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ABSTRACT: Poly(ethylene oxide) (PEO) was end-capped with
short poly(methacryloyloxyethyl acrylate) (PMEA) chains. In
aqueous solutions the end-blocks self-assembled, leading to
flower-like polymeric micelles at low concentrations that asso-
ciated through bridging at higher concentrations. Above a
critical percolation concentration (CP) a system-spanning tran-
sient network was formed. The transient self-assemblies were
locked-in in situ by UV irradiation which caused photo-cross-

linking of the PMEA blocks. The structure and composition of

the clusters formed at C < C,, was studied by light scattering and chromatography after cross-linking and dilution. The results were
compared with mean-field theory and numerical simulations. The dynamic mechanical properties of the networks formed for C> C,
were studied by oscillatory shear before, during, and after irradiation. UV radiation transformed the transient networks into

permanent gels within a few seconds.

B INTRODUCTION

Telechelic associative polymers contain relatively small solvo-
phobic blocks at the chain ends that spontaneously assemble in
selective solvents. The structure and the rheology of telechelic
polymer solutions have been investigated extensively in the
past." > If only one chain end is functionalized, the chains form
star-like polymers above a critical association concentration (cac)
in a way analogous to micellization of small surfactants. If both
ends are functionalized, the chains either loop back to the same
multiplet or form a bridge between two flower-like polymeric
micelles leading to aggregation of the micelles. With increasing
polymer concentration (C) the micelles associate into more and
larger aggregates until at a critical percolation concentration (C,,)
a system-spanning network is formed. If the concentration is
further increased, an increasing fraction of polymers becomes
incorporated into the network.

A consequence of the formation of a transient network is that
the viscosity increases strongly with increasing polymer concen-
tration for C > C,.. If the lifetime of the bridges is not too short,
the shear moduli show elastic behavior at high frequencies and
liquid-like behavior at low frequencies. The high-frequency elastic
modulus is proportional to the concentration of elastically active
chains, but the system can relax at lower frequencies because end-
blocks exchange between multiplets. For some systems the
relaxation can be described in terms of a single relaxation time,
but for others it is characterized by a distribution of relaxation times.

Self-assembly of telechelic polymers can thus be used to create
clusters of flower-like polymers, but their structure is dynamic
and changes when the concentration or the external conditions
are varied. Here we propose a method to fix the self-assembled
structures by in situ covalent cross-linking of the multiplets.
For this purpose we synthesized poly(methacryloyloxyethyl
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acrylate)-b-poly(ethylene oxide)-b-poly(methacryloyloxyethyl acry-
late (PMEA-b-PEO-b-PMEA) triblock copolymer. This amphiphi-
lic PEO-based copolymer bears photo-cross-linkable groups on
both hydrophobic end-blocks. The same method was used earlier
to freeze polymeric micelles formed by PE-based diblock copoly-
mers that were functionalized at one end.*®

Amphiphilic triblock copolymers bearing cross-linkable groups
have already been used mainly to synthesize hydrogels for applica-
tions in cell encapsulation and tissue engineering. ® However, we
are aware of only one previous investigation of in situ photo-
cross-linking of self-assembled telechelic polymers that was re-
ported recently by Sanabria-DeLong et al.” These authors studied
the compression of hydrogels formed after photo-cross-linking
poly(lactide)-b-poly(ethylene oxide)-b-poly(lactide) (PLA-b-PEO-
b-PLA) at relatively high concentrations (>100 g/L). The gels did
not show linear response even at very low strain, and various con-
stitutive relationships that can describe the strain—stress beha-
vior were dlscussed A different type of systems was investigated
by Di Biase et al.® They studied Pluronics triblock copolymers
with a central insoluble block and two soluble end-blocks. The
soluble end-blocks were functionalized and cross-linked in situ by
irradiation, which may lead to the formation of covalent hydro-
gels. However, in this case, irradiation does not lock-in existing
transient cross-links but creates new cross-links.

Here we investigate self-assembled systems in aqueous solu-
tion over a wide range of concentrations (1—120 g/L) before,
during, and after irradiation. In this concentration range jamming
of the micelles is not yet important. We will show that self-assembled
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Chart 1. Chemical Formula of the Poly(methacryloyloxyethyl
acrylate)-b-poly(ethylene oxide)-b-poly(methacryloyloxyethyl
acrylate) (PMEA-b-PEO-b-PMEA) Triblock Copolymer

O (e}
Br. A O/\%Ov%o 6Br
200
%% Jd °
o o o)
O
Hac‘i\i i//?‘CH:;
H H

H H

structures formed in aqueous solution can be locked-in very
rapidly by using UV-irradiation with modest changes in the struc-
ture. The clusters that formed at C < C,, were studied using light
scattering and size exclusion chromatography (SEC), and the
gels formed at C > C,, were characterized using rheometry. The
results will be compared with mean-field theory and recent
numerical simulations of reversibly aggregating spheres.”

B EXPERIMENTAL SECTION

Materials. Synthesis of PMEAs-b-PEQ50,-b-PMEA Triblock Copo-
lymer (Chart 1). The methacrylate-functionalized triblock copolymer
was synthesized by atom transfer radical polymerization (ATRP) according
to a procedure described elsewhere.’ The number (M,) and weight
(M,,) averaged molar mass of the polymers were determined using size
exclusion chromatography (SEC), light scattering (LS), and "H NMR:
M, amr(CDCL3) = 12.8 x 10° g mol ™, M,, sec(THF) = 11.5 x 10° g
mol !, M, sec(THF) = 124 x 10° g mol ?, M,, 1s(acetonitrile) =
13.3 x 10 g mol . THF and acetonitrile are good solvents for both
blocks. The degree of polymerization of each PMEA block was found to
be 6 from "H NMR measurements. SEC showed that about 9% w/w of
the polymers was linked to another polymer during the last synthesis
step as this population had exactly twice the molar mass of the main
population (ABAABA). When these polymers associate, they form two
loops or bridges per chain with the same length as the other chains.

Photo-Cross-Linking. For photo-cross-linking experiments a solution
of 2,2-dimethoxy-2-phenylacetophenone (DMPA) photoinitiator (0.01 M)
was prepared in THF. The molar ratio of DMPA to polymer was fixed at
0.17, which corresponds to on average about 3 molecules per micelle
considering that the number average number of hydrophobic blocks per
multiplet is 31 (see Results and Discussion). The required amount of
solution of DMPA was placed on the walls of a glass vial, and THF was
evaporated off under a gentle flow of argon, after which the polymer
dissolved in deionized Milli-Q water was introduced into the vial that
was sealed with a rubber septum. The vial was rotated overnight on a
roller stirrer. Just before the photo-cross-linking experiment, the solu-
tion was bubbled by purging argon for 15 min to remove traces of
dissolved oxygen. At concentrations below C, the samples were photo-
cross-linked in a glass vial by irradiation for 60 s with UV light at 365 nm
with an intensity of 0.4 W cm > At higher concentrations the samples
were photo-cross-linked after loading into the rheometer (see below).
All samples were transparent and homogeneous both before and after
irradiation.

Methods. Size exclusion chromatography (SEC) in THF was done
with a system consisting of a Spectra System AS100 autosampler and a
column (Jordi gel pore size: 500 A, particle size: S um, length 50 cm)
followed by a Spectra Physics RI-71 refractive index detector and a
Spectra Physics UV detector (4 = 254 nm). The flow rate of the eluent

was 1 mL min~ " . The column was calibrated with PEO standards. The
experiments were done at 20 °C in an air conditioned room.

SEC in DMF containing 0.01 M LiBr was done on a system consisting
of a Waters 510 pump, with a Guard column (Polymer Laboratories, PL
gel S um Guard column, SO X 7.5 mm) followed by two columns
(Polymer Laboratories (PL), 2 PL gel S #m Mixed-D columns, 300 x
7.5 mm), with a Waters 410 RI detector. The flow rate of eluent was
1 mL min~ " at 30 °C. Polystyrene standards were used for calibration.
DMEF is a good solvent for both blocks, and the addition of 0.01 M LiBr
results in an efficient separation of the cross-linked micelles that were
prepared in water. The solvent was subsequently exchanged to DMF for
SEC analysis using a rotary evaporator. Of course, the solvent exchange
does not modify the structure of the micelles after cross-linking.

Fluorescence spectra were recorded with a Horiba-Jobin Yvon fluor-
escence spectrophotometer in the right-angle geometry. For the fluor-
escence measurements, 3 mL of each sample was placed in a 1 cm square
quartz cell. The emission spectra were recorded using the excitation
wavelength at 329 nm, and the excitation spectra were recorded using
the emission wavelength at 371 nm. The slit widths were set at 2 nm for
both excitation and emission fluorescent measurements.

Samples were prepared as follows. 18 4L of a pyrene solution in THF
(10™* M) was placed on the wall of a glass vial and rotated under gentle
flow of N, to evaporate the THF and to form a film of pyrene. Aqueous
polymer solutions were prepared in deionized Milli-Q water by diluting
stock solutions to the desired polymer concentration (from 1 x 10 *
to 10gL™"). 3 mL of polymer solution was added to the vial to yield a
final pyrene concentration of 6 X 10~7 M for each sample. The
pyrene containing samples were stirred for 2 days in the dark at room
temperature.

Light scattering measurements were done using commercial static and
dynamic light scattering equipment (ALV-Langen, Germany) equipped
with an He—Ne laser emitting vertically polarized light at A = 632 nm.
The temperature was set at 20 °C and controlled by a thermostat bath to
within £0.1 °C. Measurements were made at scattering angles (6)
between 12° and 150°.

In static light scattering experiments the relative excess scattering
intensity (I,) was determined as the total intensity minus the solvent
scattering divided by the scattering of toluene at 20 °C. In dilute
solutions I, is related to the weight average molar mass (M,,) and the
z-average structure factor (S(q)):lo‘”

I, = KCM,,S(q) (1)

with C the solute concentration and K an optical constant that depends
on the refractive index increment. S(q) describes the dependence of I, on
the scattering wave vector: q = (47tn/4) sin(6/2). At higher concentra-
tions interactions influence the scattering intensity, and the result
obtained by extrapolation to g = 0 is only an apparent molar mass (M,).

In dynamic light scattering measurements the normalized electric
field autocorrelation function (g, (t)) was calculated from the measured
intensity correlation function (g,(t)) using the so-called Siegert relation.">
£1(t) was analyzed in terms of a relaxation time distribution using the
REPES routine.">'* The average relaxation rate (I") was found to be q-
dependent, and a diffusion coefficient (D) was calculated as D = I'/q>. At
sufficiently low concentrations, where interaction is negligible, the z-average
hydrodynamic radius (Ry,) of the solute can be calculated from the
diffusion coeflicient using the Stokes—Einstein relation:

kT

=GB (2)

Ry
with 77 the solvent viscosity, k Boltzmann’s constant, and T the absolute
temperature. At higher concentrations an apparent hydrodynamic radius
(Ry,) is obtained in this manner.

Rheology. The rheological measurements were done at 20 °C with
stress-controlled rheometers (ARG2 (Rheometrics) and MCR-301
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Figure 1. Ratio of the fluorescence intensities at 337.6 and 333.8 nm

from pyrene excitation spectra as a function of the PMEA4-b-PEO,o-b-
PMEAg concentration. The solid line represents a fit to eq 3; see text.

(Anton Paar)) using cone and plate geometries. The measurements
were done in the linear response regime except when it is explicitly stated
that we study nonlinear rheology. For in situ photo-cross-linking, the
samples were introduced into the geometry under a gentle flow of argon,
and the sample was covered with mineral oil in order to avoid evaporation.
The flow of argon was stopped just before the start of the experiment.
A UV light guide from Dymax Bluewave-200 spot-curing equipment
(wavelength = 365 nm) was positioned S cm below the glass plate. The
samples were irradiated at 0.17 W cm > for durations between $ and
90 s. The temperature increase during irradiation was less than S °C.

B RESULTS AND DISCUSSION

Fluorescence Spectroscopy. The onset of formation of the
micelles in aqueous solution was evaluated using steady-state
fluorescence of pyrene.'>'® The small fraction (9%) of longer
chains formed during the synthesis are expected to have a slightly
lower cmc, but the effect on the measurements will be very small.
The dependence on the polymer concentration of the intensity
ratio of the pyrene excitation bands at 337.6 and 333.8 nm (R) is
shown in Figure 1. As demonstrated by Wilhelm et al,,'® the ratio
of the amount of pyrene per unit of volume situated in the micellar
cores [Py],, to that in the aqueous phase [Py],, is given by

[Pyl _ R—Rmin _ Kypypa(C — emc)
Pyl,  Ruw—R 10000ppEs

where K is the partition coefficient of pyrene between the aqueous
and micellar phase, yppra is the weight fraction of the PMEA block
in the copolymer, and pppr4 is the density of the PMEA.

Except close to C = cmg, the experimental results can be well
described using eq 3 with cmc =0.1 gL ™" and K= 1.7 x 10* The
value of ypyea = 0.17 was calculated from the experimentally
determined average composition of the polymers, and ppprEa=
1.1 g/mL was approximated by the value of pure poly(alkyl
acrylate) taken from the literature. We note that the quality of the fit
is not very sensitive to the exact value of cmc. From the light
scattering results shown below (Figure 2) we estimated that the
molecular weight of the micelles is about 2.0 x 10° gmol . This
means that when [Py],, is equal to [Py],, about one in five micelles
contains a pyrene molecule.

Characterization of the Clusters. Static and dynamic light
scattering measurements were done on aqueous polymer solutions
before and after cross-linking. For systems that were investigated

(3)
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M,, M, (g/mol)

10°

C(g/L)

Figure 2. Dependence on the concentration at which the systems were
cross-linked of the apparent molar mass of aqueous solutions of
PMEA¢-b-PEO,oo-b-PMEA¢ before irradiation determined in situ (filled
symbols) and the weight average molar mass obtained after in situ
UV-irradiation determined after dilution in water (open circles). The
line through the open points corresponds to results from computer
simulations, see explanation after eq 4, while the line through the filled
points is a guide to the eye.

the g dependence was very small so that no information could be
obtained about the structure. As explained in the Experimental
Section, M, and R;, of the micelles can be determined in very
dilute solutions maintaining C > cmc. With increasing concen-
tration the micelles increasingly associate by forming bridges
leading to an increase of M,, and Ry,,. At higher concentrations we
also have to consider the excluded volume interactions between
the micelles, which cause a decrease of the apparent molar mass
(M,) and hydrodynamic radius (Ry,,). Therefore, with increasing
polymer concentration M, and Ry, are expected to increase first
because association initially dominates compared to repulsive
interactions and then decreases when repulsive interactions become
preponderant. This behavior was shown in more detail elsewhere
for the same PEO chains end-capped with alkyl groups.'”

For the present system we determined M, and Ry, before
irradiation over a limited range of concentrations between 1 and
8g L' because at higher concentrations it was difficult to filter
the solutions through 0.2 um filters and a small fraction of large
aggregates perturbed the measurements. The concentration
dependence of M, in this range is very weak, which means that
interactions largely compensate the effect of association (see
Figure 2). Ry,, remained about 13 nm in this concentration range.

In order to determine the true molar mass of the micelles, one
needs to extrapolate to low concentrations where interactions
can be neglected while keeping C > cmc. For the system studied
here cmc ~ 0.1 g L', which means that the effect of the cmc
cannot be ignored at C = 1 g L™". SEC experiments discussed
below show that at 1 g L™ " about 10% of the chains does not
associate and about 12% of the micelles forms dimers. Thus, the
effects of the cmc and the formation of dimers compensate each
other at this concentration, which means that M, at 1 g L isnot
far from the true molar mass of the micelles if we may ignore the
effect of interactions: M,;. ~ 2.0 x 10° g/mol. Therefore, we
estimate that the aggregation number, ie., the number of
associated PMEA groups per micelle, is about 31, though this
may be an underestimate because we neglect excluded volume
interactions. The values of the aggregation number and the hydro-
dynamic radius are comparable to those observed for polymeric
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micelles formed by the same PEO chains end-capped at both
ends with octadecyl'” and for micelles formed by PEO chains
with half the molar mass end-capped at one end with octadecyl"’
or with a poly(ethyl acrylate) (PEA) decamer."®

The self-assembled systems were subsequently locked-in by
cross-linking the multiplets by UV-irradiation. After cross-link-
ing, the systems could be diluted without modifying their struc-
ture. In this way M,, and Ry, of the aggregates formed by bridging
of multiplets could be determined without the influence of
interactions. For the measurements the solutions were highly
diluted, and it was verified that further dilution had no effect on
the measured values of M,, and Ry,,. Figure 2 shows that M,, in-
creased with increasing concentration starting at a value (M. =
3.6 x 10° g/mol at C= 1 g/L) that is significantly larger than that
obtained before cross-linking even considering the effect of
exclude volume interactions in the latter case. In the calculation
of M,,;,c we considered the fraction of dimers and free chains
obtained from SEC (see below). The implication is that the
average aggregation number is increased during cross-linking to
about 56. The value of Ry, at 1 and 2 g/L remained approximately
the same after cross-linking, which is not surprising considering
the very weak dependence of Ry, on the aggregation number. If
the exchange of individual chains is rapid compared to the initiation
of the cross-linking process, it may lead an increase of the molar
mass of the micelles during the cross-linking process. However,
recently, an investigation was reported of PEO chains with half
the molar mass used here and functionalized at one end by a
poly(ethyl acrylate) block bearing cross-linkable methacrylate
functions.” It was found that for that system M. and Ry,, were
close to those found here and did not change significantly after
UV-induced cross-linking.

M,, of the cross-linked samples increased sharply between 10
and 13 g L™, and at higher concentrations the system no longer
fully dispersed when diluted, indicating that a gel had been
formed. The large difference between M, and M,, illustrates well
the dominant effect of interactions and thus the need to covalently
fix and dilute the systems in order to characterize them properly.
If the structure is not modified by the cross-linking, the in situ
scattering intensity should remain the same after cross-linking.
Here we observed a systematic increase of the intensity by almost
a factor of 2 probably due to the increase of the size of the micelles.

M,, of the cross-linked samples is plotted in Figure 3 as a
function of Ry, and is compatible with a power law: M,, o< R,
The exponent in this relation is the so-called fractal dimension d¢
of the particles. A fractal dimension of about two is not a unique
feature as it is predicted for different structures such as flexible
linear chains and random aggregates. In the context of the present
study, we point out that d¢= 2.0 is also theoretically predicted for
large clusters of particles if all configurations have the same
probability, which is the case for dilute reversibly associated
particles at equilibrium.'”*° On the other hand, numerical sim-
ulations show that at concentrations very close to the percolation
threshold the clusters should have a fractal dimension of 2.5.”
However, in this case the clusters are extremely polydisperse,
which causes a reduction of the measured apparent fractal dimen-
sion to d; = 2.0.%" Therefore, theoretically in both regimes an
exponent of 2.0 is predicted, and this value is thus expected also at
the intermediate concentrations at which the experiments were done.

In order to obtain more detailed information about the size
distribution, we analyzed the samples with SEC in DMF (see
Figure 4a). The chromatographs of un-cross-linked systems
show two distinct peaks corresponding to unimers and a small
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Figure 3. Double-logarithmic representation of M,, vs Ry, of the clusters
obtained after in situ UV-irradiation of aqueous solutions of PMEA4-b-
PEQ,0y-b-PMEAg at different concentrations and measured after dilution in
water (circles). The solid line has a slope of 2.
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Figure 4. (a) Chromatograms obtained by SEC in DMF of PMEA4-b-
PEO,o-b-PMEAg after in situ irradiation at different concentrations in
aqueous solutions. (b) Weight fractions of the unimers (U), individual
micelles (P, ), dimers of micelles (P,), and larger micelle clusters (Py) as
a function of the polymer concentration at which the samples were
irradiated. The dashed lines represent calculated values as explained in
the text, and the solid lines are guides to the eye.

fraction of end-linked chains with twice the molar mass. After
cross-linking at different concentrations we observe in addition
to the weight fraction of residual unassociated chains (U) three
peaks corresponding to the weight fractions of single micelles (P,),
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micelle dimers (P,), and larger micelle clusters (Py). The relative
amplitudes of each peak, shown in Figure 4b, correspond to the
weight fractions of each population. With increasing concentra-
tion P; increases first rapidly for C > cmc as micelles are being
formed and then decreases as more micelles become cross-
linked. P, increases first as more micelles bridge to form dimers
but decreases again at higher concentrations when more dimers
are connected into larger clusters. Py, increases progressively with
increasing concentration.

U was about 0.1 at C = 1 g L' and decreased rapidly with
increasing concentration. For an ideal micellization process U =
cmc/C. A good description of the data could be obtained as-
suming cmc = 0.13 g L~ (see dashed line through the data in
Figure 4b), which is compatible with the fluorescence results
shown above. This means that irradiation does not modify strongly
the fraction of free unimers.

If it is true that the irradiated system represents the equilibrium
state of the self-assembled polymers, we may compare the ex-
perimental results with theoretical predictions for reversibly ag-
gregating particles. When interpreting the results, we will ignore
in the presence of a small fraction of chains with twice the molar
mass of the central block in the experimental system. These
chains are not expected to show very different association behavior
but may influence weakly the average aggregation number of the
micelle. The effect on the cluster size distribution and the rheology is
expected to be small. The equilibrium cluster size distribution
can be calculated analytically if it is assumed that all bonds are
equi-probable.”” Considering that the micelles can form up to 56
bonds, we can use the limit of large functionality of this mean-
field theory. The molar concentration of clusters containing n
micelles (X(n)) at a given total micelle concentration (X,)
depends on the bond energy but can also be described in terms
of the micelle concentration at the percolation threshold (X,):

Xt [x X\ |2
Ry o (@
X, |x, x,)|

Here X, = (C — emc)/Myc and X, = (C, — cmc)/M,;.. The
weight fraction of monomers (n = 1) and dimers (n = 2) is given
by P, = nX(n)M,;./C. The weight fraction of all clusters with
n > 2is given by P, =1 — U — P; — P,. Notice that when
expressed in terms of C, the calculated values do not depend on
M- Light scattering and rheology (see below) showed that
experimentally C, is situated between 13 and 14 g L' The
values calculated from eq 4 with C, =13 g L~ " are compared to
the experimental values in Figure 4b. Clearly, mean-field theory
underestimates the degree of aggregation. Better, but still not
perfect, agreement can be obtained if C, is chosen to be about
8 g L', but this value is not compatible with the experiments.

The situation has also been investigated using numerical sim-
ulations.” In these simulations, mondisperse spheres are moved
randomly with very small steps. The spheres are not allowed to
overlap and bind with a set probability when they are within a set
distance from each other. Bound particles move cooperatively
leading to Brownian motion with a diffusion coeflicient inversely
proportional to the radius of the aggregates. Reversibility is sim-
ulated by letting bonds break with a set probability. Bond breaking
and formation leads to an effective attractive interaction that can
be expressed in terms of a second virial coefficient (B, ). The sim-
ulations have shown that the equilibrium state for reversibly
aggregating spheres with a narrow interaction range is deter-
mined by B, independent of the interaction range. B, is the sum
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Figure 5. Concentration dependence of the viscosity of aqueous solutions
of PMEA4-b-PEO,o-b-PMEA¢ before (circles) and after (triangles) irra-

diation. The viscosity was measured in the linear response regime.

of the excluded volume repulsion and the square-well attraction:
B, = Biep— Bay. Expressed in units of the particle volume B, = 4.
The value of B, in the same units can be obtained experimentally
from the fraction of dimers at low concentrations:

N(2)/Nwot = Ba® ()

where ¢ = NioeN,47R;,>/3 is the volume fraction of the spheres
with N, Avogadro’s number and Ny, =(C — cmc)/M,pic. By can
thus be calculated from the value of P, = 0.132 at C = 1 g/L using
P, = 2N(2)M,,;./C if we know R}, and M,;.. The values of B,
and ¢ are sensitive to small variations of M,,;. and especially R;..
Using M, = 3.6 X 10° g/mol and Ry, = 13 nm, we find B, = 5.7
and B, = —1.7 if we assume B, = 4.

In the simulations the system percolates at ¢, = 0.15 for this
value of B, almost independently of the width of the interaction
range at least if it is less than half of the particle radius.” It will be
shown below that ex?erimentally we find that C, is situated be-
tween 13and 14 gL, ie, ¢, & 0.2 using M. = 3.6 X 10° g/mol
and R}, = 13 nm. The simulations showed that for small volume
fractions (¢ < 0.15) M,, was approximately the same for a given
value of B,¢. This allows us to compare the experimental depen-
dence of M,, on C with that found in the simulations. Qualitative
agreement was found using My, = 3.6 X 10° g/mol and Ry, =
13 nm (see Figure 2). The comparison shows that the self-
assembly of polymeric micelles is indeed a process of random re-
versible aggregation that is reasonably well described by the
computer simulations in which the micelles are considered as
hard spheres with short-range attraction.

Rheology. Figure S shows the concentration dependence of
the zero-shear viscosity at 20 °C of the aqueous polymer solu-
tions before and after cross-linking. For un-cross-linked samples
we observed a strong but continuous increase of 77 (for C >
15 gL~ "), which is typical of a transient network. The viscosity of
cross-linked samples started to increase at somewhat lower
concentrations and diverged at 14 g L™', where a very weak
covalently cross-linked gel was formed. The percolation concen-
tration of this system is thus situated between 13 and 14 g L™ ".

The frequency dependence of the shear moduli was deter-
mined as a function of temperature for C = 120 g L™ " before
cross-linking. A master curve could be constructed by time—
temperature superposition (see Figure 6). From the shift factors
we obtained an activation energy of 65 k] mol . The relaxation
of the transient network is characterized by a broad distribution
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Figure 6. Master curves of the frequency dependence of the shear
moduli of an aqueous solution of PMEA4-b-PEO,oy-b-PMEAg at C =
120 g L™ " before cross-linking. The master curve at reference tempera-
ture 20 °C was obtained by time—temperature superposition of results
obtained between 5 and 30 °C. The dashed lines represent the limiting
behavior for liquids: G’ o< w* and G o'

of relaxation times so that the master curve cannot be described
by the Maxwell equation. The terminal relaxation time can be
roughly estimated as 0.2 s at 20 °C from the crossing point of the
dashed lines, which describe the terminal frequency dependence
of storage G’ and loss G” shear moduli. We note that the molar
mass of the PEO chains is too small for entanglements to have a
significant effect in the concentration range covered here.

The process of freezing-in the transient network by photo-
cross-linking was investigated by irradiating the system for 90 s
while measuring the shear moduli at a frequency of 1 Hz. The
evolution of G’ is shown in Figure 7a for a range of polymer
concentrations. Except close to C,,, G’ increased sharply as soon
as the sample was irradiated. After the initial sharp increase, G’
continued to increase more slowly until irradiation was stopped
and then it decreased slightly. The slow increase of G’ is better
seen at lower concentrations where the gels are weaker.

Close to Cp, G’ did not increase immediately upon irradiation,
but only after a lag time that increased with decreasing concen-
tration and that was much longer than the irradiation time for C <
20 gL~ Notice that also at slightly higher concentrations a very
slow increase of G’ can be seen long after irradiation has stopped.
Currently, we can only speculate that this behavior might be
caused by trapped active radicals that slowly cross-link chains that
were not yet cross-linked during irradiation.

The frequency dependence of G’ and G” of the systems after
irradiation showed that G’ was independent of the frequency and
orders of magnitude larger than G”. The concentration depen-
dence of the gel modulus (Gy) is plotted as a function of the
concentration in Figure 7b. G’ increased sharply at C, ~ 14 g L
followed by a weaker increase at higher concentrations. If the
origin of the elastic modulus is rubber elasticity, then G, is pro-
portional to the molar concentration of elastically active chains
(v): Gy~ vRT.If all chains are elastically active, then v = C/M,,.
The dashed line represents CRT/M,, and shows that at high
concentrations G is somewhat larger, indicating that there is an
additional contribution to the elastic modulus at the highest con-
centrations. The value of Gy at 120 g L' may be compared to
that of the transient network before cross-linking that can be
estimated from G’ at high frequencies. Even though G’ is still
significantly smaller than G at the highest frequency at which it
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Figure 7. (a) Time dependence of G’ at 1 Hz after turning on the UV-
lamp for aqueous solutions of PMEA4-b-PEQO,oo-b-PMEAg at different
concentrations. The dashed line indicates when the lamp was turned off.
(b) Concentration dependence of G’ for gels formed by irradiating
aqueous solutions of PMEAg-b-PEO,og-b-PMEA,. The dashed line
represents G' = CRT/M,,, while the solid line is a guide to the eye.

could be determined, extrapolation to higher frequencies would
give a value that is compatible with Go. This suggests that UV-
irradiation basically locks-in the existing transient network, although
some moderate changes cannot be ruled out as judged from the
effect of irradiation for dilute micelles.

Compared to the strong concentration dependence, the shear
modulus depended little on the duration of the irradiation (see
Figure 8a), and even irradiation times as short as S s were enough
to form gels rapidly at least at concentrations not too close to C,,.
However, G’ showed subtle effects that are better seen on a linear
scale (see Figure 8b). When the irradiation time was 90 s, G’
relaxed just after turning off the UV-lamp before increasing again
at longer times. The relaxation was still visible for smaller irradiation
times, but it was dominated by the increase. Repeated irradiations
on cross-linked gels showed in each case a weak relatively slow
increase during irradiation followed by relaxation after the lamp
was turned off (results not shown). We have verified that the
temperature increase of the sample during irradiation is less than
S °C. We speculate that irradiation leads to tension in the network,
which slowly relaxes to steady state after irradiation has stopped.
Unfortunately, we do not know the origin of this curious behavior.

The effect of the oscillation amplitude ()) on the shear modulus
of the gels is shown in Figure 9. At low concentrations we observed
significant shear hardening of the bridging chains starting at y ~
50% followed by a sudden drop due to fracture. The shear hardening
is possibly due to non-Gaussian stretching™ even though the chains
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Figure 8. Log—log (a) and lin—log (b) representation of the time
dependence of G at 1 Hz of an aqueous solutions of PMEAg-b-PEO, -
b-PMEAg at C = 30 g/L after turning on the UV-lamp for different
durations indicated in the figure.
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Figure 9. Storage shear modulus at f = 1 Hz normalized by G as a
function of the maximum deformation during oscillation for gels
formed by irradiating aqueous solutions of PMEA4-b-PEO,0o-b-PMEA4
at different concentrations indicated in the figure.

are still only weakly stretched at y & 50%. The relative amplitude
of shear hardening decreased with increasing concentration, and

itwas no longer observed at C=70 g L™ or higher. If we consider
that Gy is proportional to the number of elastic strands, then
Figure 9 shows how the fracture stress per elastic chain decreases
with increasing C. However, in this range the shear modulus
increased by more than 3 orders of magnitude, which means that
the absolute fracture stress of these gels increased very strongly with
increasing polymer concentration from about 10 Paat 18 gL~
to about 10° Pa at 70 g L™ ". The critical deformation of fracture
decreased relatively weakly from about 400% at C= 18 gL ™" to
about 100% at C=70gL ™"

B CONCLUSIONS
PEO chains that are end-capped with short hydrophobic blocks

associate into spherical aggregates in a manner analogous to
micellization of molecular surfactants. When the chains are end-
capped at both ends, the micelles can bridge leading to the for-
mation of larger clusters or a transient gel. By introducing photo-
cross-linkable units into the hydrophobic blocks, the transient
structure of self-assembled telechelic polymers in aqueous solu-
tion can be rapidly locked-in by UV-irradiation with moderate
changes to the structure. This allows one to analyze the composi-
tion and structure of the clusters formed as a function of the
concentration below the percolation threshold. This cannot be
done without in situ cross-linking because it is necessary to dilute
the samples to remove the effect of interactions without restruc-
turing. The aggregate size distribution is not accurately predicted
by a mean-field approach. However, comparison with numerical
simulations shows that self-assembly of polymeric micelles can be
well described as reversibly aggregating hard spheres with short-
range attraction.

The transient network that is formed by the telechelic poly-
mers above the percolation threshold can be quickly transformed
into a covalently bonded gel by UV-irradiation. The elastic modulus
of the gels increases rapidly with increasing concentration and
until it becomes comparable to that predicted for an ideal rubbery
network for concentrations larger than about S times the per-
colation threshold. With increasing deformation, weak gels formed
at lower concentrations show shear hardening before fracture.
The relative amplitude of the shear hardening decreases with
increasing concentration and only fracture is seen for strong gels.
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