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Universal	Molar	Mass	Dependence
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Viscosity Diffusion	Coefficient

• polymer	dynamics	exhibit	universal	power	laws	with	M	

• what	is	the	molecular	origin	of	these	dependencies?

lo
g 1

0
μ

log10 M

PDMS

PIB

PE

PB

PMMA

PEG

PVA

PS

a	siloxane

μ ′ M

μ ′ M3.4

Mc

log10 M

lo
g 1

0
D

D ′ M∑1

D ′ M∑2

Mc

PE



Entanglement
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• polymer	chains	cannot	pass	through	one	another	by	simple	transla9onal	mo9on	

• such	topological	constraints	lead	to	the	forma9on	of	an	entanglement	network

• entanglements	are	origin	of	the	rubbery	state	formed	by	amorphous	polymers
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Repta9on
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• entangled	chains	can	s9ll	move	by	disentangling	over	9me	or	at	high	T

• this	snake-like	mo9on	is	called	“repta9on”	(from	reptare,	to	creep)

stressed	polymer	chain

disentanglement

relaxed	chain



Dynamics	of	an	Isolated	Chain	in	a	Solvent



Revision:	Rubber	Elas9city
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• rubber	elas9city	is	primarily	entropic	in	origin;	for	ideal	rubbers,	 !	

• the	restoring	force	arises	from	reduced	chain	configura9onal	entropy	during	stretching
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see	Exercise	7

Quan9fica9on	of	the	Elas9c	Force
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• like	a	spring,	the	chain	resists	stretching	or	compression	and	opposes	its	displacement

• the	entropy	of	an	ideal	polymer	chain	follows	a	Gaussian	distribu9on	of	end-to-end	distances:
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n
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Time-dependent	Response	of	Molten	Polymer	Chains
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• relaxa9on	9mes	depend	strongly	on	the	size	of	the	moving	segment

• local	rearrangements	are	fast	(controlled	by	the	nature	of	the	repeaHng	unit	itself)	

• global	equilibra9on	of	the	full	chain	that	is	much	slower	and	dependent	on	M
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Isolated	Chains	in	a	Solvent
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E = τ
η

= 3NkT

• the	viscoelasHc	response	of	a	dilute	soluHon	reflects	single-chain	dynamics	

• the	Rouse	model	represents	a	chain	with	 	bonds	of	length	 	as	 	beads	connected	 	springs	

• each	represents	a	Gaussian	subchain	of	 	bonds

n a m m ∑ 1
ns

mean-square	end-to-end	distance:

< R2
s > = nsa2 = n

m ∑ 1 a2

contrac9on	force	along	the	vector	 	:r i+1 ∑ r i

f = ∑ 3kT
nsa2 ( r i+1 ∑ r i)
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(see	exercise	7)



3kT
R2s

( r i ∑ r i∑1) + 3kT
R2s

( r i ∑ r i+1)

key	concept:	see	Reader	on	Rouse	Model

The	Rouse	Model	for	Unentangled	Polymers
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f = 3kT
R2n

( r i ∑ r i∑1) + 3kT
R2n

( r i ∑ r i+1) = 3kT
R2n

(2 r i ∑ r i∑1 ∑ r i+1) = ∑ κ
d r i

dt

• balance	between	elas9c	deforma9on	and	fric9onal	drag	on	each	bead	 :i

entropic	elas9city	due	to	deforma9on	of	
the	two	springs	 viscous	force

• for	a	whole	chain:	 	coupled	equa9ons;	solved	via	normal	mode	transforma9on;	

for	a	dilute	soluHon	containing	 	chains	per	volume,	we	get	 	independent	equaHons	with	soluHons:
m

Nm m

G(t) = NmkT
m

∑
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e∑ t
σp GΔ (t) = NmkT

m

∑
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α2σp2

1 + α2σp2
GΔ Δ (t) = NmkT

m

∑
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ασp

1 + α2σp2

σp = κR2
s

24kT
sin∑2( φp

2(m + 1) ) p = 1, 2, . . . , m− κm2R2
s

6φ2p2kT
, for m ≈ 1,p

• each	vibra9onal	mode	 	relaxes	on	its	own	9me	scale	 	(Rouse	relaxa9on	spectrum):p σp

f = 3kT
R2s

(2 r i ∑ r i∑1 ∑ r i+1)= ∑κ
d r i

dt
=



a

see	Reader	on	Rouse	Model

Rouse	Modes
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p = 0

κm2R2
n = κmnl2 = κ0n2l2 ′ M2

• Rouse	modes	describe	relaxa9on	on	different	length	scales:	higher	p							more	local	and	faster	relaxa9on	

• the	slowest	mode	(p	=	1)	defines	the	Rouse	relaxa9on	9me	( ),	which	scales	with	σ1 M2

polymer	chain	with	n	repeat	units

m	beads,	m	-	1	subchains	
	 	 	 	σ1 < σ2 < σ3

a

p	=	1

p	=	2

p	=	3
σp − κm2R2

s

6φ2p2kT
′ M2

p2

for m ≈ 1, p

• the	normal	modes	of	vibra9on	have	 	nodes	along	the	polymer	contourp

(slowest)



Rouse	Relaxa9on
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• stress	relaxes	exponen9ally;	the	overall	response	equals	the	sum	of	all	exponen9al	decays	

• for	 ,	faster	relaxa9on	modes	are	negligiblet ≡ σ1

• What	is	the	meaning	of	 ?	

• What	if	 ?	

• What	if	 ?

m

m ⋅ n

σ1 = ≠

(see	exercise	8)



Assump9ons	of	the	Rouse	Model
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• the	chain	is	treated	by	a	“bead	and	spring”	model	with	entropic	forces	between	beads	

• the	interac9on	with	surrounding	chains	(or	solvent)	is	described	by	a	fric9on	coefficient	 	

• hydrodynamic	interac9ons	are	neglected	(for	correc9ons,	see	the	Zimm	model)	

• the	chain	must	be	long	enough	for	Gaussian	sta9s9cs	

• valid	for	molar	masses	smaller	than	a	cri9cal	molar	mass	 	(no	entanglements)
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Europ.	Polym.	J.	2011,	47,	746-751.

Prac9cability	of	the	Rouse	Model
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• accurately	describes	unenntangled	melts	and	low	molar	mass	polymers

• predicts	the	same	terminal	behavior	as	the	Maxwell	model
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Limita9ons	of	the	Rouse	Approach
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D = kt
κm

= kt
κ0N

• fails	for	dilute	soluHons,	neglects	hydrodynamic	interacHons	(see	Zimm	for	a	more	accurate	theory)

• valid	only	for	short	9me	/	high	frequencies	or	for	low	molar	masses	

• it	cannot	describe	entanglement	or	plateau	behavior

Rouse	behavior observa9ons	

(from	dilute	soluHons)

σ1 ′ M2 σ1 ′ M3/2

D = kt
κm

= kt
κ0n

′ 1
M

D ′ 1
M1/2

	is	the	diffusion	coefficient	of	
the	centre	of	mass	of	the	chain
D


