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A Generalized Mechano-statistical Transient Network Model for
Unravelling the Network Topology and Elasticity of Hydrophobically
Associating Multiblock Copolymers in Aqueous Solutions
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ABSTRACT: In this contribution, we unravel the transient network
topology and elasticity of micellar networks formed by hydrophobically
associating multiblock copolymers in aqueous solutions. Unlike studies
on conventional triblock copolymers bearing hydrophobic blocks as end
groups, our research focuses on alternating poly(ethylene oxide) (PEO)
and poly(propylene oxide) (PPO) multiblock copolymers having
multiple hydrophobic PPO blocks along the chain. We adopt a
combinatorics approach to extend and generalize the mechano-statistical
transient network model developed by Annable et al. for telechelic
triblock copolymers [Journal of Rheology, 1993, 37, 695] to multiblock
copolymers. The model allows one to predict the concentration
dependent elasticity of networks formed by multiblock copolymers with
known molecular characteristics by using knowledge of the micellar
network microstructure. The spatial distribution of the hydrophobic
nodes is inferred from Small-Angle X-ray Scattering (SAXS) by converting the structure factor to the radial distribution function.
The number of closely neighboring micellar cores between which an elastic bridge can be formed (n,,) is calculated by spherical
integration of the radial distribution function up to a distance of the radius of gyration of an intermediate soluble PEO block. Using
the evolution of ,, with concentration as an input for the model, the predictions show good agreement with experimental elasticity
data, as inferred from the plateau modulus in linear shear rheology. The network evolves from loop-dominated, poorly elastic with
cross-linking nodes with low functionality at low concentrations to bridge-dominated, highly elastic with higher node functionalities
at more elevated concentrations. It is anticipated that our generalized mechano-statistical transient network model can also be used
for equally spaced, multisticker associating polymers forming networks by multifunctional interactions other than micellar
aggregation.
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1. INTRODUCTION review paper by Seiffert and Sprakel.'* The transient character of
the physical cross-links delivers properties in between those of
entangled polymer solutions and those of permanently cross-
linked, chemical _gels. It also provides the networks with excellent
self-healing,> ™" stimuli-responsive,"®'” and shape-memory™*°
properties. Therefore, physical polymer gels have proven to be
useful in a plethora of advanced applications including
microfluidics,” superabsorbents,22 (bio)sensors,”* and artificial
muscles.”*

A particularly interesting type of interaction is found in block
copolymers consisting of hydrophilic (A) and hydrophobic (B)
blocks. In aqueous solutions, the hydrophobic blocks sponta-

In recent years, physical polymer gels have received a great deal
of attention not only from material scientists for the develop-
ment of novel, custom-made materials for different applications
but also from polymer physicists to unravel fundamental
polymer principles. Such physical gels are formed by macro-
molecules containing “sticky” groups, which undergo transient
noncovalent interactions and form the cross-linking nodes of a
3-dimensional, sample spanning polymer network restricting
flow. Different physical interactions, such as hydrogen
bonding,l_S ionic interactions,®”® metal—ligand complex-
ation,””"" and inclusion complexation'”"* have been employed
in physical hydrogels. The final gel topology, mechanical
properties, and dynamics are not only determined by the Received: July 19, 2022 M““;'""““"—'Q!"“
strength and functionality of the interactions but are also Revised: ~ November 28, 2022 A
affected by the location of the sticky groups, either as telechelic Published: January 2, 2023
end groups or along the polymer backbone. An overview of the

formation, structure, dynamics, and mechanical properties of

supramolecular polymer networks and gels can be found in the
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neously undergo phase separation due to the entropically driven
hydrophobic effect, resulting in micellar assemblies.”**® At low
concentrations, isolated micelles consisting of a hydrophobic
core stabilized by a hydrophilic corona are formed. At more
elevated concentrations, an elastic gel can be formed dependin:
on the molecular architecture of the block copolymers.”
Diblock copolymers as well as ABA and BAB triblock
copolymers have often been used as model systems to study
physical gels formed by hydrophobic association, but the
underlying mechanisms of gel formation are fundamentally
different. The hairy micelles composed of AB diblock or ABA
triblock copolymers jam together in crystalline lattices forming a
gel at elevated concentrations.”* > On the other hand, BAB
triblock copolymers form so-called flowerlike micelles with
hydrophilic loops. At higher concentrations, the intermediate
hydrophilic A blocks have the potential to form an elastic bridge
in between two separate micellar cores, thereby resulting in a
sample spanning polymer network.”' ~*° Micellar gels based on
block copolymers are of particular interest in biomedical
applications™ as drug delivery systems®”*® and tissue engineer-
ing scaffolds®~* or for improved wound healing.*’ In this
regard, the presence of small hydrophobic domains allows
efficient encapsulation,44 controlled release,”*® and targeted
delivery®” of therapeutic agents such as pharmaceutical drugs,
proteins, or (stem) cells. Knowledge of the sizes, spatial
arrangement, and interconnectivity of the domains is crucial in
understanding and efficiently designing micellar gels with
tailored mechanical properties. Well-known examples of non-
ionic ABA triblock copolymers are poloxamers, consisting of
poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO)
blocks. Such PEO,—PPO,—PEO, triblock copolymers are
commercially available as Pluronics with different PEO (x)
and PPO (y) block lengths.** Due to the dehydration of the PPO
block at temperatures exceeding 15 °C,*”*® aqueous solutions of
poloxamers have a Critical Micelle Temperature (CMT) and a
Critical Micelle Concentration (CMC), above which micellar
aggregation occurs. Governed by the ratio of PPO to PEO as
well as the overall molecular weight, they exhibit interesting
phase behavior with a rich polymorphism, ranging from
isotropic polymer solutions, over micellar solutions to cubic,
hexagonal and lamellar lyotropic liquid crystalline <phases upon
increasing concentration and/or temperature.”””" Their ex-
cellent biocompatibility and nontoxicity, together with their
thermoreversible gelation from a easily injectable sol at room
temperature to an elastic micellar gel at human body
temperature, make Pluronics one of the most widely used
hydrophobically associating copolymers in hydrogels for
(bio)medical applications.>">>

During the last few decades, many authors have tried to
fundamentally understand and predict the linear and nonlinear
rheological properties of supramolecular polymer networks and
gels based on so-called transient network models. In this regard,
the transient network models originally developed by Green and
Tobolsky,53 Yamamoto,”* and Lodge,55 and later modified by
Tanaka and Edwards®®~*” for unentangled telechelic, physically
associating polymers, form the basis for more generalized
constitutive modeling which captures complex nonlinear
features such as shear thinning and thickening,’*"%* thereby
making use of observations from Brownian dynamics simu-
lations of such transient networks.’® An important model system
of telechelic polymers used for the experimental verification of
transient network models, are hydrophobically modified
urethane—ethoxylate (HEUR) polymers consisting of hydro-
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philic PEO end-capped by hydrophobic groups such as aliphatic
alcohols using urethane bonds. They thus represent BAB
triblock copolymers and generally form a bridged micellar gel at
elevated concentrations. Aqueous solutions of HEUR have been
studied extensively by both linear and nonlinear rheology and
compared to the predictions from transient network mod-
els.””**~% Their linear rheological response follows the ideal
Maxwell model, facilitating the extraction of the plateau
modulus and one characteristic relaxation time, fully governed
by the dissociation of the junctions and hence of the order of the
bond lifetime.”* Whereas constitutive modeling accurately
describes many features of the linear and nonlinear rheological
behavior of transient networks, it fails to explain the strong effect
of concentration on the network’s rheological properties.’”
Therefore, a different approach as compared to constitutive
modeling was taken by Annable et al., who developed a so-called
mechano-statistical transient network model for unentangled,
telechelic BAB triblock copolymers.”®® Based on the
probabilities of the intermediate A block of either forming a
loop or a bridge, they predict a topological evolution from loop-
dominated to bridge-dominated upon increasing concentration,
which is responsible for the macroscopic mechanical behavior.
Their fairly simple approach resulted in accurate predictions of
the evolution of the number density of elastically active chains
for HEUR polymers, as inferred from linear shear rheology, and
showed agreement with their predictions from simplified Monte
Carlo simulations.®”

Unlike telechelic polymers exhibiting ideal Maxwellian
behavior, nontelechelic associative polymers, having “sticky”
groups distributed along the chain, show more complex linear
rheological behavior.””®” A limited amount of studies try to
capture their rheological response based on constitutive
modeling exhibiting only qualitative agreement with exper-
imental data,”’”"* while simulations usually succeed in
predicting the response more accurately but lack an a priori
physical interpretation of the system’s behavior.””’* Addition-
ally, different theoretical frameworks to predict scaling relations
for rheological properties such as the viscosity, elastic modulus
and relaxation times with concentration, have been developed
by Leibler, Rubinstein, and Semenov. In this regard, the sticky
Rouse’*’ and sticky reptation”””® models for unentangled and
entangled multisticker associative polymer solutions were
developed based on a single-chain approach with pairwise
interactions between sticky groups. Despite the extensive
theoretical background of these “sticky” models, experimental
rheological data often show limited agreement with the model
predictions.”””** Moreover, most associative polymer solutions
obeying similar scaling relations as predicted by the “sticky”
frameworks almost never fulfill the assumption of simple
pairwise association.* ™ Alternatively, transient networks
with cross-linking nodes formed by large-scale aggregates of
sticky (end)groups were treated by Semenov et al. according to a
collective approach, in which the dynamics of the overall
aggregate assembly dominate over single chain relaxations.**
However, recent NMR experiments by Mordvinkin et al. on
telechelically associating polymers have shown that also for
networks formed by large, micellar cross-linking nodes, the
relaxation is governed by single chain relaxation principles rather
than micellar reorganization.**® In summary, the lack of
quantitative agreement between theoretical frameworks and
experimental data, as well as the lack of a qualitative agreement
between different model approaches, indicates that a thorough
understanding of the rheological behavior of networks formed

https://doi.org/10.1021/acs.macromol.2c01500
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Table 1. Example of the Combinatorics Approach for a Chain with a = 4 Associating Blocks (Represented as ®) anda — 1 =3
Soluble Blocks (Represented as a Bridge or Loop), Possible Configurations and the Resulting Probabilities, the Average Number
of Associating Blocks in one Cross-Linking Node (Represented as O), and the Average Number of Bridges Connected to one

Cross-Linking Node“

Configuration Overall configuration Average amount of Average amount of
Configuration robgability probability for i bridges connected to associating blocks in
P! bridges one crosslinking node a crosslinking node
3
i=0 FO-F3 CFO.F3 0 4
QC(;D e (0) F-F
3 1
() = sy = ¢ =0/1 =4/1
i=1 Q0 FL.F2 3. p1.p2 L Loslo
v 1) 1 2t3 27°%3
1 1
%\J FL-F2 5 l+501 534501
k_/gO 1.2 1
Fi-F3 5 1t501 - 1+2-3
3
Q=1om=3 =2/2 =4/2
3 1 1 1 1 1 1
i=2 ’\J—Q/\) F2.F} LF2.FL Z. Z. Z. 2. 2. 2.
2. F3 2) 2. F sltz2tg 1 | 1tg243el
Q\/k/\- 1 1 1 1 1 1
F2-F3 Sal4 24201 2421+ 201
v 3 tt3ity 3 2t3tts
Nvo F2.F} 1.1 1.2 1.1 3,1 1.1 1.2
e 3 1Tz 2t3 ERRRE R
3 1
() =@ =3 =4/3 =4/3
e 3, 0 3 3 0 2 2
i=3 L FP - F3 -FP - F, —-14--2 1
1 M2
3 4 4
3
(3):m:1 =6/4 =4/4
a-1 .
- —1— —1 e 2(i+1)—2 a
pa-1 Fi . pa-1-i a ==
; 1°F3 ( ; ) Fi-F3 L i+ 1
=

“The last row in gray shows the symbolic expressions.

by nontelechelic associative polymer solutions remains an open
question.

Therefore, the goal of our study is to extend Annable’s
mechano-statistical approach, developed for linear elasticity of
telechelic unentangled associative polymers, to multisticker
unentangled associative polymers using combinatorics. This
approach might open up a different perspective on transient
networks formed by nontelechelic associative polymers, as it
allows one to gain insights in the probabilities of soluble blocks
to form loops or bridges, in the functionalities of the cross-
linking nodes as well as in the evolution of the number of
elastically active bridges, all as a function of concentration.
Besides the molecular characteristics of the multisticker polymer
chains, in-depth knowledge of the microstructure of the
transient network is crucial for understanding the final
mechanical properties of physical gels formed by micellar
aggregation. In this work, we will use Small-Angle X-ray
Scattering (SAXS) to determine the relevant length scales, the
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aggregation numbers, and the overall spatial distribution of the
micellar nodes in thermoreversible transient networks formed
by alternating PEO—PPO multiblock copolymers in aqueous
solutions. By combining knowledge about the network topology
with our mechano-statistical model, we can detect micro-
structural changes as a function of concentration and how they
translate into macroscopic behavior. The performance of the
transient network model is verified by comparing the model
results with the evolution of the number density of elastically
active chains with concentration as inferred from linear shear

rheology.

2. GENERALIZED MECHANO-STATISTICAL
TRANSIENT NETWORK MODEL

In this section, the mechano-statistical transient network model
originally developed by T. Annable and co-workers for HEUR
copolymers bearing their associating groups as telechelic end

groups’”*® is extended and generalized for alternating multi-

https://doi.org/10.1021/acs.macromol.2c01500
Macromolecules 2023, 56, 612—633
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block copolymers. The presence of more than two associating
blocks along the chain significantly increases the amount of
possible configurations of the chain as compared to those of
telechelic polymers and hence also the complexity of the model.
Here, the Annable model is extended by adopting a
combinatorics approach for all possible configurations of the
multiblock copolymers. In what follows, this approach and the
derivation of the expression predicting the amount of elastically
active chains as a function of concentration is discussed. The
simplest case of our model framework, ie., that of triblock
copolymers having telechelic associating groups, is treated in the
Supporting Information and results in the original expressions as
derived by Annable et al.””*®

Consider a linear block copolymer chain with a associating
blocks, of which 2 are telechelic and the other a — 2 are evenly
distributed along the chain. As a consequence, the chain
contains @ — 1 soluble blocks which are capped by associating
blocks. In fact, it can be noted that the assumption of associating
end blocks is not a limitation of the model, since soluble end
blocks form dangling ends that do not contribute to the
network’s elasticity. In this regard, it is also important to stress
that entanglements are not taken into account in this transient
network model, which aims at unentangled polymers. The
absence of entanglements will be experimentally confirmed for
our multiblock copolymers in Section 4.1. Since block
copolymers form micellar assemblies with large aggregation
numbers N, (often N,ge > 10 for self-assembly of nonionic
block copolymers®), the association interaction between the
associating blocks is assumed to be multifunctional (f > 2) in the
following framework. The model is thus expected to apply not
only to systems interacting through micellar aggregation but also
to polymer chains bearing smaller associating groups along their
backbone or as a side group, which form multifunctional
interaction nodes. In this regard, an interesting review by Seiffert
and co-workers reveals the importance of such junction
clustering in polymer networks constructed through physical,
supramolecular interactions.”® Since transient micellar networks
are only formed at concentrations well above the CMC, the
concentration of free unimers is assumed to be negligible in our
model derivations.

2.1. Configuration Probabilities. Each of the a — 1 capped
soluble blocks is presumed to have only two possible
configurations. It either forms a bridge in between two different
association nodes, or it forms a loop connected to just one
association node. This assumption can be justified by the large
binding energy between the associating blocks,” resulting in a
negligible fraction of associating blocks being present as either
free dangling ends or as entire freely soluble chains, both
configurations not contributing to an association node. The
amount of possible configurations for a chain with a — 1 capped
soluble blocks thus equals 2*”'. As an example, the second
column in Table 1 shows the 8 possible configurations for a
chain with a = 4 associating blocks and a — 1 = 3 capped soluble
blocks. Importantly, it is assumed that once a chain leaves a
certain association node to form a bridge toward another node, it
eventually does not come back to that same node. Chain
configurations with so-called redundant bridges in between the
same association nodes, might be possible for chains with a > 3
and for configurations having i > 2 bridges, and they are
expected to be more significantly present in long multiblock
copolymers with a >> 3. Therefore, the performance of our
model is anticipated to be insufficient for systems in which such
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configurations are predominant, and adjustments might be
needed.

Following the terminology from the original work by
Annable,”” the probability of a capped soluble block to from a
bridge is denoted as F). Assuming a negligible fraction of “open”
stickers, the probability of forming a loop F, is equal to 1 — F,.
The probability of a specific configuration with i bridges and
hence a — 1 — i loops thus equals F,F,* '™, Note that multiple
configurations having i bridges exist due to the possibility of a
different order of occurrence of the bridges and loops, as shown
in Table 1. The total amount of configurations with i bridges can
be calculated from the binomial coefficient

a—1) a— 1!
i i!

(a—1-i) (1)

Hence, the overall probability of all configurations with i bridges
and a—1 — i loops is

a—1) i Lac1-i
i

as illustrated in the fourth column in Table 1.

In micellar networks formed by soluble polymer bridges, there
usually exists a critical onset concentration for network
formation ¢, At dilute concentrations below this ¢,.,0m0
the nearest neighboring micellar cores are all too far away for an
intermediate hydrophilic block to span the distance between
them and hence to form a bridge. The resulting structure at
concentrations below ¢, is thus a purely viscous solution of

isolated micelles, as can be seen in Figure 1. Therefore, the

)

€ > Coetwork

€ < Cpetwork

Figure 1. Transition from a dilute solution of isolated flowerlike
micelles to a transient network of bridged micellar cores at
concentrations above the critical network concentration (¢,yor)-

probability of forming a loop F, should equal 1 below ¢, 0rt- At
concentrations above ¢, .+ other micellar cores appear within
the volume spanned by a soluble block, such that bridges toward
other micellar cores can arise. These bridges provide the
network with its elasticity, while the dynamic, reversible
character of the association interaction gives rise to so-called
transient cross-linking nodes by continuous association and
dissociation events. Figure 1 schematically illustrates the
transition from a dilute micellar solution toward a transient
elastic network at concentrations above ¢,,,,,ori-

In this work, we will replicate Annable’s crucial approximation
that the probability of forming a loop F, is inversely proportional
to the average amount of association (micellar) nodes n,,
present in the volume defined by the span of a soluble block.””*"
This n,, thus represents the amount of micellar nodes in such
close proximity that a soluble block can possibly form a bridge in
between these nodes. Note that below 0,1, only one micellar
core is present within the volume defined by the soluble blocks

https://doi.org/10.1021/acs.macromol.2c01500
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(n,, = 1), and the probability of forming a loop F, = 1/n,, thus
equals 1.

2.2. Node Functionality. Since the amount of bridges is
crucial for the network elasticity, we define an average node
functionality (') as the average amount of bridges that originate
from an association node. This average functionality can be
calculated as the product of N, the average amount of bridges
one chain contributes to a cross-linking node [bridges/chain],
and N,, the average amount of chains contributing to one cross-
linking node [chains/node]. The latter can be approximated as
N,/ N,, in which N, is the aggregation number of the micellar
node, i.e., the amount of hydrophobic blocks per micellar core
[associating blocks/node], and N, is the average amount of
associating blocks one chain contributes to a cross-linking node
[associating blocks/chain]. Both Nj, and N, can be calculated
from a summation over all possible configurations, resulting in
the following expressions:

a—1 .
20 4+1) =2 a—1\ _ .
No=> | =—=— | ) AR (3)
- i+1 i
i=0
average # of bridges overall probability of
a chain with i bridges having a chain
contributes to a node with i bridges
a—1
a a—1
N — _ R ] . F/ . Faflfl 4
=2 | ) FE )
=

average # of
associating blocks
a chain with i bridges
contributes to a node

overall probability of
having a chain
with i bridges

An illustrative example of the calculation of the factors in the
expressions for N, and N, is shown in the last two columns of
Table 1 for a multiblock copolymer with 4 associating blocks.
The final expression of (¥) is shown in eq 5:

(¥) = NyN. = Ny

Nugg_N_
N =
a

a—12(i+1)-2 a—1 i pa—1—i
Zi=0 i+1 ( i )Pi F2

a-1 4 i pa—l-i
Zl=°(i+1)” (s)

The association nodes exhibit a distribution of functionalities
defined by the probability distribution function P('¥), i.e., the
probability P of finding a node with a certain functionality V.
This distribution does not only arise from fluctuations in the
functionality itself at a constant aggregation number but also can
be partly attributed to micellar polydispersity (at a constant
temperature and concentration) resulting in fluctuations in
aggregation number.”” The functionality distribution is assumed
to be binomial around the average value (V) determined in eq S,
with the maximum functionality ¥, attained when all a — 1
capped soluble blocks form bridges (F, = 1). The expressions for

P(¥) and ¥, are given in eqs 6 and 7, respectively:
g v -¥
Pae | [ (¥ )™
¥ )\ P Phnax (6)
oo = (W) =N 222
F=1 a (7)
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Even though no fundamental basis for assuming a binomial
distribution of node functionalities exists, two physical
limitations justify our choice of the distribution function: (1)
the function should be discrete, and (2) the function should be
delimited in nature as ¥ € {0, 1, 2, .., P} It can be noted that
the definition of ¥, in eq 7 does not necessarily result in a
discrete number, and therefore, it is approximated as its nearest
natural number. As expected, for multiblock copolymers with a
>2, the ¥, value will exceed N,,, due to the fact that when F, =
1, each nontelechelic associating block will create 2 bridges
leaving the same node.

2.3. Elastically Active Bridges. Since loops are assumed to
be elastically inactive, the number density of elastically active
chains () can be calculated from the amount of bridges
connected to a node multiplied by the number density of nodes
(n,,;.). For this calculation, a few considerations must be made.
First, a bridge connects two cross-linking nodes and hence, each
bridge included in the node functionality ¥ only counts as half of
an elastically active chain. Therefore, the amount of elastically
active chains involves the summation of the node functionalities
divided by 2 (W/2), weighted with their occurrence probability
(P(¥)). Second, only node functionalities ¥ > 3 should be
taken into account in the calculation of unique elastically active
chains, since nodes with ¥ = 1 are dangling ends not
contributing to a sample-spanning connectivity, while nodes
with ¥ = 2 act as additional, redundant steps in dangling ends,
and in superloops or superbridges consisting of multiple
connected nodes. Schematic illustrations of a dangling end, a
superloop and a superbridge can be found in Figure 2. Lastly, the

- Q\,\Jjj@
N A Nl

(a) Dangling end (b) Superloop

Mo e 2

£
whf\/—\/\v
D 5@<ﬂb/wﬂ

(c) Superbridge

Figure 2. Schematic illustrations of (a) a dangling end, (b) a superloop,
and (c) a superbridge. For simplicity, the micellar cores are represented
as filled gray circles. The node functionalities ¥ of the involved cores are
indicated on the figures.

fraction of bridges originating from a node with ¥ > 3, which are
linked to a unifunctional node, should also be eliminated in the
expression for the number density of elastically active chains.
Accordingly, only a fraction (1 — P(0) — P(1))/(1 — P(0)) of
the summation is included in eq 8. The denominator contains 1
— P(0) instead of 1 because each bridge must connect to a node
with a functionality of 1 or more (zero-functional nodes (‘¥ = 0)

only have loops).
(2}

. _.[1 — P(0) — P(1)
" y=3

1 — P(0) (8)
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Figure 3. Schematic overview of the transient network model: input, model principles, output, and model verification. The experimental methods are

also included.

can be calculated from the
and the

The number density of micelles n,,,;.
number density of chains 1, the aggregation number N,
number of associating blocks 4, as shown in eq 9:

n-a

Nigg

Mic =

)

The number density of chains n can be linked to the mass
concentration ¢ of multiblock copolymer in solution by making
use of its molecular weight M, and Avogadro’s number N,
(6.02 x 107* mol™"). Equation 10 thus represents the evolution
of the number density of elastically active chains as a function of
concentration:

lymax
{ ] Z (E).p(l}l)
¥Y=3 2
(10)

Note that this equation can be fully evaluated, without the
need for parameter fitting, by knowledge of a, M,,, Nygo and n,,.
The latter reveals its importance in the calculation of the bridge
and loop probabilities F; and F,, respectively, and is eventually
reflected in the node functionality distribution function P(¥)
around the average value (V). Equation 10 allows one to
calculate the fraction of all (a — 1)-n available soluble blocks,
which are effectively active as unique elastic bridges according to
eq 11:

C‘NAV a
Mw Mgg

1 - P(0) — P(1)
1 — P(0)

v _ a .(1—P(0)—P(1)).
(a=1)n (@ = 1)-Ng, 1 — P(0)
& (Y
= |-p(w
qgs ( 2 ) ) (11)

The performance of this model prediction can be verified by
comparing the model expression of the number density of
elastically active chains with the information as extracted from
rheological measurements in the linear viscoelastic region (see
Section 4.3). Analogous to the affine network theory of rubber
elasticity,91 v can be estimated from the plateau modulus G, i.e.,
the constant elastic modulus G’ usually detected at high
frequencies for viscoelastic networks, as

GO

(12)
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in which k; is the Boltzmann constant (1.38 X 107>* m*kg/s* K)
and T the absolute temperature. The prediction of the plateau
modulus as inferred from the more accurate phantom network
theory (G, = vk, T-(f — 2)/f), which does take into account
fluctuations of the cross-linking nodes and the resulting
reduction of cumulative stretching of the network strands,
approaches the affine network prediction in the limit of high
cross-linking functionalities f.”* The real elastic network theory
(RENT), developed by Olsen and Johnson”’>”* as an extension
of the phantom network theory, takes into account different
orders of cyclic topological defects (loops), but again
approximates the affine network theory at higher functionalities.
Since the functionalities of micellar cross—linkin;g nodes with
aggregation numbers on the order of 50—100>° are a priori
assumed to be relatively large even if a significant fraction of
loops is present, this provides a justification for the use of the
affine network approach.

The fraction of the available soluble blocks that are elastically
active can thus also be calculated from the plateau modulus as

14 _ Go
(a—1)n (a—-1)nkT

(13)

Besides the generalization of the transient network model of
Annable et al.””®® for multiblock copolymers, another novelty of
our work is the fact that n,, will be experimentally determined,
rather than approximated via a theoretical balance. In contrast
with Annable’s assumption of a randomly close-packed lattice of
micellar cores,”” our approach using Small-Angle X-ray
Scattering (SAXS) characterization will provide information
about the exact spatial distribution of the micellar cores, as
specified by the radial distribution function g(r), and will hence
facilitate a better representation of the network’s microstructure
(see Section 4.2). Additionally, Annable and coauthors®® argue
that their assumption of a random arrangement (g(r) = 1) of
micellar cores throughout the sample might be violated at least
at concentrations close to the critical network concentration
Coetwors a5 the analysis of NMR data”*”® showed that the
structure might be fractal up until some length scale at these
concentrations.”® The approach of using experimental informa-
tion about the exact radial distribution was previously suggested
by Annable and co-workers®® to improve the performance of
their model, but to the best of our knowledge, it has never been
implemented. Therefore, the current study combines insights
from the experimentally probed network topology, resulting in
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n,, and N, values of multiblock copolymers with known values
of a and M,, with a generalization of a mechano-statistical
network model, to predict the evolution of the network elasticity
as a function of concentration. In Figure 3, a schematic overview
of the transient network model is given, ie., the input, main
principles, output, and verification, as well as where
experimental methods come into play.

3. EXPERIMENTAL SECTION

3.1. Materials. ExpertGel (EG) polymers of type 312 and 412 were
kindly donated by PolymerExpert (France) and used without further
purification. ExpertGel molecules are linear multiblock copolymers of
alternating poly(ethylene oxide) (PEO) and poly(propylene oxide)
(PPO) blocks. They are formed by connecting PEO,—PPO,—PEO,
triblock copolymers (also referred to as Pluronics, a trademark of
BASF) using poly(propylene glycol)-12/saturated methylene diphenyl
diisocyanate (PPG-12/SMDI) copolymer, and terminated by addi-
tional PEO blocks. The links are formed by urethane chemistry between
a terminal hydroxy group and the reactive isocyanate of SMDI. EG312
consists of Pluronic F108 (poloxamer 338, PEO,,;—PPO,,—PEO,,, on
average), whereas EG412 consists of Pluronic F127 (poloxamer 407,
PEO,o;—PPOs—PEQ,(; on average). The linking PPG-12/SMDI
copolymer contains on average 4 repeating PPG-12/SMDI units. Table
2 summarizes the molecular characteristics of both types of

Table 2. Molecular Characteristics of the Two Grades of
ExpertGel (EG312 and EG412) Used in Our Study: Number
Average Molecular Weight (M), Weight Average Molecular
Weight (M, ), Molecular Weight Dispersity (D), Weight of
EO Monomers Relative to the Weight of EO + PO (fg,), and
the Average Number of Hydrophobically Associating Blocks
per Chain (a)

sample M, [kDa]* M, [kDa]” D [-] feol-]" al[-]°
ExpertGel 312 29 63 2.15 0.83 3.95
ExpertGel 412 23 44 1.88 0.75 3.60

“Determined by GPC. “Determined by 'H NMR. “Calculated with eq
14.

commercially available ExpertGel, as inferred from Fourier Transform
Infrared Spectroscopy (FT-IR), Gel Permeation Chromatography
(GPC) and 'H Nuclear Magnetic Resonance Spectroscopy (‘H NMR)
(see Supporting Information for detailed analysis). The weight fraction
of EO monomers relative to the weight of EO + PO monomers (f5p)
matches the values as specified by the manufacturer. The a parameter,
representing the average amount of hydrophobically associating blocks
per chain, is approximated based on the following formula:

_ - fp) My

MW,PPO

a

(14)
in which M, pp represents the average molecular weight of the PPO

blocks, i.e., the amount of repeating PO monomers in a PPO block
times the molar mass of the PO monomer (58 g/mol). The amount of
PO monomers (46 for EG312 and 52 for EG412) is calculated as an
average between the y PO monomers of the precursor Pluronic (y = 44
for EG312 and y = 56 for EG412) and the 4 repeating PPG-12 blocks,
bearing in total 48 PO monomers in the PPG-12/SMDI copolymer
linker. Note that for the use of the a parameter in the binomial
distribution P(¥) around the average value (') (see Section 2 for the
derivation of the mechano-statistical transient network model), the
calculated values in Table 2 should be rounded to their nearest natural
number, which makes the value equal to 4 for both types of ExpertGel.
Based on this a value, the ExpertGel molecules consist of the following
overall structure: poloxamer—PPG-12/SMDI—poloxamer—PPG-12/
SMDI-PEO end-cap, bearing in total approximately 4 hydrophobic
blocks.
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ExpertGel aqueous solutions were prepared by dissolving the
required amount of EG (accuracy of 0.01 mg) in Milli-Q water
(Sartorius Arium 611DI, conductivity of 0.055 uS/cm at room
temperature) by magnetic stirring in an ice bath for at least 45 min.
The cold samples were left in the fridge at 4 °C for at least 12 h, to
completely eliminate the foam layer. The samples were used within 1
week after preparation.

3.2. Characterization Techniques. 3.2.7. Rheometry. Rheolog-
ical measurements were performed using a stress-controlled rheometer
(DHR3, TA Instruments) in strain-controlled mode. The temperature
was controlled by means of a Peltier system connected to a fluid bath,
with an accuracy of +0.1 °C.

For measuring dilute, low viscous solutions of multiblock
copolymers, an anodized aluminum double wall Couette (DWC)
geometry was used to ensure sufficient sample response with respect to
the lower torque limit of the device (S nNm in rotation as specified by
the manufacturer). The dimensions of the cup and bob are D,; = 40
mm, D,,; = 40.76 mm, D, , = 43.92 mm, D, = 44.76 mm and H, = 60
mm (c = cup, b = bob, i = inner, o = outer). All DWC measurements
were conducted at a gap of 1 mm between the bottom of the bob and
the cup, but no significant influence of the gap was found in the range
from 500 ym up to 1 mm. A solvent trap was used to prevent solvent
evaporation. For each measurement, exactly 7.5 mL of sample was
loaded in the DWC cup coming directly from the fridge at 4 °C. The
sample was kept at 15 °C for a flow sweep from 1 to 100 s, after which
the sample was heated to the desired temperatures using a controlled
heating rate of 0.1 °C/min, while shearing at a constant shear rate of
100s™". At intermediate temperatures in steps of S °C from 20 to 50 °C,
flow sweeps from 1 to 100 s~' were recorded, after which the heating
was continued to reach the next intermediate temperature. The Milli-Q
solvent was also measured using this protocol in order to determine the
solvent viscosity at each intermediate temperature as well.

For concentrated solutions, a stainless steel plate—plate (PP)
geometry with a diameter of 40 mm was used. The samples were
measured at a gap of 250 ym. The gap was continuously adjusted for
thermal expansion in order to keep it constant, by using a thermal gap
compensation value 0f 0.82 ym/°C. The latter was calibrated at a rate of
0.1 °C/min by consecutive zero gap determinations. The effects of
possible wall slip during linear oscillatory measurements were checked
by performing the measurement protocol at different gap heights
(ranging from 150 to 750 um), but no significant difference nor a
decreasing trend in rheological parameters with decreasing gap could be
discerned, indicating that wall slip was insignificant. To avoid solvent
evaporation at elevated temperatures, a peripheral mineral oil layer was
placed around the sample after scraping the excess sample and reaching
the measurement gap (at low temperatures). It was kept in place by
means of a metal ring with a diameter of 49 mm, glued onto the bottom
plate of the rheometer. The influence of the low viscosity mineral oil
(viscosity of 0.143 Pa s at 25 °C) on the rheological properties of the gel
networks was found to be insignificant by comparing the response with
and without oil layer during initial times at which the measurement was
not yet affected by solvent evaporation. The measurement protocol was
the following: after carefully loading and scraping the samples coming
directly from the fridge at 4 °C, the samples were monitored under
small amplitude oscillatory shear at 15 °C using a strain of 0.1% at a
frequency of 1 Hz over a period of 10 min, to ensure a thermal
equilibrium. Afterward, a frequency sweep from 100 to 0.01 Hz at 0.1%
strain was recorded. The samples were subsequently probed with a
strain of 0.1% and a frequency of 1 Hz when heating to the desired
temperatures using a controlled heating rate of 0.1 °C/min. At
intermediate temperatures in the range from 16 to 50 °C in steps of 2
°C, frequency sweeps from 100 to 0.01 Hz with a strain of 0.1% were
recorded after which the heating was continued to reach the next
intermediate temperature. The strain value of 0.1% was verified to be in
the linear regime for all samples and conditions.

3.2.2. Small-Angle X-ray Scattering. Small-Angle X-ray Scattering
(SAXS) measurements were performed on a commercial laboratory
beamline (Xeuss 2.0C, Xenocs) consisting of a Cu K, ultralow
dispersion X-ray source (50 kV, 0.6 mA) with wavelength 1.54189 A
and a Dectris EIGER 1 M detector. The X-ray beam was collimated to a
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Table 3. Polymer Parameters of the PEO and PPO Blocks Present in the Two Grades of ExpertGel (EG312 and EG412): the
Number of Monomers 1, the Molecular Weight of the Block M,, ;, the Number of Kuhn Segments N, the Kuhn Length b, and the

Theoretically Predicted Radius of Gyration R,

PEO block PPO block
sample n® M, [Da]” N b [A]° R, [nm] 4 n® M, [Da]* N b [A]° R, [nm]?
ExpertGel 312 141 6204 23.64 7.25 1.44 46 2668 5.26 10.63 0.75
ExpertGel 412 101 4444 16.93 7.25 1.22 52 3016 5.95 10.63 0.79

“Based on the length of the PEO block in the precursor Pluronics F108 (EG312) and F127 (EG412). bCalculated with eq 17. “Calculated with eq
18. “Determined by eq 20 using v = '/, for PEO and v = '/, for PPO. “Calculated as an average between the PPO block of the precursor Pluronics

and that of the PPG-12/SMDI copolymer linker.

diameter of 0.5 mm at the sample position. A Linkam stage (HFSX350)
with a temperature accuracy <0.1 °C was used as a temperature-
controlled sample holder. The entire beam path was under vacuum
(<10 mbar) to reduce parasitic air scattering contributions during
measurements. Calibration of the sample-to-detector distance (1.1929
m) was performed using a silver(I) behenate standard. This laboratory
setup allowed to investigate a q-range of 0.006—0.255 A™', where q
represents the scattering vector defined by g = 47(sin 0)/4 in which 20
is the scattering angle, thus corresponding to angles from 0.04° to 1.79°.
Using Bragg’s law (g = 277/d), this g-range matches length scales from
2.5 to 105 nm.

Samples were injected in borosilicate glass capillaries with a diameter
of 0.9 mm (WJM-Glas/Miiller GmbH) at low temperatures, after which
the capillaries were sealed using glue from a glue gun and placed in the
Linkam stage at 30 °C. The samples were heated to the desired
temperatures using a controlled heating rate of 0.1 °C/min. At
intermediate temperatures in the range from 30 to 50 °C in steps of 2
°C, three images of 1 h acquisition time were collected at a constant
temperature, after which the heating was continued to reach the next
intermediate temperature. The three scattering images per sample and
temperature were averaged to avoid large contributions from cosmic
radiation at longer measurement times. The 2D images were radially
integrated to obtain 1D scattering intensity profiles I(q) using Foxtrot
software (Xenocs/Synchrotron du Soleil). The measured intensities
were corrected using the absolute intensity scale, taking into account
the intensity of the transmitted direct beam, measured at the detector as
an average prior to and post data collection. Subtraction of the Milli-Q_
water background was performed on the 1D intensity profiles prior to
further data analysis.

The 1D data fitting was performed with SASview 5.0.3 software using
the Levenberg—Marquardt fitting algorithm. A combination of a Porod
power law I g, a spherical form factor P(q) and a hard sphere
structure factor S(q) was fitted onto the data, according to eq 1S in
which I, and Iy, represent scaling and background intensities,
respectively:

1(q) = Iyq ¥ + P(q)-S(q) + Iy, (15)

The expression for the spherical form factor is given in eq 16 with r

the spherical radius and Ap = p, — p,, being the difference in scattering
length densities for the sphere (s) and solvent (sol):

P(q) = 271> Ap*-

sin(qr) —qr cos(qr) r
(gr)’

(16)

The hard sphere structure factor is determined by assuming a
Percus—Yevick closure relation to solve the Ornstein—Zernike
equation.”” Possible polydispersity of the spherical radius was not
taken into account in the fitting procedure. The scattering length
density p,,; of the Milli-Q water solvent was fixed at 9.47 X 1075 A=,
The fitting was performed in the g-range from 0.006—0.01 A™" and
weighed with the errors determined by the radial integration of the 2D-
images. The g-range >0.01 A™" was not taken into account due to large
errors after Milli-Q solvent subtraction.

3.2.3. Data Analysis. All data analyses were performed using
MATLAB 2021b, unless specified otherwise.
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3.3. Polymer Parameters. The transient network elasticity of the
micellar networks formed by multiblock copolymers finds its origin in
the presence of soluble, hydrophilic bridges in between micellar nodes.
Such bridges will only form over length scales on the order of the radius
of gyration of an intermediate hydrophilic block.”® To theoretically
predict the radii of gyration of the PEO and PPO blocks in our
alternating multiblock copolymers, knowledge of the number of Kuhn
segments N and the Kuhn length b of the equivalent freely jointed Kuhn
chains with the same characteristics as the blocks, is required. This can
be calculated according to eqs 17 and 18, respectively:

_ M, cos2 0/2

M,-C,, (17)
Gl
" cos 0/2 (18)

in which M,, represents the molecular weight of the entire block, M, the
molecular weight of the repeating monomer, C,, Flory’s characteristic
ratio, @ the tetrahedral angle, and [ the bond 1ength.9l The tetrahedral
angle @ for both PEO and PPO is 68°°" The bond length can be
calculated as an arithmetic mean of the bonds present in the monomer
of the polymer backbone, I[(C—C) = 1.54 Aand [(C—0) = 1.43 A,
with the second one occurring twice. The mean bond length I thus
equals 1.47 A, which is similar for PEO and PPO. The molar mass M, of
the monomers in PEO and PPO is 44 g/mol and 58 g/mol, respectively.
Flory’s characteristic ratio, which is a measure of the chain’s local
stiffness as an ideal chain, is experimentally determined by intrinsic
viscosity [#7] measurements at @-conditions: for PEO C,, = 4.1 + 0.4
(H,0 +0.45 M K,S0, at 35 °C)*®” and for PPO C_, = 6.01 (isooctane at
50 °C).'” Similar values were obtained using mass spectrometry
(Ceopro = 3.96 and Cy, ppo = 5.76)."°" The number of monomers n, the
molecular weight M,,, and the resulting values for the number of Kuhn
segments N and the Kuhn length b of the average PEO and PPO blocks
are summarized in Table 3.

The theoretical calculation of the size of a polymer in solution does
not only depend on the Kuhn characteristics N and b, but also on the
solvent quality, which is reflected in the scaling exponent v in the Flory

scaling relation 4/ (R*) ~ bN".”" It is well-known that low molecular

weight polymer chains can be approximated as ideal chains (v ='/,) in
the so-called ®-region. Theoretically a chain can be treated as ideal as
long as the number of Kuhn segments N is smaller than the number of
monomers gy in a thermal blob.”" The latter can be calculated based on
the Flory interaction parameter y as

S S
(1-2) (19)

The value of y for linear PEO polymers in Milli-Q water was
experimentally determined by Merrill et al. using osmotic pressure
measurements and equals 0.426."% By equating N and g7, a maximum
molecular weight of 12 000 g/mol is obtained as the limiting PEO
molecular weight for an ideal chain approximation, which justifies
treating our relatively short PEO blocks (maximum 6 204 g/mol) as
ideal chains. PPO chains with a M,, of 2000 g/mol are only soluble in
water at low temperatures (<18 °C)'** and hence, water is considered a
nonsolvent (v = '/;) for higher molecular weight PPO at room

&r
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temperature. In both cases, i.e. ideal f-conditions with v = 1/, and
nonsolvent conditions with v = '/5, the radius of gyration R, for linear
flexible chains can be calculated according to eq 20:

b-N*
R =
¢ Je
The calculated sizes for the PEO and PPO blocks present in our

alternating multiblock copolymers, according to this theoretical
expression, are also included in Table 3.

(20)

4. RESULTS AND DISCUSSION

4.1. Critical Concentration for Network Formation. It is
well-known that Pluronic triblock copolymers (PEO,~PPO,—
PEO,) undergo microscopic phase separation in aqueous
solutions due to the dehydration of the central hydrophobic
PPO block at elevated temperatures.””*® The critical onsets of
micellization with respect to temperature and concentration, are
referred to as the Critical Micelle Temperature (CMT) and the
Critical Micelle Concentration (CMC), respectively, and they
can be determined by different characterization techniques.
Aqueous solutions of alternating multiblock copolymers of PEO
and PPO with similar block lengths as their precursor Pluronics
F108 and F127, also undergo micellization above a certain
critical temperature. In another study,'” we extensively
investigated this entropy-driven micellization and the phase
transitions as a function of temperature and concentration for
both types of ExpertGel using a multitude of techniques
including rheometry, calorimetry, dynamic light scattering, and
light transmittance, and we compared the characteristics to that
of their precursor Pluronics.

Linear oscillatory shear rheology measurements on concen-
trated multiblock copolymer solutions reveal an elastic
contribution upon micellization, indicative of the formation of
a solid-like network as a function of temperature. However, the
absence of a calorimetric process other than that of the
micellization, shows that no higher hierarchical, crystalline
structuring takes place,'”® as is the case for Pluronics.'"
Alternatively, the alternating sequences of soluble PEO blocks
capped by hydrophobic PPO blocks allow the formation of
elastic PEO bridges between two different hydrophobic cores.
Therefore, the network formed by alternating PEO—PPO
multiblock copolymers is assumed to be constructed through
hydrophobic, micellar cores connected by hydrophilic
bridges.'”® This is similar to the network formation of BAB
triblock copolymers bearing their hydrophobic blocks as
telechelic end groups, with the difference that one multiblock
copolymer can form multiple hydrophilic bridges and hence can
connect more than two hydrophobic cores within the network.
A schematic illustration of such network formation was
previously illustrated in Figure 1. It is important to mention
that the thermally induced micellization and network formation
of PEO—PPO multiblock copolymers are thermoreversible, as
can be inferred from rheological heating and cooling ramps (see
Figure 4 for temperature ramps of a 140 g/L EG312 solution at
0.1 °C/min). Note that at this high frequency of 100 rad/s, the
elastic modulus G’ saturates to a constant value at high
temperatures (with an increase <4% in the relevant temperature
range from 40 to 46 °C).

Undoubtedly, the capability of a soluble PEO block to form an
elastic bridge greatly depends on the proximity of other micellar
cores. Besides a critical concentration for micelle formation at a
certain temperature (CMC(T)), there thus also exists a critical

temperature dependent concentration ¢, at which micelliza-
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tion results in the formation of bridges between micellar cores
and hence a network, rather than fully isolated micelles. This
concentration represents a theoretical boundary at which at least
one other micellar core is close enough such that an intermediate
soluble PEO block can span the distance between these two
neighboring micellar cores. Upon increasing the concentration
above the critical network concentration, continuously more
micellar cores are in close proximity and the material transforms
from a viscous Newtonian solution of isolated micelles to a
viscoelastic network of bridged micellar cores. At concentrations
around this critical network concentration, large fluctuations in
the microstructure usually induce unstable and irreproducible
behavior' "'°” and render a macroscopic, experimental assess-
ment of ¢, in real systems very challenging. As an alternative,
Cpetwork a0 be approximated from the overlap concentration ¢* of
the entire multiblock copolymer. This overlap concentration c*
represents the transition from the dilute to semidilute
concentration regime, and is defined as the concentration at
which there is exactly one polymer chain present in the volume
defined by its radius of gyration Ry;:

k Mw

N (47/3)-R,>N,, (21)

Using ¢* as an approximation for ¢, would underestimate
the actual value of ¢, as it does not necessarily allow
hydrophobic blocks of different polymer chains to aggregate and
form a micellar core. In this regard, it is important to point out
that the PEO—PPO multiblock copolymers used in this study
are not end-capped by hydrophobic PPO blocks, but contain
soluble PEO blocks as dangling ends. Therefore, c¢,,on is
defined as the concentration at which one full chain plus one
repeating PEO—PPO unit are present in the volume defined by
the radius of gyration of the entire multiblock copolymer:

M, + (M,/a)
(47/3)-R>N,,

Cretwork =

(22)

It is relevant to mention that the hydrophobic association
between PPO blocks cannot be viewed as “point interactions”
due to the significant size of the PPO blocks. This definition of
Cpetwort  thus ensures that two PPO blocks from different
multiblock copolymer chains can find each other and can fully
overlap at the critical network concentration. Note that to
determine the molecular weight of the repeating unit we have
simply divided the molecular weight of the entire multiblock
copolymer by the amount of repeating PEO—PPO sequences.
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The latter can be approximated by using the a parameter defined
as the average amount of PPO blocks per multiblock copolymer.
Since the critical network concentration can thus be calculated
from the overlap concentration ¢* of the entire chain as

a+1 4
.

‘ a (23)

network —

an experimental assessment of c* at multiple low temperatures
below the CMT, where no micellar aggregation takes place, will
enable determination of a temperature dependent ¢,
Finally, it is important to stress that such definition of ¢, o is
hypothetical, as it decouples micellization and network
formation by omitting the microstructural changes upon
micellization and assuming random chain configurations upon
network formation.

The critical transition from the dilute to the semidilute
concentration regime at the overlap concentration c*, is often
inferred from the scaling of viscosity with concentration. Figure
Sa shows the specific viscosity 11, = (17 — 11,,1) / (1) as a function
of the dimensionless concentration c[#] for EG312 at multiple
low temperatures below the CMT. The temperature dependent
intrinsic viscosity [#] is determined according to the Huggins’s
method, ie. lim._,, #sp/c. The obtained values for the intrinsic
viscosities of EG312 and EG412 at 20 °C are 67.63 mL/g and
54.15 mL/g, respectively. These values are in line with the value
of 67.78 mL/g obtained for linear PEG chains of 35 000 g/mol
in water at 20 °C'%® and 53.3 mL/g at 25 °C,'"%? and follow the
trend of increasing intrinsic viscosity with increasing molecular
weight and decreasing temperature.'”® The viscosities at low
concentrations, represented by the circle symbols in Figure 5a,
were determined from the temperature sweeps at 100 s™' using
the double wall Couette geometry. Flow sweeps from 0.1 s™" up
to 100 s™" at these temperatures show Newtonian behavior for
these dilute polymer solutions. The viscosities at higher
concentrations, represented by the triangle symbols, were
determined from oscillatory temperature sweeps at a frequency
of 1 Hz and 0.1% strain using the plate—plate geometry. Note
that for purely viscous solutions with a phase angle close to 90°,
which is the case at low temperatures below the CMT, the
viscosity can be calculated from the loss modulus G’’ and the
angular frequency @ using the relationship #° = G"/w and

. ’ .
hmm—»O n= hm;’z—»O 7]0'

621

Changes in the slope of 1, versus c[5] in a log—log plot are
linked to the critical transitions from dilute to semidilute
solutions (at ¢*), from semidilute unentangled to semidilute
entangled (at ¢,) and to concentrated solutions (at ¢**).""” Only
one clear transition is observed in Figure Sa, with the slope
changing from 1.07 to 2.86. The viscosity scaling of EG412 at
multiple low temperatures below the CMT can be found in the
Supporting Information (see Figure S6) and shows similar
behavior with the slope changing from 1.12 at low
concentrations to 3 at higher concentrations. The crossover,
as an average of all probed temperatures, happens at c* = 2.68/
[#7] for EG312 and at ¢* = 2.24/[#5] for EG412. The slope of 1.07
in the first region in Figure Sa is very close to 1 and corresponds
to the dilute regime according to the Zimm model."'” The slope
of 2.86 in the second region is rather high as compared to the
slope of 1/(3v — 1) = 1.3 usually obtained for semidilute
unentangled (homo)polymer solutions in good solvents (v =
0.588) and relatively low as compared to the usually obtained
slope of 3/(3v — 1) = 3.9 for semidilute entangled solutions in
good solvents.”" For linear PEO (with a minimum molecular
weight of 100 000 g/mol) in water at 20 °C indeed a slope of
3.85 was obtained in the semidilute entangled regime.''’ We
hypothesize that this intermediate slope obtained for our
multiblock copolymers above ¢* finds its origin in the possible
weak associative interactions between PPO blocks below the
CMT, which do not result in true micellar self-assembly. These
short-lived interactions restrict the flow of the polymers and
induce a more pronounced concentration dependence of the
viscosity as compared to that of simple homopolymers.
However, these interactions are less effective as the restrictions
imposed by physical entanglements. Higher scaling exponents
than theoretically predicted by the Rouse—Zimm model for
semidilute unentangled polymers were also observed by Zhang
et al. for polyimide solutions containing associative dipole—
dipole interactions.'” Finally, the c* transition of our
multiblock copolymers happens at 77, = 4, meaning that the
solution viscosity is roughly S times that of the solvent, whereas
the critical transition to the semidilute entangled regime at c,
usually happens at viscosities of 10—300 times the solvent
viscosity.''” Therefore, the transition observed for our multi-
block copolymers is believed to correspond to the transition
from a dilute to a semidilute unentangled polymer solution at
the overlap concentration c*. The absence of another transition,
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Figure 6. Small-angle X-ray scattering measurements on EG312 at 46 °C: (a) Background corrected scattering intensities I(q) at different

concentrations (> C,pork

). Shift factors are indicated on the graph. Solid lines represent curve fittings. (b) Separate fitting contributions for 140 g/L

EG312 including a Porod power law, a spherical form factor P(g), and a hard sphere structure factor S(q).

at concentrations above c*, indicates that our study operates in a
concentration range with no entanglements between entire
multiblock copolymer chains and hence also not between
soluble blocks. This justifies our assumption that entanglements
are not significant in the micellar networks and therefore are also
not taken into account in the transient network model in Section
2. From the experimentally determined c*, we can also get an
indication of the radius of gyration R, of the multiblock
copolymer chains, resulting in 8.67 nm for EG312 at 15 °C and
7.60 nm for EG412 at 15 °C. Using the theoretically calculated
radii of gyration of the separate PEO and PPO blocks (see Table
3), another approximation of the number of repeating PEO—
PPO sequences in the entire multiblock copolymer can be
determined. The as such calculated values of 3.97 and 3.74 for
EG312 and EG412 respectively, comply quite nicely with the
calculated a values in Table 2.

Figure 5b displays the calculated values of ¢, as a function
of (low) temperature for EG312 and EG412. At these
temperatures, the molecules are completely soluble without
micellar aggregation. An increasing trend of c,.04 With
temperature is evident, indicative of a more collapsed chain
configuration at elevated temperatures due to an increased
dehydration of the molecules.''” The trend, as observed for
these low temperatures, is linearly extrapolated to obtain an
estimate of ¢, at higher temperatures for which the viscosity
scaling approach is compromised by micellization and network
formation. Such linear extrapolation, i.e., c* ~ T, is justified by
the temperature evolution of the radius of gyration of a sin%le
PEO molecule as obtained by coarse-grain modeling,"'*""
which appears to follow a R, ~ T3 trend. The extrapolated
Cretwork Values will be used to predict the evolution of the n,,
parameter, ie., the amount of micellar nodes in the span of a
soluble block, as a function of copolymer concentration at
different temperatures. As explained in Section 2, n,, should
equal 1 at all concentrations below c,,,,,, to account for isolated
micelles with PEO loops only (F, = 1/n,, = 1). Therefore, c,.s,or
is an important, indirect parameter influencing the performance
of the transient network model (via n,, and hence F,), as it
dictates where the onset of network formation is located. In the
next section, n, at concentrations above ¢, Wwill be
determined based on microstructural information on the
micellar network topology.

4.2. Micellar Network Topology. The microstructure of
the networks formed by alternating PEO—PPO multiblock
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copolymers in concentrated aqueous solutions consists of small-
sized micellar cores connected by hydrophilic PEO bridges. The
interaction between these structures and X-ray radiation used in
Small-Angle X-ray Scattering (SAXS), allows to study the shape
and size of the cores based on the angular dependency of the
scattering intensity. Moreover, SAXS measurements also
provide insights into the interactions between neighboring
micellar cores and the overall network topology of the connected
structure. In this regard, the structure factor S(q) will appear to
be of crucial importance for revealing the spatial distribution of
the micellar cores and to determine the amount of micellar cores
n,, close enough to allow bridging.

4.2.1. SAXS Intensity Profile. Figure 6a shows the scattered
intensity I as a function of scattering vector q at 46 °C for
multiple concentrated solutions of EG312 (92, 108, 124, 140,
and 155 g/L). For clarity, the curves are shifted by the factor
indicated in the graph. The error bars are determined by the
radial integration of the 2D scattering images, and they do not
represent independent measurements on different sample
batches. Upon increasing the concentration, the structure
peak, indicative of a recurring length scale d in the micro-
structure, becomes more pronounced and shifts to higher g
values, due to a more dense spatial arrangement. Using the
empirically modified Bragg’s law d = 2.27/q as determined for
fluid-like ordered suspensions,''® the average center-to-center
intermicellar distance d corresponding to the maximum peak
position ¢,,,,, decreases from 26.2 to 22.9 nm upon increasing
the concentration from 92 to 155 g/L EG312. The data are fitted
with a combination of a Porod power law, a spherical form factor
P(g) and a hard sphere structure factor S(q) (see Section 3.2.2).
These separate contributions are shown in Figure 6b for a
solution of 140 g/L EG312 at 46 °C. The resulting fit is in good
agreement with the experimental data. Similar graphs for EG412
can be found in Figure S7 in the Supporting Information.

The spherical shape of the micelles was previously inferred
from Dynamic Light Scattering (DLS) measurements in which
no significant rotational diffusion and hence no anisotropy was
observed.'” The use of a regular spherical form factor, rather
than a more complex core—shell spherical form factor often used
for micellar assemblies, can be justified by the absence of a
significant secondary peak at higher scattering vector as
compared to the primary peak, which would be indicative of a
core—shell structure. In addition, SAXS studies on micellar
assemblies with a PEO-based corona in aqueous solutions reveal
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that X-rays do not significantly interact with the PEO corona.'"”

Hence, fitting a spherical core—shell form factor would imply
that the PPO center of the micellar assemblies exists of a core
and a shell with significantly different scattering length densities,
other than the PEO corona. Lemmers et al.''” used both a
spherical and a core—shell form factor to describe SAXS
intensity profiles of dilute micelles with a polyelectrolyte
complex core and a neutral PEO corona. They found that the
spherical radius obtained by using a spherical form factor equals
the radius of the core plus the thickness of the shell obtained by
using a core—shell approach, which indicates that a spherical
radius also correctly describes the size of the overall micellar
core. Since a core—shell approach would increase the amount of
fitting parameters, combined with the absence of a clear
fingerprint of a core—shell structure, a simple spherical form
factor seems appropriate in our study. The inability to clearly
detect the PEO corona with X-rays''” implies that only the PPO
cores are effectively contributing to the overall scattering
intensities of the micellar networks. This supports our additional
fitting assumption that the spherical radius used in the form
factor (rp(q)) and the one used in the hard sphere structure factor
(rsp) must be identical and equal to the PPO core size.
Releasing this size constraint, i.e., rp(y) # rg(), on a selection of
representative samples resulted in a difference in radius of
maximum 10% between rp(,) and rg,), with the inconsistency
that for some fits rp(,) > rg(,) was obtained, while in others the
. . 1177, . .
physically more plausible " inequality rp) < r5(,) Was realized.
Based on these arguments, constraining the spherical radii in the
form and structure factor to be equal appears reasonable. The
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structure factor is determined based on the Percus—Yevick
closure relationship assuming no significant attractive well
between individual micellar PPO cores. Only excluded volume
repulsive interactions are taken into account, giving rise to a
simple hard sphere approach with a micellar core radius r, and a
micellar volume fraction ¢. For some representative samples, the
use of a sticky hard sphere structure factor, to account for
possible attractive interactions between the micelles, did not
result in a significant attractive interaction (well depth less than
kT), nor in greatly different values for r, and ¢, and was therefore
not further considered.

As DLS indicated no significant micelle polydispersity, nor an
anisotropic micellar shape,105 the Porod power law might be
induced by larger scale heterogeneities present in concentrated
solutions forming networks. Such heterogeneities and the
corresponding Porod law were also observed in SAXS studies
on concentrated solutions of other amphiphilic molecules
forming hydrophobic network nodes.''® The obtained ex-
ponents of 1.1—1.3 for EG312 and 3.4—3.5 can be linked to mass
and surface fractality, respectively, of larger scale aggregates, and
further discussion hereof is beyond the scope of this work. For
the curve fitting, a few other assumptions are made to reduce the
amount of fitting parameters and fitting time. First, the scattering
length density of the scatterer (PPO core) was forced to be
larger than that of the solvent (9.47 X 107% A™2), as the
scattering length densities of PEO and PPO were determined in
the SASview software to be 10.4 X 10° A~2and 9.95 X 107 ° A2,
respectively. Second, with varying temperature at a specific
concentration of ExpertGel, it was found that the absolute
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intensity scale (I;) and Porod power exponent (p) did not vary
much, and hence, those were kept constant per concentration.

Parts of Figure 7a and 7b show the hard sphere fitting
parameters, i.e., the radius r, and volume fraction ¢, respectively,
as a function of EG312 concentration at different elevated
temperatures above the CMT. The radius probed by SAXS (10.7
nm on average) is significantly smaller than the hydrodynamic
radii (26.1 nm on average at 19 g/L EG312) obtained for dilute
micelles using DLS in our other study.'” This provides
additional proof that the PEO corona is not detected using X-
rays and the hard sphere radius r, corresponds to the size of the
PPO core. Upon increasing concentration, the core radius does
not vary significantly, which is in contrast with the increasing
hydrodynamic radius as a function of concentration for dilute
solutions.'® Nonetheless, for Pluronic PEO—PPO-PEO tri-
block copolymers it was also found by Static Light Scattering
(SLS) and Small-Angle Neutron Scattering (SANS) stud-
ies””'%* that the micellar size and aggregation number did not
vary significantly upon increasing the concentration substan-
tially above their CMT. The volume fraction ¢ of the micelles,
on the other hand, seems to increase linearly as a function of
concentration, as could be expected. Similar conclusions can be
drawn for EG412 in Figure S8a,b in the Supporting Information.

From the fitting parameters r, and ¢, the concentration
dependent number density of micelles n,,, can be calculated as

_ ¢
(4x/3)-r?

mic

n. .
mic (24)
Since the micellar assembly itself does not change significantly
with concentration at elevated concentrations, additional
copolymers are assumed to form more micelles resulting in a
linearly increasing number density of micelles as a function of
concentration (see circles in Figure 7c for EG312 and Figure S8¢
in the Supporting Information for EG412). When considering
simple packing arguments, another estimate of the micellar
density can be made based on the intermicellar distance d,
derived from the peak maximum g,,,,, as #,,;. = 1/d°, and it is in
good agreement with the values calculated from the fitting
parameters (see triangles in Figure 7c for EG312 and Figure S8c
in the Supporting Information for EG412). Based on the
assumption that all multiblock copolymers are segregated in
micellar assemblies at concentrations ¢ above the CMC(T), an
estimation of the aggregation number N,, can be made
according to

N
“ n .M

mic w

(28)

in which a represents the amount of hydrophobic blocks in the
multiblock copolymer and M,, the molecular weight of the
multiblock copolymer. As can be seen in Figure 7d for EG312
(and Figure S8d for EG412 in the Supporting Information), the
aggregation number does not change substantially with
concentration nor temperature. Therefore, it will be assumed
that the aggregation number, at least at these elevated
concentrations, can be approximated as constant and has
average values of 62 and 87 for EG312 and EG412, respectively.
The maximum deviation from these values is approximately 11%
for EG312 and 24% for EG412. Interestingly, by comparing the
weight-average molecular weight of dilute EG312 chains at 15
°C (below CMT) with that of micelles at 45 °C (above CMT) as
obtained by SLS, the aggregation number of EG312 is estimated
to be 57 (see Section 3 in the Supporting Information). This
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nicely agrees with the value of 62 calculated from SAXS
measurements on EG312 micellar networks, and justifies our
calculation. Moreover, the good agreement between the
aggregation numbers as determined by SLS for isolated micelles
in dilute solutions and as determined by SAXS for bridged
micelles in networks formed at elevated concentrations,
confirms that no significant change in the micellar morphology
takes place as a function of concentration. Since the scattering
length density of the spherical scatterers proves that the PPO
core is not completely dehydrated, an approximation of the
aggregation number by simple division of the core volume
(47/3-r.%) by the volume of the PPO block (47[/3-Rglppo3, see
Table 3) represents an overestimation by approximately an
order of magnitude. Instead, by taking into account a correction
factor for the core volume, which accounts for the true volume of
PPO in the core based on the scattering length density
differences of scatterer and solvent as compared to that of
PPO and solvent,"' the obtained average aggregation numbers
(143 for EG312 and 90 for EG412, see detailed calculations in
Section S4 in the Supporting Information) are at least of the
same order as the ones obtained from n,,,,.. Since the fitting error
on the scattering length density of the core is rather small (on the
order of 107'* A72), the difference between N, obtained from
. and the one obtained from r, might be related to the
oversimplification of a linear mixing rule between the scattering
length densities of PPO and water in the core.

The SAXS fitting parameters 7, and ¢, allow us to calculate the
average intermicellar “gallery” spacing h, which is the distance in
between the surfaces of two neighboring micellar cores by
assuming a maximum separation, i.e., d — 2r,, according to eq 26.

. 1/3 PE 1/3
T,
h=d—-2r.=|— - 2r, = - - 2r,
nmic 3¢

1/3
=2 || -1
6¢

Using the expression with r, and ¢, the average spacing
decreases from 5.27 to 0.98 nm upon increasing the
concentration from 92 to 155 g/L EG312 (at 46 °C). As
compared to the radius of gyration of an intermediate soluble
PEO block (in the order of 1.44 to 1.22 nm, see Table 3), this
implies that the PEO blocks should, on average, stretch over
approximately 3.65 times their R, at the lowest concentration
(92 g/L) to form a bridge in between two neighboring micellar
cores. As this seems rather unlikely, it is anticipated that at the
lowest concentration almost no bridges are formed. At the
highest concentration (155 g/L), on the other hand, the average
spacing is smaller than the R, of a PEO block, thereby allowing
the formation of bridges between different micellar cores.
Similar conclusions can be drawn by using the distance d
directly, as inferred from the maximum peak position g,,,,, of the
SAXS profiles in Figure 6a, resulting in an average spacing h
ranging from 4.76 to 1.34 nm upon increasing the concentration
from 92 to 155 g/L EG312 (at 46 °C). However, these
calculations only represent an average view on the micellar
spacing, and do not provide information about the local micellar
distribution needed for the calculation of the crucial n,
parameter (i.e., the amount of micellar cores in such close
proximity that an intermediate PEO block can form a bridge).

4.2.2. Radial Distribution Function. Fortunately, the hard
sphere structure factor S(gq), fully defined by . and ¢, can also

(26)
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Figure 8. Determination of the amount of micellar cores n,, for 140 g/L EG312 at 46 °C: (a) the hard sphere structure factor S(q) defined by r. and ¢
and (b) the radial distribution function g(r) defined by the inverse sine—Fourier transform (see eq 28) together with a Verlet—Weis correction. The

spherical integration of g(r) up to r,

span

(see eq 29) to determine n,, is also indicated as the gray area under the g(r) curve.

provide detailed information about the spatial distribution of
micelles through its Fourier relation with the radial distribution
function g(r). The latter describes normalized micellar density
variations around a central micellar core and reveals information
about the proximity of other micelles. It can thus be used to
calculate the amount of micellar cores n,, which are close enough
such that an intermediate PEO block can connect to this core by
forming a bridge. The relation between the structure factor S(q)
and the radial distribution function g(r)"*" is

S(q) =1+ 4mn,,;, /00 r*[g(r) — 1]-M dr
0 r

(27)

Taking the inverse sine-Fourier transform gives the following

expressing for g(r): 120

[ ats@ = 1 sintan) dg
(28)

It is well-known that Fourier calculations might induce
artifacts, and therefore, an additional Verlet—Weis correction in
the analytical Percus—Yevick solution'”" is introduced in our
calculation of g(r). This correction compensates the over-
estimation of the principal peak height in dense micellar
solutions with a micellar volume fraction ¢ > 0.4."**Figure 8a
and 8b show the hard sphere structure factor S(q) and the radial
distribution function g(r) calculated using the Verlet—Weis
correction, respectively, for a concentrated solution of 140 g/L
EG312 at 46 °C.

For the calculation of the crucial n,, parameter, a similar
approach as for the calculation of the coordination number is
adopted. The coordination number describes the amount of
nearest neighbors and is calculated by spherical integration up
until the first minimum r,,;, in the radial distribution function,
thereby taking into account the first “dense” layer of micellar
cores around the central core, as illustrated in the schematic in
Figure 9a. Importantly, for the calculation of n,, integrating up to
Tmin Would be an overestimation as intermediate PEO blocks will
not necessarily be able to span the distance to all of the nearest
neighbors. Therefore, the number of micellar cores in close
proximity, such that a PEO block can effectively form a bridge, is
calculated by integration up until a length r,,,,. The span length
Tyan 18 defined as twice the core radius r, plus the radius of
gyration of an intermediate PEO block Ry pso, which can be

1
g =1+ ——
2rntrn

mic

625

PEO bridge possible

Fspan = 2rc + Rg,pe0

4
r 1”\: Rg.peO

R > Rgpe0

PEO bridge impossible

due to large stretch

(@)

(b)

Figure 9. Schematic illustrations of (a) the radial distribution function
g(r) describing the normalized micellar density around a central core,
represented by the dark gray core indicated with 1. The 6 nearest
neighboring cores are shown as slightly lighter gray. (b) Upper right:
PEO bridge between the central core (dark gray) and a neighboring
core (lighter gray) over alength of R, pro with the span length defined as
Topan = 21 + Ry ppo. Lower center: impossible PEO bridge due to a too
large stretch of the intermediate PEO block over a length R > R, ppo.

calculated with a theoretical ideal chain approximation (see
Table 3). Figure 8b depicts the area under the radial distribution
function g(r) by integration up until ry,, needed for the
calculation of n,,. The principle of a PEO bridge over r,,, is
illustrated in Figure 9b. The assumption that a bridge is likely to
occur over a distance of R, can be justified by the Monte Carlo
simulations of Testard et al.,”® who found that the pair potential
between two colloidal particles, induced by telechelic polymer
chains bridging the particles, reaches its minimum around R,. As
an approximation, we will thus assume that the main fraction of
capped PEO blocks can only form a bridge toward another
micellar core, instead of looping back to its own micellar core,
when the other core is within an average distance of Ry pgo.
Equation 29 displays the final expression to calculate the n,
parameter:

Tspan 2

n, =1+ 4mn,,; /(; rog(r) dr (29)

Since the central micellar core (indicated as 1 in Figure 9a) is
not included in the integration, one additional core is included in
the calculation of n,. Note that this central core should be
reflected in n,, to ensure that without any micellar cores in close
proximity, solely loops are formed with a probability F, = 1/n,, =
1. Systematically applying this formalism of converting the
structure factor S(q) to the radial distribution function g(r),
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followed by a spherical integration of g(r) up to *span to the SAXS
fitting results of micellar networks formed by EG312 or EG412
multiblock copolymers, allows one to identify a trend of n,, as a
function of concentration. Figure 10a shows the evolution of the
experimentally determined n,, data as a function of concen-
tration at different temperatures for EG312, for which a clear
linear trend is observed. As the probability of forming aloop F, is
inversely related to n,, the value of n,, is expected to be 1 (only
the central core) for all concentrations below ¢, Therefore,
the n,, evolution with concentration is fitted with a linear trend
with the additional constraint that the linear fit should reach n,, =
1 at C,ppy0n- The latter was earlier determined by extrapolation of
Cuetwork 38 2 function of temperature (see Figure Sb) and is also
indicated in Figure 10a. The final continuous evolution of n,, as a
function of concentration is a combination of n,, = 1 at ¢ < ¢.pp0nk
and the linear fit of n,, versus concentration for ¢ > ¢,y With a
smooth, logistic-like transition at c,,,,, indicated as a solid line
in Figure 10a.

The obtained concentration dependent microstructural
fingerprint can directly be translated to statistical information
about the micellar network topology. More specifically, the
amount of micellar cores within the span length of a PEO block
is linked to the probabilities F; and F, of a PEO block for either
forming a bridge or a loop, respectively, through the relation-
ships F, = 1/n,, and F, = 1 — F,. Figure 10b displays F, (solid

626

line) and F, (dotted line) as a function of concentration. As
expected, upon increasing concentration, the probability of
forming a loop gradually decreases from 1 sufficiently below
Cretwork to asymptotically reaching O at very high concentrations
(concentration — o0), while the opposite trend from 0 to 1 is
observed for the probability of forming a bridge. Nonetheless,
phase separation and insolubility practically limit the relevant
concentration range for ExpertGel multiblock copolymers up to
200 g/L, at which F, and F, reach values of about 0.8 and 0.2,
respectively. A similar, but less steep evolution was observed in
the n,, values of EG412 solutions (see Figure S9a in the
Supporting Information), resulting in lower probabilities for
forming a bridge (Figure S9b). This can be explained by the
shorter PEO block lengths and hence a smaller span width of
soluble PEO blocks in networks formed by EG412. The
continuous evolutions of F; and F, as a function of concentration
will be used as an input for our generalized transient network
model, which will be verified against experimental rheological
data in the next section.

4.3. Network Elasticity and Model Performance.
Dynamic rheological measurements in the linear regime, i.e.,
not disturbing the structure, probe the material properties at
different time scales and thus provide insights in the material’s
overall structure. Figure 11a shows the elastic (G') and loss
(G"") modulus as a function of angular frequency for different
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as a function of (a) EG312 and (b) EG412 concentration at different

temperatures (>CMT). The data symbols are calculated from the rheologically determined plateau modulus using eq 13. The solid lines represent the
model predictions according to eq 11. The vertical lines indicate the extrapolated values of ¢, at the different temperatures. Probability distribution
function of nodes with functionality ¥ for different concentrations (>¢,e0i) of (c) EG312 at 46 °C and (d) EG412 at 40 °C. The distribution
functions are binomial around the average (W) (see eq 6) as indicated on the graph.

concentrations (92, 108, 124, 140, and 155 g/L) of EG312 at 46
°C. The presence of a high-frequency elastic plateau is indicative
of the elastic, solid-like nature of the micellar network at short
time scales. The plateau modulus Gy, defined in this work as the
value of G’ at the frequency at which G” reaches its minimum"**
and indicated with black stars in Figure 11, is often used as a
measure of the elasticity. Analogous to the affine network model
for rubber elasticity, each elastically active strand accounts for
kT of the elastic plateau modulus G, (see eq 12).”" The
terminal flow behavior (G’ ~ @* and G" ~ ') at low
frequencies is proof of viscous, liquid-like behavior at longer
time scales and reveals the transient character of the micellar
association nodes. When given sufficient time, hydrophobic
blocks detach from their micellar cores and cause the elastic
bridges to relax their stored energy. The elastic plateau,
relaxation process and terminal flow were also observed in the
frequency sweep data of networks formed by EG412, as can be
seen in Figure 11b for different concentrations of EG412 at 40
°C. Clearly, increasing the multiblock copolymer concentration
results in a higher elastic modulus and a slower relaxation
process, both of which can be attributed to the formation of a
denser micellar network at elevated concentrations. In such a
dense structure, the proximity of other micellar cores implies the
formation of more elastic bridges contributing to elasticity and
thereby influencing the amount of relaxation stages needed for
terminal relaxation.

627

4.3.1. Model Performance. By performing systematic
rheological measurements on networks formed by multiblock
copolymers at different concentrations and temperatures, the
concentration evolution of the plateau modulus G, can be
studied (see Figure S10a,b, in the Supporting Information for
EG312 and EG412, respectively). The linear evolution in the
log—log plots of plateau modulus versus concentration suggests
a power law scaling. Neither of the obtained exponents of 3.16
for EG312 and 4.67 for EG412 comply with the theoretically
predicted power law scalings as provided by the sticky-Rouse
model for unentangled, semidilute networks, e.g., Gy ~ P* at
low volume fractions ¢ of the polymers and G, ~ ¢ at high
volume fractions in good solvents (v = 0.588 and z = 0.225).”°
Moreover, the concentration dependence of the plateau
modulus in our micellar networks also does not obey the
power law scaling relation (G, ~ ¢**¢) as predicted by Semenov
and Rubinstein for an unentangled micellar phase above the
overlap concentration of the micelles.””

Due to the deviations from the existing model predictions for
unentangled transient networks, the concentration evolution of
v/(a — 1)n as determined by the plateau modulus (see eq 13) is
compared to the prediction based on our generalized mechano-
statistical transient network model (see eq 11) for EG312 in
Figure 12a. The model prediction succeeds in describing the
rheological data well and captures both the sharp increase at
lower concentrations and the asymptotic leveling at higher
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concentrations. Hence, the generalization of the mechano-
statistical transient network model has proven to correctly
predict the amount of elastically active chains as inferred from
rheology. Moreover, the mechano-statistical nature of the model
also enables to determine the evolution of the bridge and loop
probabilities (see Figure 10b), as well as to gain insights in the
node functionality probability distribution p(¥) according to eq
6. In Figure 12c, the binomial probability distribution functions
of the node functionality ¥ around its average value (V') (see eq
5) are shown for different concentrations of EG312 at 46 °C.
The average node functionality is more than doubled when
increasing the concentration from 92 to 155 g/L EG312.
Interestingly, the values of the average node functionality (V')
indeed show high node functionalities, even at low concen-
trations ((¥) = 24 at 92 g/L EG312), which proofs our a priori
assumption of high node functionalities in micellar networks and
the resulting use of the affine network approach (see Section 2).

This, together with our insights from the trends of F; and F,,
helps to draw a microscopic picture of the network’s evolution as
a function of concentration above the critical network
concentration. At low concentrations, the network predom-
inantly contains PEO loops, as F, > F|, and the association nodes
have a low functionality as compared to the overall aggregation
number and the maximum number of bridges ¥, Upon
increasing the concentration, the micellar cores gradually
transition into bridge-dominated, highly functional network
nodes. This topological change goes hand in hand with a change
in mechanical properties, reflected in both the elasticity and
relaxation behavior. Similar conclusions can be drawn for EG412
networks (see model results and node probability distributions
in Figure 12a and 12b, respectively).

To provide an idea about the sensitivity of the model to the
SAXS fitting parameters, a sensitivity analysis by inducing a 10%
variation in the core radius r, (see Figure S11 in the Supporting
Information) and in the micellar volume fraction ¢ (see Figure
S12 in the Supporting Information) is performed for different
concentrations of EG312 at 46 °C. The effects on the quality of
the SAXS intensity profile fits (a), the crucial n,, evolution as a
function of concentration (b), and the final model performance
to predict the network’s elasticity (c) are shown in the
Supporting Information. Note that a variation in r, and ¢ is
also reflected in the aggregation number N, , needed for model
evaluation. A variation in the core radius r, at constant volume
fraction, on the one hand, has a pronounced effect on the quality
of the SAXS profile fits, but it does not affect the n,, values as well
as the model prediction significantly. A variation in the micellar
volume fraction ¢) at constant core size, on the other hand, has a
rather limited impact on the SAXS intensity profiles, but it does
influence the n,, evolution and model predictions more severely.
It can thus be concluded that the adopted approach is
significantly more sensitive to the micellar volume fraction
than to the micellar core size. Nonetheless, the actual elasticity
data, as inferred from rheology, are located within the model
boundaries induced by a 10% variation in volume fraction.

4.3.2. Critical Assessment. It must be pointed out that the
model predictions for EG412 in Figure 12b are less successful in
describing the concentration dependent fraction of PEO blocks
active as an elastic bridge. Even though the model predicts a
correct evolution of the fraction of elastically active PEO blocks,
its absolute values present an overprediction at low concen-
trations and an underprediction at high concentrations. These
over- and underpredictions of the elasticity data are also present
for EG312 samples in Figure 12a, albeit to a lesser extent.
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Therefore, a critical assessment of the physics included in the
model allows pinpointing some mechanisms not accounted for
in the presented generalized mechano-statistical transient
network model.

First, the presence of some odd chain configurations, which
are not taken into account in the model derivation, might result
in both the over- and underprediction of the elasticity. In this
regard, it was previously indicated that so-called redundant
bridges (see Figure 13a for a schematic representation) are not

\g -
|

(a) Redundant bridge

Lo 4
R g
//Q@Ql

(c) Bridge-bridge entanglement

(b) Loop-loop entanglement

(d) Loop-bridge entanglement

Figure 13. Schematic illustrations of (a) a redundant bridge, (b) a
loop—loop entanglement, (c) a bridge—bridge entanglement, and (d) a
loop—bridge entanglement. For simplicity, the micellar cores are
represented as filled gray circles. The arrows indicate the entangled
structure.

expected to be formed for our multiblock copolymers with
relatively low a values. Nevertheless, the network structure at
low concentrations close to ¢, iS potentially fractal’® and
prone to fluctuations, thereby sometimes resulting in no other
possibility for a chain than to revisit an old core and hence to
form a redundant PEO bridge within the same chain, with a
“shared” PPO block between both bridges. The presence of such
redundant bridges at lower concentrations could thus possibly
explain the overprediction of the elasticity by the model
Moreover, at low concentrations close to ¢, the presence of
large, unconnected clusters is also not fully accounted for in our
model derivations. In this regard, an extension and general-
ization of the mean field approach,'** as adopted by
Skrzeszewska et al.'>® for telechelic stickers undergoing
trifunctional associative interactions, to multiblock copolymers
with functionalities (much) higher than 3, could also possibly
correct the overprediction at low concentrations. At high
concentrations, on the other hand, a dense micellar structure is
formed in which the chances of finding another micellar core are
greatly increased. This crowded structure in turn might lead to
possible “entanglements” between loops of different micellar
cores (loop—loop entanglement in Figure 13b), between
nonredundant bridges (bridge—bridge entanglement in Figure
13c) or between a loop and a bridge of different micellar cores
(loop—bridge entanglement in Figure 13d). Note that such
“entangled” configurations are solely induced by the drastic
microstructural changes upon micellization at high concen-
trations and cannot be treated according to the classic
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interpretation of entanglements in polymer solutions. None-
theless, just like conventional entanglements, they do contribute
to the elasticity of the network as cross-linking nodes creating
additional bridges (1 extra bridge for each loop—Iloop
entanglement and 2 extra bridges for each bridge—bridge or
loop—bridge entanglement). These additional bridges are not
considered in the model derivation and could provide an
explanation for the underprediction of the model at elevated
concentrations. The overprediction due to redundant bridges at
low concentration as well as the underprediction due to
entanglements at higher concentration, could both be captured
in a factor a. By dividing the elasticity data as inferred from the
plateau modulus (eq 13) by the model prediction (eq 11), a
concentration dependent @ can be obtained. Note that such
ratio should be smaller than 1 at low concentrations above ¢,
and larger than 1 at higher concentrations. The evolution of « as
a function of concentration is shown in Figure S13a,b, in the
Supporting Information for EG312 and EG412, respectively.
The ratio shows that indeed the model prediction approaches
the actual elasticity data for EG312 (a = 0.80—1.15), while for
EG412 a ranges from 0.30 at the lowest concentration up to 1.40
at the highest concentrations. Provided that the above-
mentioned configurations are the sole contributors to the
over- and underprediction, it implies that at the lowest
concentration of EG412 for each effective elastic bridge, there
are about 2 redundant bridges, while at the highest
concentration for each S bridges between cross-linking nodes,
2 additional bridges are created via entanglements (either as 1
bridge—bridge or loop—bridge entanglement, or as 2 loop—loop
entanglements).

Second, arather crucial parameter in the indirect evaluation of
the model is the critical concentration for network formation
Cpetwork- AS already mentioned, experimentally assessing this onset
of network formation is often troublesome,'"'” and rheological
measurements indeed showed irreproducibility and unstable
behavior of multiblock copolymer solutions at concentrations
close to ¢,epyor- Therefore, we opted for an approximation of
Crenwork Dased on the overlap concentration ¢* obtained from
viscosity measurements (at low temperatures) in which entire
multiblock copolymer chains were allowed to overlap with 1/ath
of another chain. The (a + 1)/a factor serves as a correction
factor, as the presence of PEO end blocks in ExpertGel
molecules is also reflected in the overlap concentration c*,
thereby hindering PPO blocks of different chains to find each
other at c¢*. More importantly, such an approximation of ¢, .o
assumes no microstructural change of the polymer solution
upon network formation. The entropy-driven clustering of the
PPO blocks, however, causes the formation of a compact
hydrophobic core and hence a significantly different and more
collapsed chain configuration. It is thus plausible that the
theoretical approximation of ¢, from c* represents an
absolute lower limit for the critical onset concentration of
networks formed by micellar aggregation.

Last, it is important to point out that the current verification is
performed using commercially available systems. As a result,
some polydispersity in terms of the total molecular weight as
well as the length of the individual PEO and PPO blocks cannot
be excluded. The overall architecture of the molecules as
alternating, linear block copolymer can also be disturbed due to
potential local branching induced by a very minor fraction of
biuret or allophalate bonding units. However, these were not
observed in the FT-IR spectra of the ExpertGel molecules (see
Supporting Information). In addition, possible impurities such
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as PEO—PPO diblock fractions were found to be present in the
precursor Pluronics'*® and affect ExpertGel as well (see GPC
characterization in the Supporting Information). All of these
effects have their consequences on the correct determination of
M,,, a, N,gp and n,,, which all need to be known a priori for model
evaluation. Therefore, in the future the model should be
validated with more well-defined and carefully synthesized
multiblock copolymers with hydrophobic blocks distributed
along the chain or even for transient polymer networks formed
by multifunctional association interactions other than micellar
self-assembly.

5. CONCLUSION

In this paper, we report an extension and generalization of the
mechano-statistical transient network model originally devel-
oped by Annable et al.””*® for telechelic, hydrophobically
associating triblock copolymers to more general alternating
multiblock copolymers bearing multiple hydrophobic blocks
along their polymer backbone. This was achieved by adopting a
combinatorics approach taking into account the different
configurations of loops and bridges in multiblock copolymers
with multiple association blocks per chain. Herein, the
probabilities of individual soluble blocks to form either a bridge
(F,) between two different association nodes or a loop (F,=1—
F,) toward the same association node were closely linked to the
micellar network’s microstructure. The loop probability F, was
approximated as the inverse of the amount of micellar nodes n,,
present within the span volume defined by a soluble, hydrophilic
block. The average node functionality, defined as the average
amount of bridges starting from one association node, was then
determined by assessing both the average amount of bridges and
the average amount of associating blocks a certain chain
configuration contributes to an association node. Through the
construction of a probability distribution function around this
average functionality, the model enabled us to translate
microstructural changes (via n,,) to statistical changes in the
chain configurations (via F; and F,) and eventually to
macroscopic elasticity fully governed by the amount of bridges.
As such, unifunctional dangling ends, as well as redundant
bifunctional nodes contributing to superloops and superbridges,
were eliminated in the determination of the network’s elasticity.
By a priori knowledge of the multiblock copolymer architecture
(number of hydrophobic blocks a and M,,), as well as the
micellar network structure (n,, and aggregation number Nugg), a
complete model evaluation is possible.

For the verification of our model’s performance, two grades of
commercially available, alternating PEO—PPO multiblock
copolymers (ExpertGel 312 and 412) forming transient micellar
networks at elevated temperatures, were investigated. Rather
than theoretically approaching the crucial microstructural
parameters n,, and N,,,, they were experimentally determined
by Small-Angle X-ray Scattering (SAXS) measurements. To
unravel the exact spatial arrangement of the micellar nodes
throughout the network, the structure factor as inferred from
SAXS on concentrated solutions, was converted to the radial
distribution function by its inverse Fourier relation. This allowed
the determination of n,, by spherical integration of the radial
distribution function up to some length scale r,,,,, defined by the
radius of gyration of a soluble, hydrophilic PEO block. By
combining the evolution of the experimentally determined n,,
values as a function of concentration with the additional
constraint that n, equals 1 below the critical network

concentration ¢, a smooth evolution of n, with
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concentration could be used as an input for our mechano-
statistical transient network model. The critical onset concen-
tration c,p,0 Was determined from the overlap concentration of
the multiblock copolymer solutions at low temperatures, by
considering an overlap of 1/ath of the chain.

The model predictions of the fraction of PEO blocks active as
a unique elastic bridge were verified with the results inferred
from linear oscillatory rheological measurements. The agree-
ment between the model and the experimental data was within
reasonable accuracy. Possible explanations of the under- and
overpredictions of the network’s elasticity could be found in the
presence of redundant bridges at low concentrations and
entangled loops and/or bridges at higher concentrations,
respectively, which were not considered in the model.
Nonetheless, with the help of our model a microscopic picture
of the evolution of the network’s topology as a function of
concentration, could be derived. Below ¢, only isolated
flowerlike micelles are formed without any connecting bridges,
resulting in a viscous micellar solution. At concentrations slightly
above ¢, loops are still predominant and the micellar nodes
have rather low functionalities, leading to limited network
elasticity. Upon increasing concentrations, a denser micellar
arrangement induces progressively more bridges, such that
bridge-dominated and highly functional network nodes are
obtained. The elasticity of the ensuing network is greatly
increased as compared to networks formed by lower
concentrations of multiblock copolymers.

This thorough understanding of the network topology, the
related statistical probabilities of bridge or loop formation, and
their effect on the macroscopic rheological properties of the
networks are believed to contribute to a more controlled
development of physical hydrogels and transient networks in
general with tailor-made mechanical properties. Moreover, our
generalized mechano-statistical transient network model is
believed to be useful for other equally spaced, multisticker
associating polymers forming networks by multifunctional
interactions.
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