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Solid-like	response	in	one	3me	scale	 Liquid-like	response	in	a	longer	3me	scale	

Example:	Silly	Pu;y	

Polymers:	material	with	big	range	of	mechanical	proper3es	



Polymer	mo3on	seen	as	diffusion	in	an	array	of	obstacles	



Entanglement	seen	as	a	network	of	contacts	

													Nr	of	contacts	
																							+	
Distance	between	contacts	

Successful	a;empts	to	include	in	theories	of		
																				polymer	entanglement	

Z1	algorithm	by	M.	Kroeger	



													Nr	of	contacts	
																							+	
Distance	between	contacts	

What	about	other	length	scales?	

											Local	Entanglement	
Small	Length	Scale	Informa3on	

S	F	Edwards	1968	J.	Phys.	A:	Gen.	Phys.	1	15		
	



Knots	and	Links	

A	knot	is	a	simple	closed	curve	in	space	

A	link	is	a	collec3on	of	simple	closed	curves	
	in	space	that	do	not	intersect	each	other.	

Two	knots/links	are	equivalent	if	we	can		
deform	one	to	the	other	with	out	cu]ng	
and	pas3ng.	



Can	tools	from	knot	theory	provide	informa3on	relevant	to	mechanics?	



Mathema3cal	measures	of	entanglement	complexity	

How	to	deal	with	open	curves?	

					How	to	account	for	Geometry?	



													The	Linking	Number		
of	two	oriented	simple	closed	curves	

Lk(I,J)	=	algebraic	sum	of	intercrossings	in	a	diagram	
	
	
	
												=	nr	of	3mes	one	curve	intersects	the	surface		
														bounded	by	the	other	

						Lk=0													Lk=1												Lk=2										Lk=0	!!	

	Lk	Is	a	topological	invariant	
(with	respect	to	intercrossings)	



The	Gauss	linking	integral		

=	average	algebraic	sum	of	crossings	over	all	possible	projec3on	direc3ons	

It	can	be	applied	to	open	chains	

Is	a		con3nuous	func3on	of	the	chain	coordinates	

Is	sensi3ve	on	the	geometry	



The	Gauss	linking	integral		

Not	zero	even	for	two	straight	segments	!	

L=-0.166667	 L=-0.0318843	

Lk=1	 Lk=0.985497	

open	

Increase	distance	



The	writhe	of	a	chain	

Z=6,Wr=0.007	 Z=6,Wr=2.78	



																																			Polymer	Simula3on:	
Periodic	Boundary	Condi3ons	are	used	to	avoid	boundary	effects											



Entanglement	in	systems	employing	Periodic	Boundary	Condi3ons	



Free	chain	i:	all	the	red	curves	
	
Free	chain	J:	all	the	blue	curves	

The	Periodic	Linking	Number	

LKP		=		sum	of	Gauss	linking	numbers	between	an	image	of	I	and	all	the	images	of	J	
								



LKP(I,J)=L(I0,J0)+L(I0,J1)+L(I0,J2)+L(I0,J3)+L(I0,J4)+…..	

The	Periodic	Linking	Number	

Free	chain	i:	all	the	red	curves	
	
Free	chain	J:	all	the	blue	curves	



The	Periodic	Linking	Number	

LK_P		=		sum	of	Gauss	linking	numbers	between	an	image	of	I	and	all	the	images	of	J	
								

Closed	chains:	
LK_P	is	a	finite	sum	

Open	chains:	
LK_P	is	an	infinite	sum!	

Infinite	chains:	
LK_P	is	an	infinite	sum!	



The	Periodic	Linking	Number	

LK_P		=		sum	of	Gauss	linking	numbers	between	an	image	of	I	and	all	the	images	of	J	
								

Closed	chains:	
LK_P	is	a	finite	sum	

Open	chains:	
LK_P	converges*	

Infinite	chains:	
LK_P	converges*	

*Panagiotou	E.	2015,	J.	Comp.	Phys.	300	533-573	



over-crossings

under-crossings

Entanglement of the Polymer Chains



					MD	simula3on		
System	parameters*	

Bond	rest	length	=1	

Bond	rest	angle	=	pi	

Semiflexible	chains	
with	persistence	length	
1/5	of	the	length	of	the	
Simula3on	box	

Lennard-Jones	poten3al	to	impose	uncrossability	

Langevin	Theormostat	

*Panagiotou	E.,	Mille;	K.	C.	and	Atzberger,	P.	J.,	2017,(submi;ed)	



Oscillatory	shear	

Lees-Edwards	boundary	condi3ons	

Irving-Kirkwood	Method	

Do	this	for	increasing	frequency	of	oscilla3ons	
		Average	over	many	frequencies	of	oscilla3on	



Least	squares	fit	to	the	func3on:	

Storage	modulus	Loss	modulus	

(Sollid-like)	(Liquid-like)	

Phase	lag	
=	0	solid	

=	pi/2	liquid	



w0	

infinite	 open	



wI	

infinite	 open	



wII	

infinite	 open	



wIII	

infinite	 open	



            w0  
    (period T=16 tau_D)    

in�nite
 (t=6T)

  open
  (t=16T)

periodic system
unit cell unit cell

periodic system

            wI  
    (period T=16 tau_D)    

in�nite
 (t=6T)

  open
  (t=16T)

periodic system
unit cell unit cell

periodic system



            wII  
    (period T=16 tau_D)    

in�nite
 (t=6T)

  open
  (t=16T)

periodic system
unit cell unit cell

periodic system

            wIII  
    (period T=16 tau_D)    

in�nite
 (t=16T)

  open
  (t=16T)

periodic system
unit cell unit cell

periodic system



Oscillate	faster	



Oscillate	faster	



Solid	like	 Liquid	like	



Solid	like	 Liquid	like	



Use	the	Par33oned	Model*		

Next:	What	is	the	role	of	the	solvent?	
	

*Timalsina,	A.,	Hou,	G.	and	Wang,	J.	2018,	J.	Adv.	Appl.	Math..	3:	29	



Protein	Folding	Kine3cs	







decreasing	
folding	rate	

Max	LK(	Helix,	coil	)		

*Panagiotou,	E.	and	Plaxco,	K.	W.2018,	,	(submi;ed)	



Number	of	side	arms	

Length	of	side	arms	

By	varying	the		

Polymer	brushes	

Aim:	design	new	material	(supersoo,super-elas3c)		



Field	Theore3c	Simula3on	

S.	F.	Edwards	

w:	an	“auxiliary	field”	

A	Hubbard-Stratonovich-Edwards	transforma3on	is	used	to	convert	the	many-body		
Problem	into	a	sta3s3cal	field	theory	



The	effec3ve	hamiltonian	uses	the		single	chain	par33on	func3on	for	a	polymer	in		
an	imaginary	poten3al	field	iw	

Observables	can	be	expressed	as	averages	of	operators	Q[w]	with	complex	weight	
	exp(-H[w])	

Full	stochas3c	sampling	of	the	complex	field	theory	(FTS)	



An	example	of	a	field	configura3on	



The	real	part	of	the	Hamiltonian	as	a	func3on	of	the	number	of	arms		
for	a	fixed	Length	of	Arms	=	0.25*	

*Panagiotou,	E.,	Delaney,	K.	and	Fredrickson,	G.,.2018,	in	prepara3on	



Nema3c	Order	Parameter	



Isotropic	to	nema3c	order	transi3on		




