
Introduction

Anionic polymerization has the advantage that the
polymer chains maintain their reactivity once the
monomer has been consumed. This opens up the pos-
sibility to have specific control over the molecular ar-
chitecture of the polymer through termination reactions,

which among other things facilitate the synthesis of end-
functionalized polymers. An interesting process to de-
velop functionalized polymers is based on using reactive
initiators with functional groups that remain at the
chain end of the growing molecule once the polymer-
ization process has been completed. In this regard, the
use of alkyllithium initiators containing functional
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E-mail: rherrnaj@yahoo.com
Tel.: +52-5622-5360
Fax: +52-5622-5360

O. Manero
Instituto de Investigaciones en Materiales,
UNAM, A.P. 70–360, México,
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Abstract The rheological character-
ization and modeling of a series of
polybutadienes obtained by anionic
solution polymerization is presented
in this work. The polybutadienes are
synthesized using two different initi-
ators: R,R¢,R¢¢-silyloxyalkyllithium
(F1) and R,R¢,R¢¢-silylalkyllithium
(F3). In addition, a polybutadiene
obtained with a conventional
alkyllithiuminitiator (n-butyllithium)
is used as a reference.
The rheological characterization is
carried out under small amplitude
oscillatory shear in the stress-con-
trolled mode. Microstructure,
molecular weight, and molecular
weight distribution are determined
by FTIR and GPC. The vinyl
content of the polybutadienes
synthesized using the functionalized
initiators is similar to that obtained
with n-butyllithium (8–11%).
Materials obtained with F1 show a
relatively low polydispersity within a
narrow molecular weight range
(250,000–300,000 g/mol), while
samples obtained with F3 cover a
wider range of molecular weights

(65,000–670,000 g/mol) and display
higher values of polydispersity. In all
cases, a parallel reaction using
propylene oxide in the termination
step is done to place a functional
group at the chain ends. The effect of
this group on the rheological
behavior appears to be negligible.
Three rheological models are used
and their predictions of the experi-
mental data are compared. The
models include the Doi and Edwards
reptation model, expressions using a
discrete spectrum of relaxation times
based in the rubber-like liquid
constitutive equation and the
fractional Maxwell equation in
which a given analytical relaxation-
spectrum is used. Relevant relations
are obtained between the models’
parameters and the molecular
properties of these systems, which in
turn are related to the presence of
functional groups at the polymer
chain ends.

Keywords Polybutadiene Æ Anionic
polymerization Æ Functionalized ini-
tiators Æ Small amplitude oscillatory
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groups has been proven to be a versatile method to
prepare functionalized elastomers.

In an anionic polymerization process, a functional-
ized initiator produces a macromolecule with its corre-
spondent functional group at one end and an active
carbanion at the other. Thus, in contrast to most func-
tionalization processes involving termination reactions
with electrophilic groups, the use of a functionalized
initiator maintains intact the anionic end of the chain
and enables the preparation of block copolymers, stars,
or other specific molecular architectures. This in turn is a
useful procedure to synthesize telechelic polymers, in
which a functional group is provided by the initiator and
the other is obtained through a termination reaction.

In this work, two different functional initiators are
used to synthesize polybutadienes with different molec-
ular weights and molecular weight distributions, without
altering the polymer microstructure. A silyloxy-type
initiator (F1) is used to synthesize polybutadienes with
narrow molecular weight distributions and similar mo-
lecular weights (250,000–300,000 g/mol). In addition, a
silyl-type initiator (F3) is used to produce samples within
a wider range of molecular weights (65,000–670,000 g/mol),
which in general turn out to be more polydisperse. The
rheological behavior of these end-functionalized poly-
butadienes has been characterized and compared to that
of a polybutadiene sample obtained using a conven-
tional alkyllithium initiator. This rheological character-
ization enables one to relate the linear viscoelastic
behavior of these materials to their molecular charac-
teristics. In addition, the rheological response has been
modeled to correlate the basic features of the polymeric
systems with their viscoelastic response and to provide
a molecular insight of the models’ parameters used.
The selected rheological models include the Doi and
Edwards reptation model, expressions using a discrete
spectrum of relaxation times based in the rubber-like
constitutive equation and the fractional Maxwell model,
in which existing analytical expressions for the relax-
ation spectrum are employed. It is found that only one
sample is properly fitted with the Doi and Edwards
model, using a single relaxation time behavior in the
low frequency range of the spectrum. In contrast, most
of the functionalized polybutadienes exhibit a more
complex rheological behavior due to polydispersity, low
molecular weight fractions, and additional relaxation
modes in the terminal or in the plateau region of the
spectrum.

Experimental

Polybutadiene samples are prepared by anionic polymerization in
solution. 1,3-Butadiene polymerization is carried out in cyclohex-
ane, using two functionalized initiators: R,R¢,R¢¢-silyloxyalkylli-
thium (F1) and R,R¢,R¢¢-silylalkyllithium (F3). In both initiators,
the R, R¢, and R¢¢ represent alkyl groups containing between one to

four carbon atoms in their structure. Another sample is polymer-
ized with n-butyllithium and used as a reference (PB-701).

The polymerization is carried out at 70 �C, using a 10/1 solvent to
monomer ratio, which enables the control of the viscosity of the
reacting solution. Prior to their injection to the reactor, both
monomer and solvent are purifiedusing a set of packed columns filled
with molecular mesh and activated alumina. Once the system is
water- and impurity-free, the initiator is injected to the solution and
the polymerization is started. Both F1 and F3 initiators yield a-
functionalized polybutadienes after addition of a measured amount
of isopropanol, which deactivates the growing chain. In all cases, a
parallel reactionusingpropyleneoxide in the termination step is done
in order to introduce a terminal hydroxyl group at the chain ends,
rendering a,x-functionalized polybutadienes. To prevent oxidation
of the polymers, tert-butylhydroxytoluene (BHT), Irganox-1076,
and trinonylphenylphosphine (TNPP) are added after termination.
Polymer samples are classified according to the type of initiator (F1
or F3) and if appropriate, by the presence of the hydroxyl group
included after the termination with propylene oxide (X).

Polymer samples are characterized by infrared spectroscopy
(FTIR) and gel permeation chromatography (GPC). The FTIR
analysis is carried out in solution, using a KBr cell and CS2 as
solvent at a polymer concentration of 0.0115 g/ml. 1,4-trans and
1,2-vinyl double bonds are identified from their corresponding
absorbance signals at 966 and 910 cm–1, respectively. A reference
sample with 49% of 1,4-trans and 10% of 1,2-vinyl double bonds,
characterized independently by FTIR, carbon, and hydrogen
NMR, is used for the quantitative determination of the micro-
structure of the functionalized polybutadienes. Average molecular
weights and molecular weight distributions are determined by GPC
analysis carried out in THF at 30 �C using polystyrene/divinyl-
benzene packed columns, with a flow rate of 1 ml/min. The GPC
columns are calibrated using polystyrene standards, so that the
average molecular weights reported in this study are in all cases
polystyrene-equivalent molecular weights.

Finally, the rheometric characterization is performed in a
Carri-med CSL 500 controlled stress rheometer equipped with a
4-cm, 2� cone and plate fixture. Small amplitude oscillatory shear
flow renders the linear viscoelastic properties of the polymer
systems.

Results and discussion

Microstructure and molecular weight distribution

It is well known that vinyl group content substantially
influences the glass transition temperature of polybut-
adiene and hence its rheological behavior (Carella et al.
1984; Alcantar et al. 1995; Hsieh and Quirk 1996). A high
concentration of vinyl groupsmodifies the glass transition
to values near –5 �C, which is usually accompanied
with lower relaxation times and a lower shear viscosity.
Microstructure control using non-polar solvents like
cyclohexane and alkyllithium initiators usually leads to
materials with 8–12%vinyl content. In this work, samples
within this range of vinyl content are obtained. Results of
the infrared analysis are shown in Table 1 for the case of
four representative samples and a polybutadiene refer-
ence, inwhich theF1, F3, and n-butyllithium initiators are
used. As seen in this table, regardless of the initiator em-
ployed, lowvinyl content is kept in all samples, resulting in
vinyl contents that range between 9 and 10%. These
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results suggest that any changes observed in the rheolog-
ical behavior of samples synthesized with different initi-
ators (F1 or F3) do not arise as a consequence of observed
differences in their microstructure.

The rheological behavior is also strongly influenced
by molecular weight and molecular weight distribution.
For instance, the equilibrium shear compliance has been
shown to be strongly altered by polydispersity (Choi
et al. 1988; Struglinski and Graessley 1985; Meister
1989; Montfort et al. 1986; Ngai and Plazek 1986) and
very sensitive to the elasticity of the material, and hence
to the proportion of long chains in the polymeric matrix
(Montfort et al. 1986; Watanabe and Tirrell 1989).
Table 2 shows results of the synthesized structures with
respect to number-average molecular weight, polydis-
persity, and type of distribution. As shown in this table,
nearly monodisperse materials are obtained with F1 and
higher polydispersity is generally observed in the F3
series. Also, to analyze further the effect of polydisper-
sity on the rheological response, two samples were syn-
thesized with a bimodal distribution of molecular
weights (F3703 and F3703X) using the F3 initiator.

Polydispersity influence can be quantitatively ana-
lyzed by considering the variation of the imaginary part
of the complex viscosity (g¢¢) with frequency. The height
of the observed peaks is proportional to the concentra-
tion of species in the sample, such that a peak observed

at low frequencies would increase with higher long chain
fractions, and in the same manner, a peak located at
high frequencies would increase with the fraction of
short chains. This is based on the fact that the peak at
high frequencies, which describes the dynamic response
of the short chains, would shift to lower frequencies due
to an increase in the elastic component of the modulus
brought about by the long chains. In Fig. 1, the nor-
malized imaginary part of the complex viscosity is
plotted as a function of frequency for the F3703 and
F3703X bimodal samples. Only one peak is observed at
high frequencies and corresponds to the response of the
short chains within these samples. This might be related
to the small high molecular weight content in these
samples (14%), which is probably negligible for the case
of the modulus spectrum. As observed, the increase in
the long chain fraction promotes both a decrease in the
height of the peak in the viscosity function and also a
shift towards lower frequencies of the maximum in the
viscosity function. These results suggest that, even in
these samples in which a bimodal distribution of mo-
lecular weights is observed, the rheological response is
dominated by the predominant component in the sam-
ple, which in these particular cases correspond to the
short chains. A highly cooperative type of relaxation
process is expected to occur in samples in which the two
characteristic species show significant differences in

Table 1 Microstructure of
samples obtained using differ-
ent polymerization initiators

Sample Initiator Absorbance
1,4-trans

Absorbance
1,2-vinyl

1,4-trans (%) 1,2-vinyl (%)

966 cm–1 910 cm–1

Standard n-BuLi 0.74 0.2 49 10
F3602 IF3 0.77 0.178 51.2 8.94
F3602X IF3 0.775 0.185 51.63 9.31
F1801 IF1 0.735 0.195 49.05 9.83
F1801X IF1 0.735 0.2 49.05 10.08
PB-701 n-BuLi 0.775 0.195 51.76 9.83

Table 2 Average molecular
weights, polydispersity and type
of molecular weight distribu-
tion for the samples synthesized
in this study

Sample Mn·10–3 Mp (Peak)·10–3 Mw·10–3 Mw/Mn Distribution

F1602 255.4 276.6 274.1 1.073 Monomodal
F1602X 257.5 275.7 270.8 1.051 Monomodal
F1703 266.2 275.7 281.7 1.058 Monomodal
F1703X 277.7 303.6 297.0 1.069 Monomodal
F1801 239.8 248.5 254.3 1.060 Monomodal
F1801X 239.7 253.5 256.4 1.070 Monomodal
F3602 51.1 76.8 65.7 1.286 Monomodal
F3602X 51.5 80.0 68.0 1.320 Monomodal
F3701 568.7 681.4 667.2 1.173 Monomodal
F3701X 549.1 694.3 657.6 1.198 Monomodal
F3703 89.6 115.0 (85%) 124.2 1.386 Bimodal

270.9 (15%)
F3703X 98.8 124.6 (87%) 131.6 1.331 Bimodal

279.8 (13%)
F3801 173.0 244.6 225.1 1.300 Monomodal
F3801X 147.0 242.6 207.8 1.413 Monomodal
PB-701 160.9 183.4 182.1 1.131 Monomodal
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relaxation times as described by Kasehagen et al. (1996)
for the case of branched polymers.

Zero shear-rate viscosity

From the rheometrical data in oscillatory simple shear,
the viscosity at vanishing shear rates go is obtained using
the following expressions:

g0 ¼
p2

12
G0k ð1Þ

g0 ¼ 2:21
G0 xð Þ

x

� �
max

ð2Þ

where Go is the plateau modulus, k (k=1/xc) is a ref-
erence relaxation time, xc is the corresponding fre-
quency at the crossing of the dynamic moduli G¢(x) and
G¢¢(x), and x is the frequency of the oscillations.
Equation (1) was proposed in the Doi and Edwards
reptation model (Doi and Edwards 1979) and has been
tested in polybutadiene samples with polydispersity
values less than 1.7 with fairly good results (Rahalkar
1990). Equation (2) was proposed by Colby et al. (1987),
and it considers the maximum of the imaginary part of
the complex viscosity g¢¢(x)=G¢(x)/x as a description
of the zero shear-rate viscosity. This equation is valid for
polybutadiene samples with a narrow molecular weight
distribution.

The complete set of results of the experimentally de-
termined zero shear-rate viscosity at 50 �C for all the
samples in this study as compared with the calculated
values from Eqs. (1) and (2) can be found in the Elec-
tronic Supplementary Material of this paper. In general,
both equations give reasonable predictions of the zero
shear-rate viscosity. The largest difference corresponds

to sample F3703 (14%), which presents a bimodal dis-
tribution of molecular weights. Evidently these obser-
vations suggest that the effect of high polydispersity
effects is not considered in any of these equations.

It is well known that the viscosity at zero shear-rate
follows a power-law relation with molecular weight, i.e.,

g0 ¼ K �Mn
w ð3Þ

in which K and n are constants (Colby et al. 1987;
Struglinski and Graessley 1985; Rahalkar 1990; Rahal-
kar and Tang 1987). Figure 2 shows the variation of the
experimentally obtained zero shear-rate viscosity with
molecular weight for the functionalized samples of both
the F1 and F3 series. Data analysis reveals that the es-
timated value of K (2.76·10–13) differs slightly from
typical results for polybutadienes obtained with alkylli-
thium compounds, where representative values lie in the
range 3.4–3.7·10–13. In addition, the value of n found is
equal to 3.15, which differs from the prediction of the
pure reptation model (Colby et al. 1987; Monfort et al.
1986; Rahalkar 1990; Graessley 1980, 1986; Doi and
Edwards 1979), suggesting that for these systems there is
an important contribution of polydispersity to their vi-
scoelastic response, something that is not captured by
the pure reptation model.

Comparison between the viscosities of the F1 and F3
series reveals interesting differences. This should be done
only by comparing samples with similar molecular
weights obtained with different initiators. For example,
sample F1801 with a molecular weight of 254,000 g/mol
has a zero shear-rate viscosity of 43.75 kPa s, whereas
the viscosity of sample F3801 with a similar molecular
weight (225,000 g/mol) is 24.57 kPa s. This result ap-
parently reveals a specific influence of the initiator

Fig. 1 Normalized imaginary part of the complex viscosity (g¢¢/g0)
as a function of the frequency of oscillations. Shown are two
bimodal samples with different high molecular weight content (/)

Fig. 2 Variation of the zero shear-rate viscosity with molecular
weight for the polybutadienes analyzed in this study (T=50 �C)
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molecular structure upon the resulting dynamic behav-
ior of the system. Since this clear difference in viscosity
cannot be explained in terms of a molecular weight
difference, this can be an indication of a specific effect of
the structure and size of the larger silyloxy group in the
F1 initiator. However, according to their molecular
weights, highly entangled systems are expected in these
samples, and so significant influences due to the presence
of the end groups brought about by the different initi-
ators are not expected. The differences between these
two samples are probably related to their clear differ-
ences in polydispersity, promoting additional relaxations
in the polydisperse sample F3801 that overall decrease
its viscosity.

On the other hand, it is evident that the presence of a
hydroxyl group at the chain ends does not promote
significant differences in the viscosity of these systems. In
fact, only the F1703X displays significant changes in
viscosity, with respect to the a-functionalized sample
(F1703). In the case of the F3 series, some differences are
observed between samples F3703 and F3703X that can
also be related to their high molecular weight and
polydispersity.

As shown in Fig. 2, the polybutadiene sample ob-
tained with n-butyllithium (PB-701) exhibits larger vis-
cosity than those of the functionalized structures, despite
the fact that its molecular weight is relatively low
(182,000 g/mol). Remaining solvent in the functional-
ized samples is likely to account for the reduction in the
viscoelastic properties, as is also observed in the modu-
lus data. This precludes any further comparison with
pure polybutadiene, and in the following, comparative
analysis is made only between the functionalized sam-
ples themselves.

Plateau modulus

The relationship between polymer molecular structure
and the resulting elastic behavior under shear has been
extensively studied for polybutadienes and linear poly-
mers (Colby et al. 1987; Doi and Edwards 1978a, 1978b,
1978c; Macosko 1994; Mark et al. 1993; Aharoni 1986).
However, the influence of a functional group in the

viscoelastic response of a polymer has not been widely
analyzed and understood yet. Table 3 shows results for
the plateau modulus (Go), molecular weight (Mw), mo-
lecular weight between entanglements (Me), and other
molecular parameters of some of the samples analyzed
here. Again the complete set of results can be obtained in
the Electronic Supplementary Material of this paper.
Molecular weight between entanglement points is cal-
culated according to the expression derived from rubber
elasticity:

G0 ¼
qRT
Me

ð4Þ

where q is the density, R is the gas constant, and T is the
temperature. Go has been calculated either from the
variation of the elastic modulus (G¢(x)) at large fre-
quencies or from the following expression valid for
monodisperse systems of linear chains:

G0 ¼ 3:56 � G00 xð Þmax ð5Þ

where G¢¢(x)max is the maximum of G¢¢(x) in the fre-
quency range (Kraus and Gruver 1965). This expression
has been checked by Carri and Winter (1997) for poly-
styrene and polybutadiene samples, obtaining a Go/
G¢¢(x)max ratio of 4.8 for all the molecular weights of
both samples, which has been considered to be in rea-
sonable agreement with Eq. (5). The parameter Lc/A is
defined in terms of the number of atoms in the main
chain (Nc) of a critical molecular weight (Mc) and bond
length (lo), according to

Lc ¼ l0Nc ð6Þ

A is the Kuhn length, a length scale representative of
the statistical subunits making up the chain. In flexible
polymers, A is given by (Aharoni 1986)

A2 ¼ 0:44Nc � 10:55 ð7Þ

In Eqs. (6) and (7) a value of lo=1.47 Å for polybut-
adiene has been used.

It is interesting to point out that the ratio Mw/Me,
which defines the number of entanglements per mole-
cule, is smaller in the case of more polydisperse samples

Table 3 Molecular parameters
of some of the samples analyzed
in this study. G0 from G¢(x) at
high frequencies and from
Eq. (5). Me from Eq. (4) and
Lc/A from Eqs. (6) and (7)

aBimodal distribution

Sample G0 (MPa) G0 from
Eq. (5)
(MPa)

Mw

(g/mol)
Me

(g/mol)
Mc

(g/mol)
Mw/Me Lc/A

PB-701 1.05 1.25 160,956 2289 4,577 70.33 42
F1801 0.42 0.598 248,526 5721 11,443 43.44 65
F3602 0.3 0.441 76,822 8010 16,020 9.59 77
F3701 0.2 0.268 681,369 12015 24,030 56.71 94
F3703 0.33 0.356 115,401a 7282 14,564 15.85 74
F3801 0.33 0.445 244,592 7282 14,564 33.59 74
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(F3602 and F3703). The highest ratio corresponds to the
sample with the largest molecular weight but with the
smallest plateau modulus (F3701). By comparing sam-
ples with similar molecular weights (F1801 and F3801),
these results suggest that a smaller molecular weight
between entanglements (i.e., a more entangled system) is
found in the polybutadiene sample synthesized by the F1
initiator (silyloxyalkyllithium initiator). According to
the degree of flexibility given by the value of Lc/A, this
latter sample is also apparently less flexible than that
synthesized with the smaller silyl initiator F3. Appar-
ently, the presence of the larger silyloxyalkyl group in
the F1 initiator promotes differences in the entangled
structure of a polybutadiene sample that might also
create differences in its rheological behavior.

Polybutadiene (PB-701) modulus compare well to
the value reported in the literature (Colby et al. 1987;
Aharoni 1986), which ranges from 1.10 to 1.31 MPa.
Again, the lower magnitudes obtained in the func-
tionalized samples are due to a small solvent content,
which is difficult to extract, due to the polarity of the
systems. However, it is still possible to make a com-
parison and achieve general conclusions when analysis
between the functionalized structures is made. Previous
investigations have shown that the presence of different
end groups in a molecule affects its relaxation process
in a considerable manner (Tassin et al. 1990; Doi and
Edwards 1978a, 1978b, 1978c, 1979). This is also sug-
gested here when comparing the overall relaxation time
of samples obtained with different initiators. Once
again, for samples with similar molecular weights, the
relaxation time in a polybutadiene obtained with the
silyloxy initiator (F1801) is larger than that observed in
a sample synthesized using the silyl initiator (F3801),
0.13 s and 0.08 s respectively. Therefore, the relaxation
of the system with the smaller silyl end-group is faster.
This observation correlates with the obtained values for
the plateau modulus, where the slow relaxation is also
related to a more entangled network in the F1801
sample. This suggests the presence of short length in-
teractions among the functionalized molecular seg-
ments and the polymeric network, the so-called
orientational coupling (Tassin et al. 1990), which states
that a more rigid or nematic-like conformation exists in
the final segments of the chain. These interactions are
of larger magnitude in the more polar silyloxy end-
group. In this case, orientational coupling induces a
reduced relaxation time in samples synthesized by F1
with respect to those obtained using F3. Once again,
the differences in polydispersity between these samples
may also be related to the observed differences in their
relaxation process. The presence of low molecular
weight fractions due to the increased polydispersity in
the F3 sample may promote a faster relaxation process,
decreasing the modulus and the viscosity in a signifi-
cant manner.

Shear compliance results

As described before, the equilibrium shear compliance Jo
is sensitive to changes in the molecular weight and mo-
lecular weight distribution of a polymer. In this work, Jo
values are calculated from the linear viscoelastic data
using the following expressions (Macosko 1994; Colby
et al. 1987; Choi et al. 1988; Struglinski and Graessley
1985):

J0 ¼
1

g20
lim
x!0

G0 xð Þ
x2

� �
ð8Þ

J0 ¼ lim
x!0

G0 xð Þ
G00 xð Þ2

 !
ð9Þ

The Doi and Edwards reptation model predicts the
following relation for monodisperse flexible molecules:

J0 � G0 ¼ 1:2 ð10Þ

As expected the equilibrium shear compliance is
highly dependent on molecular weight and higher mo-
ments of the molecular weight distribution. JoGo values
range from 1.75 to 4.77 using Eq. (8) and a shorter
range is obtained when using Eq. (9). Reported values
in the literature for polybutadiene range between 1.79
and 3.92 (Rahalkar 1990). In the case of a bimodal
distribution, as in sample F3703, polydispersity effects
increase and as expected, deviations from the theoreti-
cal JoGo value of 1.2 are observed. These results suggest
again that polydispersity appears to be the predominant
factor in controlling the rheological response of these
systems.

The influence of molecular weight on the equilibrium
shear compliance can be observed in the F3 series, which
cover a relative wide range of molecular weights.
Figure 3 shows the variation of the equilibrium shear
compliance with molecular weight for the moderate
polydisperse samples (i.e., excluding F3703 samples).

The shear compliance of the hydroxyl-functionalized
samples barely change with respect to that of samples
with no hydroxyl groups. Some exceptions are observed
in samples with small proportions of high molecular
weight components, as in the case of F1703 and F3703.
The latter is a bimodal sample and the former has ad-
ditional relaxations in the plateau region, as discussed
later.

Time-temperature superposition

Thermorheological simplicity in the terminal and pla-
teau regions of the viscoelastic spectrum is not expected
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in functionalized materials in general. However, in a
relatively small temperature range and when the pro-
portion of functionalized groups is small, it is possible to
obtain time-temperature superposition. Failure to ob-
tain superposition under a small temperature range im-
plies larger deviations from the thermorheologically
simple behavior in a wider temperature range. Data
from the samples treated in this study are worked out
using two shift factors defined as

aT ¼
k Tð Þ
k Trð Þ

ð11Þ

bT ¼
Tr

T
q Trð Þ
q Tð Þ ð12Þ

where Tr is the reference temperature and k is the re-
laxation time. Values of bT ranged from 0.941 to 1.183,
within 0–70 �C. The variation of aT with temperature is
shown in Fig. 4 for Tr=50 �C. In general, data follow
the WLF equation with expected deviations due to
polydispersity, using C1=2.21 and C2=159 for the F3
series and C1=2.05 and C2=135 for the F1 series.

In general, over the temperature range analyzed, few
deviations from time-temperature superposition are
observed. Figure 5a,b shows the type of superposition
obtained, for the F1703 and F1801 samples, respective-
ly. In these cases, superposition is observed in the ter-
minal region only, and deviations are present at higher
frequencies in the plateau region. These deviations are
also observed in the corresponding hydroxyl function-
alized samples (F1703X and F1801X). In contrast, in
the F3 series, deviations occur in the bimodal
sample F3703, mainly along the terminal region, as
depicted in Fig. 5c.

Rheological modeling

As mentioned before, the rheological behavior obtained
for the polybutadiene systems synthesized in thisworkhas
been modeled using three different rheological models.
The models’ predictions of the experimental data are
compared and used to get a better understanding of the
molecular characteristics of the polymeric systems.

The relaxation spectrum was initially analyzed using a
discrete spectrum of relaxation times to estimate the
contribution of additional relaxation times to the overall
linear viscoelastic response. These expressions are based
in the rubber-like liquid constitutive equation (Lodge
1968; Chang and Lodge 1972), and have been used by
Wagner (1976) to describe non-linear behavior of bran-
ched polymers. The predictions for the dynamic moduli
can be described by the following equations (Ferry 1980):

G0ðxÞ ¼
X

i

aisi
x2s2i

1þ x2s2i
ð13Þ

G00ðxÞ ¼
X

i

aisi
xsi

1þ x2s2i
ð14Þ

In addition, the reptation model proposed by Doi
and Edwards (1978a, 1978b, 1978c, 1979) is also used in

Fig. 3 Equilibrium shear compliance vs molecular weight of
polybutadienes obtained with F3 (T=50 �C)

Fig. 4a,b Variation of the shifting factor aT with temperature.
Polybutadienes obtained with different initiators: a F1; b F3
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this work. This model assumes that, due to the topo-
logical constraints, the motion of a chain in an entangled
system is essentially confined in a tube-like region made
of the surrounding polymers. This model has been

proved to be useful when the relaxation process is
dominated by a single relaxation time in the terminal
region of the spectrum. This model suggests the fol-
lowing expressions for the dynamic moduli:

G0ðxÞ ¼ G0

X
p;odd

8

p2p2

xsd
p2

� �2

1þ xsd
p2

� �2 xsR< 1 ð15Þ

G00ðxÞ ¼ G0

X
p;odd

8

p2p2

xsd
p2

� �

1þ xsd
p2

� �2 xsR< 1 ð16Þ

G0ðxÞ ¼ G00ðxÞ ¼ G0

p
2

xsR

� �1=2
xsR> 1 ð17Þ

In these expressions sd is the longest relaxation time,
which is often called the reptation or disengagement
time. This characteristic time represent the required time
for a chain to disengage from the tubular region it was
confined to at a given initial time. In addition, sR is the
Rouse relaxation time that defines the dynamics of a
chain in dilute solutions. This time corresponds to the
ratio of the constant contour length of the chain and its
diffusion coefficient.

Polybutadiene (PB-701) modeling results are shown in
Fig. 6 using both the Doi and Edwards reptation model
and the discrete spectrum of relaxation times. Values of
Go=1.05 MPa, sd=0.77 s, and sR=0.0001 s are used in
the predictions of the reptation model. Deviations from
the Doi and Edwards reptation model are primarily
observed in the viscous modulus at high frequencies in
the plateau region. Smaller deviations are also present
in the viscous modulus at low frequencies as well as in
the elastic modulus at high frequencies. The reason for
these deviations is illustrated in the fit of the experimental
data using the discrete spectrum. Along with the contri-
bution of the main relaxation time (0.77 s), there are
additional contributions of similar magnitude in the high
frequency side and low frequency side of the spectrum,
corresponding to relaxation times of 0.01 s and 1 s.When
these contributions are accounted for, an improved fit
is obtained, as shown in Fig. 6b.

In general, for the case of the functionalized poly-
mers, just a few samples are described successfully using
the reptation model. In fact, only sample F1602, a high
molecular weight monodisperse sample, renders mod-
erate fittings of the data. Figure 7 shows model predic-
tions of the experimental data for the case of samples
F1602 and F3602. The fitting parameters are
Go=0.4 MPa, sd=0.14 s, sR=5X10–6 s for F1602, and
Go=0.3 MPa, sd=0.0017 s, sR=1·10–10 s for F3602.
As shown, predictions for the F1602 sample are good; in

Fig. 5a–c Deviations from time-temperature superposition observed
in some samples
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contrast, failure of time-temperature superposition is
evident in the low frequency range where deviations are
more pronounced due to polydispersity in the F3602
sample.

As mentioned before, samples in the F1 series show
similar molecular weights and polydispersity values.
However, it is interesting that only the F1602 sample can
be fitted with the Doi and Edwards model. This is il-
lustrated in Fig. 8 for the case of sample F1703, where it
is evident that, despite the lack of complete superposi-
tion, there are important contributions of additional
relaxation times in the relaxation spectrum of this
sample. Go values of F1703 are slightly higher than
those of F1602 with small differences in molecular
weight. An important observation, however, is that these
subtle differences in molecular structure lead to addi-
tional relaxation times in the plateau region of the
spectrum corresponding to different entanglement
lengths, in addition to the main relaxation mechanism.
Again these results support the idea of polydispersity

being the predominant factor in the rheological response
of these systems.

Polydispersity is higher in samples obtained with the
silyl initiator (F3 series), particularly in the high mo-
lecular weight sample (F3701) and in the bimodal sam-
ple (F3703X). Figure 9 shows the prediction for these
samples using the discrete set of relaxation times. In the
high molecular weight sample, additional relaxation
times in the plateau region of the spectrum, within the
frequency range of 1–100 s–1 (0.01–1 s) are observed.
These contributions arise from different molecular
lengths between entanglement points, which are gener-
ally observed for frequencies higher than that of the
main relaxation time. The reduced terminal region is
only slightly affected by the polydispersity of the sample.
On the other hand, F3703X sample has a low molecular
weight component of 120,000 g/mol (86%) with a high
molecular weight tail of 275,000 g/mol (14%). Results
presented in Fig. 9b show that in this case the additional
relaxation modes appear in the terminal region, around

Fig. 6a,b Predictions for a polybutadiene synthesized with n-
butyllithium (PB-701): a Doi and Edwards reptation model; b
discrete spectrum of relaxation times

Fig. 7a,b Predictions obtained for two different samples using the
Doi and Edwards reptation model
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0.1 s. The high molecular weight component causes
additional relaxations in the terminal region. A complete
set of the parameters used to predict the experimental
data in Figs. 6, 8, and 9, using the discrete spectrum of
relaxation times as included in the Electronic Supple-
mentary Material of this paper.

Finally, predictions of linear viscoelastic data of some
samples were obtained using generalized relations for the
moduli considering analytical expressions of the spectrum
of relaxation times. The expressions used in this study for
the spectrum are those proposed by Baumgaertel et al.
(1990) for the terminal-transition range, and the frac-
tional Maxwell model (Friedrich 1991) modified by Pa-
lade et al. (1996) for the rest of the spectrum. The
corresponding equations are presented below:

HðkÞ ¼ HgðkÞ þ HaðkÞ
khkmax

HðkÞ ¼ 0

kikmax

ð18Þ

HgðkÞ ¼ ngG0

k
kmax

� �ng

ð19Þ

HaðkÞ ¼
Ga

p
k
ka

� �a�bsinðpbÞ þ k
ka

h i�a
sinðp b� a½ �Þ

k
ka

h i�a
þ2 sinðpaÞ þ k

ka

h ia ð20Þ

G0ðxÞ ¼
Z1

0

HðkÞ ðxkÞ2

1þ ðxkÞ2
dk
k

ð21Þ

G00ðxÞ ¼
Z1

0

HðkÞ xk

1þ ðxkÞ2
dk
k

ð22Þ

The model includes seven parameters, two of them
(Go and kmax) obtained from the experimental data. The
glassy modulus (Ga=0.8 GPa) and the power law in the
glassy region (b–a=0.25) are taken from the literature
(Palade et al. 1996). The remaining parameters (ng, b,
and ka) are determined in the fitting process. Some of the
results are shown in Table 4. This table includes results
of a sample with a single relaxation time in the terminal
region (F1602), and two samples with similar molecular
weights but with different viscosity values (F1801 and
F3801). In the single relaxation time sample (F1602) the
value of ng is lower (3.4) than in the samples with ad-
ditional relaxation times. Furthermore, values of b are
related to the transition region and are higher in the
sample with the lowest Go and kmax (F3801). This result
suggests once again the important contribution of low
molecular weight fractions in the relaxation process of
this sample.

Fig. 8 Predictions for a polybutadiene sample synthesized with the
F1 initiator using the discrete spectrum of relaxation times

Fig. 9a,b Predictions of two polydisperse samples obtained with
the F3 initiator using the discrete spectrum of relaxation times
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Dynamic moduli vs frequency curves of the model
predictions and the corresponding experimental data for
samples obtained with different initiators are depicted in
Fig. 10. As shown in this figure, the beginning of the
transition region in the viscoelastic spectrum is also
predicted by this model. An important observation is
that negligible differences are observed for the propylene
oxide-modified samples with respect to the rest of the
samples.

Conclusions

In this work, the anionic polymerization of butadiene
with two different functionalized initiators is used to
obtain polymers with a well-defined structure. Initiators
used in this work include either a silyl-type group (F3) or
a larger and more polar silyloxy group (F1). Significant
changes are observed in the rheological behavior of
polymers synthesized with different initiators, which are
mainly related to their polydispersity differences. Sam-
ples resulting from the silyloxy-initiator (F1) possess
similar molecular weights and are monodisperse (Mw/
Mn<1.073). The silyl initiator (F3) was used to produce
polymers within a relative wide range of molecular
weights (65,000–667,000 g/mol) and in general polydis-
persity is increased in these materials (Mw/Mn=1.17+).

A termination reaction with propylene oxide is used to
introduce a hydroxyl group at the end of the chain. In
general, the presence of this functional group promotes
negligible differences in the rheological behavior. How-
ever, samples with additional relaxation modes in the
terminal or plateau regions present slight changes in their
rheological response when this functionality is intro-
duced, showing the significant effect of polydispersity.

Differences in the dynamic behavior of polybutadi-
enes synthesized with different initiators (F1 and F3)
become apparent when samples with similar molecular
weights are compared. Samples obtained with the
bulkier F1 initiator present a higher zero-shear rate
viscosity than those obtained with the smaller F3 initi-
ator. As a consequence, the difference in the viscosities
between samples F1801 and F3801 cannot be related to
their slight difference in molecular weight, and suggests a
possible combination between the contributions of the
functionality at the chain ends and their intrinsic dif-
ferences in polydispersity. In addition, the magnitudes of
the plateau moduli reveal that systems obtained with the
F1 initiator are found to create a more entangled or
structured system. Therefore, lower molecular weights
between entanglements are found in the F1 samples and
the resulting degree of flexibility of the systems in the F3
group is larger than that in the F1 samples when com-
paring samples of similar molecular weight. An inter-
esting observation is that the sample with the largest
molecular weight (F3701) presents a high viscosity with

Table 4 Model parameters
used in Eqs. (18), (19), (20),
(21), and (22) in the prediction
of experimental data of some
representative samples

Sample ng G0 (MPa) kmax (s) b ka (s) Ga (GPa) a b)a

F1602 3.43 0.4 0.13891 0.82 5E–8 0.8 0.795 0.025
F1602X 3.19 0.4 0.14264 0.78 3E–8 0.8 0.755 0.025
F1801 4.6 0.42 0.12732 0.74 1E–8 0.8 0.715 0.025
F1801X 4.01 0.42 0.12657 0.71 6E–9 0.8 0.685 0.025
F3801 4.61 0.33 0.08366 0.87 9E–8 0.8 0.845 0.025
F3801X 4.69 0.33 0.08274 0.9 2E–7 0.8 0.875 0.025
PB-701 5.81 1.05 0.76602 0.72 2E–7 0.8 0.695 0.025

Fig. 10a,b Predictions obtained for two polybutadiene samples
obtained with different functionalized initiators using the fractional
model defined in Eqs. (18), (19), (20), (21), and (22)
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low modulus, suggesting that non-linear viscoelastic
functions, such as the yield stress, may be affected by the
interplay of modulus and viscosity at small deforma-
tions.

The shear compliance is mostly affected by small
proportions of high molecular weight components and
by the distribution of relaxation times. The influence of
polydispersity in the shear compliance and in the rhe-
ological response in general is analyzed using samples
with a bimodal distribution of molecular weights syn-
thesized with F3 (F3703 and F3703X). Larger values of
Jo are found in these samples, despite the fact that the
high molecular weight component is only about 14%.
This suggests that there is a strong contribution of the
molecular weight distribution to the rheological re-
sponse of the functionalized polybutadienes analyzed in
this work. Polydispersity appears to dominate in many
ways the rheological response of these systems. This
observation is in agreement with the results obtained by
Kasehagen and Macosko (1998) on the nonlinear shear
and uniaxial extensional measurements on randomly
branched polybutadienes with varying amounts of long-
chain branching that show that the extensional behavior
is mostly affected by changes in the relaxation spectra
due to branching and increases in the high-end of the
molecular weight distribution.

It has been shown that in polymers of the F3 group,
viscosity variation with molecular weight follows closely
a cubic relationship, and so the main relaxation time. In
fact, with a ten times increase in the molecular weight,
i.e., from 60,000 to 600,000 g/mol, the zero shear-rate
viscosity increases correspondingly from 0.4 to 400 kPa
s, and the relaxation time increases from 0.002 to 2.2 s.
In contrast, the shear compliance follows a linear rela-
tion with the molecular weight.

Finally, the rheological modeling reveals interesting
features of the molecular structure of these materials and
its relation to their relaxation behavior. Even though
polymers from the F1 group show similar molecular

weights, viscosity, and moduli, a more detailed analysis
reveals that only one sample of this series (F1602) can be
fitted by the reptation model of Doi and Edwards. It is
well known that this model suggests that a single re-
laxation mode dominates the viscoelasticity in the ter-
minal and plateau regions from low to moderate
frequencies, and as a general result, this is not true for
the end-functionalized polybutadiene systems analyzed
in this work. A good example of this is sample F1703,
which displays a slightly higher viscosity, suggesting the
presence of an important relaxation mode within the
plateau region as shown in Fig. 8. Additional contri-
butions to the relaxation spectrum at low and high fre-
quencies are revealed, depending on the molecular
structure of the polybutadiene systems. In addition, as
observed in Table 4, deviations from a single relaxation
time behavior in the flow region promote changes in the
fitting parameters of a fractional type of model. Ex-
pected deviations due to polydispersity are observed
when additional relaxations are included as suggested by
Baumgaertel et al. (1992). This is illustrated by an in-
crease in ng and a decrease in the power law indices b
and a. For the F3 group, simple viscoelastic behavior is
only found in the low molecular weight sample, sug-
gesting once again a strong influence of polydispersity
and molecular weight on the viscoelastic behavior of
these functionalized polybutadienes.

These results overall suggest that the intrinsic features
of the molecular weight distribution of the samples an-
alyzed in this work, along with a possible effect due to
the presence of a given functionality at the chain-ends,
brought about in this study by the two functionalized
initiators (F1 and F3), dominate the relaxation process
of a polybutadiene system inducing significant changes
to its rheological behavior.
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