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ABSTRACT: We report on telechelic associating polymers in aqueous solutions that self-assemble into
starlike flowers in the dilute regime and develop a fully connected network of flowers above some threshold
concentration ¢* (~1 wt %). The peculiarity of these telechelics is that the end caps are partially
fluorinated. Small-angle neutron scattering has been used to investigate the form and structure factors
of the starlike aggregates, and linear rheology was performed in order to identify the viscoelastic features
of the physically cross-linked network. Taking advantage of the long network relaxation times, we use
step-strain experiments of amplitudes y comprised between 0.01 and 3 to explore the nonlinear regime
of shear deformations. In the linear regime, the stress relaxation function is well described by a stretched
exponential of the form G(t) = Go exp(—(t/t0)%), where Gq is the elastic modulus, 7o the relaxation time,
and o an exponent close to 1 (a ~ 0.8). With increasing deformations (y > 0.4), the elastic modulus is
found to increase (strain hardening) while simultaneously the viscoelastic relaxation time decreases. The
strain hardening is interpreted in terms of nonlinear stretching of the elastically active chains whereas
the reduction of the relaxation time indicates that the chain breakage probability depends on the chain
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extensions (or end-to-end distances).

Introduction

A water-soluble associating polymer is a polymeric
chain that has been chemically modified by the adjunct
of hydrophobic species at one or several places along
the backbone. If this modification takes place at both
extremities, the associating polymer is a telechelic.
There exists by now a challenge which is to understand
the structure and rheology of transient networks made
from these associating polymers.!

In aqueous solutions, telechelic polymers can self-
assemble into noninteracting flowerlike micelles at low
concentrations. From their local structure, the flowerlike
micelles compare well to star polymers or to copolymeric
micelles.?2 The hydrophobic end caps are forming the
inner core (with almost no water molecule present)
whereas the polymeric chains are looping back to the
core. Recently, the form factor of flowerlike micelles has
been established by small-angle neutron scattering,*
and it confirms the analogy with star polymers. Above
a threshold concentration ¢*, a three-dimensional net-
work of flowers arises from the percolation of links.
These links are polymeric chains with both end caps
attached to two different and neighboring micelles. The
most remarkable behavior of such a network is its
viscoelasticity. Encountered in many different types of
telechelics,1#5-10 splutions above ¢* are viscoelastic and
characterized by a rheological linear response close to
that of a Maxwellian fluid. For a Maxwellian fluid, the
stress relaxation function is decreasing monoexponen-
tially and defined by two quantities: an elastic modulus
Gp and a viscoelastic relaxation time zo.
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Since Green and Tobolsky,! this Maxwellian linear
behavior is described on the molecular level. It results
from the equilibrium dynamics of connections and
detachments of the hydrophobic end caps. As explained
more recently by Tanaka and Edwards!?13 (see also the
approaches by Yamamoto'* and Lodge?®), the instanta-
neous elasticity Gy is proportional to the cross-link
density, i.e., the number of elastically active chains
(bridges) per unit volume. The viscoelastic relaxation
time 1o is related to the average lifetime of a connec-
tion,! which in turn depends on the breakage prob-
ability of a cross-link.

In contrast, the nonlinear regimes of shear flow and
deformation are much less understood. It has been
found in several systems®610.16 that the steady shear
viscosity exhibits three flow regimes: Above a New-
tonian plateau at low shear rates (y7o < 1), the viscosity
increases first (shear thickening), passes through a
maximum around 7o ~ 1, and then decreases drasti-
cally (shear thinning). The physical origin of the shear
thickening and thinning effects is still a matter of
debate. Some authors have suggested that the shear
thickening could be due to the increase of the density
of elastically active chains®1” whereas an alternative
picture considers the non-Gaussian stretching behavior
of the connecting chains under shear flow.1518.19

To shed some light on the flow and deformation
mechanisms involved in the nonlinear rheology of
transient networks, we have undertaken a systematic
investigation of telechelics in which the hydrophobic end
caps are partially fluorinated. Here, we report on two
telechelic solutions at concentrations ¢ = 0.5% and ¢ =
4%, which are below and above the threshold ¢*,
respectively (¢* ~ 1%). Small-angle neutron scattering
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measurements were performed in order to determine
the microscopic length scales of the network: the size
of the flowerlike micelles (radius of gyration) and the
average distance between cross-links. Using step strain
experiments of different amplitudes, the linear and
nonlinear stress relaxation functions of the solution at
¢ = 4% are investigated. In the nonlinear regime of
deformation, we found that the instantaneous network
elasticity is enhanced (strain hardening effect), whereas
simultaneously the average lifetime of connections
decreases. Both phenomena are interpreted in terms of
non-Gaussian stretching of the elastically active chains.

Experimental Section

Perfluoroalkyl-modified poly(ethylene oxide) (PEO) of mo-
lecular weight M, = 10 000 g/mol with a well-defined structure
has been synthesized by reacting PEO with a large excess of
isophorone diisocyanate (IPDI) to produce isocyanato func-
tional precursor. This first stage is followed by the reaction of
the terminal isocyanato group with a perfluoroalkyl alcohol
(CsF17(CH2)110H).° Since a diisocyanate group is used as a
spacer between the hydrophobic end caps and the PEO middle
chain, these telechelics belong to the class of associating
polymers noted HEUR (hydrophobically ethoxylate urethane).
In the following, they will be termed F-HEUR. During the
synthesis, polycondensation occurs which yields telechelic
chains with twice the initial molecular weight in a ratio 80%/
20%.° The zero-shear viscosity of aqueous F-HEUR solutions
exhibits a drastic increase above a threshold concentration ¢*
= 1% (from 10 to 10° times the viscosity of water). This effect
was attributed to the formation of a multiconnected transient
network of flowerlike micelles.*° It should be mentioned that
the synthesis of F-HEUR has been recently improved.?° This
new synthesis yields F-HEUR telechelics as monodisperse as
the original unmodified poly(ethylene oxide) with in addition
a rate of functionalization better than 95%. In this case, the
telechelics are water-soluble only with addition of a small
amount of cationic or anionic surfactants. Qualitatively, the
rheological behaviors of solutions obtained with the first and
second synthesis, with or without surfactant, are identical.

Small-angle neutron scattering (SANS) experiments were
performed at ambient temperature at the Laboratoire Léon
Brillouin (beamline PACE) and at the Institute Laue-Langevin
(beamline D22). Aqueous solutions were prepared in DO to
enhance the scattering contrast at concentrations below and
above the threshold, from ¢ = 0.1% to 10%. The data shown
in this paper were collected at ¢ = 0.5% and ¢ = 4% on D22
at distances sample-to-detector 2, 4, 11, and 18 m, so to cover
a wave-vector range 4 x 1072 —0.5 A~ (with a neutron
wavelength of 6 A). The incoherent scattering background of
both solutions was calculated from the D,O spectrum and from
the equivalent amount of hydrogen atoms present in the PEO
chain and in the end caps. The scattering from the solvent is
independent of the wave vector, at 0.0492 + 0.008 cm™2.

To correlate the SANS data and mechanical response, the
linear and nonlinear stress relaxation functions were per-
formed on the same F-HEUR solution that was investigated
by SANS (¢ = 4%). We used a strain-controlled rheometer
(Rheometrics fluid spectrometer) equipped with a cone-and-
plate configuration (angle 0.02 rad, radii 30 or 50 mm). In step-
strain experiments, an initial deformation y is applied to the
sample, and the resulting stress

o(t,y) = yG(t,y) 1)

is recorded as a function of time. In the linear regime of
deformation, G(t,y) becomes y-independent and is noted
G(t,y <yiin). 7in denotes here the limit between linear and
nonlinear regimes. Measurements were carried out for strain
amplitudes y = 0.01—3 and temperatures ranging between T
=7°Cand T = 35"°C. The F-HEUR solution at ¢ = 0.5% was
not investigated in step-strain experiments since it is New-
tonian.
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Figure 1. Neutron-scattered intensities of aqueous solutions
of perfluoroalkyl telechelic polymers (F-HEUR) at concentra-
tion ¢ = 0.5% and ¢ = 4%. The intensity has been normalized
to the concentration ¢. The continuous lines are the asymptotic
behaviors derived from conventional star polymers (eq 1).2*
Note that for the solution at ¢ = 4% the existence of a
correlation peak and the good superposition with the data
obtained at ¢ = 0.5%.

Experimental Results and Analysis

Small-Angle Neutron Scattering. Figure 1 shows
the neutron scattering intensity 1(q,¢)/¢ normalized to
the concentration for F-HEUR solutions in the dilute
and viscoelastic regimes, ¢ = 0.5% and ¢ = 4%,
respectively. For the ¢ = 0.5%, the absolute intensity
saturates at low wave vectors at 1(q—0) = 10 cm™1. With
increasing q, 1(g,¢)/¢ strongly decreases but exhibits no
marked oscillations. The main features of the solution
at ¢ = 4% are the existence of a correlation peak (at
gmax = 0.026 A~1) and a good superposition with the
data obtained at ¢ = 0.5% (in the range 0.03—0.1 A1)
Some deviations between both sets of data are visible
at high wave vectors (q > 0.1 A1),

a. Scattering Form Factor of Flowerlike Mi-
celles. We now argue that the scattering function in
the dilute regime is the form factor of noninteracting
flowerlike micelles and can be approximated by the form
factor of star polymers with large functionality f. Note
that, in terms of aggregation number p, one has for
telechelic flowers the relationship 2p = f. In star
polymers, simple analytical expressions for form factors
are missing, but approximate expressions have been
derived successfully. Following Grest et al.,?! the scat-
tered intensity reads

sin(u tan ()

1+ 2 e2\ul?
q&( qé)(z)

The first term on the right-hand side of eq 2 accounts
for the overall size of the colloidal particle and deter-
mines its radius of gyration Rg (Guinier regime). This
first term dominates at low g. The second term is the
Fourrier transform of the monomer—monomer correla-
tion function in the corona, in agreement with the
monomer radial distribution obtained by Daoud et
Cotton.?? 8 is a prefactor depending of the functionality,
& is the average blob size in the corona, and u = 1/v —
1 (v = 35 in good solvent). Effective at large g, this
second contribution decreases as q~1*. As shown in

qZRGZ
I(0.6<1) = 1(a—0) exp| - ~— | +
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Figure 1, the asymptotic scattering functions at low and
high g are well explained by eq 1. Adjustable param-
eters are 1(g—0), Rg, A, & and u. We obtained a radius
of gyration Rg = 94 A and in the high-q region, power
law exponents —1.3, and an average blob size & = 30 A.
An alternative model for the scattering form factor of
block copolymer micelles has been proposed recently.?3
This model is based on the assumption of a Gaussian
behavior of the polymeric chains forming the corona. A
power law dependence of the scattered intensity is also
predicted in the range 0.1-0.5 A-%, but with an expo-
nent of 2. It should be noticed that both approaches
described above, as well as that of Adam and Lairez,?*
provide a qualitatively similar q dependence for the form
factor.

The previous analysis deserves further comments:

(i) About the scaling law at large wave vectors, the
disagreement with respect to the expected q—> of good
solvent conditions should not be overestimated. In this
g region, the scattered intensity is very sensitive to the
incoherent background arising from the hydrogen atoms
present in the medium (those of the PEO chains and
hydrophobic end caps). According to standard analysis
techniques used for SANS,?® the incoherent scattering
has to be subtracted to the raw data. At low ¢ and large
g, however, both are of the same order. The incoherent
background for a telechelic concentration ¢ is calculated
from the measured spectrum of the solvent (D,O) and
from the number density of hydrogen atoms of the
solution. For the two solutions investigated, we found
Bi(¢ = 0.5%) = 0.0528 cm™! and Bj(¢ = 4%) = 0.0782
cm~1. However, due to the relatively low intensity
obtained in the dilute regime, a variation of the back-
ground by 5% is sufficient to drop the exponent from
—1.3 to ~—2! The exponents at higher concentration are
much more reliable and are around —2.

(ii) In the intermediate region, 0.05 A-1 < q < 0.15
A1 a bump is evidenced in the intensity that we
ascribed to the core of the starlike micelles. From the
smeared oscillations, we derived a crude estimate for
the core radius, 35 &+ 5 A. Such a behavior has been
already reported in copolymer micelles?® and in stars
of large functionality.?!

(iii) The aggregation number p of the flowerlike
micelles observed in Figure 1 can be derived from the
extrapolated absolute intensity at g — 0. In the dilute
regime, 1(q—0,¢) reads n(¢)(Ap)>v2 where n(¢) is the
number density of particles, (Ap) the excess scattering
length density of a telechelic with respect to D,O, and
v the dry volume of an aggregate. The parameter p
enters the previous relationship in n(¢) as p~* and in
v2 as p2 Using I(g—0) = 10 cm™!, we obtain an
aggregation numbers p = 49 + 6 for the F-HEUR
solution at ¢ = 0.5%.

b. Structure Factor of Flowerlike Micelles. With
increasing ¢, the neutron intensity of F-HEUR solutions
scales with concentration (Figure 1, g > 0.03 A~1). This
is a robust indication that the inner structure of self-
assembled flowers remains unchanged in the ¢ range
explored. This specific property, combined with the
assumption of globular shape for the flowers, allows us
to write the intensity as the product of a ¢-independent
form factor P(q) and of a structure factor S(q,¢), accord-
ing to

1(@.0) = n(¢) P(a) S(a.¢) ®3)
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Figure 2. Experimental structure factor S(q) for a F-HEUR
solution at ¢ = 4%.

S(q,¢) accounts for the interactions between particles,
and by definition it is 1 in the dilute regime. The static
structure factor shown in Figure 2 for ¢ = 4% is
computed using eq 3. It is typical for dispersion of
interacting colloidal particles. Note that in the network
regime these interactions most probably comprise a
repulsive contribution arising from spherical brushes
and an attractive contribution due to bridging.®?” As-
suming now that the first order at qmax corresponds to
the nearest-neighbor distances d of a locally face-
centered-cubic (fcc) order, the particle density n(¢) can
be calculated from geometrical considerations, according
to

N(@) = Gy /7°v108  using d = /6 (4)

Max

The assumption of a local fcc packing (see also Alami
et al.?8) is further justified by the existence of a long-
range order cubic phase above 10%. The maximum of
the first order in S(q,¢ = 4%) at quax = 0.0262 A~ yields
a density of flowers n(¢p=4%) = 5.6 x 10 cm~3 and an
average distance d = 300 A. These latter values are
compatible with an aggregation number p = 38 + 4 at
¢ = 4%, in relative agreement with the analysis of the
form factors in the dilute regime. A schematical repre-
sentation of the flowerlike micelle made from per-
fluoroalkyl telechelics and deduced from the neutron
data is shown in Figure 3.2 These structural results
are crucial for the interpretation of the rheological
experiments discussed in the next section.

Rheology. a. Linear Response. The F-HEUR solu-
tion at ¢ = 4% has been subjected to step-strain
experiments at low deformation, yielding the stress
relaxation function G(t,y<yiin) characteristic of the
linear regime (Figure 4). At short times and up to ~10
s, the mechanical response is rather constant and then
decreases rapidly on the double-logarithmic scale. The
initial stress developed in the sample is entirely relaxed
within times ~500 s.

The linear viscoelastic response of F-HEUR net-
work has been described at length in our previous
reports,*® and it will be reviewed here only briefly. It
should be emphasized that the use of D,O as solvent
instead of H,O as in our first investigations does not
change qualitatively the results. In our former ap-
proaches, G(t,y <yiin) was fitted at best by a stretched
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Figure 3. Schematical representation of the flowerlike mi-
celles made from telechelic polymers with perfluoroalkyl
hydrophobes. This image is inspired from the results of Monte
Carlo simulations performed by Grest and co-workers on a 64-
arm star polymer with 100 monomers per arm.? The length
scales (radius, core) are deduced from the form factor obtained
by small-angle neutron scattering.
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Figure 4. Stress relaxation function G(t,y <yiin) as received
from a step-strain experiment in the linear regime of deforma-
tion (F-HEUR/DZ0, ¢ = 4%, T = 20 °C). The continuous line
through the data points is calculated according to eq 5 using
Go =53 + 2 Pa, 1o = 57 &+ 2 s, and a stretched exponent o =
0.81 + 0.02. The F-HEUR solution at ¢ = 4% has a viscosity
no = 3000 Pa-s. Inset: distribution of relaxation times H(7)
associated with the relaxation modulus G(t,y <yiin).

exponential of the form

ity i) = G 0| (| ©)

0,

Here, G denotes the elastic modulus extrapolated as t
— 0, and 7¢ is the viscoelastic relaxation time in the
linear regime. The continuous line in Figure 4 attests
of quality of the fit. At T = 20 ° C, the linear viscoelastic
parameters are Gop = 53 +2 Pa and 1o = 57 + 2 s, with
a stretched exponent a = 0.81 + 0.02. For o = 1, the
zero-shear viscosity associated with the function in eq
2 reads 7o = Gorol'(a)/a where I'(a) is the gamma
function. Instead of the stretched exponential, the stress
relaxation function can be described in terms of distri-
bution of relaxation times, as well. This distribution
(shown in the inset of Figure 4) is asymmetric, peaking
around 7o, and its width at half-maximum relates to the
coefficient o. When the temperature is varied in the
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Figure 5. Viscoelastic relaxation time 7(T) versus inverse
temperature for the F-HEUR/D,O solution at ¢ = 4%. The
straight line indicates a thermally activated process with an
activation energy Ex = 48kgT.

range T = 7—35 ° C, the form of the relaxation function
G(t,y<yiin) as provided by eq 2 remains the same.® In
particular, the value of the stretched exponent oo = 0.8.
However, the relaxation time 7y is found to decrease by
2 decades, from 450 to 4.5 s. In the Arrhenius plot of
Figure 5, the straight line indicates a thermally acti-
vated dependence of the form 7o(T) 0 exp(Ea/ksT), where
kg is the Boltzmann constant and Ea is the activation
energy. The activation barrier associated with the data
in Figure 5 is Ea = 120 kJ/mol, or when expressed in
thermal energy units, Ea = 48kgT (T = 300 K). As
mentioned by several authors,'® the fact that the
relaxation time is thermally activated indicates that the
linear viscoelasticity is dominated by the activation
process of the junction dissociation.

b. Nonlinear Response. For deformation ampli-
tudes larger than vyin, the viscoelastic modulus G(t,y)
depends on the applied strain. Figure 6 shows the stress
relaxation function G(t,y) of the F-HEUR/D,O solution
at ¢ = 4% for strain amplitudes ranging from 0.05 to
2.5 (T = 20 ° C). The low and high deformation ranges
are considered separately, in Figure 6a for y = 0.05—2
and in Figure 6b for y = 1.75—2.5. Note in Figure 6b
the use of the double-logarithmic scale. To allow com-
parisons, the relaxation functions in the linear regime,
as well as for y = 1.75 and y = 2, are displayed in both
figures.

The most noticeable result of Figure 6a is the increase
of the initial elastic modulus Gg(y) with increasing
deformations (strain hardening). The response deviates
from the linear function G(t,y <yiin) at v ~ 0.5, yielding
for the linear limit yi, = 0.4 + 0.1. Up to a deformation
of 1.75, the time dependence of G(t,y) appears to be
rather similar. Actually, we can show that the stress
relaxation function for y < 2 can be adequately fitted
by the stretched exponential

t \o

Gty>yin) =G exp|—|—— 6

tr=n=cmes| (] ©

with the fixed stretched exponent of oo = 0.8 4+ 0.02. The

relaxation is thus very comparable to that of the linear

regime (eq 4), but here, we explicitly assume some

dependencies for the viscoelastic parameters Go(y) and
7(y) upon strain.

In a third regime, when the deformation initially

applied exceeds 2 (Figure 6b), the overall relaxation
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Figure 6. Stress relaxation functions G(t,y) for the F-HEUR/
D,0 solution at ¢ = 4% for strain amplitudes y ranging from
0.05 to 2 (a, top) and from 1.75 to 2.5 (b, bottom) at ambient
temperature (T = 20 °C). Note in (b) the use of a double-
logarithmic scale. The response deviates from the linear
function G(t,y <yiin) at yiin = 0.4 + 0.1.

becomes faster. Around 2.4, G(t,y) exhibits a two-step
relaxation. One relaxation is fast and takes few seconds
whereas the second occurs in time scales comparable
to 7o. As can be seen from the spectra at 2.25—2.5, most
of the initial stress is relaxed in the first fast process.
In this high-deformation regime, G(t,y) can be ap-
proximated by the sum of two functions: one mono-
exponential decay for the rapid initial decrease and one
of the form of eq 5 (stretched exponential with a ~ 0.7)
for the long-time tail.

The elastic modulus Go(y) extrapolated at t — 0 and
the relaxation time z(y) are shown as a function of the
applied strain in Figure 7 and Figure 8, respectively.
Except at high deformations, the viscoelastic parameters
are deduced from fitting the stress relaxations in
Figures 6 using eq 6 (a = 0.8). For y above 2, the first
time of the two-step relaxation has been considered.
Figure 7 exhibits the strain hardening effect of a
network of flowers. Above the linear regime (yin = 0.4),
the elastic modulus increases with deformation by a
factor of 4. Simultaneously, the viscoelastic time t(y)
decreases by a factor of ~10, with a clear discontinuity
at 2. The strain hardening and the reduction of the
relaxation time at high strains are the main experi-
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to t — 0 as a function of the applied strain y. Except at high
deformations (y > 2), Go(y) is deduced from fitting the stress
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Figure 8. Variation of the viscoelastic relaxation time z(y)
as a function of the applied strain. Except at high deformations
(y > 2), 7(y) is deduced from fitting the stress relaxations in
Figure 6a using eq 6 (oo = 0.8). For y above 2, the first time of
the two-step relaxation has been considered. Three regimes
in deformation are discussed in the text: 1, the linear regime
(y < 7iin = 0.4); 2, the strain hardening (yiin <y < y18 = 2);
and 3, the regime of instantaneous breaking (y > yig).

mental findings of the present paper. In the next section,
we argue about the microscopic mechanisms at the
origin of these two effects. On the deformation scale,
three regimes will be distinguished: 1, the linear regime
(¥ < y1in = 0.4); 2, the strain hardening (Yiin <y < yi18 =
2); and 3, the regime of instantaneous breaking (y >
718)-

Discussion

Linear Regime. In our previous investigations of
perfluorinated telechelics,*® we have found that the
rheological properties obtained in the linear regime of
deformation are fitting the mechanical features of a
transient network: a sharp increase of the static viscos-
ity above the threshold ¢* (~ 1%), a stress relaxation
function of Maxwell type (Figure 4), and a relaxation
time that is thermally activated (Figure 5). The major
differences compared to conventional water-soluble
telechelics of HEUR-type are the strongly hydrophobic
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fluorinated end caps that favor self-assembling into
large clusters (p ~ 50).

The transition between the low concentrated sols (¢
< ¢*) and the highly viscoelastic gels (¢ > ¢*) can be
described in terms of a percolation transition of bonds.
According to percolation theory, the bond percolation
threshold for face-centered-cubic symmetry is pp =
0.119.%° This is a rather weak value, which can also be
deduced from simple geometrical arguments. Let us
consider one elementary cube of an fcc lattice. Here each
corner and each center of faces are occupied by a
flowerlike micelle. Within this elementary volume, one
counts four particles and 24 possible bonds between
neighboring lattice sites. A simple argument consists
of saying that bond percolation will occur macroscopi-
cally if one can link in a minimal path two flowers
located at opposite corners of the cube. This minimum
path is three bonds, and thus the overall structure
should percolate at the threshold 3/24, a value close to
pp = 0.119. Thus, above the percolation threshold, the
ratio between the number density of links (or junctions)
ink With respect to the number density of particles n
should be such that

VindN > 2414p, = 0.714 @

From the value of the elastic modulus in the linear
regime (Go = 52 Pa), the density of elastically active
chains is estimated, using the relation

Go = Viinkkg T 8)

Equation 8 explicitly assumes that the origin of the
network elasticity is rubberlike.3® Using Go = 52 Pa,
one gets a density of links vjink = 1.2 x 10 cm~3. On
the other hand, from an aggregation number of p = 50
(number of telechelic chains per flower) the number of
particles in the F-HEUR solution at ¢ = 4% can be
derived. One finds n = 4.2 x 1016 cm~3,31 and thus for
the ratio vjjn/n ~ 0.3 < 6pp,.

This apparent contradiction has been already re-
ported from experiments on HEUR's>10 as well as in
off-lattice simulations.32 This inconsistency was solved
by postulating the existence of “superbridges” within the
network. The “superbridges” are usually described as
garlands of flowers that connect two colloids away from
each other by more than the nearest-neighbor distance
d. In this scheme, the whole garland counts for one
unique link. Through the relation

kBT 1/3

an average length scale D for the links that are
elastically active can be defined. For the F-HEUR
solution at ¢ = 4% investigated here, the prefactor in
the previous expression cannot be easily determined
since it depends on the actual network connectivity
(which is not known). From the percolation threshold,
a minimum value for D can be derived: D > 620 A. In
conclusion of this first subsection, we will say that the
perfluorinated telechelics are building a temporary
network of flowers; however, even at a concentration ¢
= 4%, the “lattice parameter” D of the elastic network
seen by rheology is larger than the average distance
between flowers.

Nonlinear Regime. The first mechanism to be
described is the one responsible for the strain hardening.
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At large deformations, the network obviously becomes
stiffer. According to eq 8, the increase of Go(y) observed
in Figure 7 could be due to an increase of the number
of elastically active chains vink. However, in step-strain
experiments, the deformation is imposed within a time
interval of At = 50 ms, which is 3 decades below the
internal material time 7o. It is thus rather improbable
that the increase in Go(y) could be due to an instanta-
neous (on the time scale of 7o) rise in the density of links.
A much more plausible assumption is to ascribe the
strain hardening to the nonlinear mechanical response
of the polymeric chains subjected to high extensions.
Assuming an affine deformation y, a chain perpendicu-
lar to the vorticity plane and of extension rp in the
undeformed state will be extended at a value r(y) = ro(1
+ y9)Y2, From neutron scattering, we found for the
F-HEUR solution at ¢ = 4% a nearest-neighbor dis-
tances d ~ 300 A. Taking for the fully extended PEO
chain with 227 monomers (M, = 10 000 g/mol) a value
of L =800 A, one gets ro = 0.27 (the core of the micellar
flowers has been taken into account). As a result, the
linear strain limit y;, = 0.4 and the instantaneous
breaking strain y;g = 2 corresponds to chain extensions
r = 0.3 and r = 0.6, respectively. Because the strain
hardening regime corresponds to the nonlinear regime
of chain extension,® we conclude that the increase of
elasticity of the network under deformation is related
to the increase of stiffness of the active links. Note that,
under the assumption of affine deformation, the previ-
ous reasoning is also applicable if the elastically active
chains are “superbridges”.

The second fundamental property of the fluorinated
telechelic networks is the decrease of the relaxation time
7(y) at large deformations. We interpret this decrease
as the evidence that the disengagement probability of
an end cap from a junction point depends on the tension
exerted by the polymeric chain. This idea was first
suggested by Yamamoto 40 years ago!* and has been
reexamined by Tanaka and Edwards!?13 and by Mar-
ruccci et al.’® Recently, Tam et al.l° have reported
experiments using the superposition of oscillations on
steady shear measurements on a 2.0 wt % HEUR
polymer solution. These authors have found a reduction
of the average relaxation time in the shear-thickening
regime (which furthermore coincides with the hardening
of the network) that they ascribe to the increase of the
breakage probability with the stretching of the chains.

The regime of instantaneous breaking observed at
deformations y > 2 and characterized by a two-step
relaxation function is also of interest (Figure 6b). It is
possible that these two steps reflect two populations of
elastically active chains. The first population detaches
from the network rapidly after the inception of the
strain. Because the chains are highly stretched, the
elastic energy associated then compares with the activa-
tion barrier for disengagement of the end caps. This
instantaneous disruption of the network results in a fast
decrease of the stress. On the other hand, the second
relaxation concerns the less stretched chains, which
then relax within the typical network time and accord-
ing to the linear response function (eq 5).

Conclusion

We have investigated the nonlinear mechanical re-
sponses of a transient network made of flowerlike
micelles. These flowers result from the self-assembling
of perfluoroalkyl telechelics (F-HEUR). On a F-HEUR
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solution at ¢ = 4%, step-strain experiments of ampli-
tudes y comprised between 0.05 and 2.5 reveal two
fundamental results. With increasing y, we observe the
strain hardening of the elastic modulus Gg(y) and,
simultaneously, the decrease of the viscoelastic relax-
ation time 7(y). These findings are interpreted in terms
of nonlinear stretching of the elastically active chains.
Using the structural data obtained by small-angle
neutron scattering, we show that the strain hardening
regime (0.4 < y < 2) fits rather well the regime of
nonlinear chain extensions. We conclude that the in-
crease of network elasticity at large strains is related
to the increase of stiffness of the active links (and not
their number density). On the other hand, the decrease
of the relaxation time t(y) at large deformations is
viewed as the evidence that the chain breakage prob-
ability depends on the chain extension (or end-to-end
distance).1*

In this paper we have discussed only one set of data
that was obtained at one temperature (T = 20 ° C) and
one concentration (¢ = 4%). However, one has to keep
in mind that the strain hardening and the decrease of
the relaxation time at large deformations (results of
Figures 7 and 8, respectively) are representative of a
class of materials, namely the water-soluble telechelics
with perfluorinated end caps. We have recently per-
formed the same kinds of experiments as those depicted
in the present paper on perfluoroalkyl telechelics by
changing (i) the nature of the spacer between the
hydrophobes and the chain, (ii) the length of the middle
chain, (iii) the temperature, and (iv) the telechelic
concentration (being always above the percolation tran-
sition). In all these experiments,?° we have found an
increase of the elastic modulus and a decrease of the
relaxation time, the same results as those displayed in
Figures 7 and 8.

Finally, we do believe that the microscopic mecha-
nisms revealed by the step-strain experiments will also
be relevant in the steady shear properties of transient
networks, as for instance in the shear thickening and
shear thinning regimes mentioned in the Intro-
duction.
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