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van der Waals π- π stacking Hydrogen bonding

a)

b)

Attraction

Repulsion

Electrostatic interactions between e- clouds
Short-range, non-directional, extrem. Weak

E < 5 kJ.mol-1

Interactions between e- rich/poor regions
Within aromatics, directional, weak 

E = 2-50 kJ.mol-1
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e- deficient H and electronegative atom 
Directional, from weak to strong 

E = 4-120 kJ.mol-1
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Gecko’s amazing toes Nucleobase-amino acid

Nucleic Acids Research, 2014, 42, 6726-6741.

DNA double helix

Chemical Principles, 8th ed.; Cengage Learning: Boston, 2015.

Non covalent interaction – Inspired by nature

Non covalent interaction



+

Halogen bonding Metal-ligand coordination Ionic interactions

Electrostatic attractive interactions
Directional, strong, easily disrupted 

E = 100-350 kJ.mol-1

Transfer of lone electron-pair from D to A
Highly directional, strong, labile 

E = 100-300 kJ.mol-1

Attractive interactions between e- A/D
Directional, from weak to strong 

E = 10-180 kJ.mol-1

R1: molecule with electrophilic region
X: halogen atom (F, Cl, Br, I or At)

Mn+ M

n+

Na+ Cl-

Mussel byssusHormone-protein recognition Salt bridge in protein

Biomater. Sci., 2017, 5, 1699-1735.Science, 2010, 328, 216-220.Protein Science, 2013, 22, 139-152.

Non covalent interaction – Inspired by nature
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Non covalent interaction



Interactions
Binding energy 

(kJ.mol-1)

Covalent bonds 200 - 400

Ionic bonds 100 – 350

Metal-ligand bonds 100 – 300

Halogen bonds 10 – 180

Hydrogen bonds 4 – 120

π-π stacking 2 – 50

van der Waals < 5
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Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol.  2013, 5, 582−612.

Non covalent interaction – Summary

Non covalent interaction



+ metal
+ metal

t

G(t)
Elastic reversible network

Viscoelastic 
building blocks

t

G(t)
Elastic reversible network

Liquid-like behavior

- Short blocks

- Polymer solution

Unentangled vs entangled transient Network
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Elastic plateau and relaxation 

time: fully governed by the 

supramolecular junctions

Elastic plateau: 

also governed by the 

entanglement segments

Relaxation time:

Governed by both the 

supramolecular junctions and 

the entanglements dynamics

Many works in literature on 

this kind of supramolecular 

polymers

Unentangled vs entangled transient Network

6



I) Dynamics of Transient Networks based on 

unentangled building blocks

II) Dynamics of Transient Networks based on 

entangled building blocks

II) Dynamics of Double Dynamics Polymer Networks

Ouline
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I) Dynamics of Transient Networks 

based on unentangled building blocks
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Dynamics of unentangled transient Network
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Systems based on hydrogen bonding (Upy groups)

Large viscosity increase, especially for concentrated systems

With and without 
hydrogen bonded

Reversible network: PEO- and PPO-telechelics + 
dimerizing ability of the ureidopyrimidine units (Upy)

Dynamics of unentangled transient Network
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NG0

Larger density of 

junctions between 2 

reversible bonds

linkscross

N

M
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= ρ
0

Or

Larger polymer 

concentration

Dynamics of unentangled transient Network
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Depends on the lifetime of the 

supramolecular junctions

Relaxation times:

1/τrel

Relaxation time

Dynamics of unentangled transient Network
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Dynamics of unentangled transient Network

Few examples…

Telechelic molecules

Sticky chains



In the melt state:
H bonds 1

H bonds 2

No H 

bonds

Covalent 

bonds

Viscosity increases in function of the lifetime of the supramolecular 
junctions

Dynamics of unentangled transient Network
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idealized aim

Longest relaxation times, in different solvents:

Clustering of 

the cross-links

Relaxation times depends on the solvent and on the metal ions

Chain 

entanglement

+ metal

Narrow disperse 

building blocks 

(regular network), in 

solution

Dynamics of unentangled transient Network
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Relaxation times depends on the solvent and on the metal ions

Dynamics of unentangled transient Network
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H bonding

Influence of Temperature

18
Relaxation times and plateau modulus depends on temperature



Up to 90C: The materials

behaves like a normal (non 

relaxing) polymer

Temperature influence:

pTHF (2000 g/mol)

Phase 

segregation

H bonding

Additional effects of Upy groups

s onthe lifetime of 
19



hydrophobic block

hydrophilic block

 
increasing concentration 

  

CAC Cp

Flow behavior governed by the 

lifetime of a block in the core: 

The properties of this micellar network depends on the concentration, the 
association strength and the length of the triblocks

(from T. Nicolai)

Self-assembly of triblock copolymers in solution
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C (g/L)

1 10 100
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is
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ty

10-3

10-2

10-1

100

101

102

103

104

  

percolation

There is a minimum concentration needed to reach the percolation of the 
system

(from T. Nicolai)

Self-assembly of triblock copolymers in solution
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Transient network can lead to shear thickening

Shear thickening properties
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Non-Gaussian stretching effect within a network whose number of 

elastically active chains does not change during shear. This extended 

conformation partially relax when the chain end dissociates (Marrucci et 

al.)

The shear thickening properties come from the coagulation of free 

chains into the existing network. (Wang et al.)

Shear thickening does not have a fully clear origin

There are mainly two propositions to explain the shear thickening:

Shear thickening properties
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Strain hardening: FENE effect

Deviation from Cox-Merz: persistence of bridge chains and flow-induced creation 

of new bridges

JOR, 2017

Shear thickening properties

(Brownian dynamics for HEUR solutions)
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hydrophobic block

hydrophilic block

Elongation properties
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Dynamics of unentangled transient Network

Few examples…

Telechelic molecules

Sticky chains



Dissociation

Extra space to move (if not entangled)

Like a Rouse process, governed by 

the lifetime and number of the 

sticky groups (release of local 

constraint)

Unentangled sticky chains

ζ, τ0

Sticky Rouse model 

(Rubistein, Colby)

���� = ����	
�� 	#���	
��
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Sulfonated PEO and PTHF

PEO   (M= 400, 600 & 1100 g/mol)

PTHF (M=650 g/mol)

Mn ~ 4K-14K

28Both glassy and polymeric relaxations are delayed

Block copolymer:

Unentangled sticky chains : ionomers

Effect of Ion 

content:



Effect of the length of the sulfonated

PEO blocks:

Both glassy and polymeric 

relaxations are delayed

With PTMO: Lower ion solvation ability of 

PTHF, Higher activation energy of cluster 

dissociation

29

Colby et al. J Rheol, 2013

Influence of the nature of the 

sulfonated blocks:

Unentangled sticky chains : ionomers



Chain dynamics against sticker dynamics

JOR 2017

(unentangled)
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From weak to 

strong bonds

PBA polymer, Mn = 32 kg/mol

AP AA
CEA

Upy

Strength of the side-groups strongly influences the flow properties

Unentangled sticky chains
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From weak to strong bonds

AP AA CEA Upy

Increasing the density of supramolecular junctions:

To be noted: 

Tg varies according to the 

density of transient bonds

Density of stickers

Unentangled sticky chains

Density of the side-groups strongly influences the flow properties
32



II) Dynamics of Transient Networks 

based on entangled building blocks
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Elastic plateau and relaxation 

time: fully governed by the 

supramolecular junctions

Elastic plateau: 

also governed by the 

entanglement segments

Relaxation time:

Governed by both the 

supramolecular junctions and 

the entanglements dynamics

Many works in literature on 

this kind of supramolecular 

polymers

Unentangled vs entangled transient Network
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N
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RT
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5

4
0 =

NG0

Network governed 

both by the reversible 

junctions and 

entanglements

Density of reversible 

bonds << density of 

entanglements

Density of reversible 

bonds > density of 

entanglements Entangled polymer melt unable to relax  

Entangled transient Network
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Rubber Non relaxing 
entangled polymer

Viscoelastic polymer melts

The relaxation time depends on:

- Lifetime of the supramolecular junctions (stimuli 

responsive)

- Architecture of the building blocks (disentanglement time)

- Me

Depending on the density of supramolecular junctions:

Entangled transient Network
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Entangled transient Network from unentangled 
molecules

Dissociation

Relaxation of the building blocks

(see the model of Cates for living polymers)

Reptation of the 

whole object

(see also the work of C. 

Ligoure and L. Ramos)
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Entangled transient Network from unentangled 
molecules

JOR2017

EHUT

unit
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40 000 2.3/arm

Z

Flanco Zhuge, PhD project

Metallo-supramolecular PnBA polymers
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Sample preparation identical to organo-gel but at high concentration (C ≥ 400 g/L) 

���� ���� ���� ����

Transition metal ions

Lability↗

Binding strength↗

MSBPs Self-Assembly

Morphology

Mechanical Properties

M-L StrengthRef.Zn²⁺Cu²⁺Ni²⁺ Co²⁺

⇨ Correlate Structure with Mechanical Properties 12

solvent

removal

metal

ions

ARES Shear rheometer

Metallo-supramolecular PnBA polymers



� ���� = 2π/ω ↗ upon addition of 

metal ions

� Formation of M-L cross-links

� M : Ni²⁺ > Co²⁺ > Cu²⁺ > Zn²⁺

17

Mn = 249 kg/mol 

Ð = 1.20

Z = 3.4/arm

Macromolecules 2017, 50, 5165-5175

K = 

�


����

Inorg. Chem. 1966, 5, 622–625
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Influence of the metal ion nature



Including the dynamics of the stickers
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40k

At time t=0: 
part of the arms are not 
associated and can relax

Cu

100k

τfluc << τass, τexchange

Dangling arms
0.5eq. Ions

Influence of the metal ion amount
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Journal of Rheology 2017, 61, 1245-1262

��� ↗ 

Influence of the metal ion amount
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1.00 CuCl2

0.75 CuCl2

0.50 CuCl2

Reference

Macromolecules 2017, 50, 5165-5175

⇨ Thermo-rheological 

complexity

� Thermo-rheological complexity

� Stickers temperature dependent 

� No well fitted master curves

Influence of Temperature
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Disentanglement dynamics versus stickers dynamics
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Star arm: 72kg/mol

Ref. samples

Terminal relaxation 
depends on both 

disentanglement and 
supramolecular dynamics

Metallo-supramolecular PnBA polymers
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Star arm: 40kg/mol
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⇨ Transient shear viscosity

η+
max (    ) 

η+
steady (    ) 

25

� Presence of four regions

� Systematic investigation

(i) (ii) (iii) (iv)

(i) Viscosity ↗ linearly

(ii) Overshoot (orientation, stretching)

(iii) Undershoot (tumbling effect)

(iv) Steady state 
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0.75CuCl 2
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ηη ηη+  [P
a.

s]

Time [s]

T = 40°C

(i) 0.1 s-1 ≤  !" ≤ 100 s-1 at 40°C

Nonlinear Shear rheology of PnBA stars

Measured with the CPP (S. Costanzo, D. Vlassopoulos)
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Higher Temperature

⇨ Tailored resistance towards deformation ⇨ Influence of temperature on M-L

� M-L cross-links less stable and more labile

� M-L resistance capacity ↘ when T ↗

K = 

�


����
,   K40°C > K60°C

Nonlinear Shear rheology of PnBA stars



Influence of metal ion type
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T = 40°C
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+ E
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Time [s]

0.50CuCl 2       

0.06s-1

0.1s-1

0.3s-1

0.6s-1
1s-1

3s-1

� Similar linear dynamic viscosity

� Difference in elongation viscosity

� Highlight M-L cross-links (Co2+ > Cu2+)
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K = 
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η%
�

, steady stretch (Co2+) > η%
�

, steady stretch (Cu2+) 

At rest Under stretch

F

Nonlinear extensional rheology of PnBA stars



Nonlinear rheology of star polymers

Elongation viscosity Shear viscosity
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Sticker

Few stickers, compared to entanglements

Stickers with long lifetime

Case 1:

Entangled sticky linear polymers
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Hydrolysis

Basic environment

PnBA: Poly (n-butyl acrylate)

Mw=210kg/mol
(Z=13)H bonding

Phase separation

H. Goldansaz, C.A. Fustin, M. Wubbenhorst, E. van Ruymbeke, Macromol. 2016

Viscoelastic properties of hydrolized PnBA chains
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H. Goldansaz, C.A. Fustin, M. Wubbenhorst, E. van Ruymbeke, Macromol. 2016

Viscoelastic properties of hydrolized PnBA chains
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At low frequency: only the trapped chains cannot relax
L. Hawke, M. Ahmadi, H. Goldansaz, E. van Ruymbeke, J. Rheol. 2016

Viscoelastic properties of hydrolized PnBA chains
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L. Hawke, M. Ahmadi, H. Goldansaz, E. van Ruymbeke, J. Rheol. 2016

Viscoelastic properties of hydrolized PnBA chains
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L. Hawke, M. Ahmadi, H. Goldansaz, E. van Ruymbeke, J. Rheol. 2016

Viscoelastic properties of hydrolized PnBA chains
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Viscoelastic properties of hydrolized PnBA chains
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Viscoelastic properties of hydrolized PnBA chains

Large strain 

hardening 

is observed
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Case 2: Short lifetime stickers

Entangled sticky linear polymers
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Entangled sticky linear polymers
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PTHF PTHF PTHFT4T T4T

H bonding and crystallization
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5w% - 20 w% Hard segments

Large Mn (20 kg/mol) Chains are entangled

µm

3-5 HBs

G.J.E. Biemond, J. Feijen, R.J. Gaymans, J. Applied Polym. Sci. , 2007; R.J. Gaymans, Progress in Polym. Sci., 2011

Viscoelastic properties thermoplastic elastomers
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Influence of Temperature
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A. Sharma (DSM-UCL), G. Baeza (FORTH), Luna Imperiali (DSM), C. Fitie (DSM)

Viscoelastic properties thermoplastic elastomers
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Role of the chain Architecture

Mw

T=23C

T=150C

S. Aime, N. Eisenmenger, T. Engels, JoR 2017

Weak mechanical properties at high T
62

Viscoelastic properties thermoplastic elastomers



Viscoelastic properties of block copolymers

Important recovery despite the large formation imposed

Stretched above the full extension of a chain

63



M(I)=40kg/mol, M(S)=20 kg/mol

S domains: physical crosslinks

Block copolymers of different length:
Same linear rheology, different extension behavior

Matsumiya, Watanabe, Macromol. 2013
64

Viscoelastic properties of block copolymers

Probability to conserve connectivity versus 

Probability to dissociate a S block



Viscoelastic properties of block copolymers
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III. Double Dynamics Networks

66



- Entanglements + stickers: See Section II

- Stickers 1 + Stickers 2

- Building blocks 1 + Building blocks 2

67

Double Dynamics Networks

- Interpenetrated networks

- Dual networks

- Rheological behaviour

- Mechanical response



2005

PVF (M=60K) + 4 cross-linkers:

at 25 °C

Non-entangled solutions (10%) + 5% (Metal to Nitrogen) cross-linkers

Poly vinyl Pyridine + Bisfunctional cross-linker 

(metal-ligand association)

4 different cross-linkers of different strength:

3a

3bη0

Blending two different stickers - unentangled 
sticky chains
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Reduced master-curve proofs that no dynamics except the crosslinkers

τ= 1666 s

τ= 38 s

τ= 0.06 s τ= 7E-4 s

3a3b

3c

3d

The dissociation process fully dominates the flow properties 

Different 

cross-linkers

Mastercurve

Blending two different stickers - unentangled 
sticky chains
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Rational control by introducing 2.5% of fast and 2.5% of slow crosslinker

@ low frequency follows 2.5% of slow sample

@ high frequency follows 5% of fast sample

1.66% of fast, 1.66% of slow & 1.66 of

intermediate crosslinker

70Simple mixing law based on the lifetime of the cross-linkers

5% slow cross-linker

5% fast 

cross-linker

Blending two different stickers - unentangled 
sticky chains



Double networks: H junctions are very sensitive to T.

Starting point:

Dissociation 

by T increase

Dissociation 

by adding a 

decrosslinker

+ H bonds

+ Metal- ligand 

associations

+ H bonds 

and metal -

ligands

Filled symbols

Open symbols

T

Blending two different stickers - unentangled 
sticky chains
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Blending covalent and transient stickers 

PVA

Additive effects of transient and permanent bonds 72



Blending covalent and transient stickers 

chemical network

Chemical + physical network

from the chemical 

network

from the 

supramolecular bonds

Unentangled 

network:

Stretch
Higher 

modulus 73



74

Blending covalent and transient stickers 

Comment:

At high deformation rate:

Reversible bonds act similarly as 

covalent bonds.

Limited extensibility



... ...

... ...

80 200

1st level 
of assembly

micellization ,

ethanol

Combining block copolymers and metal-
ligand associations

Fustin, Gohy et al.,Adv. Mater. 2007, 19, 1665
Stadler et al., Soft Matter, 2009

Supramolecular network obtained based on two reversible mechanisms: 
micellization+ metal-ligand association 

(Interesting non-linear properties: see later)

Blending two different stickers - unentangled 
telechelic chains

15 w%
15 w%+Ni2+-

salt (0.5 equ.)
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Two linear plateaus are observed

Linear regime:

Non Linear regime:

Strain0.01 0.1

Blending two different stickers - unentangled 
telechelic chains
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Blending two different stickers - unentangled 
telechelic chains
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Two interpenetrating networks polymerized 

and chemically crosslinked sequentially

The first network: 

Highly crosslinked and stretched, 

“sacrificial minority network”

The second “majority” network:

Large deformability (hence coherence 

of the overall structure)

Gong and co-workers

Permanently damaged under elongation

Hybrid DNs: covalent bonds of the stiff network are replaced by 

reversible bonds

Viscoelastic properties has hardly been addressed 
78

Interpenetrated polymer networks



First rigid network: PAMPS

Second soft network: PAAm

Interpenetrated polymer networks
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Interpenetrated polymer networks

80
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Interpenetrated polymer networks

Large hysteresis: permanent damage of the highly crosslinked network



Interpenetrated polymer networks

PAMPS

PAAm

Under deformation, cracks appear.

Chemically crosslinked PAAm network:

The crosslinks play the role of anchors: the force 

can be transferred to PAMPS network far from 

the crack, by elongation of the PAAm network.   

Entangled PAAm: 

The force transfer depends on the length of the 

chain

82
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Interpenetrated polymer networks

Linear PAAm

of the linear PAAm

Entanglements are important to 

increase the fracture stress
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Combination of tough and ductile networks is needed to observe 

enhanced properties

Biopolymer-based hydrogel

Interpenetrated polymer networks
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Combination of tough and ductile networks is needed to observe 

enhanced properties

Interpenetrated polymer networks
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Combination of tough and ductile networks is needed to observe 

enhanced properties

Interpenetrated polymer networks

(2014)



huge swelling capacity, extreme softness, and ability to equilibrate internal 

tension of the chain in a manner similar to pulleys 

Slide-ring gels

DoDyNet – Specific points

Equilibration of tensions along the chains (pulley effect)

Gels based on freely movable (topological) crosslinks
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Dynamics of slide -ring gels



Ito et al.

88

DoDyNet – Specific pointsDynamics of slide -ring gels



Such a J shape response has been observed in many biomaterials such as mammalian skin, vessels and 

tissues, and is responsible for their toughness: their low modulus drastically reduces the energy released 

in a fracture while the gradual increase in stiffness prevents elastic instability. 89

DoDyNet – Specific pointsDynamics of slide -ring gels

Slide-ring gels

covalent gels



90


