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ABSTRACT: A series of poly(alkylene oxide)s (PAO’s) with different lengths of the side chains and two
different molecular weights were studied by means of differential scanning calorimetry, dielectric spectro-
scopy (BDS), and rheology. The glass transition temperatures are almost independent of molar mass and the
length of the side chains, which is also reflected by the dielectric R-relaxation, which depends only slightly on
the different samples. However, the corresponding maxima in the dielectric loss of the samples with longer
side chains show a shoulder at high frequencies with a temperature-dependent shape. The shape of the normal
mode changes slightlywith themolarmass and the length of the side chain. The normalmode relaxation times
show a molar-mass-dependent behavior indicating a significant increase of the entanglement molecular
weight Me with increasing length of the side group. A Rouse mode analysis incorporating the molar mass
distribution was performed but could not reproduce the experimental data of the normal mode process
completely. The relaxation times obtained by rheology agree well with the dielectric results, and estimates
ofMe based on the number of entanglements and on the packingmodel confirm the values suggested byBDS.
A comparison of the estimated chain dimensions with literature data supports the reliability of our
calculations.

Introduction

Compared to polymers without side groups, a dramatic drop
of the glass transition temperature in the presence of side chains is
reported.1 In particular, this effect strongly depends on the length
of the side chains. In order to reveal the underlying microscopic
mechanism, the relaxation dynamics of side-chain polymers was
subject of many studies during the past few years.1-8 Especially,
the segmental relaxation of poly(n-alkyl methacrylate)s1,2,9 or
poly(R-n-alkyl β-L-asparate)s6 was studied extensively as a func-
tion of the number of carbon atoms per side chain by means of
broadband dielectric spectroscopy (BDS). Because of its wide
frequency range, this method is well suited for exploring the
temperature dependency of the relaxation processes and in
particular for revealing the influence of the length of the side
chain. However, since none of these polymers have a dipole
moment oriented parallel to the backbone of the chain, there is
only little knowledge about the influence of the length of the side
chains on the end-to-end distance relaxation.

Appropriate polymers possessing a dipole moment parallel to
the backbone of the chain are e.g. polyisoprene (PI) and poly-
(propylene oxide) (PPO). Because of this so-called type A di-
pole,10 they display a dielectric normal mode, which is identified
with the end-to-end relaxation of the polymer. Both PI and PPO
were studied exhaustively by means of BDS.11-19 It was found
that the Rouse model was not able to describe the shape of the
normal mode properly, which was attributed to the sample

polydispersity.12,20 Only recently, it has been reported that the
Rouse model gives a reasonably good description of the shape of
the normal mode relaxation of a low-Mw PI after incorporating
the molecular weight distribution.21 Yet, both PI and PPO are
linear polymers, and hence no information about the influence of
a side chain is gained by these experiments.

Lately, a systematic series of poly(alkylene oxide)s (PAO’s)
with up to 10 carbon atoms per side chain was synthesized.22

Each of these PAO’s possesses a type A dipole, and therefore the
structural relaxation can be studied by BDS. In the past decade,
alsopoly(butylene oxide) (PBO),which is amember of the familiy
of the PAO’s and differs from PPO by one additional carbon
atom per side chain, was studied.23-25 In these studies, shape as
well as relaxation times of both normal and segmental mode are
addressed, but only samples with low molecular weights23,24 or
with a rather large index of polydispersity25 are used there. Only
the recent synthesis of higher PAO’swith high-Mw, all with a very
narrow distribution of molecular weight,22 for the first time
allows for a detailed dielectric analysis of the influence of a long
side chain on the end-to-end and segmental relaxation as well as
on the glass transition temperature. Moreover, the dependency
on the molar mass can be addressed. As will be shown by the
present work, the glass transition temperature of these materials
is well below room temperature. Therefore, normal mode and
segmental relaxation can be observed over a wide temperature
range without degrading the polymer.

The present work focuses mainly on the influence of the length
of the side chain on the end-to-end distance (NM-) and segmental
(R-) relaxation studied by BDS and rheology. Results of

*Corresponding author. E-mail: c.gerstl@fz-juelich.de and g.j.
schneider@fz-juelich.de.



Article Macromolecules, Vol. 43, No. 11, 2010 4969

both methods are analyzed with respect to the relaxation times
and the temperature dependence of the latter and are com-
pared to theoretical expectations. Because of the presence of
the side chains, different molar masses refer to the same degree
of polymerization. Therefore, also the contribution of the
molar mass per backbone bond is addressed. Furthermore,
the glass transition temperature is studied by means of diffe-
rential scanning calorimetry. Finally, the structural relaxation
observed by BDS is compared to the results of the rheological
measurements.

Experiment

Polymer Synthesis and Characterization. All manipulations
were carried out at a high-vacuum line or in a glovebox filled
with argon (M Braun, Unilab). The water level in the glovebox
was usually 1 ppm and the oxygen level below 0.1 ppm. The
flasks for all manipulations were equipped with Teflon stop-
cocks that allowed transferring materials between vacuum line
and glovebox without contamination with air. The purifica-
tion of all materials as well as the monomers 1,2-butylene oxide,
1,2-hexylene oxide, and 1,2-octylene oxide is described in ref 22.
1,2-Dodecene oxide (Aldrich, 97%) was first distilled using an
apparatus, which contained a 30 cm column equipped with an
evacuated silver coated insulating jacket and filled with wire
mesh rings (3500 mesh/cm2) made of stainless steel (Normag).
The distillation was carried out at a pressure of 17 mbar. The
fraction distilling at 120.5-121 �Cwas used for further purifica-
tion. For this purpose themonomer was degassed at the vacuum
line and distilled over CaH2. The mixture was stirred at room
temperature for 7 days, and then the process was repeated. A
third drying step over CaH2was carried out at 100 �C for 4 days.
In between each purification step the monomer was degassed
to pump off the produced hydrogen gas. Finally, the dried
1,2-dodecene oxide was distilled from CaH2 into a storage flask
using an all-glass apparatus, attached to the vacuum line via a
Teflon stopcock.After distillation the flask containing theCaH2

was sealed off. The storage flask was kept in a glovebox at room
temperature.

The polymers were synthesized by polymerizing 1,2-alkylene
oxides at low temperatures using potassium tert-butanolate
(KOt-Bu) as initiator and 18-crown-6 (18C6) as activator. A
detailed procedure is given in ref 22. The relevant reaction
conditions for the polymers synthesized in the present work
are summarized in Table 1. In all cases toluene was used as
solvent. For poly(1,2-butylene oxide) (PBO), poly(1,2-hexylene
oxide) (PHO), and poly(1,2-octylene oxide) (POO) the mass
ratios of monomer to solvent were 1.0. In case of poly(1,2-
dodecene oxide) (PDO) the polymerization had to be carried out
in a more diluted solution and at higher temperature because of
the low solubility of PDO in toluene at low temperatures.
Despite these unfavorable reaction conditions, the molecular
weight distribution was narrow (Table 1). The polymers except
PDO were purified by dissolution in freshly distilled heptane
followed by washing with deionized water. Then the heptane
was removed, and the polymer was dried under high-vacuum

conditions. PDO was purified by precipitation in methanol and
subsequent freeze-drying.

Size exclusion chromatography (SEC) experiments for poly-
mer characterization were carried out using a Waters 150-CV
plus instrument together with five Styragel columns with a
porosity range from 105 to 500 Å at 30 �C. For the signal
detection a Viscotec model TDA 300 triple detector with a
differential refractometer, a differential viscometer, and a right
angle laser light scattering detector were used at 35 �C. The
solvent wasTHFat a flow rate of 1mL/min, whichwas degassed
using a Viscotec model VE 7510 instrument. Molecular weights
were calculated using the Viscotec TriSEC 3.0 GPC software.
Molecular weight distributionsMw/Mn were calculated with the
help of polystyrene (PS) calibration. NMR spectra were ob-
tained on a Varian Inova 400 MHz. All samples were measured
at 295 K in CDCl3 with a 5mmPFGAutoXDB Probe. In some
cases molecular weights were calculated from the signal inten-
sities of the tert-butyl end groups at about 1.05 ppm and the
terminal methyl groups of the monomer units at about 0.9 ppm.

The tacticity of the polymers was not determined; however,
themeasured tacticity of a poly(propylene oxide) sample synthe-
sized under similar conditions showed the polymer to be fully
atactic.

Methods. Differential ScanningCalorimetry.The glass tran-
sition temperatures TG and, where applicable, ranges of crystal-
lization and melting were determined using a TA Instruments
Q2000 calorimeter. Thereto, sealed aluminum pans were filled
with 11-14 mg of polymer, and a heating rate of 20 K/min was
applied.

Broadband Dielectric Spectroscopy. The dielectric measure-
ments were performed in a frequency range of 10-1-109 Hz
employing two different experimental setups depending on the
frequency range. Between 10-1 and 107 Hz, the measurements
were conducted using a high-resolution Alpha dielectric analy-
zer by Novocontrol GmbH. For the frequency range of 106-
109 Hz, an Agilent impedance analyzer HP4291B was used. In
each case, isothermal frequency measurements were carried out
between 200 and 420 K with a temperature stability better than
0.2 K. For both setups, the samples were prepared between two
gold-plated electrodes of 20 and 10 mm diameter, respectively.
Teflon spacers of 0.1 mm thickness and negligible area were
applied to maintain the constant distance between the electro-
des. All samples were stored in a vacuum oven at about 310 K
before the measurement to lessen moisture and air entrapments
as far as possible.

Rheology. Isothermal measurements were performed on a
Rheometric Sci ARES rheometer equipped with a 2K FRT-N1
force rebalance transducer in a typical frequency range of
100-0.1 rad/s, using parallel plates with a diameter of 8 mm
in view of the small amounts of sample. The temperature of the
sample was controlled by a nitrogen flow oven with an accuracy
better than (1 K, and the temperature stability was better
than (0.5 K.

Data Evaluation and Theory. Differential Scanning Calori-
metry. A glass transition appears as a step in a diagram where
the (specific) heat flow is plotted versus the temperature, and the

Table 1. Reaction Conditions and Polymer Characterization Results

reaction conditions characterization

reaction
temp [K]

molar ratio of
18C6-KOt-Bu mtoluene/mmonomer reaction time [h] Mn

a [kg/mol] Mw/Mn
b

av deg of
polymerization

PBO-10 253 1.5 1.0 39 10.2 1.04 140
PBO-50 253 3.0 1.0 188 50.6 1.06 700
PHO-10 258 0.75 1.0 70 9.4 1.03 95
POO-10 258 0.75 1.0 70 9.6 1.03 75
POO-50 259 3.0 1.0 187 48.9 1.05 380
PDO-10 288 1.0 1.8 96 9.3c 1.03 50

aFrom SEC coupled with triple detection. bFrom SEC, PS calibration. cFrom the signal intensities of the tert-butyl end groups and the terminal
methyl groups of the monomer units.
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glass transition temperature TG corresponds to the point of
inflection.26 As crystallization temperature TC the onset of
crystallization is given. Since the melting of the samples oc-
curred over a broad range, also the given melting temperature
corresponds to the onset of melting, and additionally, the
breadth of the melting range is specified.

Broadband Dielectric Spectroscopy. Usually, the Havriliak-
Negami (HN) function27

ε� ¼ ε¥ þ Δε

ð1þ ðiωτHNÞβÞγ
ð1Þ

is used to describe a dielectric relaxation process of a polymer.
The exponents 0 < β, γ e 1 denote the parameters characteriz-
ing the symmetric and asymmetric broadening of the maxima,
respectively. In the present case, a sum of twoHN functions and
an additional conductivity term ∼iσ/ωp was used, where p � 1
for pure direct conductivity.28,29

The relaxation time corresponding to the maximum of the
dielectric loss was calculated via

τmax ¼ τHN sin
βπ

2ð1þ γÞ
� �- 1=β

sin
βγπ

2ð1þ γÞ
� �1=β

ð2Þ

The temperature dependency of τmax was then analyzed using
the so-called Vogel-Fulcher equation28

log τ ¼ log τ¥ þ A

T -TVF
ð3Þ

with a constant A, the extrapolated relaxation time at infinite
temperature τ¥, and the Vogel-Fulcher temperature TVF.

The prediction of the Rouse model30 for the dielectric loss of
the normal mode is31

ε00ðωÞ
Δε

¼ 8

π2

XN
p:odd

1

p2
ωτp

1þ ω2τp2
ð4Þ

Here, τp = τR/p
2 with the longest relaxation time called Rouse

time

τR ¼ ζN2b2

3π2kBT
� τmax ,NM ð5Þ

This is valid for a monodisperse, nonentangled linear polymer.
For samples with higher molecular weight where entanglements
are present, the longest relaxation time in the tube model is the
disentanglement time

τd ¼ ζN3b4

π2kBTd2
ð6Þ

In eqs 5 and 6, ζ denotes the monomeric friction coefficient,N is
the number of Kuhn segments with bond length b, and d is the
tube diameter. Equation 6 neglects the speeding up of the
dynamics by concurrent mechanisms like contour length fluc-
tuations (CLF) and constraint release (CR).

Rheology. The single isothermal frequency sweeps of one
sample were superimposed to master curves at a reference
temperature T = T0, using the well-known time-temperature
superposition principle (TTS) (cf. e.g. Ferry’s textbook32). The
temperature dependency of the horizontal shift factors aT can be
described with the empirical Williams-Landel-Ferry (WLF)
equation

log aT ¼ -
C1ðT -T0Þ
C2 þ T -T0

ð7Þ

which is equivalent to the Vogel-Fulcher equation (3). C1 and
C2 depend on the polymer, the temperature of reference, and

differ sometimes in the low-Mw range. The real and imaginary
part, G0(ω) and G0 0(ω), of the complex modulus were fitted with
different models, depending on the applicability. To the results
of the low-Mw PBO and PHO, the prediction of the Rouse
model30

G0 ¼ FRT
Mw

XN
p¼1

ω2τp2

1þ ω2τp2
ð8Þ

G00 ¼ FRT
Mw

XN
p¼1

ωτp
1þ ω2τp2

ð9Þ

was fitted. For the high-Mw PBO, an implementation of the
reptationmodel by Likhtman andMcLeish33 was used. There, a
function μ(t) for the occupation of tube segments by a single
chain reflecting CLF motion and reptation out of the tube, a
term R(t) describing CR via a Rouse-like motion of the tube
itself, and expressions for the relaxation of longitudinal modes
and the fast Rouse motion inside the tube are combined. This
yields an expression for the relaxation modulus

GðtÞ ¼ Ge
4

5
μðtÞRðtÞþ 1

5Z

XZ- 1

p¼1

exp -
p2t

τR

 !0
@

þ 1

Z

XN
p¼Z

exp -
2p2t

τR

 !!
ð10Þ

with the entanglement modulus Ge, the number of entangle-
ments per chain Z, and the number of Rouse beadsN. Further
details on the model can be found in the corresponding
article.33

However, since some discrepancies and other definitions of
Me are reported , and as shown below, the measured moduli are
rather low, the width of the plateau is judged to give a more
accurate estimate for Z.33,34

Results and Discussion

Differential Scanning Calorimetry (DSC). All transition
temperatures obtained by DSC are listed in Table 2; the
dielectric glass transition temperature TG,ε will be discussed
in the next section.While for PBO and PHO glass transitions
were observed, POO and PDO crystallized. It was not
possible to avoid the crystallization. Yet there were signa-
tures of a glass transition around 205K in the case of POO-10
and 207 K in the case of POO-50 in the semicrystalline state.
These glass transitions were broader than those of PBO and
PHO, the error being(2 K. For PDO-10, no glass transition
was observed.

One can see that changing the molecular weight has no
influence on the glass transition temperature TG of PBO
within the experimental error. Assuming that TG is not
influenced by crystallization, this holds also for POO. Then

Table 2. Crystallization TC, Melting Tm, and Glass Transition
Temperatures TG Measured by DSC and Dielectric Glass Transition

Temperatures TG,ε (All Values in K)

TC TM

approx breadth
of melting range TG ( 1 TG,ε

PBO-10 203 199.6
PBO-50 204 200.2
PHO-10 205 200.8
POO-10 247 249 50 199.6
POO-50 246 247 50 198.7
PDO-10 290 295 50 199.8a

aCorresponding to the average value of the other TG,ε’s. Cf. text.
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again, extension of the side chains seems to result in a very
slight increase of the TG’s although this is not stringent.

For the PAO’s with a side-chain length of at least six
carbon atoms crystallization occurred. The crystallization
temperature TC and melting temperature TM of POO are
independent of molecular weight. For PDO-10, both TC and
TM are significantly higher than for POO, whereas the
breadth of the melting range is approximately the same.

The concept of the free volume predicts an increase of TG

with growing Mw up to a limiting value TG,¥ for infinite
molecular weight. Also, packing effects that can be related
with configurational entropy lead to similar tendencies for
TG. For low molecular weights TG rises very fast and then
bends rather quickly into a smaller slope, staying approxi-
mately constant from a sufficiently large Mw.

35,36 For ex-
ample, at Mw ≈ 15 and 10 kg/mol, the glass transition
temperatures of polystyrene37,38 andpolypropylene39,40 have
practically reached their high-Mw limit. For polystyrene,
Majeste et al.41 report a critical entanglement molecular
weight Mc ≈ 35 kg/mol, which corresponds to an entangle-
ment molecular weight Me in the order of the Mw necessary
for a constant TG. Since the increase of TG withMw is in our
case within the experimental error, we conclude that we do
not observe the strong increase in TG for very smallMw. The
TG’s hence correspond approximately to the constant limit-
ing values or are at least close to them.

For polymers having alkyl side chains it is considered a
general phenomenon that TG decreases markedly with in-
creasing length of the side chain, e.g., for the poly(n-alkyl
methacrylate)s (PnMA’s) a significant descent of ∼150 K
from PMMA to PnDMA is observed. The absolute values of
the respective TG’s thereby depend on the tacticity of the
samples.4,9,42 This effect is usually attributed to internal
plasticization phenomena.2,43,44 However, the almost con-
stant TG’s reported in the present work are in sharp contrast
to that. A possible reason for this might be a different
interaction of the side chains with the main chain in the
PnMA’s than in the PAO’s caused by the different chemical
structure. While the alkyl side chains of the PnMA’s are
connected to the main chain via a carboxyl group there is no
such connecting piece in the PAO’s, and the latter do have an
additional oxygen atom per monomeric unit in the main
chain. This difference might result in a different interplay
between main and side chain: the behavior of the glass
transition of the main chain could be influenced more
strongly by the dynamics of the side chains whose “glass
transition” is commonly found to be below 200 K and rising
slightly with increasing length of the side chains.1,2 The
combination of these opposing tendencies could lead to the
observed behavior.

Only in the case of POO both TG and TC are observed,
where TC/TG = 1.16 ( 0.01. This differs from the empirical
Beaman-Bayer rule TC ≈ (3/2)TG,

45,46 which is valid for
many polymers. If it is assumed that the PAO’s are purely
atactic as suggested by the tacticity of a poly(propylene
oxide) sample (cf. the synthesis section Polymer Synthesis
andCharacterization), it has to be concluded that the crystal-
lization is side-chain crystallization. This is a feature not
uncommon for polymers with long alkyl side chains.5,6

This may explain the above-mentioned deviation from the
Beaman-Bayer rule as in this case crystallization and glass
transition would result from different parts of the polymer
and thus be independent. However, for energetic reasons, it
might be favorable for the polymers with the longer side
chains to assume a syndiotactic conformation. Then a main-
chain crystallization would be possible. Hence, since up to
now measurements of the tacticity are not performed, a

crystallization of the main chain cannot be fully excluded.
Because of the unchanged polymerization conditions, this is
considered rather unlikely, though.

The height of aTG step is lower the smaller the amorphous
fraction of the sample. Therefore, the fact that for PDO-10
no glass transition was visible might be due to a high degree
of crystallinity. As stated above, quenching the sample in
liquid nitrogen did not result in a suppression of the crystal-
lization, either.

Broadband Dielectric Spectroscopy. Figures 1 and 2 show
the dielectric loss ε00 vs frequency f of PBO and POO,
respectively, each at low and high molecular weight. For
clarity, error bars are omitted since all errors are within the
symbol size. The lines correspond to fits with the Havriliak-
Negami model as described in the Data Evaluation and
Theory section. Since the depicted spectra were recorded
during cooling, the POO samples were amorphous
(cf. Table 2). Two peaks are clearly discernible: the peak at
lower frequencies can be attributed to the normal mode
relaxation, i.e., the relaxation of the end-to-end vector of
the polymer chains. It is shifting to lower frequencies with
increasing molecular weight for both PBO and POO. This is
equal to a decrease in mobility with increasing molecular
weight which is a typical feature of the normal mode relaxa-
tion. Contrarily, there is nomolecularweight dependency for
the peak at higher frequencies. Thus, it can be assigned to the
segmental or R-relaxation of the polymer, which is only

Figure 1. Dielectric loss ε0 0( f ) of PBO-10 and PBO-50 at 260 K.
The lines correspond to the Havriliak-Negami fits.

Figure 2. Dielectric loss ε0 0( f ) of POO-10 and POO-50 at 260 K.
The lines correspond to the Havriliak-Negami fits.
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dependent on the chemical structure of the respective seg-
ments.28 These attributions will be further substantiated by
the following discussion.

InFigure 3, a comparison of spectra of all low-Mw samples
is shown. One can see that the normal mode relaxation
is equally slow for PBO-10 and PHO-10 and fastest for
PDO-10. For the R-relaxation, the effect is the opposite:
the maximum dielectric loss of PBO-10 appears at higher
frequencies than that of PHO-10, POO-10, and PDO-10.

A systematic broadening of the R-relaxation with increas-
ing temperature was observed for PHO, POO, and PDO,
i.e., the samples with the longer side chains. Exemplary for
PHO-10, this is shown in Figure 4. There, a superposition of
the R-peaks at different temperatures is given, where the
reference temperature is 260 K. The effect is clearly visible,
and for 310 K the relaxation process seems to exhibit a
double-peak structure. For even higher temperatures the
process already shifted out of the experimental window.
Since this phenomenon only occurs when larger side groups
are present, this might indicate a separate relaxation of the side
chains. This process maybe corresponds to the so-called RPE

process which is observed for other polymers having alkyl
side chains, e.g., for the PnMA’s.1 Since the side chain itself
has no dipole moment, the presence of a separate side chain
relaxation in the dielectric spectrum can be explained by
considering that thismotion also involves a small fluctuation

of the dipolar unit. At higher temperatures the motions
would be more decoupled (in time scale) from that of the
main chain and would manifest as a slightly broader whole
relaxation.

Wherever this broadening occurred, the slowest relaxa-
tion, i.e., the low-frequency part of the peak, is taken to be
the R-relaxation. This choice is suggested by the way the
peaks evolve with temperature.

In order to discuss the data, we applied the fitting proce-
dure specified in the Theory section. This yielded a very good
description of all spectra. The resulting shape parameters,
except for γR of PHO, POO, and PDO, are independent of
temperature within the error bars as long as the samples were
amorphous. The corresponding mean values βNM/R and
γNM/R are listed in Table 3. No errror is given for βNM since
it is smaller than (0.01 in all cases. For POO and PDO, all
averages were calculated from the values obtained in the
amorphous range. No γRwas calculated for PHO, POO, and
PDOas they showed the above-mentioned systematic broad-
ening with increasing temperature.

It can be observed that βNM ; the parameter for the
symmetric broadening of the normal mode ; is equal to 1
for all samples. Comparing γNM for the low-Mw samples
shows that the values are greater for longer side chains. This
means the asymmetric broadening becomes weaker with
increasing length of the side chains. This is also valid for
the high-Mw samples, but here the normal mode is in general
broader than for the shorter chains. For the R-relaxation, βR
is constant within the error bars for all samples. It does not
change as the side group enlarges and is independent of
molecular weight. Also, γR of PBO shows no dependency on
molecular weight.

The Rouse model prediction (cf. eq 4) results in Havriliak-
Negami shape parameters βNM = 1 and γNM = 0.7.15 While
the reportedβNMconcur exactlywith this theoretical value, the
values obtained for γNMare all lower than the theoretical ones,
except forγNMofPDO-10. From the data reported byKyritsis
et al.24 for low-Mw PBO’s (Mw = 970-4500 g/mol), we
calculated γNM ≈ 0.7-0.65; i.e., the asymmetric broadening
increases slightly with Mw. The γNM’s observed for PBO-10
andPBO-50 here follow this trend.This leads to the conclusion
that the Rouse prediction is fulfilled only for polymers with a
very low degree of polymerization. Imanishi et al.12 reported
equivalently that for polyisoprene (PI) the high frequency part
of the dielectric loss is not described satisfactorily by theRouse
model but foundno increase of thebroadening for largerMw’s.
A further discussion on this topic can be found at the end of
this section.

It is a general finding that for higher molecular weights of
linear polymers the degree of polymerization is not affecting
the shape of the segmental relaxation.47-49 The constant
values for βR and γR for PBO reported here are in agreement
with this.

In Figures 5 and 6, the logarithm of the relaxation times
τmax=1/(2πfmax) ofnormalmodeandR-relaxation, respectively,
are plotted versus the inverse temperature (Arrhenius plot). In

Figure 3. Dielectric loss ε0 0( f ) of PBO-10, PHO-10, POO-10, andPDO-
10 at 310 K. The lines correspond to the Havriliak-Negami fits.

Figure 4. Master plot of the R-relaxation of PHO-10; curves were
shifted to the peak position at 260 K.

Table 3. Average Values of the Parameters for Symmetric and
Asymmetric Broadening of Normal Mode and r-Relaxation

βNM γNM βR γR

PBO-10 1 0.42( 0.01 0.90( 0.07 0.39 ( 0.11
PBO-50 1 0.33( 0.01 0.96( 0.05 0.34 ( 0.08
PHO-10 1 0.54( 0.03 0.91( 0.06 ;a

POO-10 1 0.58 ( 0.05 0.96( 0.03 ;a

POO-50 1 0.43( 0.01 0.96( 0.06 ;a

PDO-10 1 0.68( 0.02 0.91( 0.04 ;a

aSee text.
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each case, τmax was calculated from the Havriliak-Negami
relaxation times τHN using eq 2. Only values from the amor-
phous ranges of the samples are used. This leaves only very few
data points for the R-relaxation of PDO-10, since for higher
temperatures the process shifted out of the experimental
window and for lower temperatures the sample crystallized.

The relaxation times of the normal mode depicted in
Figure 5 strongly depend on the molecular weight. The
relaxation is slowed down with increasing Mw, and at first
glance, the samples with longer side chains for both high and
lowMw seem to relax faster. The latter, however, is compre-
hensible when one has a look at the degrees of polymeriza-
tion (cf. Table 1): as the side group of POO is larger than the
one of PBO, POOhas a lower degree of polymerization at the
samemolecular weight, and its backbone is therefore shorter
and can thus relax faster. The different spacings between
PBO-10 and PBO-50, on the one hand, and POO-10 and
POO-50, on the other, can be explained as follows: The
entanglement molecular weightMe of poly(propylene oxide)
(PPO) is given in the literature to be around 6 kg/mol.50 43/58

of the molecular weight of PPO is located in the polymer
backbone; hence, the backbone of a PPOmolecule with 6 kg/
mol weighs ≈4.4 kg/mol. Assuming that the “entanglement
backbone weight” Me,bb for the higher PAO’s is approxi-
mately the same or a bit higher (which is likely due to the
larger side group), it can be concluded that PBO-10 (Mw,bb =
6090 g/mol) is on the threshold to the entanglement regime
while PHO-10 (Mw,bb = 4030 g/mol), POO-10 (Mw,bb =
3215 g/mol), and PDO (Mw,bb=2185 g/mol) are too short to
form entanglements. This assumption is supported, on the
one hand, by the rheology data presented in the next section
and, on the other, by the scaling of the relaxation times of
low- and high-Mw samples:

log
τlow Mw

τhigh Mw

¼ x log
Mw, low

Mw, high
ð11Þ

Since the ratio of molar masses is independent of tempera-
ture, eq 11 requires that the ratio of the τ’s will be indepen-
dent of temperature, too. That this is the case can be seen in
Figure 5. We found x = 3.2 for PBO and 2.2 for POO. The
former value agrees well with eq 6, portending that both PBO
samples are entangled. The latter value is very close to 2,
indicating that even POO-50 shows Rouse-like behavior and
hence is barely entangled. Consequently, the entanglement
molecular weight of POO has to be much higher than for the
samples with shorter side chains, which supports the state-
ment that the presence of a larger side group “should
strongly inhibit the reptation mechanism”.32

The Arrhenius plot for the R-relaxation is shown in
Figure 6. One observes that the relaxation times of PBO-10
and PBO-50 as well as the ones of POO-10 and POO-50
coincide and are therefore independent of molecular weight.
This is in agreement with the results for PBO’s of several
molecular weights reported in the literature.24,25 Further-
more, the relaxation times of the R-process increase system-
atically from PBO over PHO and POO to PDO. From that,
one can conclude that the presence of a larger side group
slows down the relaxation of the chain segments. Figure 6
also shows that the difference between the respective
R-relaxation times increases with increasing temperature.
This may be explained as follows: The ends of the side chains
could act as plasticizers for the side-chain motion. With the
end groups being farther and farther away from the dipolar
group, this would result in a slower dipole motion for larger
side chains. As TG is approached, assuming an increasing
collectivity of motion close to TG, the motion of the dipolar

Figure 5. Relaxation times of the normal mode plotted vs the inverse
temperature: empty symbols, results for Mw = 10 kg/mol; filled
symbols, results for Mw = 50 kg/mol. The lines correspond to the
Vogel-Fulcher fits.

Table 4. Parameters of the Fits with the Vogel-Fulcher Equation

log(τ¥/s) A TVF [K]

(a) Normal mode

PBO-10 NM -9.2( 0.1 630( 20 155( 2
PBO-50 NM -6.9( 0.1 570( 30 164( 4
PHO-10 NM -9.15( 0.03 622 ( 8 153( 1
POO-10 NM -9.3( 0.1 650( 30 143( 4
POO-50 NM -7.9( 0.2 720( 60 135( 8
PDO-10 NM -9.02 ( 0.05 560( 20 153( 4

(b) R-relaxation

PBO-10R -12.6( 0.1 550( 20 162( 2
PBO-50R -12.5( 0.1 550( 20 162( 1
PHO-10R -12.1( 0.1 560( 30 161( 2
POO-10R -11.9( 0.2 560( 40 159( 5
POO-50R -12.0( 0.1 590( 40 157( 4
PDO-10Ra -11.9( 0.3 640( 60 154( 4

aFor the fitting procedure cf. text.

Figure 6. Relaxation times of the R-relaxation plotted vs the inverse
temperature: empty symbols, results for Mw = 10 kg/mol; filled
symbols, results for Mw = 50 kg/mol. The lines correspond to the
Vogel-Fulcher fits; concerning the fit of PDO-10: see text.
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unit would involvemore andmoremolecular groups, and the
effect of the location of the end group then becomes less
relevant.

The data depicted in Figures 5 and 6 were fitted with the
empirical Vogel-Fulcher law (eq 3) which yields a good
description. For the parameters of the normal mode relaxa-
tion (cf. Table 4a) the values differ for samples with the same
length of the side chain and also for samples with the same
molecular weight, although they are close together for the
different low-Mw samples.

As expected, the obtained parameters for the R-relaxation
(Table 4b) of the high- and low-Mw samples of both PBOand
POO are the same within the fitting error. For PHO-10, the
Vogel-Fulcher parameters of the R-relaxation are in the
same range as for the other samples. Since for PDO-10 only a
few points are available, the fitting was performed using the
following procedure: the temperature where log(τmax,R/s) =
2 was taken as a “dielectric glass transition temperature”,
TG,ε, and the VF fits of the other samples were extrapo-
lated to this point. Then the mean value of these TG,ε’s given
in Table 2 was calculated and used as an additional data
point for the fitting of the R-relaxation of PDO-10. The
parameters given in Table 4b correspond to the thus-
obtained values.

The TG,ε’s are all a bit lower than the calorimetric glass
transition temperatures. However, the TG,ε’s of PBO-10,
PBO-50, and PHO-10 do have the same relations as in the
calorimetric case. For both POO samples, TG,ε is almost the
same as for PBO-10, and hence lower than TG, indicating
that the glass transition in the completely amorphous state
may differ from the one in the semicrystalline state.

In contrast to the findings of Yamane et al.25 for PBO, the
parameters A and TVF for normal and segmental mode of
one sample are in general not equal. Additionally, the
fragility or steepness index51,52

m ¼ d log τmax ,R

d
Tτ

T

�����
T ¼Tτ

ð12Þ

withTτ=T(τ=102 s) of the different PAO’swas calculated.
Since the R-relaxation and the glass transition temperatures
do not depend significantly on Mw, the values for the same
polymer with different Mw are equal within the error bars.
Therefore, the results compiled in Table 5 are mean values
where more than oneMw was available. The fragility of PBO
agrees with the 78( 1 given in ref 23.One observes a decrease
of m with increasing length of the side chains. This is in
accordance with the results for the PnMA’s, where a corre-
sponding trend is reported.42,44 This means that the fragili-
ties of the PAO’s and the PnMA’s evolve in the same way
with increasing length of the side chains despite the different
behavior of the glass transition temperatures.

It is known that the prediction of the Rouse model30 for
the dielectric loss of the normal mode (eq 4) does not give an
exact description of the experimental results.12,20,21,53 Also,
the data presented here show a stronger asymmetric broad-
ening than expected as was already stated above. Imanishi
et al.12 attributed the deviations on the high-frequency side

of ε00 of their PI samples partly to the polydispersity and
partly to a wedge-shaped distribution of relaxation times.
Riedel et al.21 found a very good agreement of their datawith
the Rouse model after including a distribution of molecular
weight and ascribe the remaining deviations to the nonper-
fect microstructure of the PI samples.

To illustrate the effect of a distribution of molecular
weights, Figure 7 shows the difference in the calculated
dielectric loss between the inclusion of the first Rouse mode
only, the Rouse modes 1-35, and the inclusion of a Mw

distribution to the latter. For this visualization we used a
Poisson-shaped distribution with an arbitrary index of poly-
dispersity of 1.15. It can be seen that the relaxation of the first
Rouse mode is equal to a Debye relaxation with slopes of
1 and-1 on the low- and high-frequency wing, respectively.
An asymmetric broadening arises from the inclusion of
higher Rouse modes. Summing up to even higher modes
takes effect only at even higher frequencies and therefore
does not affect the slopes visibly. Additionally including a
distribution of molecular weight leads to a broadening of the
maximum and therefore to a rising of both low- and high-
frequency wing of the dielectric loss, but without changing
the slopes.

For the comparison with the experimental data we fol-
lowed a similar procedure as Riedel et al.:21 TheR-relaxation
was calculated using the Havriliak-Negami parameters
obtained before, and instead of using a Gaussian Mw dis-
tribution, we extracted a functionG(M,Mn) directly from the
SEC traces of the samples, whereMn is the molecular weight
of the sample as it is given in Table 1. 35modes were included
in the calculation, and τ1 was taken to be related to the peak
position of the normal mode via τ1 = (2πfmax)

-1. We then
calculated the dielectric normalmode of the low-Mw samples
via multiplying eq 4 by G(M,Mn) and substituting τp by

τpðMÞ ¼ τpðMnÞ M

Mn

� �2

ð13Þ

In Figure 8 as an example the comparison of the measured
spectrum of PBO-10 at 260 K is shown together with the
corresponding calculation. The dotted line describing the
R-relaxation is obtained by the Havriliak-Negami fit. One
can see that the low-frequency part of the normal mode peak
is described almost perfectly, whereas there is a considerable

Table 5. Fragility of the PAO’s

m

PBO 77( 3
PHO 71( 3
POO 68( 5
PDO 60( 6

Figure 7. Calculated normal mode relaxation for the first Rouse mode
only, for Rouse modes 1-35, and for Rouse modes 1-35 plus a
distribution of molecular weight.
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difference between the data points and the calculated values
in the high-frequency wing. The deviations start at frequen-
cies only slightly above fmax and significantly below the
frequency corresponding to the second dielectrically active
Rouse mode (p = 3). It is not possible to explain this by
assuming that with a certain probability the side chain is
attached to the first carbon atom of the monomer instead of
to the second one which would lead to a reduction of the
dipole moment of the chain. In such a case, also at the low-
frequency side discrepancies would have to be visible, espe-
cially for the higher molecular weights where the majority of
the polymers would have some misplacements of that sort.
This is not observed for any of our samples. Another
explanation one could think of is a dipole inversion of a sort
such that one polymer chain has two (or more) resulting
dipolemoments in opposite directions. This, however, is with
the used synthesis method chemically not possible. Using an
exponent greater than 2 in eq 13 in view of the possible
presence of entanglements leads to a distinctly broader peak
than experimentally observed,while the high-frequencywing
is still underestimated. The discrepancies between experi-
ment and calculation thus seem to indicate deficiencies of the
Rouse model in describing the proper mode spectrum for
poylmers with larger side groups.

Rheology. For PBO-10, PBO-50, and PHO-10, master
curves for the real and imaginary part of the complex shear
modulus G*(ω) at a reference temperature T0 = 223 K were
obtained and are shown inFigures 9 and 10. The correspond-
ing WLF parameters are summarized in Table 6. In the case
of PBO (Figure 9), simple visual inspection of the ω-depen-
dence already indicates that the two molecular weights
belong to the unentangled and (moderately) entangled region,
judging from the absence and presence of a more or less
pronounced plateau region in the storage modulus G0,
respectively. The comparison between PBO-10 and PHO-
10, on the other hand, is shown in Figure 10. The curves of
both samples agree well with the simple Rouse model for
unentangeld polymers. For both samples the expected sig-
natures for simple, monodisperse linear polymers are re-
ceived: In the terminal regime the slopes are constant with
values of 1 and 2 for loss and storage molulus. Near the
region of the dynamic glass transition, the slopes of G0 and
G00 are as usual equal or close to 0.5 as predicted by theRouse
model. The solid curves in Figures 9 and 10 are either fits to

the Rouse model or the present most molecularly based
approach following Likhtman and McLeish.33

Fits of the Rouse model (cf. Data Evaluation and Theory
section) to the unentangled species lead to the Rouse time
τR and prefactors depending on the size of the chain. For
PBO-10 and PHO-10, the amplitudes were virtually identical
with 0.11MPa and the τR’s were 1.39 and 1.07 s, respectively.

The most interesting polymer in this context is PBO-50
since it is the only entangled one and will be able to prove the
consistency. The data at T0 = 243 K were fitted with the full
tube model, taking into account contour length fluctuations
to the reptation as well as constraint release due to local tube
Rouse motion. The parameters still depend a bit on the

Figure 8. Measured dielectric loss ε0 0( f ) of PBO-10 at 260 K and
calculated normal mode relaxation.

Figure 9. Storage modulus G0 and loss modulus G0 0 of PBO-10 (open
symbols) and PBO-50 (closed symbols). The reference temperature is
223 K. The lines correspond to the fits with the Rouse model (for PBO-
10) and Likhtman’s model (for PBO-50).

Figure 10. Storage modulus G0 and loss modulus G0 0 of PBO-10 (open
symbols) and PHO-10 (closed symbols). The reference temperature is
223 K. The lines correspond to fits with the Rouse model.

Table 6. WLF Parameters
a

C1 C2 [K]

PBO-10 (T0 = 223 K) 7.5 48
PBO-50 (T0 = 223 K) 9.4 58.1
PBO-50 (T0 = 243 K) 7.6 93
PHO-10 (T0 = 223 K) 7.17 37.98

aThe average error is below 0.2 for C1 and below 2.5 K for C2.
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assumption for the constraint release parameter cν which is
related to the relative hop distance in terms of tube dia-
meters. The number of entanglements varies between 5.5 and
6 for cν=0and 0.1, respectively. The entanglement time τe is
unaffected by the choice of cν and is 0.012 s at T0 = 243 K,
which can be rescaled to a reference temperature of 223 K
resulting in τe = 1.55 ( 0.3 using Table 6 and error bars on
the WLF constants.

For the Rouse time, the relation τR = τeZ
2 holds. Since τe

obtained from the fit of PBO-50 is approximately equal to
the Rouse time of PBO-10, this proves that the molecular
weight of PBO-10 is smaller than or fairly equal to the
molecular weight between entanglements Me. The times
correspond to an average number of entanglements Z ≈
0.9( 0.1, which is nearly 1, and so in a good approximation
Me =Mw/Z= 10700( 1500 g/mol. This is consistent with
Me ≈ 8800 ( 1100 g/mol, calculated using Z(PBO-50).
Extrapolations for the other PAO’s cannot be made due to
the lack of reliable τe values.

However, estimates for Me can be obtained in a different
way: Similar to the noticed predictability of chain para-
meters from both experimental and simulation work for
poly(olefine)s,54,55 basing solely on the mass per backbone
bond mb, a workable hypothesis can be framed. Since the
PAO’s may be regarded as substituted PEO chains, we
introduced the relationship

ÆR2æ0
M

¼ m0,PEO

3mb

ÆR2æ0
M

 !
PEO

¼ 44

3mb

ÆR2æ0
M

 !
PEO

ð14Þ

in analogy to the relation for poly(ethylene) and higher
poly(olefine)s in ref 54. (ÆR2æ0/M)PEO was determined and
confirmed earlier to be 0.805 Å2 mol/g.55

For the PAO’s, themass per backbone bond ismb(PPO)=
19.3, mb(PBO) = 24, mb(PHO) = 33.33, and mb(POO) =
42.67 g/mol. Inserting the mb’s into eq 14 leads to (ÆR2æ0/M)
for the PAO’s in the above order: 0.61, 0.49, 0.35, and 0.28 Å2

mol/g. Experimental chain dimensions are only known for
PBO from θ-solution work (ÆR2æ0/M=0.49 Å2 mol/g)56 and
for POO (0.29( 0.01 Å2 mol/g).57 Both experimental values
are in perfect agreement with our prediction. The packing
length58 is defined as

p ¼ M

ÆR2æ0FNA
ð15Þ

Wetook thedensity of PEO,F(PEO)=1.06 g/cm3, from ref 55
and measured F(PPO) = 1.01 g/cm3, F(PBO) = 0.98 g/cm3,
F(PHO) = 0.94 g/cm3, and F(POO) = 0.92 g/cm3. With this,
the values resulting for the packing lengths are 1.95 (PEO),
2.69 (PPO), 3.46 (PBO), 5.05 (PHO), and 6.45 (POO). Within
the framework of the packingmodel it is assumed that p scales
with the tube diameter dt:

dt = 19p ð16Þ
and thereforeMe can be expressed as

Me ¼ ð19pÞ2M
ÆR2æ0

ð17Þ

We obtain Me ≈ 8800, 26 000, and 53 500 g/mol for PBO,
PHO, and POO, respectively. The value for PBO concurs
perfectly with the above-mentioned Me values resulting from
the fits to the data. The highMe resulting for POO within this
estimate seems also reasonable since the relaxation times of

the dielectric normal mode points at a not or only slightly
entangled POO-50.

Using these values for Me, the plateau modulus Ge =
FRT/Me at ambient temperature differs by as much as a
factor of 6.25 going from PBO (0.25 MPa) to POO
(0.04 MPa)! The value for Ge resulting from the fitting of
PBO-50 with the tube approach is 0.15 MPa, being lower
than the estimate, even if one considers the temperature
dependence of the density. This may be due to microscopic
air bubbles caused by the difficult preparation of the samples
between the rheometer plates. Considering the latter and the
fact that the estimatedGe is based on simple assumptions, the
agreement is very good, though.

For all calculations in the above paragraph,wehave ignored
steric hindrance effects and, mostly, also temperature depen-
dencies. The results are, however, physically sound in order to
guide a further systhesis of the PAO’s with respect to the
interesting molecular weight where entanglements are formed.
At the same time, we have to revisit the former observations
that the glass transition temperature is constant for the
different side-chain lengths: Because of the presumably very
high Me of POO, the limiting value of the glass transition
temperature may still be some K above the ones given in the
DSC-section. This would then result in an increase of TG with
increasing length of the side chains.An effective decrease ofTG

as it is found for the PnMA’s can be excluded for the PAO’s.
Comparison of the Different Methods. In Figure 11, the

Arrhenius plots of the normal mode relaxation of PBO-10,
PBO-50, and PHO-10 are shown together with the corre-
sponding relaxation times obtained from the fits to the
rheology data. In case of PBO-50, this is the disentangle-
ment time τd resulting from Likhtman’s model, and in the
case of the low-Mw samples it is the Rouse time τR. The
Vogel-Fulcher fits to the Arrhenius curves were repeated
considering also these additional data points. It turns out
that for PBO-10 andPHO-10 there is almost no change in the
fitting parameters compared to those obtained only from the
dielectric data. For PBO-50, the value obtained from rheo-
logy is, within the error bars, consistent with the extrapola-
tion of the fit of the dielectric data. The new fit, however,
also gives a satisfying approximation of the dielectric
data. We thus conclude that despite the fact that dielectric
spectroscopy and rheology measure retardation and

Figure 11. Relaxation times of the normal mode of PBO and PHO
plotted versus the inverse temperature including the longest relaxation
time obtained from the rheology measurements. The solid lines corre-
spond to the (extrapolated)Vogel-Fulcher fits of thedielectric data; the
dotted lines also include the rheology data.
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relaxation, respectively, and although they probe micro-
scopic properties on the one hand and macroscopic ones
on the other, the respective longest relaxation times agree
with each other.

Summary

We presented the results of differential scanning calorimetry,
dielectric spectroscopy, and rheology experiments on different
poly(alkylene oxide)s with two different molecular weights. For
the samples with the longest side chains, crystallization occurred.
The glass transition temperatures are almost independent of the
molar mass and vary only slightly with the length of the side
chains. This is also reflected by the relaxation times of the
dielectric R-relaxation which depends scarcely on the molecular
weight but slows down a little with the number of carbon atoms
per side group. Additionally, the dielectric R-peak of the samples
with side chains of at least four carbon atoms show a shoulder at
high frequencies possessing a temperature-dependent shape.
Perhaps this is an indication of a separate relaxation process of
the side chains. The shape of the normalmode relaxation changes
slightly with the molar mass and the length of the side chain. The
corresponding relaxation times show a distinct dependency on
both molar mass and side-chain length since the latter clearly
influences the entanglement molecular weightMe. A calculation
based on the Rouse model incorporating an additional molar
massdistributionwasperformed inorder to theoretically describe
the dielectric normal mode. However, we did not succeed in
obtaining an accurate result.

For PBO and PHO, rheological experiments yielded results
which are in accordance with the dielectric data. An estimate of
Me based on the number of entanglements on the one hand and
the packing model on the other substantiated the values already
suggested by the BDS results. This clearly demonstrates thatMe

increasesmarkedly with increasing length of the side group, being
around 54 kg/mol for POO. A comparison of estimated chain
dimensions with literature data for PBO and POO showed
excellent agreement.
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