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254 Chapter 9. Hierarchical assembly into gels

9.4.1 Visual characterization

In practice, the formation of a percolated network structure, i.e., a
gel, can be evidenced by the inverted-tube test. As shown in Figure 9.25,
the initially free-flowing concentrated solutions of PS-b-PNIPAAm-tpy
copolymers indeed turn into free-standing supramolecular gels upon the
addition of metal ions, which occur within seconds to minutes. Addi-
tionally, the hypothetical formation of metal–terpyridine bis-complexes
between copolymer chains is strongly supported by the colour change
arising from the addition of the metal ions, which gives characteristic
purple colour, in case of iron(II), and yellow–orange colour, in case of
cobalt(II).

metal
ions

Zn(II)Ni(II) Fe(II) Co(II)

Figure 9.25: Pictures of supramolecular hydrogels obtained from
PS27-b-PNIPAAm300-tpy solutions upon the addition of di�erent

transition metal ions.

The thermo-responsiveness of PS-b-PNIPAAm-tpy hydrogels is visu-
ally evidenced by immersing samples in a heated water bath. Above
a critical temperature around 32 �, a mesoscopic phase separation is
observed, the gel becoming cloudy as shown in Figure 9.26 (b), which
is in agreement with DLS results obtained for those systems. Surpris-
ingly, no macroscopic phase separation arising from the deswelling and
subsequent shrinkage of the gel occurred, as compared to metal-free mi-
cellar solutions (Figure 9.26 (a)). Indeed, poly(N -isopropylacrylamide)
hydrogels are commonly characterized by a sharp volume change upon
heating, [47,48] unless stabilized by the presence of hydrophilic groups. [49]

Hence, it is assumed that the positively charged metal–terpyridine junc-
tions ensure here a certain hydration of the gel and further prevent its
collapse, mainly because of the inherent electrostatic repulsions between
charged complexes. Also, the possibility of having kinetically trapped
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184 Chapter 8. Synthesis of building blocks

8.1 Overview

In this chapter, the synthesis of ligand end-functionalized macro-
molecular building blocks is described. The latter are composed of two
or three di�erent monomer units that have been selected for their abil-
ity to a�ord polymer sequences of desired characteristics (Figure 8.1).
In this respect, polystyrene (PS) constitutes a well-studied hydrocarbon
polymer of highly hydrophobic nature. Due to the strong interaction be-
tween phenyl groups, this hard and rigid sequence is commonly encoun-
tered in the field of associative polymers, generally leading to glass-like
aggregates. [1,2] However, the glassy character of the aggregates decreases
with the length of associating segments, [3] and the presence of plasticiz-
ers including co-solvents. [4]

N

N

N

terpyridine styrene

O

O
N

2-(dimethylamino)ethyl
methacrylate

O

N
H

N-isopropyl-
acrylamide

Figure 8.1: Structures of monomers and ligand used in the synthesis
of functional building blocks.

In the field of stimuli-responsive materials, thermo-sensitive poly(N -
isopropylacrylamide) (PNIPAAm) is a widely used polymer that under-
goes a sharp coil-to-globule phase transition in aqueous solution upon
heating. [5] Practically, the lower critical solution temperature (LCST)
is generally reported around 32 �, [6] but is a�ected by hydrophobic or
hydrophilic comonomers, [7,8] as well as the presence of salts [9,10] or sur-
factants. [11,12] Interestingly, the versatility of PNIPAAm has led to its
utilization in gels, membranes, sensors, thin films, tissue engineering,
and drug delivery. [13]

Despite the fact that an overwhelming majority of reported stud-
ies on environmentally sensitive polymers are based on PNIPAAm, a
wide range of other thermo-responsive polymers have demonstrated their
applicability in the preparation of smart materials. [14] Among them,
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) is particularly
attractive since it further shows pH-responsiveness. By raising the hy-
drophilic nature of PDMAEMA through protonation of tertiary amino-
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temperature T (K), and the reference temperature
Tref.¼ 298 K. In the case of PnBA, the temperature depen-
dence of the density is given by qðTÞ ¼ 1:2571$ 6:89%
10$4 T [28,29]. Then, same shift factors were used to shift
the viscoelastic data of the supramolecular polymers. In such
a way, only the influence of temperature on the segmental
dynamics is taken into account, which allows us to isolate its
influence on the dynamics of the supramolecular bonds.
Since the association dynamics of the stickers also depends
on T, it is expected that the supramolecular polymers will
exhibit complex rheological behavior.

III. MODELING THE VISCOELASTIC PROPERTIES
OF SLIGHTLY ENTANGLED STICKY MOLECULES

A. Experimental observations and assumptions
behind the model

In this section, the basic assumptions behind the modified
TMA model, which is developed in Sec. III B, are detailed.
As explained below, these assumptions are supported by
experimental observations.

Since a good understanding of the molecular dynamics of
the precursor samples is helpful in building a molecular pic-
ture for the supramolecular systems, we will first discuss the
modeling of the rheological observations of the parent mate-
rials, which has been achieved by the use of the original
TMA [23,30]. The latter is a tube based model that incorpo-
rates all the reorientation processes in the linear flow regime,
namely reptation, contour length fluctuations (CLF), and
constraint release (CR). It requires the use of three molecular
parameters, which are topology independent, namely the
entanglement plateau modulus G0

N , the entanglement relaxa-
tion time se, and the molecular weight between the entangle-
ments Me. The model predictions presented in Fig. 1 have
been obtained using the following values: G0

N ¼ 160 kPa,
se¼ 2.3% 10$4 s, Me¼ 18 kg/mol, consistently with previous
work [31]. Moreover, the number average molecular weights
and dispersity have been optimized as followed:
Mn¼ 38.5 kg/mol per arm and -D¼ 1.04 for the Star160 k,
Mn¼ 66 kg/mol per arm and -D¼ 1.08 for the Star250 k,
Mn¼ 101 kg/mol and -D¼ 1.08 for the Lin100 k, and
Mn¼ 138 kg/mol and -D¼ 1.08 for the Lin140 k. These molar
masses are within the 8% of variation with the experimental

TABLE I. Structural parameters of PnBA polymers functionalized with tpy ligand at chain extremity.

Samples Description Mn, system
a Mn, arm

a Mn/Me
b -Dc

Lin100 k Linear monofunctional PnBA-tpy 101 kg/mol — 5.6 1.14

Lin140 k Linear monofunctional PnBA-tpy 142 kg/mol — 7.8 1.14

Star160 k Four-arm telechelic star PnBA-tpy4 160 kg/mol 40 kg/mol 2.2 per arm 1.25

Star250 k Four-arm telechelic star PnBA-tpy4 249 kg/mol 62 kg/mol 3.4 per arm 1.20

aMolar mass of whole system determined by 1H-NMR.
bNumber of entanglements calculated using Me¼ 18 kg/mol.
cMolar mass dispersity of the polymers determined by SEC, polystyrene standards were used for calibration.
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Slide-ring gels 

Equilibration of tensions along the chains (pulley effect) 

Gels based on freely movable (mecanical) crosslinks 
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Slide-ring gels 

Synthesis of polyrotaxane based on polyaddition between PEG and di-isocyanate 

4.2. Objectives 157

shown in the previous section, using free radical polymerization is pro-
hibited since it causes covalent crosslinking. The strategies used here
should therefore use polymerization processes which do not cause un-
wanted covalent crosslinking.

4.2.1 PR-first

Concerning the first kind of strategies, the choices regarding the poly-
merization and crosslinking steps are crucial. In regard to the fist step,
it was decided to use step-growth polymerizations such as polyCuAAC
and polyurethane synthesis since those polymerizations are less likely to
produce random crosslinking than free radical polymerization. Regard-
ing the crosslinking step, as shown in Figure 4.15, the best choice is to
crosslink via addition of a diisocyanate (MDI or HMDI) since there is
already a hydroxyl moiety on the macrocycle.

Crosslinker (MDI) 

Slide-ring gel 

PEG chain 

Pseudo-rotaxane 

Polyrotaxane 

Figure 4.15: Slide-ring gel synthesis through polyrotaxanes
crosslinking.

Two di�erent strategies for the polyrotaxane synthesis were designed.
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Slide-ring gels 

Removal of Pd ion unlocks the ring and allows its motion along the polymer chain 
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DoDyNet systems 

Main tasks: 
- Synthesis of the different building blocks 
- DDN preparation 
- Linear rheology 

Two main systems: 
- DNN based on metal-ligand, phase separation 

and entanglements 
- DDN based on slide-ring gels 
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DoDyNet system 1 

1.D.	

1.C.	

1.B.	

1.A.	
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DoDyNet system 1 

- Commercially available PEO stars 
- Made by RAFT: acrylate or acrylamide based 

- Commercially available: PS-PnBA-PS, PS-
PAA-PS, PS-PMMA-PS 

- Made by RAFT: acrylate or acrylamide based 
- Made by ROP from PEO macroinitiator: PCL-

PEO-PCL 

Made by RAFT with functionalized co-monomer 
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DoDyNet system 2 

First highly crosslinked network 

Second sparsely crosslinked network  

1976 Macromolecules, Vol. 43, No. 4, 2010 Imran et al.

in its parent structure, 2-acryloyloxyethyl isocyanate was
used to modify PR and HPR. The isocyanate group forms a
stable carbamate bond with a hydroxyl group of R-CD or
hydroxypropylated R-CD to yield cross-linkers, which we
refer to as MPR and MHPR, respectively. The degree of
substitution (DS) (0 e DS e 18), that is, the average number
of substituted hydroxyl groups per R-CD unit of MPR and
MHPR, were determined to be 2.25 and 1.13, respectively, by
1HNMR spectroscopy. (See Figures S4-S6 of the Supporting
Information.)

PolyNIPA gels were prepared by conventional free radical
polymerization of NIPA in the presence of MPR or MHPR
cross-linkers in dimethyl sulfoxide (DMSO) (Scheme 1). These
gels are denoted as RwiN and RwsN gels, where RwiN and RwsN
stand for rotaxne-NIPA (RN) gels prepared by using the water-
insoluble cross-linker (MPR) or water-soluble cross-linker
(MHPR), respectively. The values of storage moduli, E0, are
always greater than loss moduli, E0 0, in the frequency range
for both gels studied in DMSO and water, the findings that
substantiate the formation of a stable polymer network inside the
RN gels (Figure 1). The E0 values are not consistent in the
investigated frequency ranges; rather, transition peaks appeared
at high frequencies for RN gels in both solvents. At high

frequencies, the relaxation of the sliding cross-link points through
the template long PEG chains is not favorable because of the
decrease in mobility of the constitutive strands of the PR cross-
linkers that provides a pronounced E0 0 peak for RN gels at the
high-frequency region. Moreover, relaxation of the sliding cross-
link points occurs with ease at low frequencies and consequently
give low E0 0 values. Because in the RN gels, only a small amount
of PRs was used as cross-linkers, the effect of solvent on the
mechanical behaviors of the RN gels was not so prominent,
unlike classical sliding gels.19 The TN gel gives no transition peak
in the viscoelastic regimes at high frequencies; the fixed cross-
links donot permit the relaxation of polymer chains by equalizing
their experienced tension. It is noteworthy to mention that the
decrease in the E0 0 for TN gels at high frequencies thereby must
arise from the micro to macro level damages of the network.
Because the E0 values for RN gels are smaller than those for TN
gel in the whole frequency range (Figure S7 of the Supporting
Information), the RN gels are softer and more flexible than the
TN gel, which might also indicate the presence of dangling
polymer chains in the RN gels network.20

Figure 2 shows the transmittance spectra of RwiN and RwsN
gels in DMSO and water at 25 !C. The RN gels are highly
transparent in DMSO in the visible wavelength region

Scheme 1. Schematic Representation of the Preparation of Hydrophobic and Hydrophilic Polyrotaxane Cross-Linkers and Their Applications to the
Preparation of RN gels in DMSO

Figure 1. Strain-controlled dynamic frequency sweep test of storagemoduli and lossmoduli for RwiN, andRwsN gels (a) in DMSOand (b) in water at
25 !C. The values of storage moduli, E0 are always greater than loss moduli, E0 0, and the E0 0 values are not consistent in the frequency ranges; rather,
transition peaks appeared at high frequencies for RN gels in either solvent.

or 
Sacrificial reversible network based on 

metal-ligand interactions 

Permanent network with high stretchability 

Based on Ito's work: Nature Commun. 2014, 6124 


