole moment (to the end-
to-end vector) and thus again proportional to M. As can be
seen in Figure 8 (solid line), this calculation provides a very
satisfactory description of the experimental dielectric losses,
namely at frequencies around and above the peak. The
excellent agreement evidence that taking into account the
(small) polydispersity of the sample under investigation is
necessary to provide a good description of the dielectric
normal mode contribution by means of the Rouse model,
without any adjustable parameter other than the Rouse time,
which (for the average molecular mass) is essentially deter-
mined from the reciprocal of the maximum loss angular
frequency. In Figures 1 and 2 we have also included the
corresponding Rouse model predictions for the normal
mode relaxation to illustrate how it works at all the tem-
peratures investigated.

Despite the overall good agreement, Figure 8 evidences
that the experimental losses are slightly larger (maximum
difference about 10%) than the Rouse model prediction in
the high frequency side. Although one could consider that
this is simply due to the contribution of the overlapping
a-relaxation that has not been properly subtracted, the fact
that the maximum of these extra losses intensity occurs at
frequencies 2 decades above the segmental relaxation peak
(see triangle in Figure 8) seems to point out to other origin. In
agreement with this idea, it is clear in Figure 2 that the
frequency distance above the NM peak where the Rouse
model description starts underestimating the experimental
losses does not depend much on temperature. Thus, extra
contributions from some chain modes are detected in the
dielectric normal mode. In fact, the peak intensity of the
extra losses occurs at the position of the p = 3 mode (see
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triangles in Figure 8), i.e., the second mode contributing to
the dielectric normal mode. All this might evidence the fact
that the Rouse model approach ignores several aspects of the
actual chain properties as that of the chain stiffness®' or the
lower friction expected to occur at the chain ends.* In this
context it is noticeable that the contribution from the
a-relaxation extended considerably toward the frequency
range where the normal mode is more prominent. In fact, the
cutoff frequency used for describing the a-relaxation in
Figure 7 was close to 100 Hz, i.e., where the differences
between the normal mode response and the Rouse model are
more pronounced. This result indicates that for most of the
high-p chain modes the segmental relaxation is not com-
pleted. This is in contrast to the assumptions of the Rouse
model where it is considered that all the internal motions in
the chain segment are so fast that their effect can be included
in the effective friction coefficient. It is noteworthy that a
higher frequency cutoff would be not compatible with the
experimental data of the high molecular weight PI samples
and would produce a more prominent underestimation of
the dielectric normal mode losses. On the contrary, a lower
frequency cutoff would improve slightly the agreement
between the normal mode data and the Rouse model pre-
diction but would imply and higher coupling between the
segmental dynamics and the whole chain motion.

Small deviations from the Rouse model predictions have
also been reported from numerical simulations and molecu-
lar dynamics calculations and detected by neutron scattering
experiments,'>2!3¢37 although these deviations become evi-
dent only for relatively high-p values. Note that dielectric
experiments being mainly sensitive to the low-p modes can
hardly detect such deviations. On the other hand, experi-
ments in solution have also evidenced differences between
the experimental data and the predictions of the Rouse
model,*® which were tentatively attributed to chain over-
lapping effects since the deviations occur above a given
concentration. Nonetheless, there are also possible experi-
mental sources for the small extra high frequency contribu-
tions to the dielectric losses as it would be the presence in the
actual polymer of a fraction of monomeric units others than
the 1,4-cis ones (up to 20%). The motion of such units,
having a much smaller component of the dipole moment
parallel to the chain contour, would produce small ampli-
tude fluctuations of the whole dipole moment uncorrelated
with the fluctuations of the end-to-end vector (see inset in
Figure 8). The chain motions around these “configuration
defects” would generate a relatively weak and fast contribu-
tion to the dielectric normal mode that could explain the
experimental data. Unfortunately, the actual sample micro-
structure prevents to definitively address whether the devia-
tions from the Rouse model predictions are actually
indicative of its limitations.

D. Broadband Dielectric Spectroscopy and Rheology in the
Same Experiment. Once we have found that the Rouse model
can account accurately for the chain dynamics as observed
by dielectric spectroscopy, the question that arise is if using
the very same approach it would be possible to account also
for other independent experiments, namely rheology. A key
point to perform such a test is to be sure that all the
environmental sample conditions remains the same. To be
sure about this, as already presented, we performed simulta-
neous dielectric and rheology experiments at 230 K (see
Experimental Section), and the resulting experimental data
were used to test the accuracy of the Rouse model in
describing both set simultaneously. The approach used was
to determine 7; from the dielectric losses, according with the
description used above that is able to accurately account for
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the complete dielectric relaxation spectrum, and to use a
similar approach to generate the corresponding rheology
behavior. Thus, the only unknown parameter needed to
perform the comparison with the experimental G'(w) and
G"(w) data will be G.. (the high frequency limit of the
modulus in terminal zone), which in fact it is not needed
for calculating tan 0(w) = G”(w)/G'(w). The equations used

were
“ o’ (M)A
/ 1+w2r,, )/4 gM)dM (lla)
) w1,(M)/2
G"( / By )/4( )dM  (11b)

When comparmg these equatlons with the dielectric case, the
factor (~1/p*) appearingin egs 1 and 7 does not appear in the
modulus equations, showing that the contribution of all the
modes is equally relevant for the melt rheology. Further-
more, not only odd but also even modes contribute to shear
modulus.

The results of the comparison between the calculated
responses and the experimental data are shown in
Figure 4b. A satisfactory description is obtained for G'(w)
and G(w) by means of the same Rouse model parameters
used in describing the dielectric normal mode. More inter-
estingly, the description of tan ¢ is also rather good, for
which the previous calculation is compared with the experi-
mental data without any arbitrary scaling. Despite the good
agreement obtained, it is worthy of remark that the ability of
rheology experiments for checking the Rouse model in full
detail is much more limited than the dielectric one because
both the narrower frequency range accessible and the stron-
ger overlapping of the segmental dynamics contributions
(see Figure 4).

Conclusions

By means of broadband dielectric spectroscopy, we have
resolved the normal mode relaxation of a nonentangled 1,4-cis-
polyisoprene (PI) and therefore accessed to the end-to-end vector
dynamics over a broad frequency/time range. A remarkably good
comparison of the data with the Rouse model predictions is
found if the effect of the actual narrow distribution of molecular
masses of the sample investigated is accounted. The very same
approach was found to provide a good description of a simulta-
neous dielectric/rheology experiment. The small excess contribu-
tions found in the high frequency side of the experimental
dielectric NM losses could be associated, at least partially, to
the sample microstructure details. Therefore, we conclude that
the Rouse model accounts within experimental uncertainties for
the end-to-end dynamics of unentangled PI, once the molecular
weight distribution effects are considered. A more sensitive test
would require an unentangled nearly monodisperse full 1,4-cis-
polyisoprene sample, which can hardly be available.
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