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ABSTRACT: The synthesis of a supramolecular polymer network
based on ureidopyrimidinone (UPy) is demonstrated starting from
a low-molecular weight polybutadiene (PB) polymer, which was
modified with UPy quadruple hydrogen-bonding motifs through
UV-initiated thiol−ene chemistry under ambient conditions. Here,
the UPy units contain a branched alkyl side chain rather than a
methyl group, as is the case in most literature examples. The
sterically demanding aliphatic 2-ethylpentyl side chain was
introduced to prevent stacking of the UPy dimers and to enhance
the compatibility of the UPy unit with the apolar PB polymer
matrix. The UPy units were grafted onto PB with different
functionalization degrees yielding materials with a relatively broad
range of glass transition temperatures (Tg) and material properties, as evaluated by thermogravimetric analysis, differential scanning
calorimetry (DSC), and dynamic mechanical thermoanalysis. Importantly, only the system with 13 mol % UPy functionalization
showed some macroscopic phase separation as indicated by its partial opaque appearance, even though this was not detected by
DSC. Previous reports on PB end functionalized with methyl-functional UPy revealed phase separation through DSC, indicating that
the branched side chains indeed suppress the phase separation. The network dynamics were assessed by rheological measurements at
different temperatures, which were subsequently fitted to the sticky Rouse model and creep experiments. We found that the sticky
Rouse model satisfactorily fits the linear response of the systems in the terminal regime. However, significant discrepancy from
theory still persists in the rubbery plateau regime. This deviation is attributed to the presence of structural defects in the systems.
Altogether, this work demonstrates the importance of designing the supramolecular physical cross-linker unit with a branched
aliphatic side chain to enhance the compatibility with the polymer matrix for the formation of supramolecular polymer networks.

■ INTRODUCTION

Over the past century, polymer materials have become an
established part of our daily lives by their prevalence in a wide
variety of applications, ranging from simple consumer goods to
highly advanced engineering and biomedical systems. How-
ever, the majority of these systems still consist of static
materials with limited responsive properties. Inspired by
nature, supramolecular chemistry has profoundly influenced
the design of polymers toward smart materials. The
introduction of non-covalent interactions in conventional
polymers enables the production of dynamic materials, which
respond to external triggers like pH,1,2 light,3,4 and temper-
ature.5,6 Fueled by the large variety of non-covalent
interactions available to form intermolecular connections
between polymers, supramolecular polymer networks can be
designed with tailored properties for various application
domains ranging from electronics7 over bulk materials8 to
medicine.9 The key types of supramolecular interactions
include hydrophobic interactions,10,11 π−π stacking,12,13

host−guest interactions,14−16 metal−ligand complexation,17−19

electrostatic interactions,20−22 and hydrogen bonding.23,24

From the formerly mentioned interactions, hydrogen bonding
provides an excellent platform for the development of dynamic
materials.24 Although a single hydrogen bond is intrinsically
weak, the combined strength of multiple hydrogen bonds can
have a powerful effect. This is beautifully illustrated by the
supramolecular rubber designed by Leibler and co-workers,
where multitopic small molecular compounds derived from
fatty diacids and triacids bearing an amide and urea-based
functionalities resulted in a supramolecular material with self-
healing behavior at room temperature.25 Although low-
molecular weight building blocks help to decrease the melt
viscosity and consequently improve the processability, the
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mechanical performance of these materials is rather limited.26

To enhance the mechanical properties, polymer precursors and
multiple hydrogen-bonding arrays can be used. A key event in
supramolecular chemistry was the development of the
quadruple hydrogen-bonding array ureidopyrimidinone
(UPy) by Meijer and co-workers.27 The strong association
constant combined with self-complementarity and facile
synthesis has made it an attractive building block in designing
new hydrogen-bonded polymer networks, both in the context
of bulk materials and polymers for biological applica-
tions.23,28−30

However, in most UPy-related polymer materials, a methyl
side chain resulting from the readily accessible 6-methyl
isocytosine is used (Me-UPy). The high polarity of this UPy
derivative tends to cause phase separation in apolar polymer
matrices by π−π stacking of the UPy dimers especially when
combined with urethane or urea bonds between the polymer
and the UPy moieties.31−37 Mather et al.31 reported Me-UPy
end-functionalized linear and star-shaped poly(ethylene-co-
propylene) materials where microphase-separated morpholo-
gies were detected with small angle X-ray scattering and atomic
force microscopy (AFM), while Botterhuis and co-workers32

synthesized telechelic Me-UPy polydimethylsiloxanes showing
microphase separation evidenced by the presence of a
characteristic melting peak in differential scanning calorimetry
(DSC) and the visualization of nanofibers in AFM. Oscillatory
shear rheology complemented the DSC and AFM results by
strengthening the hypothesis that the fiber-like structures were
indeed present throughout the bulk rather than exclusively on
the surface. Recently, Kan et al. reported UPy end-functional
poly(ethylene-co-butylene) polymers where the UPy side chain
was varied from a methyl to an n-octyl substituent.36 For the
methyl variant, phase separation was observed in both AFM
and DSC measurements, which was attributed to the formation
of nanofibers by stacking of UPy dimers. When increasing the
steric hindrance on the UPy units, the nanofibers disappeared
in the resulting supramolecular polymer materials, effectively
demonstrating the impact of the UPy side chain on the
morphology and mechanical properties in UPy-based supra-
molecular materials.
Although the previous work mainly encompassed chain end-

functional UPy polymers, it seemed interesting to transfer this
methodology to side chain-functional supramolecular polymer
networks with apolar polymer precursors. In this work, it is
hypothesized that appropriate adaptation of the UPy side chain
could suppress potential phase separation in two ways, that is,
by increasing the compatibility with the polymer matrix and by
introducing sterical hindrance to prevent stacking of the UPy
dimers. Therefore, we chose a UPy motif with a branched alkyl
group, which was first introduced to enhance the solubility of
the UPy units, allowing application of ambient reaction
conditions for the synthesis of the materials.34,38 To
demonstrate our hypothesis, we opted for commercially
available 1,2-polybutadiene (PB) as a polymer platform
because the apolar polymer matrix enforces the hydrogen
bonds, and the large abundance of vinyl side chains allows
facile variation in the functionalization degree via thiol−ene
chemistry. In this way, we anticipate to gain more insights into
the application of a UPy unit with a branched alkyl side chain
in supramolecular polymer materials based on PB with UPy in
the side chain. First, the synthesis of the hydrogen-bonding
units will be discussed, followed by the synthesis and
characterization of the supramolecular polymer networks. To

achieve physical cross-linking of the polymers, synthetic
pathways were designed to incorporate a functional handle
onto the H-bonding units compatible with the side chains of
the polymer. We chose for photo-initiated radical thiol−ene
chemistry because of the facile application and mild reaction
conditions.39 A commercially available PB comprising vinyl
side chains was combined with a quadruple H-bonding UPy
unit functionalized with a thiol group. In the first part of the
paper, the synthesis of the UPy with a terminal thiol and its use
for functionalization of PB will be discussed. Next, the
structural characterization of the resulting polymers and their
thermal and mechanical properties will be described. The last
part of this work focuses on the fitting of the data with the
sticky Rouse model to gain further insights into the dynamic
network properties.

■ EXPERIMENTAL SECTION
Materials. Unless stated otherwise, all reagents were obtained

from commercial sources and used without further purification. All
high-performance liquid chromatography grade solvents were
purchased from Sigma-Aldrich [acetonitrile (ACN), chloroform
(CHCl3), diethyl ether (Et2O), methanol (MeOH), dichloromethane
(DCM), ethyl acetate (EtOAc), triethylamine (Et3N), and tetrahy-
drofuran (THF)], Biosolve (N,N-dimethylformamide), or Fisher
Scientific (toluene). Dry ACN, Et3N, and THF were obtained from a
custom-made JW Meyer solvent purification system and dried over
aluminum oxide columns. Argon (Ar) (Alphagaz 1) was purchased
from Air Liquide and used as supplied. Magnesium sulfate (MgSO4),
sodium chloride (NaCl), sodium bicarbonate (NaHCO3), hydro-
chloric acid (HCl) (37% in water), and guanidine carbonate (99%)
were purchased from Fisher Scientific. PB [vinyl content: 89%, Mw =
4.0 kg/mol, Đ = 1.39, measured by THF−size-exclusion chromatog-
raphy (SEC) relative to polystyrene standards] was purchased from
Sigma-Aldrich. 2-Ethylhexanoyl chloride (98%), monoethyl potassium
malonate (98%), and 1,1′-carbonyldiimidazole (CDI) (97%) were
purchased from TCI Chemicals. Magnesium chloride (MgCl2) (98%)
and 2,2-dimethoxy-2-phenylacetophenone (DMPA) (98%) were
purchased from Acros Organics. Trifluoroacetic acid (TFA)
(99.5%) was purchased from Biosolve. 6-(2-Ethylpentyl)imidazolide
was synthesized according to a literature procedure.38

Equipment. 1H nuclear magnetic resonance (1H NMR) spectra
were recorded on a Bruker Avance 300 Ultrashield or Bruker
ADVANCE II 400 MHz spectrometer at room temperature. The
compounds were dissolved in either chloroform-d or dimethylsulf-
oxide-d6 (DMSO-d6) from Euriso-top. The chemical shifts (δ) are
given in parts per million (ppm) and referenced against the residual
CHCl3 and DMSO signals at 7.26 and 2.50 ppm, respectively. SEC
was performed on a Varian PL-GPC 50 Plus system using THF at 1
mL/min as the eluent and equipped with two PLgel 5 μm MIXED-D
columns, a PL-AS RT autosampler, and RI detector. Molecular
weights were determined with the RI detector using polystyrene
standards. Liquid chromatography−mass spectrometry (LC−MS)
spectra were acquired on a quadrupole ion trap LC mass spectrometer
(Thermo Finnigan MAT LCQ mass spectrometer) equipped with
electrospray ionization. Centrifugation was performed on an ALC
multispeed refrigerated centrifuge PK 121R from Thermo Scientific
using 50 mL centrifuging tubes with screw caps from VWR or 15 mL
high-clarity polypropylene conical tubes from Falcon. Thermogravi-
metric analysis (TGA) was performed with a Mettler Toledo TGA/
SDTA851e instrument under a nitrogen atmosphere at a heating rate
of 10 °C/min from 25 to 800 °C. DSC analyses were performed with
a Mettler Toledo instrument 1/700 under a nitrogen atmosphere at a
heating rate of 10 °C/min. Dynamic mechanical thermoanalysis
(DMTA) was performed on a Mettler Toledo DMA/SDTA861e
using the shear mode on 8 mm disks. The temperature was increased
from −50 to 150 °C at a heating rate of 3 °C/min. Rheological
experiments were measured on an Anton Paar MCR 302 rheometer
equipped with a CTD 450 oven using a parallel plate geometry and 8
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mm disk samples. Unless specified otherwise, the experiments were
performed using a normal force of 1 N, an angular frequency of 10
rad/s, and a strain of 0.1%. Amplitude sweeps were performed from
0.1 to 100% with a constant angular frequency of 10 rad/s. Frequency
sweeps were carried out with an angular frequency ranging from 600
to 0.001 rad/s at constant temperature, and the measurement was
stopped when a crossover of the storage and loss modulus (G′ and
G″, respectively) appeared. Creep recovery experiments were
performed using a stress alternating between 0 and 2000 Pa. In a
typical test, a stress of 2000 Pa was applied for 300 s, followed by a
100 s recovery period, and the corresponding strain profile was
recorded over time.
Methods. Synthesis of Ethyl 4-Ethyl-3-oxooctanoate.40 Mono-

ethyl potassium malonate (109.9 g, 0.65 mol, 2.1 equiv) was dissolved
in dry ACN (940 mL). The solution was cooled with an ice bath
followed by addition of dry Et3N (140 mL) and MgCl2 (73.2 g, 0.77
mol, 2.5 equiv). The resulting slurry was stirred at room temperature
for 2.5 h. The slurry was again cooled with an ice bath, and 2-
ethylhexanoyl chloride (53.25 mL, 0.31 mol, 1 equiv) was added
dropwise through an addition funnel. The slurry was allowed to warm
up to room temperature overnight while stirring. The solvent was
removed under reduced pressure, toluene (500 mL) was added, and
the resulting solution was concentrated under reduced pressure. After
addition of another portion of toluene (500 mL), the solution was
cooled with an ice bath, and an aqueous solution of 13% HCl (427
mL) was carefully added. The aqueous layer was separated, and the
organic layer was washed with an aqueous solution of 12% HCl (2 ×
110 mL) and water (1 × 110 mL), dried over MgSO4, and the solvent
was removed under reduced pressure. The product was obtained as a
yellow oil (yield: 63.89 g, 97%). 1H NMR analysis indicated that the
product was a mixture of the keto (73%) and enol (27%) tautomers.
1H NMR (400 MHz, chloroform-d): δ enol: 12.09 (s, 1H), 4.96 (s,
1H), 2.00−1.90 (m, 1H); keto: 4.19 (q, J = 7.1 Hz, 1H), 3.44 (s, 2H),
2.50 (tt, J = 7.8, 5.7 Hz, 1H), 1.72−1.16 (m, 12H), 0.92−0.84 (m,
6H).
Synthesis of 6-(2-Ethylpentyl)isocytosine.38 Guanidine carbonate

(60.69 g, 0.337 mol, 1.13 equiv) and ethyl 4-ethyl-3-oxooctanoate

(63.89 g, 0.298 mol, 1 equiv) were dissolved in ethanol (520 mL),
and the resulting mixture was refluxed overnight. The solvent was
removed under reduced pressure. The crude product was redissolved
in chloroform (500 mL) and washed with a saturated aqueous
solution of NaHCO3 (2 × 250 mL) and brine (1 × 250 mL). Drying
over MgSO4 and removal of the solvent yielded the product as a pale
yellow powder (yield: 36.48 g, 58%). 1H NMR (400 MHz,
chloroform-d): δ 6.52 (s, 2H), 5.60 (s, 1H), 2.25−2.13 (m, 1H),
1.62−1.46 (m, 4H), 1.34−1.13 (m, 4H), 0.91−0.77 (m, 6H).

Synthesis of 2-Mercaptoethylureido-6-(2-ethylpentyl)-
pyrimidone (UPy-SH). 6-(2-Ethylpentyl)isocytosine (10.13 g, 48.4
mmol, 1 equiv) and CDI (10.43 g, 64.4 mmol, 1.33 equiv) were
dissolved in dry DCM (51 mL), and the yellow solution was stirred
overnight at room temperature under an inert atmosphere. The
solution was diluted with DCM (175 mL) and washed with water (1
× 50 mL) and brine (1 × 50 mL) and dried over MgSO4. The solvent
was removed under reduced pressure, and the product was used in the
next step without further purification.

The obtained 6-(2-ethylpentyl)imidazolide (14.68 g, 48.4 mmol)
was dissolved in dry DCM (70 mL), cysteamine HCl (6.74, 59.3
mmol, 1.2 equiv) and triethyl amine (8.5 mL, 1.2 equiv) were added,
and the dark orange solution was stirred at room temperature
overnight. The reaction mixture was diluted with DCM (70 mL) and
washed with 1 M HCl solution (1 × 50 mL), saturated NaHCO3
solution (1 × 50 mL), and brine (1 × 50 mL), dried with MgSO4, and
evaporated under reduced pressure. The product was further purified
via column chromatography (silica, gradient 1 to 2% methanol in
chloroform), resulting in a light yellow oil, which crystallized to a
white solid over time (yield: 11.73 g, 76%). 1H NMR (300 MHz,
chloroform-d): δ 13.12 (s, 1H), 11.99 (s, 1H), 10.49 (s, 1H), 5.82 (s,
1H), 3.47 (td, J = 7.5, 7.0, 5.5 Hz, 2H), 2.74 (dt, J = 8.1, 7.0 Hz, 2H),
2.31 (ddd, J = 9.0, 5.6, 3.5 Hz, 1H), 1.83−1.43 (m, 5H), 1.40−1.14
(m, 4H), 0.88 (m, 6H).

General Procedure of Grafting UPy-SH onto PB via Thiol−Ene
Chemistry. 1,2-Polybutadiene (3−4 wt %) and UPy-SH (5−15 mol %
to total vinyl bonds) were dissolved in dry THF and degassed by
argon bubbling (30 min). DMPA (10 mol % to thiol) was dissolved in
dry THF and added to the solution, which was irradiated by UV light

Scheme 1. Synthetic Scheme for the Synthesis of UP-SHa

aTop: synthesis of isocytosine core 2; bottom: synthesis of UPy-SH 4.
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(365 nm) for 2.5 h at room temperature. The solvent was partially
evaporated, and the polymer was precipitated in cold methanol (5%
UPy) or cold diethyl ether (7−15% UPy).

■ RESULTS AND DISCUSSION
The synthesis of the isocytosine core of the UPy is modular
with respect to the side chain. By preparing the corresponding
β-keto ester, a custom isocytosine can be synthesized following
previous literature reports.40,41 Eventually, the desired UPy
molecules can be obtained in a two-step procedure by
generating an activated isocytosine, which readily reacts with
a primary amine bearing the desired functional handle
(Scheme 1).38

Compounds 1 to 3 were synthesized according to literature
protocols.38,40 The synthesis of target compound 4 has already
been published following a different pathway where disulfide 4′
was synthesized.42 By coupling 3 to cystamine (the disulfide
form of cysteamine), bisUPy 4′ was formed, and reduction of
the disulfide was necessary to obtain the thiol. Additionally, an
excess of 3 was needed to increase the conversion. To avoid
this extra reduction step and reduce the consumption of
isocytosine 2, we attempted to directly use cysteamine for
preparing thiol-functionalized UPy 4 (dashed box in Scheme
1).
However, a small amount of disulfide formation was

observed in the proton nuclear magnetic resonance (1H
NMR) spectra after the initial workup (signal j′ and k′ in
Figure 1), potentially induced by the sodium bicarbonate

washing step. Nonetheless, purification by column chromatog-
raphy enabled isolation of most of the pure target compound,
while additional UPy-SH could still be recovered from the
impure part containing the disulfide side product after
reduction of the disulfide with dithiothreitol (DTT).
After synthesizing the UPy units, the functionalized

polymers were prepared in solution via photoinitiated radical
thiol−ene coupling. We selected 1,2-PB as a polymer platform
because the abundant vinyl side chains allow a large range in
the degree of functionalization (DF), and it is commercially
available as a viscous liquid in a low-molecular weight form, as
seen in Figure 2. This low molar mass and absence of
significant chain entanglements allow a better understanding of
the changes in mechanical properties induced by subsequent
physical cross-linking. The amount of vinyl side chains (89%)

and main-chain alkene bonds (11%) was determined with 1H
NMR spectroscopy.43

However, the close proximity of the vinyl groups can also
cause intramolecular cyclization reactions when radicals are
present, as illustrated in Scheme 2. Consequently, this limits
the overall thiol conversion when full functionalization of the
polymer is targeted. Although we only aimed for partial
functionalization, which is less affected by these minor side
reactions due to the lower radical concentrations, a small part
of the vinyl side chains might still be consumed in cyclization
reactions.44−48 Nonetheless, the decreased thermal energy of
photoinitiation at room temperature should repress these
cyclization reactions, as the activation energy of cyclization is
slightly higher than that of thiyl addition.46

Importantly, these side-chain vinyl units (formed by 1,2-
addition of 1,3-butadiene during polymerization) were found
to have superior reactivity relative to the alkenes in the main
chain (from 1,4-addition), and no specific evidence was found
that the 1,4-alkenes take part in cyclization side reactions in a
significant manner.49−51 In fact, the random distribution of 1,4-
alkenes in the polymer main chain was reported to even
decrease the cyclization reactions of the 1,2-vinyl side chains.44

Therefore, the internal 1,4-alkenes were used as an internal
standard for calculation of the DF, as sub-stoichiometric
functionalization was found to lead to an almost exclusive
reaction with the more reactive 1,2-vinyl units, which was also
previously used by Lotti et al. for thiol−ene functionalization
of the same PB polymer.47 This method for the determination
of DF is only based on comparison of the integrals of specific
signals of the 1,4-alkenes and the UPy side chains, and, hence,
the occurrence of minor cyclization reactions of the 1,2-vinyl
units will not interfere with this determination of the DF. The
incorporation of UPy was evaluated by 1H NMR spectroscopic
analysis in presence of TFA to break the hydrogen bonds after
precipitation and drying of the polymers by integrating the
peak at 3.50 ppm (Figure 3). The integrals of the signals i (3.5
ppm), b + d (5.5 ppm), and c (5.0 ppm) are used in eq 1
mentioned below to determine the grafting yield.

=
×

−
× ×

( )A
DF (%)

2 11
89

100
A

A
2

5.5 2

3.5

5.0

(1)

To investigate the influence of the UPy content on the
material properties, four different materials were synthesized
with a varying thiol−UPy/alkene ratio of 5, 7, 10, and 15 mol
% of thiols to vinyl side chains on the polymer. The grafting
yield and corresponding conversions are displayed in Table 1.
For consistency throughout the paper, the discussed UPy
amounts will be relative to the vinyl side chains.
In the first experiment, 5% UPy was used in combination

with a 10 mol % UV initiator, and a DF of 3.6% was achieved,

Figure 1. 1H NMR spectra of purified compound 2 and compound 4
before and after purification.

Figure 2. Molecular structure of the utilized 1,2-(PB) and physical
representation of its viscous behavior.
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corresponding with a 72% conversion of the thiols. The other
polymers were synthesized in an identical way, resulting in
UPy contents of 6.3, 8.2, and 13.1% relative to the vinyl bonds
with conversions of 82% and higher. Interestingly, PB-U13
precipitated as a gel during the thiol−ene reaction. Next, the
polymers were precipitated to remove the remaining reagents.
Although PB-U6 to PB-U13 nicely precipitated in cold diethyl
ether, the less cross-linked PB-U4 was still moderately soluble
in diethyl ether and was therefore precipitated in cold
methanol.
As unreacted UPy units could compromise the mechanical

properties of the materials, diffusion-ordered spectroscopy
(DOSY) was performed to ensure complete removal of the
unreacted thiols (Figures 4 and S1−S3). A drop of
trifluoroacetic acid (TFA) was added to ensure complete
disruption of the hydrogen-bonding interactions in the NMR
samples. The spectrum shows the same diffusion coefficient for
the UPy and polymer signals, confirming the absence of free
hydrogen-bonding moieties.

The polymers were further characterized by SEC, and the
results are summarized in Figure 5. Again, a drop of TFA was

added to dissolve the polymers in THF. An increase in number
average molecular weight (Mn) with increased UPy incorpo-
ration is observed up until PB-U6, stagnating at 8% UPy, while
the value of PB-U13 drops a little below that of PB-U8. This
apparent formation of a plateau value in molecular weight is
potentially correlated with the hydrodynamic radius (Rh) of
the polymer, which reaches a maximum at a certain critical
UPy content, possibly due to intramolecular hydrogen
bonding, leading to a lower Rh, once the TFA is separated
from the polymer on the SEC column. This could be a possible
explanation for the lower Mn of PB-U13 compared to the other
polymers.

Scheme 2. Potential Intramolecular Cyclization Side Reactions in PB during the Thiol−Ene Reaction

Figure 3. 1H NMR spectra before and after the thiol−ene reaction of
PB-U8.

Table 1. Results of the Thiol−Ene Reactionsa

polymer
UPy

(mol % to vinyl)
DFvinyl
(%)b

DFpolymer
(%)c

conversion
(%)

PB-U4 5 3.6 3.2 72
PB-U6 7 6.3 5.6 89
PB-U8 10 8.2 7.3 82
PB-U13 15 13.1 11.6 87

aAll reactions were executed at room temperature with an irradiation
time of 2.5 h and a UV initiator content of 10 mol % per equivalent of
thiol. bDegree of functionalization relative to the vinyl bonds of PB.
cDegree of functionalization relative to the total amount of monomer
units in the polymer.

Figure 4. DOSY NMR spectrum of PB-U6 to demonstrate the
absence of free UPy-SH in the purified polymer network.

Figure 5. Overlay of normalized refractive index (RI) traces measured
via SEC with THF as the eluent of the purified polymers with weight
average molecular weight (Mw) and dispersity (Đ) relative to PMMA
standards.
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After purification and molecular characterization, the
thermomechanical properties of the PB-UPys were analyzed.
First, TGA was performed to investigate the thermal stability
of the polymers (Figure S4). All polymers were stable up until
250 °C under a nitrogen atmosphere, after which an increased
thermal degradation was observed with the increasing UPy
content on the polymer. Next, DSC was performed to quantify
the increase in glass transition temperature (Tg) with
increasing cross-link density (Figure 6a). Within the evaluated

range of functionalization degrees, a fairly linear trend of the Tg
as a function of the functionalization degree can be observed in
Figure 6b. However, as both the chemical modification and
physical cross-linking can influence the Tg and their individual
contribution cannot be decoupled, these results should be
interpreted with caution. Furthermore, visual inspection of thin
films of the polymer materials prepared by compression
molding showed clear transparent materials for PB-U4, PB-U6,
and PB-U8, while some opaque spots were observed for PB-
U13 indicating the occurrence of partial macroscopic phase
separation (Figure S5), which might be rather minor as it
could not be detected by DSC. Note that for PB end
functionalized with methyl-UPy, consequently having a rather
low DF, the phase separation was reported based on DSC.
This indicates that the branched alkyl side chains indeed are
capable of suppressing the phase separation of the UPy from
PB.
The increasing Tg with the elevated UPy content can be

partially explained by a decreased chain mobility with
increased cross-link density, which increases the energy needed
to break the physical cross-links and allows sufficient chain
mobility, hence a higher Tg. Moreover, there seems to be a
broadening of the glass transition with the increasing UPy
content, which might be related to non-uniform distribution
UPy cross-links among the polymer chains, due to the
statistical nature of the post-polymerization modification

step. Importantly, no melting peak was observed in the
thermograms of all polymers, confirming the good compati-
bility of UPy with the polymer matrix as it is a good indication
for the absence of significant phase-separated UPy clusters
based on previous literature reports that could even confirm
phase separation by DSC for PB that was chain end-
functionalized methyl-UPy, as also discussed in the introduc-
tion.36,52

Further characterization was done by DMTA to investigate
the thermomechanical properties of the supramolecular
polymer networks. In Figure 7a, the evolution of the storage

modulus (G′) with increasing temperature is displayed. The
glassy region seems to extend with increasing cross-link density
before the storage modulus, with values from 100 to 200 MPa,
decays toward the rubber region. Furthermore, PB-U4 also
displays a small rubbery plateau between 30 and 60 °C, which
shifts to higher temperatures and higher-plateau moduli with
increasing cross-link density and simultaneously becomes
narrower, to completely disappear in PB-U13. The fact that
the rubbery plateau is never extended over a large region can
be ascribed to the absence of significant chain entanglements
due to the low molecular weight of the polymer. Consequently,
the polymers gain their physical strength almost completely
from the UPy cross-links. Additionally, the flow points of the
materials display the same trend as the rubbery plateau and
increase with higher UPy incorporation. Indeed, the polymers
with higher amounts of hydrogen-bonded cross-links may
require more energy to dissociate a sufficiently large population
of UPy dimers in order to allow material flow, which is
expressed in the increase in the flow points with the increasing
UPy content. However, the increase in the solid-to-liquid
transition with the increasing UPy content might also be
induced by the increase in Tg, as the glassy-to-rubbery and
rubbery-to-liquid transitions cover similar temperature ranges
and will be backed up by the similar calculated activation
energies from the Arrhenius plot of the horizontal shift factors
for PB-U6, PB-U8, and PB-U13 (Figure 11).
This can also be seen in Figure 7 where tan δ is plotted

against temperature. For PB-U4, the peak maximum is the
most pronounced, while it seems to decrease with increasing
cross-link density. Additionally, the position of the maximum
in tan δ also follows the same trend as observed in the DSC
results for the Tg, that is, the maximum shifts to higher
temperatures with a higher UPy content. The broader tan delta
peak for PB-U13 is likely related to minor phase separation as
indicated by the partial opaqueness of the sample (Figure S5).

Figure 6. DSC results for the PB-UPy polymers. (a) DSC curves
recorded during second heating of the samples and (b) correlation
between the Tg and the UPy content of the polymer.

Figure 7. DMTA results of the polymer networks. The storage
modulus (G′) and tan δ are shown as a function of temperature.
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In Figure S5, the polymer materials are presented after
compression molding. By heating the samples, the hydrogen
bonds become increasingly dynamic and ultimately completely
dissociate, resulting in material flow, which was also observed
in the DMTA data discussed above, and allowing the thermal
processing of the PB-U materials. After pressing the viscous
polymer melt into a mold, the material is allowed to cool
down, decreasing the hydrogen-bond dynamics again, which
restores the physical cross-links. Based on the DMTA results,
PB-U4 was pressed at 80 °C, PB-U6 and PB-U8 at 100 °C, and
PB-U13 at 120 °C. All films were nicely transparent, except for
PB-U13 (not very clear in the picture because of the thin film).
When a thicker film was pressed, opaque white regions
appeared for PB-U13. These results indicate that the limit of
UPy that can be homogeneously incorporated in the polymer
matrix was exceeded in PB-U13, although no crystallization or
melting was observed in the DSC measurements.
Linear Viscoelasticity. Sticker Dynamics and Activation

Energy. The linear shear rheology of the PB-UPy systems was
assessed by small amplitude oscillatory shear measurements.
All the resulting frequency sweep data are displayed in Figure
8. It can be observed that the crossover points of the storage
and loss modulus (G′ and G″, respectively) shifted to higher
frequencies with increasing temperature. Furthermore, when
comparing the data at a specific temperature, it is observed that
the relaxation time of the samples largely increases with
increasing the cross-link density, consistent with the DMTA
results. The PB-UPy polymers clearly show the formation of a
transient network at temperatures up to 70 °C, as indicated by
the formation of a plateau in G′ despite the unentangled state
of the building blocks. This rubbery plateau is much more well-
defined for PB-U4 than for PB-U6 (Figure 8a,b, resp.), for
which it only starts to appear below 70 °C. In the more densely
cross-linked networks PB-U8 and PB-U13, a rubbery plateau

can also be distinguished; however, the latter is less
pronounced and is only visible at lower frequency.
In order to further analyze the sticker dynamics and to

determine their activation energy, we followed the procedures
described by Chen et al. and by the theory of Rubinstein and
Semenov, to determine the temperature dependence of the
renormalized lifetime of a supramolecular bond, τS.

53,54

In Rubinstein−Semenov theory, in a reversible gel with
strong associations, a sticker dissociates and reassociates
several times with the same partner.54 As a consequence, the
stress related to the slow modes only starts to relax when one
of the initially paired stickers has found a new partner. This
process occurs at a timescale τS which is significantly longer
than the bare sticker lifetime τS*. Rubinstein and Semenov
report that τS depends on the temperature via the relation

i
k
jjjjj

y
{
zzzzzτ τ∝ ν

E
k T

expS
a

B (2)

where τν is a local attempt time, Ea the activation energy of τS,
and kB the Boltzmann constant. As τν depends on the chain
mobility at a local level, it should have the same temperature
dependence as the Rouse relaxation time of a Kuhn segment,
τ0, or equivalently, as the non-cross-linked PB sample.53,55

Thus, one notices that the dynamics of the systems are
essentially controlled by two different timescales, τS and τ0,
which explains the thermo-rheological complexity of the
samples. In order to distinguish both timescales, we use the
time−temperature superposition principle (TTS) and follow
the subsequent procedure described by Zhang at al.56

In Figure S6, the storage and the loss modulus, G′ and G″,
respectively, are first shifted by a factor aT so that the response
of the polymeric systems superimposes at high frequency. A

vertical shift = ≈ρ
ρ

bT
T

T
T
T

ref ref ref has also been applied. (Note

Figure 8. Frequency sweep data of the rheological characterization of the polymers at different temperatures.
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that we assumed that the density changes over the used
temperature range are negligible). As expected, these shifts
lead to a failure in the superposition in the low-frequency part
due to the stronger temperature dependence of the mechanism
of the sticker dissociation. In a very similar way, the linear
responses were shifted by factors aT′ and bT so that the data
coincide at low frequency. As observed in Figure S7, the curves
cease to superimpose at high frequency, when the segmental
motions start to contribute to the stress relaxation.
This procedure yields two sets of shift factors which allow to

characterize the temperature dependence of the slow modes
and the fast modes. As these shifts were collected at constant
temperature, one needs to multiply them by a free volume
correction factor aTg

to compare them.57 Details about the way

we computed aTg
can be found in Appendix A (see the

Supporting Information).

As shown in Figure 9, after the correction is made, it is
found that the shift factors aTg

aT for the systems PB-U6, PB-
U8, and PB-U13 are well described by the Williams−Landel−
Ferry (WLF) equation58

=
− −

+ −
a a

c T T
c T T
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( )T T10

1
0

ref

2
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g (3)

with c1
0 = 5.32 and c2

0 = 61.36 K.
This allows to confirm that the high-frequency part is

governed by the segmental motion of the polymeric chains.
On the other hand, the evolution of the factors aTg

aT′ with
temperature can described by
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Indeed, as shown in Figure 10, a linear dependence is found
for the expression log(aT′/aT) as a function of 1000/T. The
corresponding values for Ea can therefore be obtained from a
linear fitting, which leads to Ea ranging from 31.6 to 36.2 kJ/
mol. These activation energies are comparable to Ea = 33−37
kJ/mol evaluated for PnBA-UPy by Zhang et al.56

It must be noted that in this procedure, we used the shifts aT
given by the WLF equation, which allows to widen the

temperature range in the regression. Note that the regression
for PB-U6 was not performed beyond T = 100 °C as the WLF
equation is invalid beyond T/Tg > 1.3.59

According to Rubinstein−Semenov theory, the activation
energy of a reversible gel with strong associations can be
expressed as

= +E E E1.5a binding assoc (5)

where Ebinding is the binding energy, and Eassoc is the association
energy, which corresponds to the activation energy of the bond
formation.54 Thus, Eassoc determines the time that two stickers
must spend in the close vicinity of each other to form a bond,
while Ebinding determines the average time in the associated
state. By assuming that the renormalized lifetime τS is the
relevant timescale for the dynamics at low frequencies, the
inequality Eassoc < Ebinding/2 should hold. As a result, the
binding energy should be between Ea/1.5 and Ea/2. Within the
experimental temperature range, Ebinding lies in an interval of
5.4kBT and 8.2kBT. These values are in agreement with a very
low density of open stickers as this is obtained if exp(Ebinding/
kBT) ≫ (Ms/MK)

1.5, with Ms being the average molar mass
between two stickers and MK the molar mass of a Kuhn
segment.60 According to Fetters et al., MK is around 120 g/
mol.61

Master Curve Construction. In order to model the data, it is
convenient to summarize them into a single master curve
corresponding to a specific temperature, Tref. Despite the
thermo-rheologically complex behavior of these systems, this
can be achieved under specific conditions. In particular, it
requires fixing a reference temperature Tref, at which the
storage and loss moduli data cover a wide frequency range that
spans from the end of the relaxation of the fast modes to the
beginning of the relaxation of the slow modes. Indeed, it is in
this transition regime that thermo-rheological complexity is
observed, the data following neither a WLF equation as in the
high-frequency region nor an Arrhenius behavior, as in the
low-frequency region. Therefore, it is important to ensure that
the rubbery plateau is entirely described at T = Tref. For the
curves measured at T < Tref, we apply shifts aT and bT so that
they increases the frequency range in the part governed by the
slow modes. In a very similar manner, the moduli obtained at
T > Tref are shifted by aT′ and bT to maximize the amount of
information in the regime of the sticker dissociations. Finally,
for the curves measured at T < Tref (resp. T > Tref), we remove
the data that correspond to the relaxation of the slow modes
(resp. fast modes). The resulting master curves are shown in
Figure 11a at Tref = 80 °C and Figure 11b at Tref = 60 °C (for

Figure 9. Corrected shift factors aTaTg
(o) and aT′aTg

(□) of PS
systems as a function of T−Tg at the reference temperature Tref = 130
°C. The symbols are the experimental results, and the solid line is the
predictions of the WLF equation.

Figure 10. Extraction of the activation energy of PB-U6, PB-U8, and
PB-U13 at Tref = 80 °C.
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each sample, the experimental frequency window covered by

the non-shifted data at Tref is highlighted in Figure 12).
In associative polymers, the degree of gelation ϵ is defined in

such a way that ϵ < 0 is below the gel point, ϵ = 0 is the gel

point, and ϵ > 0 is above. Also, when 0 < ϵ < 1, the chains have

less than two intermolecular associations, and the system is a

mixture of sol and gel, while for ϵ > 1 (i.e., with more than two

intermolecular associations), all the chains are involved in a

Figure 11. (a) Mastercurves of the systems PB-U13, PB-U8, and PB-U6 shown at Tref = 80 °C. (b) Mastercurve of the systems PB-U4 shown at

Tref = 60 °C. The black line indicates the value of the plateau modulus = ϵ ρGN
RT

M
0 3

w
. (c) Mastercurves of the systems PB-U13, PB-U8, and PB-U6

obtained at Tref = 80 °C and subsequently shifted by a factor aTg
.

Figure 12. TTS master curves for (a) PB-U6, (b) PB-U8, and (c) PB-U13 at Tref = 80 °C with the fitting results using the sticky Rouse model. Blue
symbols correspond to the data measured at Tref = 80 °C.
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gel.62 In the remainder of this section, we first study the
relaxation of associative polymers with ϵ > 1, which should
correspond to the systems PB-U6, PB-U8, and PB-U13. Then,
we will detail the case 0 < ϵ < 1 that applies to PB-U4 as seen
later.
Figure 11a shows the effects of the increase in the mole

fraction of the UPy groups on the rheological properties for the
systems PB-U13, PB-U8, and PB-U6 of a very similar molar
mass. In the high-frequency portion, the moduli scale with ω1/2

as the polymer chains relax only by the Rouse process. They do
not superimpose as the increase in the Tg leads to larger
monomeric friction coefficients. This regime continues until it
is interrupted by the stickers.
Then, at intermediate frequencies, the systems display a

rubbery plateau, which gradually increases in magnitude with
the density of stickers. Indeed, associative bonds act as physical
cross-links that prevent the chains to relax further. Increasing
the amount of UPy makes the network more dense and leads
to a higher plateau modulus as ∼ ρGN

RT
M

0
s
. Also, one can see a

slight relaxation in the plateau regime that tends to increase
with the UPy concentration. This effect is discussed in the next
section.
Finally, at low frequency, one can observe that the longest

relaxation time τrel tends to increase with the number of UPy
groups in the polymeric chains. As these sticky chains are too
short to be entangled, their dynamics should be well described
by the sticky Rouse model.53,55 In such a case, as further
detailed in the next section, the terminal relaxation time, τrel, is
given by the product Ns

2τS, where NS is the number of stickers
along the chain backbone, and τS is the average lifetime of a
sticker. Therefore, two effects that cause the increase in τrel can
be distinguished:

• Increasing Ns augments the number of slow modes and
therefore leads to a widening of the Rouse ramp.

• The increase in the Tg with the incorporation of the UPy
groups slows down the segmental motion and therefore
tends to make τs and τrel longer (see eq 4).

In order to have a meaningful comparison of the flow
dynamics, one can remove the effects due to the different Tg by
shifting horizontally the master curves by a factor aTg

, as done
in Figure 11c. As observed, the high-frequency regimes
overlap, which means that the systems have similar segmental
motion. However, a slight mismatch is obtained for the system
PBU13. This discrepancy could possibly come from the
experimental results obtained with the DSC, as an error of 4.1
°C in the ΔTg = Tg,PB‑U13 − Tg,PB‑U8 is sufficient to explain it.
Despite this, one can see that under iso-Tg conditions, τrel
tends to decrease with the grafting of the UPy groups. In the
literature, a similar result has already been obtained by Cui et
al. for the copolymers UPyPEHA composed of ethylhexyl
acrylate (EHA) and 2-[3-(6-methyl-4-oxo-1,4-dihydropyrimi-
din-2-yl)ureido]-ethyl acrylate (UPyEA).55 Indeed, they report
that the ratio τs/τ0 tends to decrease with the addition of the
UPyEA. This trend is in contradiction with the scaling laws
obtained by Rubinstein and Semenov, according to which, a
larger density of stickers increases the number of returns of a
pair of stickers NRet, as it depends on the ratio of the
probability that two stickers of a pair come close to each other
Pr to the equilibrium fraction of open stickers ϕopen. Thus,
adding associative groups should lead to a longer τS as Pr
increases faster than ϕopen

−1 decreases.54

The master curve of the system PB-U4 is depicted in Figure
11b. At high frequency, the moduli scale linearly with the
frequency. In this regime, the stress relaxation is mainly due to
the diffusion of the clusters formed by mean-field percolation.
Then, at lower frequencies, the systems show a well-defined
plateau. This one is slightly lower than ρRT/Mw, which
suggests that the system is indeed a mixture of sol and gel.63

From the value of the plateau GN
0 ∼ ρRT/Mwϵ

3, one obtains a
degree of gelation ϵ = 0.95. Finally, at low frequency, one can
see that G′ ∝ ω2 and G″ ∝ ω, as predicted by the Maxwell
model. From these scaling laws, one can estimate the relaxation
time via eq 6.63

τ ω
ω ω

=
′
″

≈
ω→

G
G

lim
( )

( )
3.02 s

0 (6)

This leads to a value for τS of 3.17 s as τ ≈ ϵτS.
Modeling the Linear Viscoelastic Properties. Relaxation

Modulus of Free Unentangled Chains. Free unentangled
chains relax through the Rouse process. The relaxation is
described by N relaxation modes, each one characterized by its
own characteristic time. The pth relaxation time, with p
ranging from 1 to N, corresponds to the average duration taken
by chain subsections containing N/p Kuhn segments to
recover from the perturbation induced by the strain. As all the
modes are orthogonal, they can be summed, and the Rouse
relaxation modulus can be written as
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where ρ is the mass density, T is the absolute temperature, R is
the ideal gas constant, N is the number of Kuhn segments per
chain, τ0 is the relaxation time of a Kuhn segment, and w is the
weight fraction.64,65 The first summation term in eq 7 takes
into account polydispersity in molar mass.

Relaxation Modulus of Associative Polymers. Relaxation
modulus of the reversible network regime (ϵ > 1). Relaxation
modes involving subchains smaller than the average length
between two associative bondsMs, should not be influenced by
the connectivity of the chain. As a result, these modes called
“fast modes” can be described by a Rouse process. In contrast,
the modes corresponding to the collective motion of segments
larger than Ms undergo an extra drag due to the associative
bonds. In the sticky Rouse model, these “slow” modes are
uniformly delayed and described by a low-order Rouse
process.66 On this basis, Chen et al. expressed the relaxation
modulus of a reversible network as
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where Ns,i = Mw,i/Ms is the number of stickers per chain, and τS
is the association lifetime.53

The inequality τSNS
2 ≥ τ0N

2 is needed to obtain the delaying
effect caused by the associations. Note that in the expression of
the slow modes, it is assumed that the friction of the backbone
is negligible compared to that of the associative bonds.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.1c01908
Macromolecules 2022, 55, 928−941

937

pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.1c01908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


One can generally observe a good qualitative match of the
sticky Rouse model (eq 8) with experimental data. However,
significant discrepancy with the data still persists, especially in
the rubbery plateau regime. That is why few modifications of
the model have been proposed to improve the fitting. Among
them, one can distinguish the two following shortcomings of
the model.
Equation 8 neglects the contribution to the response from

dangling ends. As done by Cui et al., one can correct this by
decomposing the fast modes into two contributions coming
from the dangling ends and the trapped segments55

∑ ρ
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where Gends(t) and Gtrapped(t) are given by
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Here, ϕend and ϕtrapped are respectively the weight fraction of
the chains ends and that of the trapped segments.
In addition to the polydispersity in molecular weight, one

needs to take into account a dispersity in the distribution of the
number of stickers per chain due to the statistical nature of the
modification process.67,68 As each of the Ni Kuhn segments has
a probability pi = 1/Ns,i to be associative, the number of
stickers per chain of molar mass Mw,i follows a Poisson
distribution Pois(Nipi) as it approximates the binomial
distribution very well, as demonstrated by the Poisson limit
theorem.
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Relaxation modulus of the mixture of sol and gel (0 < ϵ < 1).
When there are less than two intermolecular associations,
chains start to assemble into distinct clusters, and the
mechanism of relaxation changes. In this subsection, we
consider systems with slightly less than two intermolecular
associations so that chains strongly overlap and that the system
stays a mixture of sol and gel. As a result, the amount of
intramolecular associations should stay limited, and mean-field
percolation statistics should be valid.62

At short time, the dynamics are controlled by the Rouse
process as it involves the motion of portions of the chains that
are smaller than MS. Then, the stress relaxation is essentially
controlled by the diffusion of the clusters as a whole. In this
regime, the G′ and G″ scale linearly with the pulsation ω.
These ones relax in a timescale τ ∼ τ

ϵ
M( )rel cluster

R
3 . After this,

the gel starts to manifest as a plateau ∼ ϵρGN
RT

M
0 3

w
. Finally, at a

timescale τmax ∼ τSϵ, the network breaks, which allows the
system to relax completely.54 A summary of the scaling laws of
the storage modulus for the case ϵ > 1 and 0 < ϵ < 1 can be
found in Figure S8.
Comparison with the Experimental Data. Figure 12 shows

the prediction of the sticky Rouse model with the two
modifications described in eqs 9−12. The number of stickers
has been fixed consistently with the sample composition. The

results were converted to the frequency domain using Fourier
transform. The Đ has been incorporated into the sticky Rouse
model via a log-normal distribution (see Appendix B in the
Supporting Information).
At intermediate frequencies, it is observed that the model

does not allow to correctly describe the experimental data,
despite the fact that both the influence of dangling ends and
the polydispersity of the sticker position have been accounted
for. The main cause of this is that the data show significant
relaxation in the rubbery plateau region, that the model does
not predict since it is assumed that in this regime, the sample
relaxation is frozen as long as the time is shorter than the
sticker lifetime, τs. As the missing relaxation occurs close to the
local minima of G″, this discrepancy could be due to the Rouse
modes of motional units larger than the trapped segments,
coming from the presence of defects in the network, such as
elastically ineffective pending loops resulting, for example, from
dimerization of two UPy units on the same polymer chain,
which tends to increase the length of the elastically effective
strands. For example, as depicted in Scheme 3, the strands that

contain one such loop have an effective length of 2Ms, that is
twice the size of the trapped segments in the ideal network,
while the pending loop acts as an extra friction point for the
motions of the strands. If we limit ourselves to this case and
thus, neglect the strands of length higher than 2Ms, the
relaxation modulus can be expressed as
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where ϕloop is the weight fraction of the strands of length 2Ms.
Also, instead of τ0, a characteristic time τf must be used in the
expression of the Rouse modes of subchains larger than Ms to
account for the friction brought by the pending loops. This
time can be evaluated using an approach very similar to the
one that was used by Papagiannopoulos et al. to estimate the
relaxation time of unentangled comb polyelectrolytes.69

The characteristic time of a Kuhn segment, that is directly
connected to a loop of length Ms, is defined by the relaxation
time of that loop, which is τR ≈ (Ms/MK)

2τ0. Also, the Kuhn
segments with no loops attached will relax in a time equal to τ0.
Based on this, one can compute τf by taking the average over
all the Kuhn segments.

Scheme 3. Elastically Ineffective Loops in the Structure of
the Network Caused by Dimerization of Two UPy Units on
the Same Polymer Chain
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As seen in Figure 12, incorporating these loops improves the
theoretical description of the viscoelastic curves. In spite of it,
discrepancies still persist. As shown in Figures S9, S10, and S11
in Appendix A, one can see a mismatch of the theoretical
prediction of G″ with the experimental results at low
temperatures. Indeed, the model does not predict the shift of
the local minima of G″ toward the low frequency and the
decreasing ratio G″/G′ with temperature at this level of the
curve. This could be linked to a change of the structure of the
network, which could bring further Rouse modes. Obviously,
much more rigorous treatments of these topological defects,
such as done by Panyukov,70 could potentially refine the
fitting.
The fitting parameters are summarized in Table 2. As

discussed in the preceding section, a close inspection of Table
2 shows that the ratio τS/τ0 tends to decrease with the amount
of UPy.

■ CONCLUSIONS
In summary, we have demonstrated the successful synthesis of
a thiol-functional UPy unit with a branched alkyl side chain
and its facile coupling onto 1,2-PB via thiol−ene chemistry.
The incorporation of UPy and absence of free UPy in the
obtained PB-UPys were confirmed by DOSY NMR spectros-
copy. The TGA thermograms displayed the good thermo-
stability of the networks, DSC showed an increasing Tg with
the elevating UPy content in the networks, and the lack of a
melting peak also indicated the absence of significant UPy
phase separation, albeit minor microscopic phase separation
was observed for PB-U13 as indicated by the appearance of
opaque spots in injection-molded thin films. The complete
absence of phase separation for PB-U4, PB-U6, and PB-U8 has
to be interpreted with caution as additional characterization
with microscopy and/or scattering experiments is needed to be
conclusive that there is no phase separation at all. Nonetheless,
previously reported PB end functionalized with methyl-UPy
revealed phase separation in DSC, indicating that the here
employed UPy with a branched aliphatic side chain can indeed
suppress phase separation in a PB matrix. DMTA visualized the
improved flow resistance with increased cross-link density,
accompanied with the loss of dynamic properties. Linear
viscoelasticity also showed the formation of the network with a
plateau modulus and a terminal relaxation time which increase
in magnitude with the density of stickers. The storage and the
loss moduli were fitted with the sticky Rouse model. We found
that the model does not allow to correctly describe the
experimental data at intermediate frequency. This deviation
was attributed to the presence of topological defects in the
systems.
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