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a b s t r a c t

The relaxation behavior of a series of solvent free polyurethane model networks with variable cross-link
density prepared based on different commercial diols and a diisocyanate containing component are
studied by differential scanning calorimetry (DSC), dynamic-mechanical analysis (DMA) and dielectric
relaxation spectroscopy (DRS). A systematic decrease of the calorimetric glass temperature Tg as well as
of the softening temperatures TaDMA and Ta

DRS from relaxation methods is observed with increasing length
of the diol sequences between neighbored diisocyanate units acting as cross-linker. This trend is
explained based on an internal plasticization of the polymeric network by long, highly mobile diol units
containing an increasing fraction of methylene sequences. Cold crystallization effects are only indicated
for the longest diol sequence under investigation. This is understood as a consequence of a large fraction
of methylene sequences in combination with weaker geometrical constraints. Two secondary re-
laxations, b and g, are observed in the glassy state for all amorphous samples at low temperatures by
dielectric spectroscopy indicating the existence of localized motions in the polyurethane networks.
Below Tg these relaxation processes are practically unaffected by changes in the length of the diol units
and the softening behavior of the polymeric model networks. Interrelations between secondary b

relaxation and cooperative a dynamics are indicated. An onset of the dielectric a relaxation strength Dεa
is observed for all amorphous polyurethane networks. A linear extrapolation of Dεa vs. 1/T gives onset
temperatures Ton which are in good agreement with ab crossover temperatures Tab being the temper-
ature where the difference between a and b relaxation times ta�tb approaches a minimum. This finding
supports an onset of the cooperative a motions in the ab crossover region as reported in the previous
literature for many other glass forming materials.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Polyurethane based materials are used in various fields of
application because of their unique physical and chemical proper-
ties. Prominent examples are applications in arising technology
fields such as coatings, adhesives, fibres, foams and thermoplastic
elastomers [1e4]. Another interesting class of related materials are
biocompatible composites based on polyurethane copolymers
[5e7]. It is known that the properties of polyurethane based sys-
tems strongly depend on the polymolecularity of the soft segment
ahl).
as well as on the overall chemical architecture of the components.
Based on this phenomenological knowledge the properties of
urethane-based materials can be systematically changed by varia-
tion of chemical composition, microstructure andmolecular weight
of the soft and hard segments [8,9]. By changing the functional
groups proportion of the components rH ¼ [OH]/[NCO], networks
with variable topology were obtained [10,11]. In general, a complex
three-dimensional network is formed which can be different
regarding crosslinking density, functionality of the cross links
(isocyanates) and the chain length of the binding molecules (dio-
les). The network structure was investigated in different experi-
mental and theoretical studies [12e16] and it was demonstrated
that polyurethane networks possess commonly elastomer proper-
ties since they are used above their glass transition temperature Tg.
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Many of the versatile properties of segmented polyurethanes
making such materials interesting for industrial applications have
been related to a nanophase separation tendency. Hence, several
studies in the literature deal with the factors controlling nanophase
separation and the development of experimental methods allowing
to study nanophase separation in segmented polyurethanes
[17e21]. Theoretical studies focusing on a statistical description of
the network formation of polyurethane elastomers from soft seg-
ments and high polar hard segments are reported [22]. Dielectric
studies on linear polyurethanes and polyurethane networks
crosslinked using three-arm poly (propylene oxide) stars [23],
molecular dynamics studies on linear and hyperbranched poly-
urethanes [24], as well as investigations of structure-property re-
lations in polyurethanes with ionomers by thermoanalytical,
spectroscopy or electrical methods [25e28] were performed.
Structure and elasticity of model polyurethanes with well defined
architecture were studied by Ilavsky and Dusek et al. [22,29] while
the influence of the crosslink agent on the relaxations processes
was systematically investigated by Opera [30,31].

In case of the commercially available polyurethane components
Desmodur™ and Capa™, the NCO groups of Desmodur™ define the
functionality of cross links, while different types of Capa™ can be
used as binding agent between the polyisocyanates defining the
mesh size of the network. Their length controls the distance be-
tween the cross links. The bridge length is in fact depending on
molecular weight of the diol component since Capa™ contains only
linear polyether diols. Hence, a highmolecular weight of these diols
causes a larger distance between two neighbored cross-links. It is
known, that stiffness and glass transition temperature are usually
systematically affected by the length of these bridges. This allows to
prepare polyurethane model networks with systematically varied
microstructure and network topology.

Aim of this work is to study polyurethane model networks
prepared using different combinations of Desmodur™ and Capa™
by DSC and relaxation spectroscopymethods in order to learnmore
about the influence of network composition and topology on the
overall relaxation behavior. Of special interest are (i) a better un-
derstanding of systematic changes in the softening behavior (Tg,
Ta
DMA, Ta

DRS) depending on the diol units used and (ii) interrelations
between the segmental dynamics (a relaxation) and localized
motions seen as b and g relaxations. Similarities to other polymeric
systems containing short methylene sequences forming alkyl
nanodomains will be used to explain details of the relaxations
dynamics as well as the molecular origin of changes in the soft-
ening behavior. Analogies between polyurethanes model networks
and many other glass forming systems regarding the relaxation
behavior in the ab crossover region are discussed.

2. Experimental

2.1. Materials and sample preparation

Polyurethane networks with variable cross-link density are
prepared based on different commercial Capa™ (Perstop Group)
and Desmodur™ (BayerMaterials Science) components. Capa™
components being polyols with variable average lengths are used in
combinationwith Desmodur™N3300 being a 1,6-hexamethythlene
diisocyanate-based system acting as crosslinking agent.

ε-caprolactone based systems of the Capa™2000 series exhibit a
practically linear structure terminated with primary hydroxyl
groups and have defined molecular weights (Scheme 1). The OH-
values of the used Capa™2000 types were determined by titra-
tion. Their molecular weight correlates with the net bridge length
of polymer networks if cross-linked with 1,6-hexamethylene dii-
socyanate. Capa™2043 is derived from 1,4-butanediol while all
other diols such as Capa™2054, Capa™2085, Capa™2125 and
Capa™2205 are derived from diethylene glycole. Molecular weight
Mw as well as average number of caprolacton units per diole n are
systematically varied in the chosen diol series (Table 1) [32].

As cross linkers 1,6 hexamethylene diisocyanate (HDI) based
mixtures from trimers, pentamers and heptamers are used. Main
component in the used Desmodur™N3300 system (Scheme 1b) is
the trimer of HDI [33]. The average functionality F specifying the
mean number of free functional groups, in this case NCO-groups,
per cross-linker molecule is F ¼ 3.5 for Desmodur™N3300.

The set specification of Capa™ and Desmodur™ was used for
getting suitable mixtures with well defined molar ratios of the
functional groups. In order to obtain a homogenous film, small
amounts (0.2e0.5 wt%) of the additive BYK™332 (BYK Additives &
Instruments) is added dropwise to the Capa™, followed by addition
of Desmodur™ during stirring at 50 �C. This mixture was poured in
preheated dishes of glass or Al-foil, which were heated within
30 min to 120 �C. After 24 h at 120 �C the preparation of the desire
film was complete. The samples were than cooled down to 23 �C
and investigated within two days.

2.2. Methods

Dielectric spectroscopy is used to study the frequency-
temperature behavior of relaxation processes in the investigated
polyurethane series. Dielectric measurements are performed with
an impedance analyzer (Hewlett Packard HP 4282 A) covering the
frequency range from 0.1 Hz to 1 MHz at sample temperatures
ranging from �100 �C to 100 �C. Polyurethane films with a thick-
ness of about 200 mm kept between two gold-plated stainless-steel
electrodes (diameter 20 mm) are used as sample capacitors. The
samples are exposed to a temperature-controlled nitrogen gas
stream. The sample temperature is measured with a PT100 sensor
directly at the lower electrode and a Quatro Cryosystem from
Novocontrol GmbH is used as temperature controller. The dielectric
measurements are performed with the following steps: The sample
(i) was annealed at �100 �C, (ii) ramped with a rate 10 K/min to
100 �C measuring four frequencies in order to find relevant relax-
ation processes, (iii) cooled down and annealed again at �100 �C,
and (iv) heated in steps of T ¼ 5 K or T ¼ 2 K (depending on the
temperature region) from �100 �C to 100 �C. In the latter case, the
samples are annealed at least 15 min at each temperature in order
to make sure that the control temperature was constant within an
interval of ±0.02 K.

Dynamic-mechanical measurements were carried out using a
DMA242c dynamic mechanical analyzer (Netzsch GmbH). Oscilla-
tory tests at a frequency of 1 Hz are performed in tensile modewith
a strain amplitude of 70 mm and a prestrain of 70 mm. Stripes with a
dimension of 40 � 5 � 0,1 mm3 were cut from the prepared films.
The dynamic modulus E* was measured in the range from �120 �C
to 50 �C, at a heating rate of 3 K min�1 under nitrogen atmosphere.
The variation of storage modulus (E0), loss modulus (E00) and loss
tangent (tand ¼ E00/E0) as a function of temperature was recorded.
Before measuring, the samples have been pretreated in an oven at
60 �C for at least 24 h to minimize the influence of humidity.

Differential scanning calorimetry (DSC) measurements were
performed using a DSC200 (Netzsch GmbH). Measurements are
carried out according a standard program. Samples with a mass of
about 10 mg were (i) cooled from 25� to�120 �C at a rate of �10 K/
min, (ii) held at �120 �C for 10 min, (iii) heated from �120 �C to
100 �C at a rate ofþ20 K/min, (iv) annealed at 100 �C for 10 min, (v)
cooled to �120 �C with a rate of �10 K/min, (vi) held at that tem-
perature for 10 min and finally (vii) reheated at a rate of þ20 K/min
to 100 �C. This second heating scan has been further evaluated. The
glass temperature is determined based on a midpoint construction.



Table 1
Sample characteristics.

R Mw g/mol na vb mol/m3

Capa™2043 1,4 butanediol 400 2.7 1085
Capa™2054 diethylene glycol 550 3.9 898
Capa™2085 diethylene glycol 830 6.4 578
Capa™2125 diethylene glycol 1250 10.0 359
Capa™2205 diethylene glycol 2000 16.6 e

a Average number of carbons per diole sequence n ¼ p þ o (cf. Scheme 1a).
b Average crosslink density estimated based on a simple rubber elasticity model

n ¼ EN
0/3RT with EN

0 being the elastic modulus in the rubber plateau range and R
being the gas constant (cf. Fig. 2).
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3. Results and discussion

DSC heating scans for polyurethane model networks with linear
diol bridges of different lengths between neighbored diisocyanate
units are presented in Fig. 1. All investigated samples show a well
pronounced glass transition at temperatures between 0 �C
and �40 �C.

The glass temperature Tg is systematically decreasing with
increasing lengths of the diol sequences between neighbored dii-
socyanate units and increasing average fraction of methylene se-
quences in the diol units n (Table 1). This trend is interestingly
comparable to that what is foundwith increasing length of the alkyl
side groups in amorphous comb-like polymers like poly (n-alkyl
methacrylates) [34,35], poly (n-alkyl acrylates) [36] or poly (di-n-
alkyl itaconates) [37]. In that case, this effect has been interpreted
as a consequence of an internal plasticization of polymer backbones
by highly flexible CH2 units in the side groups [38] accompanied by
a nanophase separation of main and side chain parts [35]. Although
the overall architecture of the polyurethane networks investigated
here is quite different, the existence of highly mobile methylene
sequences is a common aspect and may also explain the trend
regarding the glass temperature Tg for the investigated poly-
urethane series. Peculiar behavior is only observed for the
Capa™2205 based sample containing the longest diol sequences.
This sample undergoes obviously cold crystallization above
Tg ¼ 39.9 �C and melting at even higher temperatures. Crystalli-
zation and melting occur during heating at 0.9 �C and 23.4 �C,
respectively. This finding can be also associated with the existence
of long diol sequence between neighbored diisocyanate units
having a strong crystallization tendency and feeling less constraints
compared to systems with higher crosslink density. Heat of melting
and heat of crystallization are 12.2 and 11.2 J/g for Capa™2205
based networks, respectively. Assuming that the methylene se-
quences do crystallize and that the heat of melting is about 3.4 kJ/
mol per mole CH2 unit, one can conclude that the diol sequences
are only partly crystallizable. This might be reasonable considering
length of the diol sequences and fraction of methylene units in
Capa™2205 (Table 1 and Scheme 1).

Data for the elastic modulus, E* ¼ E0 þ E00, measured at a fre-
quency of 1 Hz by dynamic-mechanical analysis are presented in
Fig. 2. The results confirm the trends seen in DSC heating scans. The
dynamic glass transition (a relaxation) shows a similar shift to-
wards higher temperatures within the investigated polyurethane
series. High a relaxation temperatures TDMA

a; 1Hz are observed for
Capa™2043 based systems with a small average number of alkyl
carbons per diol sequence (n ¼ 2.7) while low TDMA

a; 1Hz values are
Scheme 1. (a) ε-caprolactone based systems Capa™2000 and (b) Desmodur™3300 the
main component is a trimer of HDI.
detected for the Capa™2205 containing sample with n ¼ 16.6. If
defined based on the maximum of the a relaxation peak in the loss
modulus E00, the relaxation temperatures TDMA

a; 1Hz are more or less
comparable to the glass temperatures Tg as obtained by a midpoint
construction fromDSC heating scans performed with a rate of 20 K/
min (Table 2).

Certain differences seem to exist in particular for Capa™2085
and Capa™2125, but this is not unexpected since it is well known
that the a relaxation time at Tg is to a certain extent material
dependent [39,40]. Accordingly, the temperature difference
Tg � TDMA

a; 1Hz can vary depending on the material.
Note that there is a pronounced shoulder in the low tempera-

ture data indicating an additional relaxation process with a
maximum between �100 �C and �90 �C. This evidences the exis-
tence of a secondary b relaxation process in this frequency-
temperature range which is confirmed by dielectric spectroscopy
as discussed below.

The storage part of the elastic modulus E0 in the rubber plateau
range shows a clear increase with decreasing average molecular
weight Mw of the diol sequences. Values for the crosslink density n
estimated based on simple rubber elasticity models and the rubber
plateau modulus EN

0~E0 (35 �C) are given in Table 1. As expected n
increases systematically with decreasing Mw since the molecular
weights between neighbored crosslinks Mc is inversely propor-
tional to n. Interestingly, the storage modulus E0 at temperatures
below the a relaxation is slightly but systematically dependent on
the chosen Capa™ type, i.e., the average length of the diol se-
quences. The E0 values are higher for short diol sequences and high
a relaxation temperatures. The cold crystallization process in
CapaTM2205 based polyurethane around 1 �C is also visible in the
dynamic-mechanical data. An increase in the storage modulus E0 is
seen between �20 �C and 0 �C related to the growth of a solid
(crystalline) fraction in the rubbery polymer network. A maximum
in E0 (T, 1 Hz) is observed near 0 �C corresponding to the findings in
DSC heating scans before a decrease occurs in E0(T) at higher tem-
peratures related to melting of the crystalline fraction. A repre-
sentative example for the results of dielectric spectroscopy
measurements on one of the fully amorphous polyurethane net-
works under investigation is shown in Fig. 3.

The loss part of the dielectric function ε
00 is presented in a 3D

plot depending on logarithm frequency and temperature. The a

relaxation peak with strongly non-linear temperature dependence
of the peak maximum frequency is clearly visible at temperatures
above �30 �C.

Considering the isotherms of ε
0 and ε

00 at temperatures
between�40 �C and 100 �C (Fig. 4) one can see that the a relaxation
process is clearly visible as a step in the real part ε0 and pronounced
peak in the imaginary part ε00. Apart from this a peak, pronounced
conductivity-like contributions according to ε

00 f s/(ε0 u) (with s

being the DC conductivity and ε0 the permittivity of free space) are
observed in ε'' at low frequencies if the temperature is higher



Fig. 1. DSC heating scans for five polyurethanes prepared based on Desmodur™3300
and different Capa™ systems.

Fig. 2. (a) Storage modulus E0 and (b) loss modulus E00 as function of temperature for
five polyurethanes made of Desmodur™N3300 and different Capa™ types.
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than �30 �C. In addition, much weaker secondary relaxation pro-
cesses are detected at temperatures below�40 �C down to�100 �C
(Fig. 5).

A broad bimodal peak in the loss part ε00 at the lowest temper-
atures indicates that there are indeed two superimposed secondary
relaxation processes (b and g).
In order to get deeper insights, a more detailed analysis of the

dielectric isotherms has been performed based on fit of the
experimental data to a sum of two or three Havriliak-Negami
functions plus conductivity term

ε
*ðuÞ ¼ ε∞ þ

X
k

Dεkh
1þ �

iu
�
u0;k

�bk
igk ¼ ε0 � iε00 (1)

where Dεk and uk are relaxation strength and characteristic fre-
quency of the kth relaxation process and bk and gk its shape pa-
rameters. The peak maximum frequency umax,k characterizing the
relaxation processes can be calculated based on

umax;k ¼ u0

�
sin½pgkbk=ð2gk þ 2Þ�
sin½pb=ð2gk þ 2Þ�

��1=bk
: (2)

Representative examples showing the quality of such fits are
presented in Fig. 6.

The situation in ε
00(u) isotherms at high temperatures with an a

relaxation peak as well as additional conductivity contributions at
low frequencies and weak corrections due to secondary relaxations
at high frequencies is shown in Fig. 6a. At lower temperatures, the
a, b and g relaxations partially overlap while conductivity contri-
butions are negligible (Fig. 6b). Hence, the isotherms in this tem-
perature range can be well described by three HN functions, where
the a process and g process are most intense. Although it is rela-
tively easy to determine the relaxation frequencies of the relaxation
processes precisely, it is hard to get detailed information about
shape parameters and relaxation strengths for all relaxation pro-
cesses individually in those cases since they overlap significantly in
the dielectric spectrum.

The temperature-dependent relaxation frequencies umax for a, b
and g processes are plotted for all investigated polyurethanes in a
common Arrhenius diagram (Fig. 7). Expectedly, the dynamic glass
transition (a relaxation) indicates a significantly non-linear
dependence in the Arrhenius plot since the underlying segmental
motions are cooperative.

This results in a strongly non-Arrhenius-like temperature
dependence which can be approximated in a wide temperature
range by the Vogel-Fulcher-Tamann-Hesse (VFTH) equation [41]

logua ¼ logUa � B=ðT � T∞Þ (3)

with T∞ being the Vogel temperature where the extrapolated a

relaxation time ta ¼ 1/ua,max ¼ 1/(2p fa,max) would diverge, B is
related to the curvature (roughly the higher B the lower curved is
the t (1/T) dependence), and logUa the limiting frequency for T /

0. The VFTH fitting lines are shown in Fig. 7 and the corresponding
parameters are listed in Table 2. The dielectric relaxation temper-
atures shift like in dynamic-mechanical data to lower values if the
length of the diol component between the crosslinks increases. This
trend and the observed a relaxation temperatures themselves are
also well line with the findings by DSC. Expectedly, the extrapola-
tion to an a relaxation time ta ¼ 100 s (corresponding to u ¼ 2p
f ¼ 1/100 rad/s) gives TDRSa 100s values which are in approximate
agreement with glass temperatures Tg from DSC heating scans with
a rate of þ20 K/min. The observed Tg values are commonly about
10 K higher then TDRSa 100s. To certain extent this is due to a relatively
high heating rate (þ20 K/min). Otherwise, it is well known that the
100 s rule is only an approximation and that ta at Tg can vary for
different materials at least between 10 and 1000 s [39,40].

Table 1 also includes the fragility parameter, m [42], that gives a
measure of the departure from Arrhenius behavior quantified by
the slope of the a trace in the Arrhenius plot taken at Tg which can



Table 2
Softening temperatures, activation energies and VFTH fit parameters.

Capa™ Tg TDMA
a; 1Hz TDRSa 100s

EA;b logUb EA;g logUg T∞ B logUa m

�C �C �C kJ/mol rad/s kJ/mol rad/s K K rad/s

2043 �3.1 �1.9 �10.7 62 17.9 45 17.1 219 610 12.1 84.9
2054 �13.5 �19.3 �23.6 45 12.6 45 17.3 210 553 12.0 89.0
2085 �32.5 �45.7 �42.3 59 17.4 36 14.9 187 635 12.5 76.2
2125 �39.9 �60.9 �51.1 63 18.8 41 16.5 186 476 11.4 83.1

Fig. 3. Frequency-temperature dependence of the imaginary part of dielectric function
for the polyurethane network prepared based on Desmodur™N3300 and Capa™2085.

Fig. 4. (a) Real part ε0 and (b) imaginary part ε00 of the dielectric function as function of
logarithm frequency for the polyurethane network prepared based on Desmo-
dur™N3300 and Capa™2085 (mole ratio of the functional groups 1:1). The isotherms
are measured at temperatures between 40 �C and 100 �C in steps of 5 K and at tem-
peratures between �40 �C and 40 �C in steps of 4 K. The isotherm for 0 �C is shown as
dashed line.
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be calculated based on the VFTH parameters [43].

m ¼ BTg�
Tg � To

�2 (4)

The thus calculated fragility parameters are comparable for all
investigated polymers and allow classifying these materials as
moderately fragile. This means that they undergo identical changes
in their physical properties as approaching Tg. This behavior differs
from the one exibithed by highly fragile materials whose temper-
ature dependence varies abruptly close to the glass transition
temperature. While the latter behavior is often reported for poly-
mers with rigid or sterically hindered backbones and/or bulky side
groups, less fragile polymers often have flexible chains allowing a
more efficient packing during vitrification [43]. Although several
exceptions are known [44], the here studiedmaterials seem to obey
this trendmost probably due to the flexibility imprinted by the diol
spacers.

Activation energies EA and limiting frequencies logU of b and g

processes are also determined. The obtained values for both pro-
cesses are listed in Table 2. The corresponding fitting lines are given
in Fig. 7. The EA values of the g processes are quite similar
(z41 ± 5 kJ/mol) for all investigated polyurethane samples and the
extrapolation to infinite temperatures gives values close to 1014 Hz
being the upper frequency limit for relaxational motions. The
behavior of the b process is similar although the activation energies
EA and the logU values scatter significantly more. In general, the
activation energies EA,b (57 ± 12 kJ/mol) are significantly higher
than those for the g process. The larger scatter is possibly due to the
fact that (I) the b intensity is commonly smaller than that of the
overlapping g relaxation and that (II) the b relaxation frequency is
approaching that of the strong a peak at higher temperatures.
Hence, it is difficult to deconvolute the contributions from that of
other relaxation processes and the uncertainties increase. In gen-
eral, the relaxation processes, b and g, show typical features of
secondary relaxation processes in amorphous polymers related to
fluctuative motions of small subunits on atomistic length scales.
Such motions are only slightly influenced by changes of the overall
packing of the molecules in their environment. This explains why
these motions are practically unaffected below Tg despite of sig-
nificant changes regarding the cooperative a dynamics in the
investigated series of polyurethanes. Similar behavior has been



Fig. 5. (a) Real part ε0 and (b) imaginary part ε00 of the dielectric function versus log-
arithm frequency for the polyurethane network prepared based on Desmodur™N3300
and Capa™2085 (mole ratio of the functional groups 1:1) measured at temperatures
between �100 �C and �40 �C in steps of 5 K.

Fig. 6. Frequency dependence of the imaginary part ε
00 of the dielectric function for

polyurethane networks prepared based on Desmodur™N3300 and Capa™2085 at
temperatures of (a) 0 �C and (b) �30 �C (solid line - sum of all contributions, dashed
and dotted lines - relaxation peaks, dashed double-dotted line - DC conductivity). The
relevant relaxation processes (a, b, g) are labeled in both parts.

M. Zajac et al. / Polymer 111 (2017) 83e9088
observed for other amorphous polymer series where the glass
transition temperature changes significantly due to internal plas-
ticization by longer methylene sequences like poly (n-alkyl meth-
acrylates) or poly (n-alkyl acrylates) [36,45,46].

Based on the existing information it seem to be interesting to
check whether or not the b relaxations in polyurethanes studied
here fulfill the criteria considered to be characteristic for Johari-
Goldstein (JG) processes [47,48]. In particular, it is checked
whether or not the estimated activation energy values EA,b are
compatible with the criterion for JG processes proposed by Kudlik
et al. [49] according to which the ratio EA;b=RTDRS

a 100s should be ~24
(R is the universal gas constant). The obtained ratios are 28, 22, 31
and 34 for Capa™ 2043, 2054, 2085 and 2125, respectively. These
values seem to be in the average compatiblewith the predictions by
Kudlik et al. although a certain scatter around the expected value of
~24 is clearly visible. Similar deviations have been reported earlier
in several other cases indicating that it is not the EA;b=RTDRS

a 100s value
but the coupling between JG relaxation and cooperative a relaxa-
tion that is most relevant [50]. Note that the values for the more
intense g relaxation in the investigated polyurethanes clearly differ
from that what has been predicted for JG processes [49,50]. The
activation energies obtained for the g relaxations are relatively
similar to those obtained for caprolactone and poly (ε-capro-
lactones) [51].

Another interesting question that has been extensively studied
in glass-forming polymers where a relaxation times approach to
those of a JG-like process in the so called ab splitting region or ab
crossover region [45,52] is whether or not this feature is
accompanied by additional peculiarities in the relaxation dynamics.
It has been demonstrated [53] for various polymeric and non-
polymeric glasses that the ab crossover is in many cases accom-
panied by (i) an intensity onset of the a relaxation process, (ii)
changes in the temperature dependence of the a relaxation time
and (iii) deviations from the Stokes-Einstein law regarding the
diffusion behavior. Dielectric measurements of different polymers
have shown that an extrapolation of Dεa vs. reciprocal temperature
approaches 0 in the ab crossover region where a and b relaxation
times become comparable [52,53].

A more detailed inspection of the temperature-dependent
dielectric a relaxation strengths for the investigated polyuretanes
underlines that the intensity Dεa is also in our samples systemati-
cally decreasing with increasing temperature. Fig. 8 further dem-
onstrates that Dεa is rawly proportional to 1/T as reported in other
cases [45,46]. A linear extrapolation of the normalizedDεa values as
function of 1/T gives onset temperatures Ton of 107.5 �C, 91.3 �C,
54.5 �C, and 56.2 �C for Capa™ 2043, 2054, 2085 and 2125,
respectively. These values are obviously in reasonable agreement
with ab crossover temperatures Tab defined as temperature where
frequency gap between the (extrapolated) a and b traces in the
Arrhenius plot (Fig. 8) reach a minimum. Using the Activation en-
ergies, pre-factors and VFTH parameters given in Table 2 one gets
112.2 �C, 70.1 �C and 65.2 �C for Capa™ 2043, 2085 and 2125,
respectively. A serious analysis for Capa™ 2054 was impossible
since the number of data points for the b relaxation process is very



Fig. 7. Arrhenius plot showing the dielectric relaxation times for different relaxations
processes in polyurethane networks composed of Desmodur™N3300 and Capa™2043
(squares), Capa™2054 (circles), Capa™2085 (triangles) and Capa™2125 (diamonds).
Data for the a relaxation (full symbols), b relaxation (open symbols), and g relaxation
(cross at center) are compiled.

Fig. 8. Dependence of the normalized a relaxation strength Dεa/Dεa,ref on reciprocal
temperature 1000/T for different polyurethane model networks composed of Des-
modur™N3300 and Capa™2043 (squares), Capa™2054 (circles), Capa™2085 (tri-
angles) and Capa™2125 (diamonds). The lines are linear fits aimed to estimate an
onset temperature Ton by extrapolation. The half filled symbols correspond to the
extrapolated Ton values. The Dεa,ref values correspond to the maximum of Dεa in the
investigated temperature interval.

M. Zajac et al. / Polymer 111 (2017) 83e90 89
limited leading to extremely large uncertainties regarding activa-
tion energy and intercept. Note that the temperaturewhere a and g

relaxation times approach each other (Tag) are significantly higher
than Ton indicating that the interrelation between a and b re-
laxations probably is most important.

Despite of remaining uncertainties one can conclude that there
is for polyuretane networks evidence for an onset of the coopera-
tive a dynamics in the ab crossover region. This confirms a central
finding reported in the related literature and underlines the
importance of the ab crossover region for a deeper understanding
of the cooperative a motions. Obviously, the dielectric results re-
ported here support the idea that cooperativity comes to an end at a
finite temperature Ton in the ab crossover region. It has been argued
[52,54] that cooperativity might not be required any longer at
T > Ton due to increasing free volume in the sample. Hence, the
system becomes at high temperatures dynamically more homo-
geneous and an important prerequisite for the localized b motions
has disappeared. Accordingly, the dynamics that survives above the
ab crossover region is qualitatively different from that what is
appearing at temperatures T < Ton. Following this physical picture
developed based on results for other polymers in the literature
[51e53] the high temperature process a above Tab z Ton is neither a
simple continuation of the a process nor of the b process but a
qualitatively different relaxation process.
4. Conclusions

Summarizing the results of relaxation studies on a series of
polyurethane networks one can conclude that the segmental a

dynamics of these systems depends systematically on the diol units
between neighbored crosslinks. Tg and the softening temperatures
from dynamic-mechanical data (TDMA

a ) and dielectric relaxation
spectroscopy (TDRS

a ) decrease if the length of the diol spacers in-
crease. More specifically it can be shown that this effect is due to an
increasing number of methylene units n per diol spacer, or in other
words an increasing fraction of CH2 units in the entire sample.
Accordingly, we assume that internal plasticization effects should
be responsible for this systematic dependence like in side-chain
polymers with highly flexible alkyl groups of different lengths.
This can be used to fine tune the properties of polyurethane net-
works made from diol units like Capa™ systems with different
molecular weight and isocyante units like Desmodur™ acting as
crosslinker.

Another interesting observation of this study is that a detailed
analysis of the dielectric spectra clearly indicates an onset of the a

relaxation strength Dεa in the ab crossover region of amorphous
polyurethane model networks. Obviously, Dεa is roughly propor-
tional to 1/T. A linear extrapolation gives commonly onset tem-
peratures Ton which are comparable with the crossover
temperatures Tab where the difference between the relaxation
times of a relaxation and b relaxation shows a minimum. This
observation is interpreted as an indication for an onset of the
cooperative a dynamics in the ab crossover region and is well in
line with the conclusions of earlier studies on other amorphous
polymers and glasses. The fact that peculiarities regarding the a

intensity are only found in the ab crossover region although two
secondary relaxation processes, b and g, exist in all investigated
polyurethane networks underlines that there are in particular
strong interrelations between the segmental a dynamics and
localized bmotions in polyurethane networks. One can understand
this experimental observation as additional support for the hy-
pothesis that the dynamics of glass-forming materials changes in
the ab crossover region qualitatively. There is increasing evidence
for the idea that the intermolecular cooperativity accompanied by
dynamic heterogeneities disappears at temperatures above the ab

crossover temperature. To understand whether or not this is a
general feature for various glass-forming materials seems to be of
fundamental importance for a better understanding of the nature of
cooperative a motions and should be further studied in the future.
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