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Abstract Nonlinear stress relaxation under step strain y was examined for aqueous solutions of an end-associative telechelic polymer, hy-
drophobically modified ethoxylated urethane (HEUR) having hexadecyl groups at the two ends of the chain. At 20 °C where the end hexadecyl
groups were in the molten liquid state, the solutions with the HEUR concentrations c=1 wt% and 5 wt% commonly exhibited strain-hardening at
short time t and the strain-softening (damping) at long t. In the terminal relaxation zone at sufficiently long t, the nonlinear relaxation modulus
G(t,y) was found to obey the time-strain separability. These nonlinear features were discussed in relation to strain-induced changes in the associa-
tive network structure. In the aqueous HEUR solutions, aggregates of the precipitated end-groups should be stabilized by loops of dissolved
HEUR backbones to form so-called flower micelles. At low ¢, most of those micelles would connect HEUR chains into a long linear sequence re-
ferred to as superbridge, thereby forming a sparse network. At higher ¢, those superbridges would become shorter to densify the network ac-
cordingly. Immediately after imposition of the large step strain, the flower micelles in the superbridge backbone would fuse each other to form a
denser network thereby exhibiting the hardening. This micelle fusion would be more significant for longer superbridges to enhance the strain
hardening at lower c. After this fusion, the micelles having liquid cores would be opened up because of the enhanced tension of the deformed su-
perbridge, and then split to disconnect the superbridge if this tension overwhelms the micelle strength. This opening/splitting process possibly
resulted in the partial breakage of the network and the corresponding softening. Finally, the surviving part of the network would relax on ther-
mal dissociation of the remaining micelles thereby exhibiting the time-strain separable damping at long t. These features were semi-quantitative-
ly described by a simple model that considered the strain-induced fusion followed by mechanical opening/breakage of the transient crosslinks.
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INTRODUCTION

For aqueous (aq.) solutions of hydrophobically modified
ethoxylated urethane (HEUR) end-capped with water-insoluble
functional groups, rheological studies have been extensively
conducted from experimental and theoretical points of
view!'2%! because of the industrial importance of HEUR (for ex-
ample, it has been used as a thickener in paints) as well as the
scientific interest for a role of the association/dissociation dy-
namics of the end groups in rheological behavior. In general,
the end groups such as alkyl groups precipitate in the aqueous
solutions and associate with each other to form so-called flower
micelles!"?! being stabilized by loops of soluble chain back-
bones, as illustrated in Fig. 1. Those micelles exhibit thermal dis-
sociation/association (unless the precipitated end groups are in
the immobilized solid state) and can be also broken mechani-
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cally under large deformation. The thermal dissociation/associa-
tion leads to linear viscoelastic relaxation whereas the mechani-
cal breakage results in nonlinear rheological responses, as ex-
plained below in more detail.

The flower micelle serves as a connector at the chain ends
to form linear sequences of the chain backbones, as dis-
cussed in the pioneering work by Annable and coworkers.['2]
When those linear sequences are mutually overlapping in the
solution, they are further organized into a network wherein
three or more sequences are bound by one micelle (see
Fig. 1). The linear sequence of the chain backbone incorporat-
ed in this network, referred to as superbridge,'! sustains the
network elasticity in a short time scale wherein the flower mi-
celles at the middle/ends of the superbridge have experi-
enced neither the thermally dissociation nor the mechanical
breakage. At the same time, this network should include
many defects such as a single-chain loop or a superloop!’-2
(not shown in Fig. 1, for simplicity), the latter being a loop of
an end-connected sequence of the chain backbones. In addi-
tion, the solutions should also include isolated loops of vari-
ous sizes not connected to the network. Thus, the HEUR solu-
tion includes various types of associated structures, which
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Fig. 1 lllustration of sparse network of HEUR superbridges
dynamically crosslinked by flower micelles.

provides the solutions with rich rheological behavior, as sum-
marized below.

Under small deformation, the flower micelles are not me-
chanically broken and their thermal dissociation/re-associa-
tion governs the linear viscoelastic relaxation at long time. At
low HEUR concentrations ¢ below the overlapping concentra-
tion ¢* of individual HEUR chains, the Maxwellian behavior
characterized by the single relaxation time 1y, is experimental-
ly observed and this 1y has been assigned as the time re-
quired for the thermal dissociation of the flower micelles.['-14
This relaxation broadens on an increase of ¢ well above ¢*
possibly due to changes in the transient network structure, as
discussed by Uneyama and coworkers:!'3:14 A sparse network
of the superbridges would be formed at low ¢ so that the
thermal dissociation resulting in the relaxation would domi-
nantly occur at the micelles in the superbridge backbone,
which naturally results in the single-1y, relaxation (because
motion of the cleaved superbridge is much faster than the
thermal dissociation). The transient network model of Tanaka
and Edwards!'® can capture this feature of linear viscoelastic
relaxation. In contrast, at high ¢, a dense network would
be formed so that the relaxation would be also contributed
from the thermal cleavage of the transient network junctions
(branching nodes shown in Fig. 1) and become
broadened.l314

Under large deformation/fast flow, the flower micelles can
be mechanically broken to provide the solutions with even
richer rheological behavior, the shear thickening of the
steady state viscosity n at the shear rate y~1/1y, followed by
the thinning of n at y > 1/1.[*~'2 Ma and Cooper,’®! Berret
and coworkers,57] and Pellens and coworkers®-" attributed
the thickening to the finite-extensive nonlinear elasticity
(FENE) of those strands modelled by Marrucci and
coworkers.'’! In contrast, Tam and coworkerst*>! attributed
the thickening to a flow-induced increase of the number den-
sity vy, of the superbridges (occurring through fusion of the
micelles in the backbone of the superbridges, for example).
Tanaka, Koga, Indei, and coworkers!'6-20] formulated a tran-
sient network model considering the FENE effect as well as
the increase of v,. Nevertheless, Suzuki and coworkers!' ex-
perimentally found that the first normal stress difference co-
efficient W, of a low-c HEUR solution keeps its linear vis-
coelastic value even when n exhibits the thickening at
y~1/ty. This behavior of W, is not expected from the simple
ideas of FENE and flow-induced increase of v,. For this prob-

lem, Uneyama, Suzuki, and coworkers!'2'3] proposed a model
considering that the superbridges disrupted under flow are
reformed anisotropically thereby leading to the above-men-
tioned difference between the W, and n data. Furthermore,
they found that the difference between the nonlinearities of
W, and n becomes minor (no thickening for both n and ¥,) in
the solutions at high ¢ wherein the dense network of the
HEUR chains, not of the superbridges, are formed.

Here, we realize that HEUR is situated in a wider class of
telechelic polymers having associative end groups, for exam-
ple, hydrogen bonding groups?'-251 and ionic salt
groups.l26-311 |t is of interest to examine if the rheological be-
havior of the HEUR solution is similar to that of the telechelic
polymers in general, or, if a difference is noted according to
the difference in the strength of the associative interaction of
the end groups. For this point, we remember our recent
studyB" for a polystyrene ionomer (SPS-Na) having two sodi-
um sulfonate salt groups per chain on average. This ionomer
can be regarded as a telechelic chain strongly associating
through the coulombic interaction between the salt groups.
Our nonlinear relaxation experiments revealed that the SPS-
Na ionomer shows the strain-hardening at short t and the
time-strain separable strain-softening (damping) at long t, at-
tributable to strain-induced fusion of the salt aggregates at
short t followed by mechanical rupture and thermal dissocia-
tion of those aggregates at long t. It is of interest to examine
if the HEUR ag. solution exhibits similar hardening and soften-
ing behavior. If this similarity is observed, we can discuss fac-
tors that determine the magnitudes of the hardening and
softening.

On the basis of this consideration, we focused on model
HEUR ag. solutions at low and high ¢ (1 wt% and 5 wt%) and
tested their nonlinear behavior under step shear (not exam-
ined in previous studies by Uneyama, Suzuki, and
coworkers!'213]), Those solutions were found to exhibit the
hardening at short t and time-strain separable softening at
long t, which was qualitatively similar to the SPS-Na ionomer.
In addition, a simple model for the magnitudes of hardening
and softening, extended from a model for the ionomers,3
was able to approximately describe those magnitudes ob-
served for the HEUR solutions. These results allowed us to sit-
uate the short-t hardening and long-t softening as general
features of telechelic associative polymers. Furthermore, the
difference in the magnitudes of long-t softening of the HEUR
solutions and the SPS-Na ionomer defined with respect to the
short-t hardening (the softening defined in this way being
much weaker for the HEUR solutions) suggested that the duc-
tility of the associating groups plays an important role of the
nonlinear behavior of telechelic polymers, which enabled us
to extend the previous view!'21331 for the nonlinearity. De-
tails of these results are presented in this work.

EXPERIMENTAL

Materials

The hydrophobically modified ethoxylated urethane (HEUR)
sample used in this study was synthesized and characterized by
Suzuki and coworkers'? and had hexadecyl end groups as
shown in Fig. 2. Its weight-average molecular weight and poly-
dispersity index were M,,=4.6x10* g-mol~' and M,,/M,=1.35, re-
spectively.'”
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Aqueous HEUR solutions with concentrations of 1 wt% and
5 wt% were prepared by dissolving prescribed amounts of
the HEUR sample in distilled water. To ensure homogeneity of
the solutions, the HEUE/water mixtures were stirred continu-
ously at 40 °C for 24 h in sealed containers prior to rheologi-
cal tests.

Measurements

Dynamic measurements of the storage and loss moduli G'(w)
and G"(w) in the linear viscoelastic (LVE) regime and stress relax-
ation measurements under step strain were conducted with a
strain controlled rheometer (ARES-G2, TA Instruments) at 20
(%1) °C for the 1 wt% and 5 wt% aqueous solutions of HEUR. A
cone-and-plate fixture of 25 mm diameter, 2.3° cone angle, and
0.0539 mm truncation gap was used. All measurements were
made in a saturated humidity atmosphere to prevent water
(solvent) evaporation from the sample solutions. In the stress re-
laxation measurements, the sample was subjected to a step
strain y in a range between 0.5 and 10. Before those measure-
ments at each y, we tested the reproducibility of the G'(w) and
G"(w) data and confirmed lack of changes in the solution sam-
ples (due to water evaporation, for example).

RESULTS AND DISCUSSION

Linear Viscoelastic Behavior

For the 1 wt% and 5 wt% HEUR solutions at 20 °C, Fig. 3(a)
presents data of the storage and loss modulus, G'(w) and G"(w)
(filled and unfilled symbols), measured as functions of angular

o, NH NH _O
E84eVent
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e
(6] NH NH ~O
430 2

frequency w. Those data allow us to evaluate the terminal relax-
ation time 7= [G'/w”],,/[G"/w],_o and the plateau modulus
Gpy, the latter emerging at w well above 1/1 and characterizing
the intensity of terminal relaxation. The results are summarized
in Table 1. The terminal relaxation is fully covered in our experi-
mental window, which allows us to systematically investigate
the nonlinear rheological behavior in the relevant timescales as
explained later.

The plateau modulus G° of fully developed dense network
of individual HEUR chains is specified as
_ CRT
N MHEUR
where Mygyg=Mn neur=34%x10% g-mol™, ¢ represents the mass
concentration of the solution, R is the gas constant, and T stands
for the absolute temperature. This G° is shown by the horizontal
dotted lines in Fig. 3(a). For the HEUR solutions with c=1 wt%
and 5 wt%, respectively, the measured plateau modulus Gy, is
only 1/42 and 1/7 of this G°, suggesting that the transient net-
work in the HEUR solutions, in particular in the 1T wt% solution, is
mainly sustained by the superbridges of the HEUR chain. Name-
ly, the dense (and perfect) network of individual HEUR chains
was formed neither at c=1 wt% nor at ¢=5 wt%. This result
agrees with that reported by Uneyama and coworkers.['”]

The relaxation mode distribution of the two HEUR solu-
tions can be most straightforwardly compared for the stor-
age and loss moduli reduced by the plateau modulus, G'/Gy,
and G"/Gy,, and plotted against the normalized frequency wr.
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Fig.2 Chemical structure of HEUR chain used in this study.
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Fig. 3 (a) Linear viscoelastic moduli G' (filled circles) and G" (unfilled circles) at 20 °C obtained for the 1 wt% and 5 wt% HEUR solutions. G°
represents the nominal plateau modulus expected for an ideally dense network of HEUR chains. (b) Normalized plots of the data shown in panel (a).
The moduli data reduced by the measured plateau modulus G, are plotted against the angular frequency normalized by the terminal relaxation
frequency 1/t. The black dotted curves indicate the result of fitting the G'(w) and G"(w) data with the single-Maxwell model.
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Table1 tand G values of the 1 wt % and 5 wt % HEUR solutions at 20 °C.

CHEUR T(s) Gy, (Pa)
1 wt% 0.8 17
5 wt% 25 500

The results are shown in Fig. 3(b). At low wt, both solutions
exhibit the terminal relaxation similar to the Maxwellian relax-
ation, G'/Gy = w?t?/(1 + w?t?) and G"/G, = wt/(1 + wW??),
shown with the dotted curve. This terminal relaxation is at-
tributable to the thermal dissociation of the flower micelles in
the superbridge backbone.'3! Correspondingly, the upturn of
G"/Gp and the corresponding gradual increase of G'/G,, seen
at wt 210 is attributable to the motion of the superbridges
before occurrence of this thermal dissociation.

In Fig. 3(b), a close inspection of G'/G data at wt<1 sug-
gests that the terminal relaxation of the HEUR solution is
slightly broader for c=5 wt% than for c=1 wt%. This behavior,
noted also by Uneyama and coworkers,['3] can be assigned as
the crossover in the transient network structure from the
sparse network to the dense network. In fact, a considerably
broader terminal relaxation mode distribution characterizing
this crossover has been noted at c=10 wt%.['3]

Nonlinear Stress Relaxation

Fig. 4 compares the relaxation modulus G(t,y) under various step
strains y measured for the HEUR solutions with c=1 wt% and 5
wt% at T=20 °C. The black dashed curve indicates the linear vis-
coelastic G(t) calculated from the G' and G" data in Fig. 3(a). For
both 1 wt% and 5 wt% solutions, G(t,y) for y<1 agrees with this
G(t) and exhibits the LVE plateau noted in Fig. 3(a). However, an
increase of y results in a significant deviation of G(t,y) from G(t),
namely, strong nonlinearity.

At very short t, G(t,y) increases with increasing y for both
samples, and this increase (strain-hardening) is stronger for
the 1 wt% solution than for the 5 wt% solution. At short t af-
ter the hardening, G(ty) exhibits a rapid decay when the
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strain exceeds a certain value, y =7 and 5 for c=1 wt% and 5
wt%, respectively. This decay becomes faster with an in-
crease of y. Irrespective of y, G(t,y) at long t fully relaxes with a
rate similar to that for G(t). These two major characteristics,
the strain-hardening and strain-softening being qualitatively
similar to those observed for SPS-Na ionomer,"! are exam-
ined below in more detail.

Strain-hardening

Under large step strains, the HEUR solutions and SPS-Na
jonomer, the latter examined in our previous study,?" com-
monly exhibit hardening at short t. However, this hardening is
quantitatively different for these two associative systems. For
the SPS-Na ionomers under moderate y (still below 2), G(ty) at
short-t increased almost up to the ideal modulus G°. This behav-
ior suggests that the strain induces collision and fusion of the
salt aggregates in the SPS backbone of neighboring super-
bridges, thereby converting the associative network in the SPS-
Na ionomer to an almost defect-free network of the SPS back-
bone between the two sodium sulfonate salt groups therein.
Consequently, the nonlinear damping of this ionomer at long t
would reflect the strain-induced rupture of this almost defect-
free network. In contrast, for the HEUR solutions with c=1 wt%
and 5 wt%, the short-t modulus increases only to a level well be-
low G° even under the very large strain, y =10 (cf. Fig. 4). This re-
sult suggests that the nonlinear damping of those HEUR solu-
tions at long t reflects strain-induced structure changes of the
sparse network containing many defects, possibly the network
effectively composed of superbridges carrying flower micelles
(cf. Fig. 1).

This point can be further examined in relation to the mag-
nitude of overlapping between HEUR chains in the unassoci-
ated state. We may roughly estimate the overlapping concen-
tration ¢ of the HEUR chain in that state from the intrinsic vis-
cosity [n] of the poly(ethylene oxide) (PEO) sequence includ-
ed in the HEUR backbone as the main component. (The ure-
thane and hexadecyl groups are not soluble in water and

4

b HEUR-aq. 5 wt%
T=20°C

Ig (t/s)

Fig. 4 Nonlinear relaxation modulus G(t,y) of the HEUR solutions with (a) c=1 wt% and (b) c=5 wt% at T=20 °C. The dashed curves show linear
viscoelastic G(t) calculated from the G' and G" data in Fig. 3(a). G° represents the ideal modulus specified by Eq. (1).
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would not contribute to [n] in the unassociated state.) From
the molecular weight of this PEO sequence, Mpgg =
44x430%2.3=4.3x10* g-mol~' (cf. Fig. 2), an empirical equa-
tion reported for PEO in water at 25 °CB2 [nlpgn =
4.33x1 074/\/12'559 g~"-dL, and the mass densities d,er = dpgo =
1 g-cm~3, we obtain an estimate for our HEUR chain, ¢* =
1/[Nlpgo 1.6 g-dL~" = 1.6 wt%, under an assumption of no
volume change on mixing. As judged from this ¢ value, the
HEUR chains in the 1 wt% solution (c/c"=0.6) are not in the
overlapping state unless they associate with each other, and
their associated network should have included many defects
even in the strain-hardened state (where G(t,y) at short t is
much smaller than G°; cf. Fig. 4). In contrast, some overlap-
ping is expected for the HEUR chains in the 5 wt% solution
(c/c*=3.1) even in the unassociated state. Nevertheless, the
associated network in this solution should still include consid-
erable defects, as judged from its hardened G(t,y) still smaller
than G° (cf. Fig. 4). This imperfectness of the associated net-
work in the 5 wt% solution can be also deduced in Fig. 6 of
Ref. [13]: The LVE plateau modulus of the 5 wt% solution is lo-
cated only at the low-c end of a high-c asymptotic power-law
zone for the well-developed network.

In relation to the above argument, it is informative to ex-
amine if the PS chain backbones of the SPS-Na ionomer melt
are well overlapping with each other. Utilizing an empirical
equation for PS in a theta solvent, cyclohexane (CH) at 34.5
°CB3 [nlps = 85.7><10‘3M?,f g~'-dL, the ionomer molecular
weightB Mgps=1.1x10% g-mol-1, and the mass densities dcy, =
0.78 g-cm~3 and dps = 1.05 g-cm~3, we can estimate a hypo-
thetical intrinsic viscosity of unassociated SPS in the theta
state and the corresponding overlapping concentration,
[Nlsps = 9.0 g~'-cm3 and ¢ = 1/[nleps = 0.11 g-cm=3 = 13 wt%.
Thus, SPS-Na chains in melt (c=100 wt%, ¢/c*=7.7) are in a
more heavily overlapping state compared to the HEUR chains
in the solutions with c=1 wt% and 5 wt%. Nevertheless, the
associated network in the SPS-Na ionomer melt still includes
defects, as discussed previously in relation to its hardening

4
a HEUR-aq. 1 wt%
T=20°C

Ig (t/s)
Fig.5 Comparison of hardening behavior of the HEUR solutions with (a) c=1 wt% and (b) c¢=5 wt%.

behavior.

On the basis of the above consideration for defects in the
associative network, detailed features of the hardening of the
HEUR solutions at very short t are examined in Fig. 5 where
the G(t,y) data are reduced by a hardening factor h(y)(21). The
gray curve shows the raw G(t,y) data for y=1, i.e., G(t) in the
LVE regime. For all y>1, f)(y) was determined by superposing
the short-t plateau in the hardening zone onto the LVE
plateau, namely h(y) =G(t,y)/G(t, 1) at the shortest time
(t=0.03 s) required for accurate measurement of G(t,y). For the
SPS-Na ionomer, i~7(y) defined in this way reflects strain-in-
duced enhancement of the network association at such short
tB1 This is the case also for the HEUR solutions.

The h(y) factors thus evaluated are summarized in Fig. 6(a).
Another factor characterizing the short-t behavior, G°/G(0,y)
defined with respect to G° of fully developed dense network,
is shown in Fig. 6(b). For comparison, the data of SPS-Na ob-
tained in our previous study*" are also shown. Comparing
the behavior of two HEUR solutions with c=1 wt% and 5 wt%,
we note that the hardening is stronger and the G°/G(0,y) fac-
tor is larger (defects in the transient network remains more
even in the hardened state) for the former solution. At the
same time, the hardening of the two HEUR solutions is con-
siderably weaker and their G°/G(0,y) ratio is larger (defects re-
main more) compared to the SPS-Na ionomer. This difference
between the HEUR solutions and the SPS-Na ionomer pro-
vides us with a clue for discussing the structural origin of the
hardening.

Strain-softening

Fig. 7 shows plots of the G(t,y) data of the two HEUR solutions
reduced by respective damping functions h(y). With an ade-
quate choice of h(y) shown in Fig. 8, the reduced G(t,y)/h(y) data
of respective HEUR solutions are excellently superposed on the
LVE G(t) data (gray curve) at long t, as noted in Fig. 7. Namely,
the slow relaxation of the HEUR solutions satisfies the time-
strain separability:
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Fig. 6 Short time nonlinearity of the c=1 wt% and 5 wt% HEUR solutions at T=20 °C. For comparison, the data of SPS-Nal*"! are also shown. (a)
Hardening factor h(y) double-logarithmically plotted against y. (b) G°/G(0,y) ratio defined with respect to G° of fully developed dense network.
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Fig.7 Test of time-strain separability of (a) 1 wt% and (b) 5 wt% HEUR solutions at long t.

G(t y) = G(t)h(y) at long t (2)
This separability is observed also for entangled linear
polymers®4 and SPS-Na ionomer.B" Nevertheless, the damping
function of the HEUR solutions is less dependent on y com-
pared to the entangled linear polymers and SPS-Na ionomer, as
clearly noted in Fig. 8. We also note that the damping from the
LVE behavior is stronger (h(y) is smaller) for the 5 wt% HEUR so-
lution than for the 1 wt% solution.

Here, we should note that the two HEUR solutions exhibit
an enhanced plateau of the modulus (strain-hardening) at
short t; cf. Fig. 4. Thus, for these solutions, the decrease of the
terminal relaxation intensity with y is better defined as a de-
crease from this short-t plateau and is quantified by an effec-
tive damping function, heg(y) = h(y)/h(y) with h(y) (1) being
the hardening factor examined in Fig. 6. For the two HEUR so-
lutions, Fig. 9 shows changes of hg(y) with y. For comparison,
the results for the SPS-Na ionomerB' are also shown. The dif-
ferences between the two HEUR solutions seen in Fig. 8 be-

comes less significant in Fig. 9, although the difference of
hegly) for c=1 wt% and 5 wt% is still detectable (hggly) is a lit-
tle larger for c=1 wt%). Furthermore, the large difference be-
tween the solutions and the ionomer still remains in Fig. 9.
These observations are later discussed in relation to results of
a model analysis considering a strain-induced structure
change of the associative network followed by re-association
in a partially relaxed form.

Mechanism of Strain-hardening at Short Time

For HEUR solutions, Suzuki and coworkers!'? observed shear
thickening of the steady state viscosity n but not of the first nor-
mal stress difference coefficient W,. This observation led them
to rule out the FENE effect and a simple flow-induced enhance-
ment of association (both increasing n and W, to the same
magnitude) as the molecular origin of the thickening observed
just for n. Consequently, they attributed the thickening of the
HEUR solutions to anisotropic reorganization of the transient
network under flow: Specifically, they focused on the averaged
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Fig. 8 Damping function h(y) of 1 wt% and 5 wt% HEUR solutions
obtained from the shift of the G(ty) data shown in Fig. 7. For
comparison, the damping function is shown also for the SPS-Na
ionomer and entangled linear polystyrene (PS). The dotted curve
shows the prediction of the Doi-Edward (DE) model for entangled
polymers. The data for PS and SPS-Na and the DE curve were taken
from Ref. [31] with a permission of American Chemical Society
(Order Number 6142240716763).
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Fig. 9 Effective damping function hely) = h(y)/h(y) of HEUR
solutions with c=1 wt% and 5 wt%. h«(y) quantifies the damping at
long t with respect to the strain-hardened state at short t. For
comparison, hegly) data of the SPS-Na ionomer®" are also shown.

dyadic (rr) of the end-to-end vector r of the network strands
and argued that the reorganization occurred in a direction en-
hancing the dyadic component (r,r,) (~ny) but not affecting
(rﬁ - ri) (~Y¥, yz), with x and y being the shear and shear gradi-
ent directions, respectively.

Considering the above argument of Suzuki and
coworkers,l'?l we examine a structural origin of the strain-
hardening of our HEUR solutions observed under step strain
at short t (in a sense similar to the thickening of n explained
above). Specifically, we firstly test the FENE effect and then
the network reorganization (fusion of the flower micelles lo-
cated in the superbridge backbone) as a mechanism underly-
ing the observed hardening.

Test of FENE effect

As a test of the FENE mechanism, we conducted a double-step
relaxation experiment illustrated in Fig. 10. We applied a large
positive step strain y;=3 to the 1 wt% and 5 wt% HEUR solu-
tions at time t = —t,, and then applied a negative strain of the
same magnitude, y,=-3, at time t=0. The interval between these
two strains, t,,=0.1 s, was chosen to be much shorter than the
time required for the strain-hardened plateau of Glt,y) to start
decaying (for y=3, this decay starts at t=0.8 and 2.5 s for the 1
wt% and 5 wt% solutions; cf. Fig. 4). In this condition, the HEUR
solutions should behave as a chemically crosslinked rubber and
exhibit practically zero stress at t>0 given that their associative
network structure is unaffected by the strain and the hardening
is mainly due to the FENE effect.

Strain

i | S

t=—t, =0 >0
=t+t,=0) (P =t=0)

Time

Fig. 10 Schematic illustration of double-step strain test. A positive
strain y; (=3) was applied at a time t = —t,,, and a negative strain of
the same magnitude was applied at time t=0. The stress of the
HEUR samples were measured in the whole process of this test.

Fig. 11 shows the results of this double-step strain test. Un-
der the first strain, both 1 wt% and 5 wt% HEUR solutions ex-
hibited a positive stress ol'! that hardly decayed within the in-
terval time, 0.1 s. Under the second step strain, both samples
exhibited a negative stress o!?! of large magnitude. This result
unequivocally rules out the possibility of the FENE mecha-
nism as the main mechanism for the strain hardening of our
HEUR solutions.

Strain-induced fusion of flower micelles

The above test rules out the FENE effect as the primary mecha-
nism for the short-t strain hardening of the HEUR solutions.
Thus, we propose that the hardening observed under the step
strain is primarily due to strain-induced fusion of flower micelles
in the superbridges. We may consider that the associative net-
works formed in our HEUR solutions consist mainly of super-
bridges, in particular in the 1 wt% solution, as illustrated in
Fig. 1. In this network, the aggregates of C;sHs; alkyl groups at
the ends of the superbridges serve as the branching nodes of
the network. This node is stabilized by the loops that protect the
hydrophobic alkyl aggregates from the aqueous phase. The
flower micelles in the superbridge backbone are also protected
by the loops.

In the HEUR solution with c=1 wt% (well below the overlap
concentration of the HEUR chains estimated earlier, ¢"=1.6
wt%), the superbridges appear to behave as effective strands
forming a sparse network. Upon application of step strain, the
micelles within the superbridge backbone would undergo fu-
sion, which leads to network densification and consequently

https://doi.org/10.1007/s10118-026-3573-1
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Plots of shear stress o measured for the (a) 1 wt% and (b) 5 wt% HEUR solutions under the double step strain. For both solutions, o' and o

2l under the first and second step strains were of positive and negative values, respectively.

pronounced strain hardening. In contrast, in the HEUR solu-
tion with ¢=5 wt% (moderately larger than ¢%), the network
should be denser and the superbridges may become minor,
which would reduce a probability of flower micelle fusion and
thus give rise to only moderate hardening.

It is worth noting that the aggregates of C;¢Hs; alkyl
groups are in a molten liquid state at 20 °C, as judged from
the melting temperature T,,.;=18 °C of pure C;¢Hs, (hexade-
cane). Therefore, on application of a large step strain, these
soft domains would be fused to activate the hardening seen
in Fig. 4, and then deformed and finally cleaved to exhibit the
softening at long t. This liquid feature of the C,¢Hs3 group
makes a contrast to a solid feature of the sodium sulfonate
salt aggregates in the SPS-Na ionomer examined
previously.B" The fusion would have occurred less signifi-
cantly and the hardening would have been weaker for those
solid aggregates compared to the liquid C,¢Hs3 groups if the
defect content in the network at equilibrium were similar for
the SPS-Na ionomer and the HEUR solutions. However, the
strong electrostatic attraction between the salt aggregates
should have resulted in a denser transient network at equilib-
rium compared to that in the HEUR solutions formed through
a rather weak hydrophobic interaction of the alkyl groups.
This difference between the ionomer and HEUR solutions nat-
urally resulted in differences noted in Fig. 6, the hardening
occurring at smaller y (larger [,( at a given y) but in a nar-
rower range of the modulus (smaller G°/G(0,y) ratio) noted for
the ionomer.

Magnitude of time-strain separable damping at long time

The HEUR network in the strain-hardened state is deformed and
thus its structure will further change over time. Fig. 12 illustrates
those changes expected for the network strand, ie., the de-
formed/stretched superbridge after the flower-micelle fusion (in
the strain-hardened state; cf. Fig. 12a). For this superbridge, we
expect two types of structure change: A flower micelle may split
into two smaller flower micelles that are either connected by

the HEUR backbone (Fig. 12b) or fully disconnected (Fig. 12¢). In
the former case, the superbridge becomes longer but still con-
nects the network nodes thereby being oriented/deformed to
sustain the shear stress. In the latter case, the superbridge is
broken into two shorter tails, which results in full relaxation of
the stress.

This dual structural changes in the HEUR solutions should
be related to the feature of aggregates of the alkyl groups. At
20 °C, these aggregates are in the liquid state and would easi-
ly deform on application of the step strain, which enables the
flower micelle to split into mutually connected smaller mi-
celles (cf. Fig. 12b). In this sense, the alkyl aggregates in the
HEUR solution can be regarded as ductile aggregates that can
still sustain the stress after splitting. In the next section, we
consider the dual structural changes shown in Fig. 12 to con-
duct model analysis of the softening of the HEUR solutions at
long t. (In relation to this point, we should add that the salt
aggregates in SPS-Na ionomer formed through the coulom-
bic attraction cannot easily change its shape and are expect-
ed to behave as fragile aggregates. Thus, in the modelling for
the ionomer,"l we just considered the superbridge cessa-
tion shown in Fig. 12¢.)

Model Analysis

For the HEUR solutions, we focus on the effective damping
function heg(y) = h(y)/h(y) describing the damping from the
starin-hardened state at short t (cf. Fig. 9). This heg(y) reflects the
structural changes of the transient network after the strain-
induced fusion of the flower micelles in the superbridge back-
bone (in the strain-hardened state).

For analysis of he(y), we consider a superbridge having
N + 1 HEUR chains in its backbone just after the micelle fu-
sion (Fig. 12a). This superbridge backbone carries N flower mi-
celles containing the aggregates of alkyl groups of the HEUR
chains. The superbridge is assumed to be affinely deformed
with respect to the step strain, and then n flower micelles
(n=0, 1, ..., N) may open to release n HEUR chains into the su-
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(a) Deformed/stretched superbridge
after strain-induced micelle fusion
(in the strain-hardened state)
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(b) Longer superbridge formation through
flower opening

(c) Superbridge scission\through flower splitting

Fig. 12 lllustration of strain-induced structural changes of flower micelles in the superbridge backbone: (a) superbridge after the flower-micelle
fusion, (b) flower micelle split into two smaller flower micelles that are still connecting the HEUR backbone; (c) fully split flower micelle that converts

the superbridge into tails.

perbridge backbone; cf. Fig. 12(b). This opening-up process is
similar to release of a fishing thread from a real of fishing rod,
and in this sense the flower micelle serves as a storage box of
the HEUR chain backbone. If the flower micelle is opened in
this way but cannot stand with the superbridge tension, it
would split into two smaller micelles; cf. Fig. 12(c). This flower
splitting is a follow-up sequence of the flower opening (that
destabilizes the small flowers), and is assumed to occur only
for the opened-up flowers.

With the above assumptions, the shear stress on applica-
tion of a step strain y in x-direction is classified into several
cases, as explained below.

For a case of no opening/splitting of flower micelles, the
whole superbridge is affinely deformed to exhibit the shear
stress expressed in the standard form for flexible Gaussian
chainsB4 as:

0o = KRR = yiT (3a)

where, REN”] and RJ[,N”] denote components of the end-to-end

vector of R of the superbridge in the x and y directions (shear
and shear gradient directions), ...), denotes the ensemble aver-
age in the affinely deformed state, and k"

3kBT/<{R[N+1]}2>eq is an elastic strength of the superbridge de-
termined by its equilibrium mean-square end-to-end distance

{R[N”]}2 . The corresponding free energy, contributed from
the elastici?)q/ of the superbridge affinely deformed to have the
mean-square end-to-end distance <{R[N+1]}2>V = (1 + y2/3)

<{R[N”]}2> ,is given by
eq

KV [N+1]42 3kgT Y2
o= () <2800 L (3b)
2 v 2 3

For a case of opening (no splitting) of n flowers (cf. Fig. 12b),
the backbone of superbridge is composed of N + 1 + n HEUR
chains, and n HEUR chains transferred from the flowers to the
superbridge backbone are quickly equilibrated with N + 1
HEUR chains originally forming the superbridge backbone.

After this equilibration, the stress and free energy can be ex-
pressed as:

OEOPen] = A,yksT (4a)
3kgT ’ .
Fl[qopen] = _ZB (1 + V?)An + NEopenks T (4b)
with
K[N+n+1] N+1

(5)

A= T T Nan+d
where the factor A, specified by Eq. (5) is a ratio of the elastic
strength of the superbridge backbone composed of N + n + 1
HEUR chains (after opening of n flowers) to the strength of the
original superbridge backbone composed of N + 1 HEUR chains,
and the factor (3kgT/2)(1 + y*/3)A, appearing in Eq. 4(b) repre-
sents the elastic free energy of the superbridge backbone after
the flower micelle opening. In Eq. 4(b), Eopen represents an ener-
getic penalty of opening a flower micelle normalized by the
thermal energy kgT.

For a case of splitting n flowers (cf. Fig. 12c), the backbone
connectivity of superbridge is lost to give n + 1 free chains
(dangling tails and/or unconnected fragments of linear
chains) not sustaining the connectivity of the associative net-
work. The corresponding stress and free energy are straight-
forwardly expressed as:

o_LspIit] -0 (6a)

FEP = %BT (n+1) + nEqpicksT (6b)
In Eq. (6b), the factor 3kzT/2 represents the elastic free energy of
each free chain having an equilibrated Gaussian conformation,
and Esplit is a normalized energetic penalty of splitting a flower
micelle into two smaller micelles.

Here, we should emphasize that the flower micelle open-
ing (Egs. 4 and 5) has been included in the above formulation
because of the softness of those micelles. The aggregates of
salt groups serving as the dynamic crosslinks in SPS-Na
ionomer are fragile, so that only the splitting (mechanical

https://doi.org/10.1007/s10118-026-3573-1
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breakage) was considered in the previous model for SPS-
Na.B!

Now, we attempt to calculate the averaged stress (o) and
averaged free energy (F) from Egs. (3)—(6). For this purpose,
we assume a local equilibrium among superbridges having
intact, opened-up, and split flower micelles. In addition, we
assume that the micelle opening (Fig. 12b) is a pre-requisite
for the micelle splitting (Fig. 12¢c), namely, the opened-up and
split micelles do not coexist in a given superbridge (the latter
assumption corresponds to the soft and ductile feature of the
alkyl aggregates in the HEUR solution). With these assump-
tions, the averages (o) and (F) are simply expressed as

(0) N [open]
T = Po > AP ?)

<F) 3 Yz N 3 V2 = [open]
o §+3P0+Zn=1 An| 5 + 5 |+ nEopen P o

N (3 N A
+ Z,,=1 {5 (n+1) + nESth} P%pht]

The probabilities P appearing in Egs. (7) and (8) are given in the
Boltzmann form as

1 3y
Py = WP (—5 - 3) (9a)

[open] _ 1 N! 3 y2 ~
P,, = W—n' (N ~ n)!exp —A,-, E + 3 - nEopen (9b)

spic) _ 1 N! 3 .
P T wn (N=n)! exp 2 (n+1) NEpii (9¢)
? 2
_ 3. Y N N 3y )
W=exp (‘5 B 7)+X,,_1 AlN=n)! exp {—A,, (5+? = NEqpen
N N! 3 ~
+ Z,,=1 TIN= N—n) exp {—5 (h+1)- nESp“t} 10

Comparison of Model with Experiments
It should be noted that at the time of imposing the step strain y,
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the number of HEUR chains per superbridge (N + 1) decreases,
and thus the number density of the superbridges increases with
increasing y, due to strain-induced fusion of the flower micelles
as noted from the strain-hardening at short t (cf. Fig. 4). This
change of N, shown in Appendix A1, is not explicitly incorporat-
ed in Egs. (7)—(10) formulated as above. Thus, we approximated
N as an average value for large y. Specifically, we adopted N=10
and 2 for the 1 wt% and 5 wt% HEUR solutions. In the future
work, we plan to improve the above analysis for incorporating
changes of N with y.

Based on the above model analysis, and using plausible
values of [:Openzz and Esplit:4 (that allow thermal relaxation of
the associative network within a reasonable time), we calcu-
lated the averaged stress (o) and averaged free energy (F) as
functions of the magnitude of the step strain y. Fig. 13 com-
pares the effective damping function deduced from the
above model (blue curves), hely) ={(0 (v)) /v} /{0 (1)) /¥}y=0
calculated from Eq. (7) combined with Egs. (9) and (10), with
the h.y) data (circles; reproduced from Fig. 9). The corre-
sponding increase of the average free energy, (AF(y) /kgT) =
({F(y) = F(0)} /kgT) calculated from Egs. (8)—(10), is shown in
Fig. 14.

Uniform deformation is considered to become unstable af-
ter the free energy increment exhibits a peak on an increase
of y as shown in Fig. 14, which is in the same situation as dis-
cussed for SPS-Na ionomer.2" Plastic behavior characterized
by a relationship (o(y))/y o< 1/y (ie., {(o(y)) = constant) is
supposed to emerge in this unstable zone. Correspondingly,
in Fig. 13, the calculation from Egs. (7), (9) and (10) (solid blue
curve) is switched to the plastic behavior (dotted blue line).

Fig. 13 shows that the h.4(y) data of the HEUR solutions are
considerably close to the calculated blue curve/line. This re-
sult suggests an importance of the flower micelle opening pri-
or to the micelle splitting that results from soft, ductile fea-
ture of the aggregates of alkyl groups in the HEUR solutions.
This point can be confirmed from comparison of the h.gly)
data and the thin green curve, the latter calculated with

05
b HEUR-aq. 5 wt%, 20 °C

_2_0 1 1 1 1
-1.0 -0.5 0 0.5 1.0 1.5

lgy

Fig. 13 Comparison of h«(y) data (red circles) of HEUR solutions (reproduced from Fig. 9) with the model calculation based on Egs. (7), (9) and
(10). Panels (a) and (b) show the results for the solutions with c=1 wt% and 5 wt%, respectively. Blue solid and dotted curves show h calculated in
the stable and unstable zones of y. Green and pink curves show heg(y) calculated for the hypothetical cases of P[n°pe"]:0 (flower-micelle splitting

. . i . e
without pre-opening) and PEP"=0 (lack of flower-micelle splitting).
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Fig. 14 Normalized free energy increment (AF/kgT) of the HEUR solutions defined with respect to undeformed state calculated through Eqgs.
(8)—(10). Panels (a) and (b) show the results for the solutions with c=1 wt% and 5 wt%, respectively. The uniform deformation becomes unstable

after (AF/kgT) exhibits a peak.
P[Open]_o ly f . e e
=0, namely, for the case of only micelle splitting with
out pre-opening. The deviation of the h(y) data from the
green curve, noted in particular for the 1 wt % HEUR solution,
is indicative of the importance of the soft and ductile feature
of the alkyl aggregates in the damping behavior of the HEUR
solutions. This feature also leads to the relatively weak y-de-
pendence of hegy).

In relation to this point, we remember that the h«(y) data
of the HEUR solution (circles in Fig. 9) are a little larger, name-
ly the effective damping is a little weaker, for c=1 wt% than
for ¢=5 wt%. The model calculation also suggests this differ-
ence between c=1 wt% and 5 wt%, as most clearly noted
from direct comparison of the calculated results for these ¢
shown in Appendix A2. Thus, the number of HEUR chains in
the superbridge backbone (N + 1 considered in the model)
appears to be an important factor leading to the difference of
hegly) for c=1 wt% and 5 wt%.

We also remember that hg(y) data of the SPS-Na ionomer
are close to the model calculation just considering the frac-
ture/splitting of the salt aggregates,?"! not the aggregate
opening. Thus, the nonlinear damping of the SPS-Na
ionomers appears to be governed by the fragile property of
the salt aggregates, which makes a contrast from the nonlin-
ear behavior of the HEUR aq solutions contributed from the
opening of the soft/ductile flower micelles.

CONCLUSIONS

For 1 wt% and 5 wt% aqueous solutions of telechelic HEUR
forming transient networks formed through association of the
C,¢H33 alkyl groups at the chain ends, a systematic investigation
was conducted for the nonlinear stress relaxation behavior un-
der step strain y. The results revealed distinct time-dependent
characteristics of the nonlinear relaxation modulus G(t,y). Pro-
nounced strain hardening was observed at very short t, while
the terminal relaxation at long t exhibited the time-strain sepa-
rable damping (softening). The hardening of the HEUR solu-
tions was rather weak in a sense that their short t modulus even

under the largest strain examined (y=10) stayed much smaller
than the ideal modulus G° expected for a perfectly dense net-
work having individual HEUR chains as the network strands. This
behavior was in contrast to the hardening of the previously ex-
amined SPS-Na ionomer®" exhibiting G(t,y) = G° even at small y
(=2). Correspondingly, the y dependence of the damping func-
tion h(y) characterizing the long-t softening was significantly
weaker than that observed for SPS-Na ionomer. These features
of the HEUR solutions suggested that the hydrophobic associa-
tion of the alkyl groups of HEUR, resulting in flower micelle for-
mation, was much weaker than the electrostatic association of
the sodium sulfonate salt groups of the ionomers.

In double-step stress relaxation experiments wherein
strains of the same magnitude were successively applied in
the opposite directions within a very short interval of time,
the HEUR solutions under the first strain exhibited hardening
of their stress but also showed a large stress of the opposite
sign remaining under the second strain. If the hardening of
those solutions were mainly due to the FENE effect without
changes in their transient network structure, the solutions
should have behaved similarly to chemically crosslinked rub-
bers and the stress under the second strain should have es-
sentially vanished. Thus, the large stress observed for the
HEUR solutions under the second step strain indicated that
the FENE effect was not the main structural origin of their
hardening.

On the basis of this observation, the hardening of the HEUR
solutions was attributed to the transient fusion of the flower
micelles under large step strains that effectively increased the
number density of the network strands thereby activating the
strain-hardening: the core of those micelles, the associated
alkyl groups at the HEUR chain ends, were in a molten liquid
state and behaved as a ductile dynamic crosslink, so that the
transient micellar fusion could have easily taken place. This
structural change would be followed by splitting of the fused
micelle into smaller micelles either being connected by the
HEUR chain backbone or being fully separated. The former
type of structural change results in the stress relaxation to a
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non-vanishing level, whereas the latter type leads to full re-
laxation of the stress. A simple model analysis considering the
distribution of the number and length of the network strands
formed on the fusion/splitting of the flower micelles de-
scribed the magnitude of softening (damping) of the HEUR
solutions at long t considerably well. This result also suggest-
ed that the much stronger damping observed for the SPS-Na
ionomerB' reflected brittleness of the associated sodium sul-
fonate salt groups that disturbed the opening of the salt ag-
gregates without full breakage/separation.

On the basis of the above findings, we may situate the
short-t hardening and the long-t softening as the universal
feature of associative polymers. The magnitudes of harden-
ing and softening should reflect the strength of the associa-
tive force and ductileness of the resulting associates (e.g.,
flower micelles and/or salt aggregates). Quantitative descrip-
tion of the hardening/softening of the associative polymers in
general, requiring full analysis of the mechanical characteris-
tics of the associates (e.g., ductile flower micelles and fragile
salt aggregates), is considered to be an important subject of
future work.

APPENDIX

Appendix A1: Estimation of Number of HEUR Chains
in Superbridge

The ratio of the short-t modulus data to the ideal modulus, G° =
CRT/Myeur, is equivalent to the molecular weight ratio of the su-
perbridge including the flowers to the HEUR chain:

G(shortt y) = __RT__ and
superbridge (V)
. (A1)
o CcRT G Msuperbridge (V)

G

= g
Muewr  G(shortt,y) Meur

where the M perbridge (V) /Mheur ratio, evaluated from the G(ty)
data in Fig. 4, corresponds to the number of HEUR chains, N' + 1,
in a superbridge including the flowers. The N' value estimated
from the data in Fig. 4 is shown in Fig. A1. Assuming that about
a half of the HEUR chains are in the flower micelle, we may have
a rough estimate of the number N of flower micelles in the su-
perbridge backbone, N~N'/2: N ~10 and 2 for the 1 wt% and 5
wt% HEUR solutions, respectively. This estimate of N was uti-
lized in the analysis in the main text (cf. Eqs. 7-10).

Appendix A2: Direct Comparison of Model

Calculation for HEUR Solutions with c=1 wt% and

5 wt%

Fig. A2 directly compares the effective damping function hgg(y)
of the HEUR solutions calculated for c=1 wt% and 5 wt%; see
blue and red curves. (Respective curves are separately shown in
Fig. 9.) We note that hg(y) calculated for y>3 (Ig y>0.5), namely
in the plastic zone explained for Fig. 14, is larger for c=1 wt%.
The hgi(y) data (circles) are larger for c=1 wt% than for ¢=5 wt%
and are reasonably close to the model calculation. This result
suggests that the difference in the HEUR chain number in the
superbridge backbone (N+1 considered in the model) is the
main factor giving the difference observed for those c: Larger
the N+1 (for lower c), smaller the decrease ratio of the elastic
constant of the superbridge on the micelle opening, A = (N +
/(N + n + 1) specified by Eq. (5), which is in harmony with the
experimentally observed damping weaker for smaller c. Never-

45

ap HEUR-aq. T wt%, 20 °C

351

30

N
o

20— e Y

N
w
T

o
o
o

o
o

0 2 4 6 8 10

Fig. A1 The N'value of the solution with (a) c=1 wt% and (b) c=
5 wt% estimated from the G° and G(t,y) data at short t in Fig. 4.

0.5
0
° g Cheur=1 Wt%
O
O
-0.5 ~O
\Q N

AN
CHEUR=> W% OO\ A

N\
1.0 N \\
N AN
N
AN

-1.5+ HEUR-aqg, 20°C

Ig heff(V)

_2.0 1 1 1 1
-1.0 -0.5 0 0.5 1.0 15

lgy

Fig. A2 Direct comparison of h«(y) data and model calculation for
c=1wt% and 5 wt%.

theless, further refinements of the model, for example, consid-
eration of changes of N with y (discussed in Appendix A1) and of
elastically inert loops in the chain population distribution, are
necessary for rigid conclusion for this factor.
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Nonlinear softening factor h of hydrophobically modified ethoxylated urethane (HEUR)-aq. solutions at long times, de-
fined with respect to short-time hardened state, is considerably well described by a simple model formulating strain-in-
duced HEUR micelle fusion followed by micelle opening/splitting associated with a free energy increase (AF/ksT) under

strain.
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