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Mechanical	energy	dissipation	in	mussel	threads

Holten-Andersen	&	Waite,	J.	Dental	Research. 87,	701-709,	(2008)
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Metal-ion	coordinate	crosslinking	in	mussel	threads
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Self-healing	&	toughness?

Harrington	et	al.	Science	328,	216-220	(2010)

Metal-ion	coordinate	crosslinking	in	mussel	threads
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Siderophores

Metal

Enzymes
Fe-transport
O2-transport
Heat	shock	proteins

Bacterial	metal-
uptake

~10-100	kJ/mol
(~4-40	kT/bond)

Coordination	bonds

Covalent	bonds

Non-covalent	bonds

Metal-coordination	in	Nature

Mechanical	
function?

~100-1000	kJ/mol

~1-10	kJ/mol



Metal-coordinated	mussel	thread	assembly?
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PEG-dopa4

(10	kDa PEG	core)

Messersmith	Group	
(Northwestern)

Metal-coordinated	polymer	network	assembly
Fe3+ Polymer

Fe3+-coordinated	network

+
0.8wt%	FeCl3

+

20wt%	polymer

Mix

NaOH

Holten-Andersen,	Harrington,	Birkedal,	Lee,	Messersmith,	Lee,	&	Waite.	PNAS. 108,	2551-2655,	(2011)
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Bio-inspired	metal-coordinate	crosslinked	networks
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Metal	ion-coordinate	dynamics	set	gel	mechanics

No	entanglements!
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Metal	ion-coordinate	dynamics	set	gel	mechanics



Metal	ion

Metal	ion-coordinate	dynamics	set	gel	mechanics



Metal	ion	A

Metal	ion-coordinate	dynamics	set	gel	mechanics

Metal	ion	B

slowfast



+
Ni2+ Co2+

+pH

τCo ≈ 0.01-0.1 s
τNi ≈ 1-10 s

Metal	ion-coordinate	dynamics	set	gel	mechanics



Metal	ion-coordinate	dynamics	set	gel	mechanics

Grindy et al, Nature Materials (2015)



Metal	ion	A

Metal	ion-coordinate	dynamics	set	gel	mechanics

Metal	ion	B

slowfast



Lanthanide	metal	ion	A

Metal	ion-coordinate	dynamics	set	gel	mechanics

Lanthanide	Metal	ion	B

slowfast



Lanthanide	metal	ion	A

Metal	ion-coordinate	dynamics	set	gel	mechanics

Lanthanide	Metal	ion	B

color	1color	2
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Chen et al, JACS, 2015
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Lanthanide	salt

Polymer

Light-emitting	stimuli-responsive	polymer	networks
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Chen et al, JACS, 2015

Light-emitting	stimuli-responsive	polymer	networks
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Chen et al, JACS, 2015

Light-emitting	stimuli-responsive	polymer	networks

!



Metal	ion

+

Metal	ion-coordinate	dynamics	set	gel	mechanics

Grindy et al, Soft Matter (2017)



Bio-inspired	metal-coordinate	crosslinked	networks
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Energy	dissipative	crosslink	engineering

Crosslink	structure

Crosslink	kinetics

Energy	dissipation

Scott	Grindy Qiaochu Li



𝒇 = 𝟑 𝒇	~	𝟏𝟎𝟐

Energy	dissipative	crosslinks:	Ions	vs	Nano-particles

f	:	number	of	ligands	at	each	crosslink



role	of	f	in	
controlling	
relaxation	
time	𝜏?

Energy	dissipative	crosslinks:	Ions	vs	Nano-particles



Larger	NPs Smaller	NPs

Energy	dissipative	crosslinks:	 𝜏	 ∝ 	𝑓

Ligand	substitution

𝜏	 ∝ 𝑓

Li et al, ACS Nano (2016)



Energy	dissipative	crosslinks: 𝜏	 ∝ 	𝑓



Energy	dissipative	crosslinks: 𝛼

𝛼	 → 1

𝛼	 → 0



Energy	dissipative	crosslinks: 𝛼
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Energy	dissipative	crosslinks: 𝛼	 ∝ 1/(∆𝑓)

𝛼	 → 1

𝛼	 → 0



Energy	dissipative	crosslinks	:	tau	vs	alpha



Energy	dissipative	crosslinks	:	tau	vs	alpha



Energy	dissipative	crosslinks	:	tau	vs	alpha

𝛼	 → 1

𝛼	 → 0



Crosslink	structure

Crosslink	kinetics

Energy	dissipation

Energy	dissipative	crosslink	engineering



Metal	ion

Metal	NP

Energy	dissipative	crosslink	engineering



Energy	dissipative	crosslink	engineering

Metal ion crosslink

short lifetime 

NP crosslink

long lifetime

(self-healing)

(load bearing)



Energy	dissipative	crosslink	engineering

Fast 
relaxation

Slow relaxation



Energy	dissipative	crosslink	engineering





Energy	dissipative	crosslink	engineering

complete	self-
healing	in	5	min	
at	room	temp

independent	
tuning	of	self-
healing	rate

failure

self-
healing

re-strain



Energy	dissipative	crosslink	engineering



Energy	dissipative	crosslink	engineering



More	inspiration……

reversible	adhesives

underwater	sealants

underwater	adhesives

self-healing	fibers

light-weight	high	
hardness	materials



More	inspiration……
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stretch

material	at	rest	under	UV	light upon	strain	the	material	gets	brighter

Energy	dissipative	crosslink	engineering

To engineer self-reporting polymer materials with energy-dissipation and material failure 
sensing capacity: on a macroscopic scale

!



Energy	dissipative	crosslink	engineering

To engineer self-reporting polymer materials with energy-dissipation and material failure 
sensing capacity: on a microscopic scale



Metal-coordinate	networks:	Ions	vs	particles
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NP gel:

Fe3+ gel:

Ea = 58 kJ/mol

Ea = 86 kJ/mol

Chemical 
environment

(pH=4)

(pH=12)
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50℃,	24	h

Sol-gel	transition

Building	blocks	for	assembly

Qiaochu Li	et	al,	ACS	Nano	(2015)

50 nm

As-prepared NP gel

Metal-coordinate	networks:	particles


