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Abstract

Supramolecular groups in polymeric systems lead to responsive materials which are ideally suited for applications in dynamic environments.
The key to their advanced properties such as shape-memory or self-healing is the reversibility of secondary interactions which can be
triggered by external stimuli such as temperature, light, or pH-value. Controlling the (mechanical) behavior of such systems requires a
precise understanding of intrinsic properties. We present a multimethod study of transient polyisoprene networks that were functionalized
with different amounts of hydrogen bonding urazole groups. This work aims at understanding rich rheological features on the basis of their
microscopic origin. First, the thermorheological simple behavior is validated experimentally. Subsequently, we characterize the underlying
microscopic processes by broadband dielectric spectroscopy (a-process and o*-process), differential scanning calorimetry (glass transition
behavior), and Fourier-transform infrared spectroscopy (thermodynamics of group association/dissociation). Based on these results, the influ-
ence of the supramolecular groups on the rheological response is analyzed. The observed features such as the onset of elastomeric properties
in the flow regime, a drastic increase in the chain relaxation time with an increasing amount of functional groups, and the occurrence of a
second rheological relaxation process, which is the most prominent effect, are discussed and related to their physical origin. © 2017 The

Society of Rheology. [http://dx.doi.org/10.1122/1.4998159]

l. INTRODUCTION entangled polyisoprene (PI) networks, carried out to assign
the rheological characteristics to their associated micro-
scopic origin.

This paper is structured as follows: Sec. II provides
details about the synthesis and properties of the model sys-
tem and the experimental setup, while the results are dis-
cussed in Sec. III. In Sec. IIT A, a proof-of-principle with
respect to the self-healing properties of the model system is
given. In Sec. III B, its thermorheological simple behavior is
validated and discussed, questioning the relation of the acti-
vation energy for segmental relaxation compared to group
dissociation. An essential characterization of these pro-
cesses on a microscopic scale, realized by broadband dielec-
tric spectroscopy (BDS), differential scanning calorimetry
(DSC), and Fourier-transform infrared spectroscopy, is
given in Sec. III C. Based on the results of this fundamental
multimethod investigation, the rheological master curves,
obtained by the time-temperature superposition, are ana-
lyzed in Sec. IIID. The influence of the supramolecular
groups on the mechanical response is discussed. We found
(i) the appearance of elastomeric properties in the flow
regime, (ii) a drastic increase in the terminal relaxation time
with an increasing amount of functional groups, (iii) an
extra contribution of the functional groups to the elastic
modulus, and (iv) the occurrence of a second rheological
relaxation process, as observed commonly in supramolecu-
lar polymer networks bearing various types of transient
binding motifs. We will show that the time needed for a

Conventional polymers widely used in industries and con-
temporary technologies are made up of monomeric units,
connected by irreversible covalent bonds. In supramolecular
polymeric systems, the monomeric building blocks interact
additionally via secondary interactions [1-3], based on
hydrogen bonding [4], ionic [5], or metal-ligand [6] binding
motifs. The resulting stimuli- and/or thermoresponsive poly-
meric systems are used for applications that require precise
control of molecular dynamics such as controlled release
drug delivery [7], sensors [8], coatings [9], and shock
absorbers [10]. Moreover, novel features such as self-healing
[11-13] and/or shape memory [14-16] properties can be
introduced into ordinary polymeric materials by supramolec-
ular groups. To tune the properties of these interactive
systems in a reasonable way for their foreseen application, a
precise understanding of the underlying mechanisms is a pre-
requisite. In particular, the relaxation processes connected to
the reassociation dynamics of the supramolecular groups
must be understood in detail for a targeted implementation in
dynamic environments.

Thus, supramolecular polymers are intensively studied by
rheological methods, which is an effective way for exploring
the material response to mechanical stimuli. In this work,
we present a multimethod study on urazole functionalized
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polymer strand to become rheologically active cannot be
determined with the pure bond lifetime.
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Il. EXPERIMENTAL
A. Materials

All reagents and solvents used for the synthesis of model
systems were purchased from Sigma-Aldrich. Tetrahydrofuran
(THF) was dried over CaH, and potassium/benzophenone. All
other materials were used without further purification. Well
entangled PI with a molecular weight of M,, = 84 kg/mol and
a polydispersity index (PDI) of 1.02, as revealed by size-
exclusion chromatography (SEC) and static light scattering
(SLS) (Fig. S1) [17], was synthesized via anionic living poly-
merization [18]. The microstructure of 70% cis—1.4, 24%
trans-1.4, and 6% of 3.4u was determined by "H-NMR spec-
troscopy at 298K in deuterochloroform. For the backbone
functionalization of PI with urazole groups (U), the known
addition of 4-phenyl-1,2,4-triazoline-3,5-dione (PTD) to poly-
dienes by ene reaction, which proceeds chemoselectively with
1,2-substituted double bonds, was carried out in analogy to
literature procedures [19] in dry THF. Then, the solvent was
removed at 313 K under reduced pressure and dried for four
days under high vacuum (HV, p < 1073 mbar) to yield the
functionalized polymer. The reaction has a conversion of
98% as studied by NMR. The analysis of the functionalized
material via "H-NMR and Fourier transform infrared spec-
troscopy (FTIR) spectroscopy is given in Sec. S1. As shown
in Fig. S2 [17], the functionalization degree can be con-
trolled precisely.

Covalent crosslinking was carried out on the (functional-
ized) PI in the melt state to obtain dual networks for the DSC
measurements, which contain both transient hydrogen bonds
and covalent chemical bonds. Dicumylperoxide (DCP) as an
established and well investigated [20] curing agent for the
peroxidic crosslinking reaction was mixed with the function-
alized PI in solution after completion of the ene reaction. For
the pure covalent reference sample without functional
groups, PI was dissolved in dry THF before DCP was added.
After stirring the mixture at room temperature for several
minutes, it was concentrated at 313K under pressure and
filled into a Teflon mold, while THF was removed under
argon flow. The melt was dried under HV for two days and
then firmly closed with a lid. The subsequent covalent cross-
linking reaction was conducted under an argon atmosphere
for 5h at 423K (preheated). For all samples, a covalent
crosslink density (cld) x.,, = 1 mol. % relative to the mono-
meric units was chosen, leading to an average molecular
weight of M, = 6400 g/mol between the covalent crosslink
sites. The effective conversion of the covalent crosslinking
procedure yielded 95 = 2.5% as extracted for the pure cova-
lent networks without urazole groups by equilibrium swell-
ing experiments in cyclohexane. The sol fraction amounted
5m%. The possibility of a retro-ene reaction due to the cova-
lent crosslinking process as well as an inhibition of the per-
oxidic crosslinking due to the reassociating groups was
excluded, as the same amount of urazole groups on the func-
tionalized chains before and after the covalent crosslinking
process was revealed by FTIR spectroscopy (Fig. S3) [17].
In Table I, all samples investigated in the course of the cur-
rent work are listed and specified according to their
properties.

GOLD et al.

TABLE 1. Samples and the corresponding cld of transient and covalent
crosslinks.

Transient cld Covalent cld
Nomenclature (mol. %) (mol. %)
Transient network
PI-84 K-UO (linear reference) 0 0
PI-84K-U1 1 0
PI-84 K-U2 2 0
PI-84 K-U4 4 0
PI-84 K-U10 (for self-healing test) 10 0
Dual network (for DSC
measurements)
PI-84 K-UO-cov (covalent reference) 0 1
PI-84 K-Ul-dual 1 1
PI-84 K-U2-dual 2 1
PI-84 K-U4-dual 4 1

The homogeneity of the transient and the dual network
samples was proven by small angle neutron scattering
experiments, verifying a Gaussian chain structure for the
transient and the dual network chains [21], therefore exclud-
ing possible strong clustering or phase separation due to the
polar urazole groups.

B. Tensile test

To prove the self-healing properties of the model system,
highly functionalized polyisoprene (PI-84K-U10) was
brought into a tailor made Teflon lid and heated under HV at
T = 333 K overnight to form a homogenous 40 X 5 x 5 mm
specimen. The sample was clamped with an initial gauge
length of 25 mm between the jars of a Linkam TST350 offer-
ing a tensile force in the range of 0.01-20 N. Uniaxial tensile
tests were performed, increasing the strain linearly with a
crosshead speed of 0.1 mm/s until an extension of 25% was
reached. The sample was removed from the clamps and
released under an argon atmosphere until it recovered to its
initial length. The specimen was cut with a razor blade into
half. Then, the cutting surfaces were brought into contact
with each other as quick as possible, and the restored sample
was kept at room temperature under argon for 24h.
Subsequently, the tensile test was repeated under original
conditions.

C. Small amplitude oscillatory shear rheology

Oscillatory shear rheology measurements were performed
on an ARES rheometer from Rheometric Scientific Inc.,
equipped with a 2K-FRT transducer and using a plate-plate
geometry with a plate diameter of 8 mm. To eliminate air
bubbles in the highly viscous supramolecular samples, the
sample material was exposed to HV at 313K for two days.
Then, the sample material was placed as a whole on the
lower plate before reducing the gap to 1 mm and releasing
the normal force. For the detection of the viscoelastic
response functions, G'(w) and G”(w) frequency sweeps in a
frequency range of w = 0.1-100rad/s were carried out from
228 K up to a maximum of 333 K using AT = 5K steps and
a temperature equilibration time of ten minutes after each
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temperature change. The instrument automatic gap control
was setto Fy =5g/ cm? (“autotension mode™) to restore the
normal force, which results from an increasing sample vol-
ume caused by the density decrease in the sample material
due to heating and the thermal expansion of the tools. Thus,
the vertical shift factor by monitors only the temperature
dependent density of the sample material. For all measure-
ments, a strain amplitude of y = 0.1% was used, well located
in the linear response regime for all temperatures and func-
tionalization degrees (Fig. S8) [17].

D. Broadband dielectric spectroscopy

For the BDS measurements, a Broadband Dielectric
Converter and an Alpha-A-High-Resolution-Analyzer pur-
chased from Novocontrol were used. All measurements fol-
lowed the same procedure of sample preparation: Several
100 mg samples of the dried sample material were taken
directly and put on a gold-coated electrode with a diameter
of 20mm and a thickness of 2mm. After smearing the
(supramolecular) melt homogenously over the whole elec-
trode area, glass fibers with a thickness of 50 um each were
arranged over the sample material to avoid any short circuits.
The complex dielectric function ¢*(w) was investigated for
the transient sample system from f = 107>~10° Hz for tem-
peratures from 203 K to 413 K, starting at the lowest temper-
ature and using temperature gaps of AT = 5K. After each
temperature change, a duration of ten minutes was spent for
temperature equilibration.

E. Differential scanning calorimetry

DSC measurements were carried out according to DIN
EN ISO 11357 [22] using a Q2000 aperture from TA
Instruments. A small amount of ~10mg of the dried sample
material was taken directly and encapsulated after accurately
weighting in a hermetically sealed standard aluminum pan.
Calorimetry data were collected for the transient sample sys-
tem for two different heating rates, 10 and 20 K/min, from
five heating cycles each, to ensure reproducibility. Each
cycle consisted of ramping from 123 to 423 K with an equili-
bration time of five minutes at 123 K before starting a new
ramp. The fifth run was used for data evaluation. During the
cooling process (10 K/min from 423 to 123 K), no data were
collected.

F. Fourier transform infrared spectroscopy

As the carbonyl stretching vibrations of the urazole
groups occur at v = 1702cm™! for the associated state and
v=1721cm™! for the dissociated state, the temperature-
dependent ratio of association/dissociation was investigated
by FTIR measurements, performed on a Tensor 27 and
Vertex 70 spectrometer (Bruker). For data reduction, the
integrated spectrometer software OPUS 7 was used. For PI-
84 K-UO and PI-84 K-U1, the FTIR spectra were obtained by
using the transmission technique. Therefore, a few mg of the
sample material was dissolved in several ml of THF and
applied by drop casting on BaF, windows. After THF was
completely removed, a sandwich-type transmission cell was
built and put into an electric heating jacket (Specac). The
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spectra of PI-84 K-U2 and PI-84 K-U4 were measured by
using the attenuated total reflection technique, as the high
amount of urazole groups pushes the transmission signal into
saturation. For this purpose, a few mg of the dried simple
material was put directly on the heatable diamond single
reflection crystal of a Golden Gate accessory (Specac).
Single scans of 128 in a wavenumber range of v =
1280 — 3990cm™—! were carried out for each spectrum,
investigating at temperatures from 343 to 314 K, starting at
the lowest temperature and using temperature steps of
AT = 10K. After each temperature change, 15min were
spent for temperature equilibration. The final spectra were
obtained after a baseline correction, atmospheric H,O com-
pensation, and background correction.

lll. EXPERIMENTAL RESULTS
A. Self-healing properties

Instead of chemical crosslinks as for common elastomers,
the intermolecular interactions between the network chains
are provided by reversible groups for transient networks. If
the material is broken or cut, mainly the reversible crosslinks
between the chains are ruptured, as they are much weaker
than the covalent backbone ones. To avoid the reaction of
the transient bonds with their closest neighbors in the same
fragment, the fractured parts must brought together as quick
as possible so that the damage is repaired by the reassocia-
tion of the functional groups at the cutting surface. This
reproducible procedure almost retained their mechanical
properties [23,24]. In Fig. 1, the engineering stress-strain
curves of highly physically crosslinked polyisoprene PI-
84 K-10U, bearing 10 mol. % urazole groups, are compared
before and after the cutting process.

It can be seen that PI-84 K-U10 shows around 80% recov-
ery of its load transferring ability due to the reassociation of
the functional urazole groups after healing at room tempera-
ture for 24 h. The residual 20%, which could not be regained
by the healing process, may be lost due to additional

0.50 +—r————"——"—"T"—T"—"T"——TT T
0.45 E PI-84K-U10: ~ 125 groups/chain

: O initial sample °
040 O healed sample E

035 E o 3
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FIG. 1. Engineering stress-strain curves for PI-84 K-10U, obtained for a
crosshead speed of 0.1 mm/s. After healing the sample for 24 h at room tem-
perature, 80% of the initial load transferring capability is restored.
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destruction of covalent crosslinks and saturation with bind-
ing partners in the corresponding own half of the sample.
This individual result shows nicely that the model system
exhibits self-healing properties for a high amount of functional
groups. As the objective of the publication aims to assign the
rheological characteristics of transient entangled supramolecu-
lar polymeric systems to their associated microscopic origin,
the self-healing properties are not investigated in detail and the
current result merely presents a proof-of-principle to show the
reversibility of the transient network formation.

B. Thermorheological simple behavior

The rheological properties of the entangled polymer
chains are influenced significantly by the introduction of the
functional urazole groups, as they are capable of forming
intermolecular interactions. To determine the change in the
viscoelastic relaxation behavior depending on the amount of
reassociating groups, linear shear rheology measurements
were performed. For the investigation of the rheological
properties over several decades with subject to frequency,
the time-temperature superposition was applied for all spec-
tra, leading to smooth mastercurves. The vertical shift factors
br ranged between 0.85 and 1.1 for all investigated samples
and temperatures. This agrees with literature values [18,25]
and shows that the urazole groups have no additional effects
on the thermal expansion of the sample material. In Fig. 2,
the horizontal shift factors ar obtained for a reference tem-
perature of Ty = 243K are shown. The Williams-Landel-
Ferry (WLF) equation

_Cl (T - Tref)

Cy+ (T — Tref) M

logar =

provides constants C; and C, given in Fig. 2, which increase
strongly with an increasing degree of functionalization. This
effect was reported for similar model systems [26,27] and
explained by an increased apparent flow activation energy
due to the functional groups. Furthermore, the WLF behavior

| R NN (LI (L RO SR PN IR BN NN I R A
—— WLFit: C,=75 C,=764
——WLFit: C,=9.4 C,=844

WLFit: C, = 11.5 C,=102.6
—— WLFit: C, = 13.8 C,=104.9

log(a,)

O PI-84K-U0: 0 groups/chain
O PI-84K-U1: ~ 13 groups/chain

PI1-84K-U2: ~ 25 groups/chain
O PI-84K-U4: ~ 50 groups/chain
1 . 1 5 1 5 1 5 1 5 1 5 1, 1 5 1 5 1 4 1 4 1

220 230 240 250 260 270 280 290 300 310 320 330 340
TIK]

FIG. 2. Horizontal shift factors ar obtained for the transient PI samples for a
reference temperature of T,y = 243 K. Lines represent fits according to the
WLF equation [Eq. (1)]. The resulting WLF constants C; and C, are given
for the transient model system.
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becomes more and more Arrhenius-like, pointing toward a
decreasing fragility, if the number of groups per chain is
raised. The same behavior was also observed for supramole-
cuar networks consisting of poly(2-vinylpyridine) filled with
spherical silica NPs [28]. In this work, the authors observe
an increasing difference between T, and the Vogel tempera-
ture T, with an increasing filling level corresponding to a
higher cld. Thus, they associate the observed transition from
WLF to Arrhenius-like behavior with a shift in the impor-
tance of polymer-polymer interactions relative to the global
dynamics to the relaxation behavior of the supramolecular
networks, which could be also a plausible explanation for the
current model system.

For the linear unfunctionalized PI, both constants C; = 7.5
and C, = 76.4 are in good agreement with literature values
given for a comparable microstructure [29].

An experimental verification of the thermorheological
simple behavior was provided by carrying out frequency
sweeps on the PI-84 K-U2 sample over the entire accessible
frequency range from 0.01 rad/s to 240rad/s at T = 258K
and T = 278 K. The resulting spectra were compared to the
mastercurves, obtained for the same system by the time-
temperature superposition for the corresponding reference
temperatures of Ty = 258 K and Tyf = 278 K. As can be
seen in Fig. 3, the superpositioned curves coincide exactly
with the experimentally accessed ones, verifying the thermo-
rheological simple behavior in the covered range.

Thermorheological simple behavior is commonly reported
for polymeric systems functionalized with groups bearing
weak interactions as double hydrogen bonding motifs. In con-
trast, thermorheological complex behavior is observed for
polymeric systems with stronger associations as triple/qua-
druple hydrogen bonding motifs or ionomeric interactions.
The reason for this results from the fact that the segmental
relaxation time 7, (x-process) is coupled to the sticker disso-
ciation time 7, (o*-process). For associative polymers, this
relation is generally described by the following expression, in
which T represents the temperature in Kelvin and R the uni-
versal gas constant [30,31]:

T, = 1, exp(E* /RT). )

As we will show in Sec. III C, the activation energy of sticker
dissociation E is small compared to the activation energy
E% of the segmental relaxation, and thus, the temperature
dependence of the a-relaxation dominates the transient net-
works. This results in an applicability of the time-
temperature superposition, and the systems can be consid-
ered as thermorheologically simple.

C. Characterization of microscopic processes
and activation energies

To extract 7, and 7,+ for the current model system, BDS
was used. Under the influence of an alternating electric field,
the dipole moments inside the sample material relax back to
their minimum level of energy. In the resonance case, the
excitation frequency equals the inverse time delay of a
characteristic relaxation process. Regarding its chemical
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FIG. 3. Experimental verification of the thermorheological simple behavior.

structure, PI is a dielectric type AB polymer [32,33] featur-
ing a dipole moment with a parallel and perpendicular com-
ponent related to its backbone. Therefore, the «-mode
originating from the segmental relaxation and the normal
mode resulting from the relaxation of the end-to-end distance
can be investigated by BDS. Additionally, the dissociation of
a urazole complex (a*-process) contributes to the dielectric
signal. Due to its centrosymmetric structure (inset in Fig. 4),
the dipole moment of an associated urazole complex is zero.
After the mean lifetime of association 7.+ is exceeded by the
experimental time scale, the absolute value of the dipole
moment shows a time dependent variation, which gives rise
to the o*-signal [34]

PEALAAGY) ®
,(0) - 5,(0)

The a-process and the o*-process will be discussed by means
of the imaginary part ¢’ (f) of the measured complex dielectric
function &*(f), which is an usual practice for the interpretation
of dielectric spectra. For the resonance case, a peak occurs in
¢'(f), while a steplike drop of the dielectric function is
observed in & (f). In Fig. 4, we present &’(f) for the urazole
functionalized transient networks. Due to a variation of the
sample thickness, the signal intensity had to be normalized for
all functionalized systems to the o-mode intensity of the linear
reference system PI-84 K-UO. Furthermore, all curves were

1215

10" SRALLL BRI AL B UL B L I B AL B
r lines: double HN-fit: o PI-84K-U0: 0 groups/chain 1
L HN, (T, process) * HN, (T process) ©  PI-84K-U1: ~ 13 groups/chain 4
- o PI-84K-U2: ~ 25 groups/chain
- e o PI-84K-U4: ~ 50 groups/chain A

|
.
|

TTTTY

Tiso = 243 K + ATg(¢)

E 11

10° 10' 10? 10° 10* 10° 10°
f[Hz]

FIG. 4. Dielectric loss ¢”(f) detected for the transient sample system at an
isofrictional reference temperature of T, = 243 K. Both the o-process and
the o*-process are in the detected frequency range. Lines represent fits
according to an addition of two HN relaxation functions. Inset: H-bonded
centrosymmetric urazole complex.

shifted to an isofrictional reference temperature, defined by its
constant distance to the glass transition temperature Tis, =
Tmeas + [Te(0mol. % U)  —Ty(xmol. % U)] = Tineas + AT,.
The increase in the glass transition temperature AT, as a func-
tion of the functionalization degree was investigated by DSC
measurements and will be discussed later.

Two well-defined relaxation processes occur in the inves-
tigated frequency range. At higher frequencies or corre-
sponding shorter times, the o-process is detected, which
corresponds to the segmental relaxation. At lower frequen-
cies, the a*-process shows up for the functionalized samples.
This two processes are commonly observed for polydienes
functionalized with urazole groups [34-36]. To extract the
corresponding characteristic relaxation times, the spectra
were fitted with a sum of two Havriliak—Negami (HN) relax-
ation functions [37] (Fig. S9) [17], often used for an analyti-
cal description of relaxation processes in amorphous
materials. In Fig. 5, the relaxation times 1, and 7,~ are com-
pared for the transient network samples.

The segmental relaxation times, which are in very good
agreement with literature values [38], remain unaffected by
the reassociating groups. If considered isofrictionally, the
temperature dependence of 7, follows for all functionaliza-
tion degrees the WLF behavior of the rheological shift
factors ar resulting from the application of time-temperature
superposition (TTS). The activation energy of the o-process
amounts to E* = 110%8.7kJ/mol as extracted from an
Arrhenius representation of 7, covering a temperature range
from 228 to 253 K. It can be seen that around thousand seg-
mental relaxation processes are taking place during the mean
lifetime of group association, as t,- exceeds 1, by around 3
orders of magnitude. Furthermore, the mean lifetime of asso-
ciation increases with an increasing amount of functional
urazole groups, as the chemical equilibrium is shifted to the
product side, which is in agreement with Le Chatelier’s prin-
ciple. As we will discuss in Sec. III D, the process of group
separation and therefore the activation energy of the whole
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FIG. 5. Isofrictional representation of the relaxation times t, (rhombs) and
7,+(stars): The linear reference sample (black symbols) and the transient net-
works (PI-84 K-U1: Red symbols, PI-84 K-U2: Green symbols, and PI-84 K-
U4: Blue symbols). The temperature dependence of the o-process follows
for all functionalization degrees the WLF behavior of the rheological shift
factors ar resulting from TTS (black line). The Arrhenius representation of
Ty /Ty is given in the inset.

dissociation process are strongly coupled to the activation of
the o-process

Ty = fp Ty €Xp(Eqq /RT). 4

The Arrhenius representation of 1, /7, (inset in Fig. 5)
reveals the activation energy of the dissociation process from
the slope of a linear fit according to Eq. (4). E* amounts to
29.3+4.0kJ/mol for PI-84K-U1, 28.1=3.7kJ/mol for PI-
84 K-U2, and 61.0%2.7kJ/mol for PI-84 K-U4. While the
activation energy is very similar for the two lowest degrees
of functionalization, a severe increase in the activation
energy is observed for the highest functionalization degree
of 4mol. %, which could result from additional effects as
cluster formation at low temperatures, correlating the associ-
ating groups strongly. As the underlying chain conformation
was not investigated by small angle neutron scattering for
the corresponding low temperatures, an experimental proof
of this assumption cannot be provided. From the inset, it can
be also seen that the ordinate intercept differs for all func-
tionalization degrees. Thus, the functionalization degree
influences the prefactor f,, in Eq. (4), a finding that remains
unexplained. Additional to the perpendicular component, the
dipole moment of PI owns also a component parallel to its
backbone. An investigation of the corresponding relaxation
of the end-to-end vector raises interesting questions such as
if the dipole correlation is disrupted by the functional groups.
Unfortunately, an evaluation of this process failed, as the
corresponding mode spectrum was covered completely by a
high conductivity contribution due to the polarity of the ura-
zole groups.

In the glass transition zone, the segmental relaxation of
amorphous polymers slows down significantly during cool-
ing, as the thermal energy in the system becomes insufficient
for the structural reorientation in the equilibrium state. The
measure of this effect is the specific glass transition
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temperature T, which is defined as the temperature where
the material has a viscosity of # = 10'?Pas. As the func-
tional groups are expected to lead to a reduced segmental
mobility, the glass transition behavior should be influenced
by the amount of groups in the system. To investigate this
effect which was already mentioned and taken into account
for shifting the dielectric spectra to its isofrictional reference
temperature, DSC measurements were performed. As can be
seen in Fig. 6, only the glass transition temperature T, is
influenced by the urazole groups. Additionally, enthalpy
recovery effects, represented by an endothermic peak
slightly above T, are observed in the DSC traces. Although
if the nature of this phenomenon is still under debate, we
will discuss this in the following in the context of the current
state of knowledge. In Fig. 6, the glass transition zone is
compared for the transient networks and the two subse-
quently discussed effects of the functional groups on the
spectrum are marked.

The procedures used for a quantitative analysis of the
highlighted effects were taken from standard specifications [22]
and are depicted in Fig. S7 [17] for a better comprehension. To
determine the glass transition temperature T,, the midpoint
determination method was used [22]. The effect of enthalpy
recovery expressed by an endothermic peak slightly above T,
was quantified by its normalized peak area AAengo /msample
[Eq. (SD] [17].

In the literature, a linear increase in the glass transition
temperature T, with an increasing amount of groups per
chain is observed quite commonly for comparable systems
and related to increasing intermolecular chain interactions
due to the transient groups, therefore reducing the segmental
mobility [39—41]. As will be seen later in Fig. 11, as a result
of our FTIR study, more than 95% of the functional urazole
groups are closed at T, in the meantime average. Therefore,
one may speculate if the functional groups can be treated as
covalent crosslinks at T,. To prove this hypothesis, dual net-
works, bearing both transient and covalent crosslinks, have
been synthesized as listed in Table I. In Fig. 7, the glass tran-
sition temperature dependence of the transient and dual
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FIG. 6. Comparison of the glass transition regions for the transient net-
works. The influence of the functional groups on the glass transition temper-
ature (red) and the area of enthalpy recovery (green) are indicated.
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FIG. 7. Linear increase in the glass transition temperature T, corresponding
to the total amount of crosslinks. Literature values given for pure PI with a
comparable microstructure [42—44] are depicted as well.

networks dependent on the total amount of crosslinks in the
system (transient + covalent) is depicted. The error bars
result from averaging over the two different applied heating
rates of 10 and 20 K/min. As can be seen, no significant heat-
ing rate dependence was observed.

For the unfunctionalized linear reference sample PI-84 K-
U0, the glass transition temperature amounts to T, = 210.7
*0.4K, which is in very good agreement with literature val-
ues ranging between 208 and 213 K [42—44] for a compara-
ble microstructure. The approach to treat the transient
crosslinks as covalent ones at T, is shown to be valid, a find-
ing which has not been reported in the literature so far.
Depending on the total number of crosslinks ¢;;[mol. %], we
find the following:

T, (y) = 211 + AT, (¢y) = 211 +2.2 ¢y /mol. % . (5)

Furthermore, enthalpy recovery effects, represented by an
endothermic peak slightly above T,, are observed for both
the transient and the dual sample system. Although if the
nature of this phenomenon is still under debate, it is gener-
ally attributed to a thermally activated process related to
structural rearrangements and therefore to the mobility of the
molecular components [45,46]. Thermal nonequilibrium
states can be introduced into amorphous polymers by cooling
slowly through the glass transition zone [47,48] or vice versa
by isothermal annealing close to 7T, after fast quenching
from the rubbery to the glassy state [49-51]. By subsequent
reheating with moderate rates (1040 K/min), an endother-
mic peak is observed slightly above T, [52]. As can be seen
from the measurement procedure given in Sec. IIE, the
enthalpy recovery detected for the current model systems
must be caused by the cooling process (10 K/min from 423
to 123 K) before restarting a new cycle, as no annealing time
was spent close to the glass transition temperature. In Fig. 8§,
the values of the normalized peak area AAcndo/Msample [EQ.
(S1)] [17] are given for the transient and the covalent sample
systems with respect to the total amount of crosslinks for
both heating rates.
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The effect of enthalpy recovery becomes stronger for a
higher heating rate of 20 K/min, as more thermal energy is
provided in a shorter time for structural rearrangements. The
same effect was observed for natural rubber [52], using heat-
ing rates from 10 to 150K/min. The increase in the total
amount of crosslinks Z lowers the enthalpy recovery until it
vanishes completely for Z > 4mol.%. As the effect of
enthalpy recovery is related to structural rearrangements, it
can be concluded that the segmental mobility is decreased by
the implementation of crosslinks. Furthermore, a stronger
impact of the covalent crosslinks compared to the transient
ones is observed. This becomes plausible by taking into
account that more and more functional groups dissociate
above T, (Fig. 11), allowing structural rearrangements in
contrary to the covalent ones.

Enthalpy relaxation effects were observed by the Stadler
group for urazole functionalized polybutadiene investigated
by DSC measurements but not interpreted further [41].
Additionally, the influence of crosslinks on the enthalpy
relaxation is reported for various other polymeric systems in
the literature. Ranging from the impact of entanglements in
poly(methyl methacrylates) [53] over transient associating
endlinked polydimethylsiloxane networks [54] to hyper-
branched polystyrene nanocomposites [55], this effect was
always related to an increasing restriction of the segmental
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mobility with an increasing amount of crosslinks. This shows
that this effect is of general nature and occurs for all kinds of
crosslinks, whether they are of topological (temporary),
physical (transient) or chemical (permanent) origin.
Nevertheless, the influence of the crosslink type on the
strength of the diminishing enthalpy relaxation effect, as dis-
cussed here, namely observing a stronger effect for perma-
nent crosslinks compared to transient ones was not addressed
in the literature before. In summary, the DSC measurements
reveal the dependence of T, on the total number of crosslinks
in the system—no matter if they are of transient or covalent
nature—which were needed to shift the relaxation spectra of
the transient system in an isofrictional manner. Furthermore,
the analysis of the enthalpy recovery effect provides valuable
insights into which way the restriction of segmental mobility
depends on the type of crosslink.

A quantitative analysis of the dimerization process of the
urazole groups requires knowledge of the underlying thermo-
dynamic properties, as the equilibrium constant K(7T'), the
enthalpy change AH, and the entropy change AS depend on
the group concentration. Another important quantity is the
temperature-dependent ratio of associated to dissociated
groups. As the spectral absorption bands for the carbonyl
groups of the urazole molecules are located in the middle infra-
red range, the addressed properties were investigated for the
transient networks by FTIR spectroscopy. In Fig. 9, the
temperature-dependent absorbance spectra of the carbonyl
stretching region between v = 1600cm ™! and v = 1825 cm™!
are shown for a functionalization degree of 1 mol. %. The cor-
responding spectra for the higher investigated functionalization
degrees of 2 and 4mol. % can be found in Figs. S4 and S5
[17].

As observed as well for other types of hydrogen bonding
groups, e.g., in polyurethanes or polyamides, a shift in the
order of 20 wavenumbers occurs between the carbonyl
stretching vibration of the associated compared to the disso-
ciated state [56]. The absorbance band at v = 1702cm™" is
related to the associated state. As can be seen, its intensity
decreases with temperature, while the absorbance band at
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FIG. 9. Absorbance spectra for PI-84 K-U1, functionalized with 1 mol. %
urazole groups. The signal at v = 1702cm ™! corresponds to the associated
state and the signal at v = 1702cm™! to the dissociated state. Additionally,
the isosbectic point is indicated.
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v=1721cm™', which represents the dissociated state,
increases. The temperature-dependent amount of associated
and dissociated groups is correlated with the peak areas of
their corresponding signals. The total peak area of absorption
A, is composed of the associated peak area A; (marked blue
in Fig. S6 [17]) and the dissociated peak area A, (marked red
in Fig. S6 [17]). To obtain the envelope built up by the single
peaks, for quantifying A;, A;, and A, by integration, each
spectrum was fitted using Gaussian—Lorentzian peaks (Fig.
S6 [17]). As A, remains constant for all investigated tempera-
tures, it can be concluded that the volume of the irradiated
sample material in the infrared beam is not changing with
temperature. Thus, a peak area A; is only correlated with its
corresponding extinction coefficient ¢; and the concentration
of the carbonyl groups in the system c¢; = ¢ x; is described
by the Lambert—-Beer law

Ay = g1c1 + &0 = £100X1 + £200X2. (6)

Here, x;[mol. %] represents the fraction of the associated or
dissociated states, while co[mol/1] designates the total con-
centration of urazoles in the system. Assuming a density of
0p; = 0.899 g/cm? [25] and Mp; = 68.12 g/mol, one obtains
co(1mol. %) = 0.132mol/l,  co(2mol. %) = 0.264 mol/1,
and c¢o(4 mol. %) = 0.528 mol/1. The ratio of extinction coef-
ficients f = & /e, = —AA;/AA; can be determined from the
relative change between AA; and AA, corresponding to any
chosen reference temperature if the total absorbance provided
by the number of urazole groups in the system does not
change with temperature. This is verified for all transient net-
work samples by the existence of an isosbectic point (Figs. 9,
S4, and S5) [17]. f was determined by the slope resulting
from linear fits to the temperature depended increase in disso-
ciated groups (AA,) relative to the decrease in associated
groups (AA) at a chosen reference temperature of T = 363K
(Fig. 10).

As already discussed in Sec. II'F, the spectra of PI-84 K-U1
were measured in the transmission mode, and one obtains
f = 1.1£0.2, which is in good agreement with literature val-
ues for urazole functionalized polybutadiene [56], also
detected by using the transmission technique. For both samples
(2 and 4 mol. %) measured in the attenuated reflection (ATR)
mode, f = 1.7£0.1. This value is again in good agreement
with literature results for similar systems, investigated by
ATR-FTIR [57,58]. With the knowledge of f, the temperature-
dependent mol fraction of associated (x;) and dissociated
(xp =1 — x1) groups can be calculated according to the fol-
lowing three equations with the two unknowns x; and ¢;

Ay = g1cox1, (N
Ay = gyc0x2 = feoger (1 —xy), ®
A=A+ Ay = ¢grcoxy +feoer (1 —xp). 9)

For the case of two identical groups U associating with one
complex U,

U+ 1U=U,, (10)



RHEOLOGY OF SUPRAMOLECULAR ENTANGLED POLYMERS

4.0 T T T T T T T

[ (a)transmission mode
35 |-

25 -

20

-A Abond

05 - -
® PI-84K-U1: ~ 13 groups/chain _|
straight line: linear fit

05 1 . 1 . 1 . 1
0 1 2 3

A A free

00 - L]

1.2 T T I r T T T

I (b) attenuated reflection mode

slope: 1.71

-A Abund

04 -

02 -

® PI-84K-U2: ~ 25 groups/chain 4
p PI-84K-U4: ~ 50 groups/chain
00 - \ straight lines: linear fit .
1 L 1 s 1 s 1

0.0 0.2 0.4 0.6
A Afree

FIG. 10. Increase in AA, as a function of the decrease in AA;. From the slope
f of the fitted straight line, the ratio of extinction coefficients f = ¢; /¢, was
extracted. (a) PI-84 K-U1 detected in the transmission mode and (b) PI-84 K-
U2 and PI-84 K-U4 investigated in the ATR mode.

the temperature-dependent equilibrium constant K (7')[1/mol]
can be calculated

K — [05 - Co - xl]l _ [05 - Co - xl]l (11)
[co - 2] feo - (1))’

and transformed into the van’t Hoff equation to determine
the enthalpy change AH and the entropy change AS due to
dimerization

AH AS
InK = ——+—. 12
n RT+R (12)

In Fig. 11, the resulting time averaged mol fraction of associ-
ated to dissociated groups is shown for the transient net-
works. The lines represent their extrapolation over a broad
temperature range according to Eq. (12).

At temperatures around the glass transition temperature
T,, nearly all groups are associated before they slowly start
to dissociate with increasing temperature. At T = 386 K, the
ratio of associated to dissociated groups yields 50:50 for PI-
84 K-U1 before the dissociated state becomes dominant.
This tendency is also observed in the literature for a similar
model system, containing 1 mol. % urazole groups as well
[57]. For the systems with the higher functionalization
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FIG. 11. Time averaged mol fraction of associated (x;, dashed lines) and
dissociated (x,, straight lines) groups shown for all investigated functionali-
zation degrees of the transient system. The results for the measured tempera-
tures are shown by dots, while the values extrapolated by Eq. (12) are
represented by lines.

degrees (PI-84 K-U2 and PI-84 K-U4), we observe a differ-
ent behavior. A majority of groups remain associated in the
time average over the whole extrapolated temperature range.
The same effect was mentioned in the literature for polybutadi-
ene with a functionalization degree of 5 mol. % urazole groups
without explanation [57]. By taking into account results from
the shear rheology measurements, discussed in Sec. III D, these
findings can be understood better. The slope of the rheological
modulus in the flow regime decreases strongly with the
increasing amount of reassociating groups, pointing to a net-
work like structure for functionalization degrees above 1 mol.
% (Fig. 13). As the dissociation of groups is strongly coupled
to the intrinsic chain dynamics, necessary for the final spatial
separation of two binding partners, this effect can be explained
by the restricted chain motion due to the high amount of func-
tional groups in the system.

In Fig. 12, we compare our data with literature values given
for urazole functionalized polybutadiene (M,, = 26kg/mol,
¢ = 1 mol. %, and ¢ = 5mol. %) in the van’t Hoff represen-
tation [57]. As can be seen, the equilibrium constants are in the
same range for all systems. AH and AS that were examined by
the slopes and the intercepts of the linear fits according to Eq.
(12) are listed in Table II. The corresponding values are equal
for all systems, independent of the functionalization degree and
the polymeric species of the surrounding matrix. For the two
lower functionalization degrees (1 mol% and 2 mol%), the acti-
vation energy for the dissociation process E%  is about twice as
high as the enthalpy change AH, while for the highest amount
of groups, they distinguish from one another by a factor four.
Thus, apparently, an energy barrier in the range of ~12-13kJ/
mol must be overcome to separate a urazole complex for 1 and
2mol. %, while around 46 kJ/mol is required for the case of 4
mol. % functional groups to break up possible clusters.

D. Analysis of the rheological response

The rheological properties of entangled polymer chains
are influenced significantly by the introduction of hydrogen



1220
6 I ' I ' I ! I ' 1 ! I
| O PI-84K-U1: ~ 13 groups/chain J
P1-84K-U2: ~ 25 groups/chain
5 = O PI-84K-U4: ~ 50 groups/chain —
results from [50]
4T @ peasku N
. @ PB-26K-U5 -
v 3 T
£
2 - -
1 -
lines: fits according to van't Hoff equation
i InK = AS/R - AH/(R-T) T
0 1 " 1 " 1 " 1 " 1 1 1
24 2.6 2.8 3.0 3.2 34
1000/T [K]

FIG. 12. Van’t Hoff representation of the transient model systems compared
with literature values given for urazole functionalized polybutadiene
(M,, = 26kg/mol, ¢ = 1 mol. %, and ¢ = 5mol. %) [57]. The lines repre-
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bonding groups, as they are forming temporary intermolecu-
lar associations. All rheological features are discussed on the
basis of the rheological mastercurves, obtained by the appli-
cation of the time-temperature superposition principle as
described in Sec. III B. In Fig. 13, the loss modulus b7G" (w)
is shown for the transient sample system and the influence of
the reassociating groups on the relaxation spectra is color-
marked. A comparison between the storage and the loss
modulus is given in Fig. S11 [17]. We observe (i) the appear-
ance of elastomeric properties in the flow regime, (ii) a
drastic increase in the terminal relaxation time with an
increasing amount of functional groups, (iii) an extra contri-
bution of the functional groups to the elastic modulus, and
(iv) the occurrence of a second rheological relaxation pro-
cess, as observed commonly in supramolecular polymer net-
works bearing various types of transient binding motifs.
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TABLE II. Enthalpy change AH and the entropy change AS due to
dimerization.

System AH (kJ/mol) AS [J/(mol K)]
PI-84K-U1 —~16.7+0.2 —26.8+0.3
PI-84K-U2 —15.1+0.1 —264+0.3
PI-84K-U4 —152+02 —258%0.2
PB-26K-U1 [69] ~135 —22.3
PB-26 K-US5 [69] 132 —26.5

To provide comparability between the characteristic theo-
logical relaxation times and the dielectric ones, byG”(w)
was fitted likewise with a set of two HN functions [37] and
an additional term C - (arw)™ to describe the Rouse flank.
As predicted by the Rouse theory, the slope of the loss mod-
ulus in the transition zone toward the glassy state should
yield 0.50. The experimentally observed values range
between 0.65 and 0.70 for a large number of polymers [59].
Even if a theoretical explanation for this discrepancy is elu-
sive, it should be addressed that the slope m of the Rouse
flank C - (arw)™ obtained for our transient model system
ranges between 0.64 and 0.70 for all investigated tempera-
tures and samples and is therefore in very good agreement
with these experimental findings.

For the linear unfunctionalized PI PI-84 K-UO, the slope
of the low frequency flank in the flow regime found to be
1.0, as usually observed for narrow distributed polymers
[59]. For the functionalized samples, the slope decreases to
0.77 for PI-84 K-U1, 0.50 for PI-84 K-U2, and 0.32 for PI-
84 K-U4. Thus, up to a functionalization degree of 2 mol. %,
the samples can be considered as polymer melts, possessing
additional short time elastomeric properties. At 2mol. %, a
network-like structure starts to build up and the gel point is
reached. For functionalization degrees higher than 2 mol. %,
the material behaves more rubberlike. Similar values in the
relaxation zone are reported in the literature for the corre-
sponding functionalization degrees, using polybutadiene as
the base polymer. For temperatures, at which most of the
groups should be dissociated, a viscoelastic flow behavior
similar to the that of the unfunctionalized linear polymers is
observed [60,61].

However, not only the flow regime itself is influenced but
also the transition to the flow region depends on the function-
alization degree. The terminal spectrum is significantly
broadened, and the terminal relaxation time is shifted to
lower frequencies. The increase in the terminal relaxation
times observed in the viscoelastic response reflects an
increasing restriction of configurationally long scale rear-
rangements due to a stronger intermolecular association in
the system [60,61]. Additionally, a second rheological relax-
ation process is introduced by the functional groups. Before
the origin of this second process will be discussed in detail,
an overview of the terminal relaxation times t;, as well as
the characteristic relaxation times of the second relaxation
process Tueo €xtracted by the HN analysis, is given in Fig. 14
for different functionalization degrees with respect to differ-
ent reference temperatures of the time-temperature superpo-
sition. The lines illustrate the WLF behavior of both
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processes and were calculated with the corresponding WLF
parameters given in Fig. 2, resulting from the time-
temperature superposition. As shown in Fig. 5, these parame-
ters agree quantitatively with the ones obtained from the
temperature dependence of t,. The terminal relaxation time
71, which lies in the range of seconds at room temperature,
exceeds the second rheological process Tme, by around 3
orders of magnitude.

The occurrence of a second rheological relaxation process
is a quite common feature for a variety of supramolecular
systems. As this effect is only observed if transient bonds are
implemented, there is agreement in the literature that it has
to be related in some way to the junction dynamics. We will
discuss the physical origin of this additional process later.
First, the additional contribution Astep to the entanglement
plateau value G% in the dependence on the number of
groups/chains is quantified in terms of an additional confine-
ment. There exists a variety of different methods for deter-
mining the plateau modulus of entangled linear chains
experimentally [62]. In the current publication, the MIN
method [63,64] GY = G'(®) wns— minimum  and the MAX
method [65] GY/G" = 3.56 were used to extract GY at a
corresponding reference temperature of Ty = 243 K. From
the MIN method, Gl(f, = 0.24 MPa is obtained, while the
MAX method provides G% = 0.33 MPa. Within the repta-
tion theory of stress relaxation in entangled monodisperse
polymers, originated by de Gennes [66] and refined by Doi
and Edwards [67], GR, arises due to entanglement strands.
Following the definition of Fetters et al. [68,69], the tube
diameter d build up by the topological confinement provided
by the entanglements can be obtained from the plateau mod-
ulus by

4 oRT
5 My d*’

o (13)

while the tube diameter itself is related to the number of
monomers in an entanglement strand N, chain Via
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FIG. 14. Characteristic relaxation times of the rheological relaxation pro-
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dz = lzNe,chain- (14)

Taking into account the mean value of GY = 0.29 MPa, a
tube diameter of d.,; = 60.3 A is obtained for the linear base
PI according to Eq. (13), using ¢ = 0.899 g/cm? for the
polymer density [25], My = 68.12 g/mol for the molar mass,
and [ = 7 A for the statistical segment length as revealed by
small angle scattering. For the transient systems, the
increased elastic modulus G (®) was determined as depicted
in Scheme 1.

The value of the storage modulus G:u,hw at the peak fre-
quency e, Of the underlying HN fit of the loss modulus
was read out for all functionalization degrees. Thus, G(®)
was calculated in accordance with the following relations,
taking into account G = 0.29 MPa:

Wrheo

Gy (D) = GY, + Astep.

1
U _ (0 _
G, =Gy+ g Astep, (15)

For the transient networks, we obtain G%(1mol.%)
= 0.42MPa, G%(2mol. %) = 0.96 MPa, and G%(4mol. %)
= 1.65MPa. According to Eq. (13), d(1mol. %) = 49.5 A,
d(2mol. %) = 32.9A, and d(4 mol. %) = 25.1 A. In the the-
ories of rubber elasticity, the stress contribution due to the
simultaneous presence of crosslinks and entanglements are
often assumed to be additive, as both cause a localization in
space of the thermal fluctuations of a model chain [70,71].
Nevertheless, one should mention that crosslinked monomers
are fixed to each other, while entanglements behave like
sliplinks, sliding along the strands under deformation.
Transient crosslinks on the other hand reveal hybrid character,
as they act as covalent crosslinks for times shorter than the
bond lifetime but allow the movement of strands when a
sticker is opened. Consequently, one would expect an additive
behavior of entanglements and transient crosslinks to the stress
contribution, even if this topic was not addressed in the litera-
ture so far. To either confirm or refute this hypothesis, we first
calculated the proportion between the number of entangle-
ments and urazoles per chain, N, chain and Ny, chain (@), for the
individual functionalization degrees. If we consider an entan-
glement molecular weight of M, = 5500 g/mol [68] for PI,

storage
Astep1 !

"
6o /e tstepl_~,CGarneo

r

loss

W, w

rheo

SCHEME 1. Determination of the increased modulus G%(®) due to the
functional groups.
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Ne,chain =15 = NU.chain(l mol. %) ~ O-SNU,chain (2 mol. %)
~ 0.25 Ny, chain(4 mol. %). Using this scaling in combination
with the relationship between d and N, given in Eq. (14), we
can calculate a theoretical tube diameter. In the event that a
urazole group and an entanglement provide the same confine-
ment for the model chain, dye(¢) becomes

1 0.5 i
dieo(d) = [———————| 6034 16

in which ¢y represents the functionalization degree in
mol. %.

The resulting values of dieo(¢p) are given in Table III. As
can be seen, they are in good agreement with the experimental
ones [d(¢)], therefore validating the additive behavior
of entanglements and transient crosslinks to the modulus contri-
bution. Only for the lowest functionalization degree, a deviation
between the theoretical and experimental value is observed, as
the degree of accuracy in the readout of GY, (1 mol. %) was low-
ered due to the weakness of the second rheological relaxation
process for small functionalization degrees.

In Sec. IIID the single results from the characterization
methods described above are finally linked, to relate the sec-
ond rheological relaxation process to its physical origin. The
content and the equations have already been discussed in our
recent publication [21]; nevertheless, we will recall them for
convenience.

The most prominent theoretical model used so far for the
description of this process is the sticky reptation theory [72],
which was extended by the concept of bond time renormali-
zation [73]. In the framework of this model, the characteris-
tic relaxation time Tye, iS identified with the lifetime of
association Tjg. For T < 1jife, the reassociating groups are
considered to behave like permanent crosslinks, increasing
the entanglement plateau value GY to G (®). Vice versa, as
soon as the experimental time scale exceeds the lifetime of
the temporary crosslinks, T > 7jiz, they do not contribute any
further and in consequence the modulus drops back to Gy. In
Fig. 15, we compare the relaxation times 7,, T,+, and Treo
obtained by fitting the loss part of the complex dielectric and
rheology response functions for all experimentally accessible
temperatures in an isofrictional representation. Only the two
lower functionalization degrees, bearing 1 and 2mol. % of
functional urazole groups, are shown, as for the sample with
the highest functionalization degree of 4 mol. %, additional
effects at low temperatures such as clustering could not be
excluded (see Sec. III C).

If the sticky reptation model [72] would be valid, the
characteristic relaxation time 74, should be in the order of

TABLE III. Tube diameter resulting from the increased modulus due to the
functional groups compared to theoretical expected values.

System GY(¢) (MPa) d(®) (A) dineo (@) (A)
PI-84 K-UO 0.29 60.3 —
PI-84K-Ul 0.42 49.5 42.6
PI-84 K-U2 0.96 329 34.8
PI-84K-U4 1.65 25.1 27.0

GOLD et al.
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FIG. 15. Isofrictional representation of the relaxation times for the a-process
(circles), o*-process (stars), and the additional rheological relaxation process
(squares), for the unfunctionalized PI (black symbols) and the corresponding
transient networks bearing functional urazole groups (1 mol. % red symbols
and 2 mol. % green symbols). The temperature dependence of 7, follows an
identical WLF behavior for all samples (black line). The dashed lines pre-
sent the prediction of the compact random walk model in the temperature
range where 7,- was measured. The figure was taken from [21].

the lifetime of the associated state .. As can be seen in
Fig. 15, tieo exceeds the lifetime of association 7, by
around 2 orders of magnitude. In the literature, comparable
differences between these two relaxation times were reported
for similar model systems [27,74,75]. Also, current funda-
mental theories based on the sticky reptation model reported
discrepancies between experimental data and model predic-
tions [76]. However, no explanation for this strong deviation
between the sticker lifetime and the characteristic rheologi-
cal relaxation time was given. Nevertheless, these findings
disprove the basic assumptions of the sticky reptation model.
As we showed recently [21], this results from the fact that
one important point is not addressed in the sticky reptation
theory: After a sticker is dissociated, it may return to its for-
mer binding partner. While this event shows up in the dielec-
tric spectra, due to the sensitive detection of the dipole
moment of an opened sticker, it will not occur in the rheolog-
ical fingerprint since the relaxation of a polymer strand could
not take place. To implement the correction for the rheologi-
cal ineffective return, a new parameter has to be considered:
The probability to find a new binding partner (“rheological
active”) compared to the probability that an opened sticker
simply returns to its old binding partner (“rheological
inactive”) during the time of its opened state Topen.
Depending on the number of associating groups, tempera-
ture, and therefore mobility of the polymer strands, the latter
events may happen quite often. So, the essential question,
not addressed in the above mentioned works, could be
phrased as follows: Which conditions have to be fulfilled in
order to allow the rheological activation of a polymer strand?
Recently, in order to describe the self-healing properties of
end-functionalized Rouse chains, Rubinstein [77] investi-
gated the conditions for a polymer strand to become rheolog-
ically active. His considerations provide a new approach to
the longstanding problem. Although this theoretical concept
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was developed for unentangled Rouse chains, we recently
showed its applicability to entangled polymer systems [21].
In the following, we briefly repeat the main aspects of this
concept. Consider a sticker, which is associated for
Thond := To+. In order to break the H-bonds, it has to over-
come the potential barrier £, - [Eq. (4)] and, in order not to
rebind immediately, diffuse over a molecular distance
b~ Vrln/(fno = (Mo/pNA)l/3, taking a time 1y ~ T,. After
separation, the opened sticker starts to explore its surround-
ing volume by a random walk. The corresponding mean
squared displacement (MSD) related to the time Topen, Which
is needed to find a new binding partner, amounts to

A2y = 2 (T, 17
(A7) = (22 a7

For the current case of entangled chains, additionally
restricted topologically due to the functional groups as dis-
cussed above, we take the scaling exponent x as a free and
adjustable parameter. For Rouse chains, x = 1/2 would be
valid, as for pure local reptation, one would expect x = 1/4.
Because of its compactness, the sticker undergoes an average
numbers of returns Jopen to its former binding partner, stay-
ing each time bonded for a duration tyo,g. Finally, it recom-
bines with a new binding partner, therefore allowing its
strand to relax mechanically. Thus, the dissociation process
combined with the exchange of partners makes the process
rheologically active, implying

Trheo = jopenfbond =+ Topen- (18)

Without any further calculations, Eq. (18) already shows that
Tiheo Strongly exceeds the pure bond lifetime Tpong, €xactly
what is observed experimentally. For a quantitative verifica-
tion, Jpong and Tepen still must be expressed by experimentally
accessible values. Equation (17) imposes a compact trajectory
<Ar§pen> = b*n* with n steps of size b. With Argpen3/ 2h~3 the
number of sites in the explored volume, the average number
of returns is

<J0pen >

TAZ 33 b

(2/x-3)

n (Aropen> . (19)
open

To calculate the root mean squared distance between two
opened stickers Argpe,, the total concentration of stickers
¢; = Ny(®)/ (VinonoNmono ) (With Nieno = degree of polymeri-
zation) and the equilibrium constant K(¢,T) obtained from
FTIR measurements (see Sec. III C) has to be considered.
With copen = (c,/ZK)l/ % from the definition of K, we get
Aropen = Copén - With these considerations, all parameters of
the Rubinstein models are related to values, which were
experimentally accessed by dielectric and FTIR spectroscopy
and linear shear rheology. Only the random walk exponent x
for the MSD [Eq. (17)] remains unknown and thus can be
calculated on the basis of the measured data. For both func-
tionalization degrees, an average value is x = 0.365=0.01,
well in between Rouse scaling (x = 1/2) and local reptation
(x =1/4). In Fig. 15, we included the prediction of Eq. (18)
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using x = 0.365. Based on the errors of all independently
determined parameters taken for this experimental quantifi-
cation of the theoretical model predictions, the temperature
dependence of e, 1s described very well. Therefore, it can
be concluded that the concept of compact random walks
relates the characteristic relaxation time of the additional
rheological relaxation process to its real physical origin. It
represents the “rheological activation time” Tyeo, Which is
needed for a sticker to find a new binding partner after
several returns to its former one, therefore allowing its corre-
sponding strand to relax mechanically. A more extensive dis-
cussion on the experimentally extracted values of the model
parameters for this concept of compact random walks is
given in our previous work [21].

IV. CONCLUSION

The focus of the current work was to investigate the influ-
ence of backbone functionalization with reassociating ura-
zole groups on the properties of entangled PI chains. As such
systems play a key role in the development of functional
smart materials with, e.g., self-healing properties in particu-
lar, their mechanical relaxation pattern is of utmost interest.
To show the reversibility of the transient network, the self-
healing properties of the model system were monitored.
Valuable insights especially into the rarely understood rheo-
logical relaxation of this model systems were provided using
a broad range of techniques to create a complete picture. The
most important results and in particular how they are related
to each other are summed up in the following.

Via FTIR spectroscopy, the thermodynamic properties,
such as the change in enthalpy, entropy, and the equilibrium
constant K and the temperature-dependent amount of associ-
ated and dissociated groups, were detected for the transient
model system, giving a valuable basis for all further interpre-
tations. For temperatures close to the glass transition temper-
ature Ty, more than 95% of the groups are associated. By
DSC measurements, the approach to treat the transient cross-
links as covalent ones at T, was validated for the first time.

To investigate the underlying dynamic processes, dielectric
spectroscopy and linear shear rheology measurements were
carried out. For the determination of the characteristic relaxa-
tion times, we used HN functions for both the rheological and
dielectric spectra. A shift of the a-mode in the dielectric spec-
tra occurs, which is in agreement with the increase in the glass
transition temperature T, caused by a restriction of the seg-
mental relaxation due to intermolecular group association. For
longer times, the o*-process, which gives the mean lifetime of
group association, was detected. The rheological relaxation
behavior is strongly influenced by the reassociating groups:
The slopes of the rheological modulus in the flow regime
are decreased as a signature of network-like behavior.
Furthermore, the terminal relaxation time is shifted to signifi-
cant longer times. Due to the transient crosslinks, the plateau
modulus is significantly increased depending on the function-
alization degree compared to the pure entanglement plateau
modulus. This additional contribution was interpreted in terms
of a stronger topological confinement provided by group
association.
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The most significant observation is the occurrence of a
second rheological relaxation process, quite commonly
observed for transient entangled networks. Commonly, this
process is interpreted in the frame work of the sticky repta-
tion theory [72], stating that this process presents the lifetime
of association. This assumption was disproved by the com-
parison of the characteristic rheological relaxation time Tpeo
with the bond lifetime tpong = 74+, Showing that the rheologi-
cal relaxation process is around 2 orders of magnitude slower
than the pure bond lifetime. The same discrepancies were
reported for comparable model systems in the literature
[27,36,75]. Using a theoretical model description, given orig-
inally by Rubinstein [77] to describe the self-healing proper-
ties of Rouse chains, T4, could be identified as the
rheological activation time, which is needed by a sticker to
find a new binding partner, thus allowing the corresponding
strand to relax mechanically.

The experimental verification of Rubinstein’s theoretical
model predictions was only possible by gathering the results
of a variety of complementary methods. The current work
therefore provides a deep insight into the behavior of supra-
molecular entangled polymer chains on micro- and macro-
scopic levels and closes finally the gap in the understanding
of the rheological relaxation behavior and its relation to tran-
sient bond lifetimes.
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