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WhatOs a polymer bulk?

A condensed matter system where
structural units are macromolecule:



Polymers

Shape of a Macromolecule in the Bulk

P. J. Flory
Nobel Prize 1974

PATHWAY
OF A RANDOM WALK



MACROMOLECULAR STRUCTURE
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CHAIN: RANDOM COIL IN THE BULK

PACKING OF CHAINS: ‘LIQUID-LIKE’
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Large Scale Dynamics of Polymer Melts

| et Gaussian chains move!!

The Rouse Model
P. Rouse, J. ChenRIPh9S3) 1272
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The necessary coordination of the motions of different parts of
a polymer molecule is made the hasis of a theory of the linear
viscoelastic properties of dilute solutions of coiling polymers.
This is accomplished by use of the concept of the submolecule, a
portion of polymer chain long enough for the separation of its
ends to approximate a Gaussian probability distribution. The
configuration of a submolecule is specified in terms of the vector
which corresponds to its end-to-end separation. The configuration
of a molecule which contains N submolecules is described by
the corresponding set of N vectors,

The action of a velocity gradient disturbs the distribution of
configurations of the polymer molecules away from its equilibrium
form, storing free energy in the system. The coordinated thermal
motions of the segments cause the configurations to drift toward
their equilibrium distribution. The coordination is tuken into
account by the mathematical requirement that motions of the
atom which joins twe submolecules change the configurations of
hoth submolecules By means of an orthogonal transformation of

coordinates, the coordination of all the motions of the parts of -
2 molecule is resolved into a series of modes. Each mode has 2
characteristic reluxation time. The theory produces equations by
means of which the relaxation times, the components of the
complex viscosity, and the components of the complex rigidity
can be calculated from the steady flow viscosities of the solution
and the solvent, the molecular weight and concentration of the
polymer, and the absolute temperature.

Limitations of the theory may arise from the exclusion from
consideration of (1) very rapid relaxation processes involving :
segments shorter than the submolecule and (2) the obstruction
of the motion of 2 segment by other segments with which it
happens to be in contact. Another possible cause of disagreement
between the theory and experimental data is the polydispessity
of any actual polymer; this factor is important because the -
calculated relaxation times increase rapidly with increasing mole. -
cular weight.
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Macromolecular chain with short-range interactions i
Excluded volume interactions screene

) We define points ( ) along the chain
) 18 of coordlna’ge% X >

> Sub-chain bepaadni large enough

End-to-End distribution Gaussian
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The Rouse Moc

Macromolecular chain with short-range interactions i
Excluded volume interactions screene

We define points ( ) along the chain
of coordlnate% L ,,> .

Sub-chain bepaadni large enough

End-to-End distribution Gaussian

| | \2
Entropic contribution to the fre%ﬁné*r;%y( a=7)
3k T q N a°
Spring-like foree:=2"(r,, - 1))

—T
b2 J
MAPPING ONTO A OBEAD-SPRINGO-CHAIN




Large Scale Dynamics of Polymer Melts
The Rouse Moc

Rouse chain: target chain in a melt of similar chain
Intermolecular interactions: Mean-field approat

¥ Friction foreenstant friction coefficient

1!7 friction —n #d_l"
dt

25V ¥ Stochastic randony force:

¥ Friction related to the random force
(fluctuation-dissipation theorem)

(F(0)f (1)) = 68k, T ,6( ~1')

No correlation between random forces!!
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The Rouse Moc

The Rouse Equation of Motion
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Brownian motion of coupled oscillators
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The Rouse Moc

Transformation to Onormal coordinatesOt(Rouse mo

Independent equations of motion

1
— =0,1,..N-1
N (] )] P

Xp(t)— Er(t)cos >

1
r(t) = Xo(t) +2 p% Xp(t)Cos{%( j -5)]

X,(t1) center of mass of the 0@"&70‘)
X,(t) describes the motion of a subchain of éwavele|

and length- sc@;é)l/z
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The Rouse Equation in normal coordinates

dX (1)
dt

g, =--K,X,(1)+g,| Independent equation:
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b°& 2N
g, =(2-8,,)NE

|

5 S Jﬂp]
gp_NSj%fj(t)COS[ N



Large Scale Dynamics of Polymer Melts
The Rouse Moc

Correlation function of the Rouse modes
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Large Scale Dynamics of Polymer Melts
The Rouse Moc

b2
8NSin2(er/2N)

(X,(0X,0)=(%; <0>>6XP[‘;] (X2(0)) =

P

3k,T
&b

Relaxation timefs;,1 = 4Wsin2[f—ﬂ W Rouse rate

2
forp<<n | v~ (N) NoxM,=1,xM,

Large wave-l%)g&hslower relaxation times

7, (the slowest time) = the ORguse timeO
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The necessary coordination of the motions of different parts of
a polymer molecule is made the hasis of a theory of the linear
viscoelastic properties of dilute solutions of coiling polymers.
This is accomplished by use of the concept of the submolecule, a
portion of polymer chain long enough for the separation of its
ends to approximate a Gaussian probability distribution. The
configuration of a submolecule is specified in terms of the vector
which corresponds to its end-to-end separation. The configuration
of a molecule which contains N submolecules is described by
the corresponding set of N vectors,

The action of a velocity gradient disturbs the distribution of
configurations of the polymer molecules away from its equilibrium
form, storing free energy in the system. The coordinated thermal
motions of the segments cause the configurations to drift toward
their equilibrium distribution. The coordination is tuken into
account by the mathematical requirement that motions of the
atom which joins twe submolecules change the configurations of
hoth submolecules. By means of an orthogonal transformation of

coordinates, the coordination of all the motions of the parts of -
2 molecule is resolved into a series of modes. Each mode has 2
characteristic reluxation time. The theory produces equations by
means of which the relaxation times, the components of ths
complex viscosity, and the components of the complex rigidity
can be calculated from the steady flow viscosities of the solution
and the solvent, the molecular weight and concentration of the
polymer, and the absolute temperature, :

Limitations of the theory may arise from the exclusion from -
consideration of (1) very rapid relaxation processes involving :
segments shorter than the submolecule and (2) the obstruction
of the motion of 2 segment by other segments with which it -
happens to be in contact. Another possible cause of disagreerment
between the theory and experimental data is the polydispersity
of any actual polymer; this factor is important because the -
calculated relaxation times increase rapidly with increasing mole- -
cular weight.
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The Rouse Model: Experimental
Dynamics of End-to-Endryetat ()" n.(t)

RN(t)— 4;-'#1;( (t)coS £

p:odd )
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The Rouse Model: Experimental
Followin@ ()R« (0)) by dielectric spectroscopy

Molecular (electrical) dipoles of macromf)le"_eules

Most polymers: randomly orie ¥

= Y 1, =0 :
Ry

OType AO polymers: always samedi
" P#HR, _
P

(P(t)P(0))" (Ry(t)Ry(0)) can be followed by dielectric experir
7, experimentally determineaM., can be che



Large Scale Dynamics of Polymer Melts

The Rouse Model: Experimental

Followin@R. ()R, (0)) by dielectric spectroscopy

OType AO palymers: always sam%’ Pct‘f‘on
= P xR, l
*Polyisoprene Pl R
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The Rouse Model: Experimental
Following,)Ry(0) by DS
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The Rouse Model: Experimental
Followin@, (1R, (0)) by DS
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The Rouse Model: Experimental
Followin@R. ()R, (0)) by DS
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The Rouse Model: Experimental
Followin@. ()R, (0)) by DS
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The Rouse Model: Experimental

Followin@, (R, (0)) by DS Normal mode
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The Rouse Model: Experimental
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The necessary coordination of the motions of different parts of
a polymer molecule is made the hasis of a theory of the linear
viscoelastic properties of dilute solutions of coiling polymers.
This is accomplished by use of the concept of the submolecule, a
portion of polymer chain long enough for the separation of its
ends to approximate a Gaussian probability distribution. The
configuration of a submolecule is specified in terms of the vector
which corresponds to its end-to-end separation. The configuration
of a molecule which contains N submolecules is described by
the corresponding set of N vectors,

The action of a velocity gradient disturbs the distribution of
configurations of the polymer molecules away from its equilibrium
form, storing free energy in the system. The coordinated thermal
motions of the segments cause the configurations to drift toward
their equilibrium distribution. The coordination is tuken into
account by the mathematical requirement that motions of the
atom which joins twe submolecules change the configurations of
hoth submolecules. By means of an orthogonal transformation of

coordinates, the coordination of all the motions of the parts of -
2 molecule is resolved into a series of modes. Each mode has 2
characteristic reluxation time. The theory produces equations by
means of which the relaxation times, the components of the
complex viscosity, and the components of the complex rigidity
can be calculated from the steady flow viscosities of the solution
and the solvent, the molecular weight and concentration of the
polymer, and the absolute temperature. :

Limitations of the theory may arise from the exclusion from
consideration of (1) very rapid relaxation processes involving :
segments shorter than the submolecule and (2) the obstruction
of the motion of a segment by other segments with which it -
happens to be in contact. Another possible cause of disagreement
between the theory and experimental data is the polydispersity
of any actual polymer; this factor is important because the -
calculated relaxation times increase rapidly with increasing mole- -
cular weight.



Large Scale Dynamics of Polymer Melts

The Rouse Model: Experimental

Followin@ ()R (0)) by DS 1°°

(1N/1:0()_/M2
polyisoprene

CH 0|
[CHCH=C-@H |

Revisiting the molecular weight effects on dielectric relaxations of

Rous

7y

linear cis-polyisoprene 1,4 10_4 ’
Riedel Clement'?", Alegria Angel' , Tordjeman Philippe?, Colmenero Juan' 103

! Donostia International Physic Center, Paseo Manuel de Lardizabal, 4, 20008 Donostia — San
Sebastian (Gipuzkoa), Spain

10*

M, [g/mol]

10°

*Institut d’Electronique du Sud UMR5214, Université Montpellier 2 — CC/084, Place Eugéne .
Bataillon, 34095 Montpellier, France e O u S e I I l O e al S O r

* Correspondant author: riedel@ies.univ-montp?2. fr

very high molecular weight



Large Scale Dynamics of Polymer Melts
Entanglements: Experimental ev

Dynamic structure factor
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The necessary coordination of the motions of different parts of
a polymer molecule is made the hasis of a theory of the linear
viscoelastic properties of dilute solutions of coiling polymers.
This is accomplished by use of the concept of the submolecule, a
portion of polymer chain long enough for the separation of its
ends to approximate a Gaussian probability distribution. The
configuration of a submolecule is specified in terms of the vector
which corresponds to its end-to-end separation. The configuration
of a molecule which contains N submolecules is described by
the corresponding set of N vectors,

The action of a velocity gradient disturbs the distribution of
configurations of the polymer molecules away from its equilibrium
form, storing free energy in the system. The coordinated thermal
motions of the segments cause the configurations to drift toward
their equilibrium distribution. The coordination is tuken into
account by the mathematical requirement that motions of the
atom which joins twe submolecules change the configurations of
hoth submolecules By means of an orthogonal transformation of

coordinates, the coordination of all the motions of the parts of -
2 molecule is resolved into a series of modes. Each mode has 2
characteristic reluxation time. The theory produces equations by
means of which the relaxation times, the components of the
complex viscosity, and the components of the complex rigidity
can be calculated from the steady flow viscosities of the solution
and the solvent, the molecular weight and concentration of the
polymer, and the absolute temperature.
Limitations of the theory may arise from the exclusion from
consideration of (1) very rapid relaxation processes involving :
segments shorter than the submolecule and (2) the obstruction
of the motion of a segment by other segments with which it -
happens to be in contact. Another possible cause of disagreement
between the theory and experimental data is the polydispersity
of any actual polymer; this factor is important because the -
calculated relaxation times increase rapidly with increasing mole. -
cular weight.
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The Rouse Model: Experimental
SUMMARY

Rouse failaav,

Rouse approximations do not properly describe
the many-body interactions of a melt of long macron

Random forces acting on beads are likely
spatial- and time-correlated!



Large Scale Dynamics of Polymer Melts
Generalized Langevin Equatior

Models based on GLE: Renormalized Rouse Models

2
% W)~ S fders (vt OV (-8, + F (0
dt é’rj n o J
Problems:

How to construct a Memory function from first prir

Until now only phenomenological approaches
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Entanglements: tube/reptation |
The OtubeO concept

LetOs assume:

¥tagged chain mobile
¥rest of the chains (matrix) fixed

|

Chain motion restricted to a tube-like rec

/\/ d Tube diametef,.,

d__- 2" Inter-macro-
Q..« Molecular distances
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Entanglements: tube/reptation |

The OtubeO concept
P Vo

LetOs assume

¥tagged chain
¥rest of the

|

Chain motion

/\_/ d Tube diametat,, 0, " 14"

d = 2" Inter-macro- ;
Q...x Molecular distapndesA
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Entanglements: tube/reptation |

Edwards & deGennes

Real situation: | |
all chains move! Intermoleculartl)r]tteractlons,
1

ncrossa .
andu chain conngctlwty

|

FICTITIOUS TUBE along th
contour length of a tagged che
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Entanglements: tube/reptation |

Edwards & deGennes

Real situation: FICTITIOUS TUBE along the
all chains move! contour length of a tagged cha

The Otube® becomes ‘effective

FE A (G- (F0) ¢ (Rouse)

" # d* Independent!of
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Reptation Mode
Followingy (1)ry(0)) by DS

: 0 o

(RO) "ol & $)

Formally equal to the
Rouse expression but with



Large Scale Dynamics of Polymer Melts
Crossover from Rouse to Rej

Followin@, Ry (0) by DS "
| WM Reptatiol :
polyisoprene | Experimnt&

[CHCH=C-gH |

Rouse

Revisiting the molecular weight effects on dielectric relaxations of P -
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Sebastian (Gipuzkoa), Spain

*Institut d’Electronique du Sud UMR5214, Université Montpellier 2 — CC/084, Place Eugéne .
Bataillon, 34095 Montpellier, France e O u S e I I l O e al S O r
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High molecular weight crossover: Pure F

Followi ng?N (t)Ry (0)> by DS Rheol Acta (2010) 49:507-512
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Dashed line represents the cakulated conductivity contribution

to the diclectric losses for the PI1-320 sample Clément Riedel - Angel Alegria -
Philippe Tordjeman - Juan Colmenero
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Entanglements: tube/reptation |

Summary

¥ Tube/reptation models capture the main entanglem:

¥ Corrections are usually needed to describe experirmr
Contour length fluctuations
Constraint release

¥ However, whether the tube picture Is indeed correct
still remains a matter for debate
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Temperature dependse
Followin@®. ()R,(0) by DS and TSDC

polyisoprene
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[CHCH=C-g
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FIG. 2 (color online). From left to right: Times for chain
relaxation of PI400 (M,, = 400 kDa), PI320 (M,, = 320.2 kDa),

PRL 113, 078302 (2014) PHYSICAL REVIEW LETTERS 15 ek ending 4 PI82 (M,, = 82 kDa), PI53 (M,, = 53 kDa), PI19
(M,, = 19 kDa), PI10 (M,, = 10.5 kDa), PIl (M,, = 1.2 kDa),
Polymer Chain Dynamics: Evidence of Nonexponential Mode Relaxation Using Thermally and a relaxation of PI1 and PI82. Data for PI1 were shifted
Stimulated Depolarization Current Techniques —0.0004 in the x axis. Thick lines: times by TSDC curve analysis.
S. Arrese-Igor,' A. Alegrfa,"” and J. Colmenero’** Crosses X (0 for PI 1) times by BDS. Thin lines: fits of BDS
'Centro Fisica de Materiales (MPC), Centro Mixto CSIC-UPV/EHU, Paseo Manuel Lardizabal 5, 20018 San Sebastidn, Spain . . . v T . .

l“Deparmmenm de Fisica de Materiales UPV/EHU, Apartado 1072, 20080 San Sebastidn, Spain umesto a WLF (Qhaln) or VOgCl-FU]Ler'TaIn"lann Lquallon [2 1 ]

D e s 38 Nacch 3014 outtahed 14 g 201y " coestdn Spain (a relaxation; dashed line for PI1 and solid line for PI82).
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ACSMacro Letters)

pubs.acs.org/macroletters

Chain Dynamics on Crossing the Glass Transition: Nonequilibrium
Effects and Recovery of the Temperature Dependence of the
Structural Relaxation

S. Arrese»lgor,*'% A Alegria,%’t and J. Colmenero™#% N

Followin@. )Ry (0)) ando-relaxation by DS and TSDC
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Figure 2. Panel (a) t(T) for the p = 1 chain mode and a-relaxation of PI10 and (b) the ratio Tpet /1, (8) isothermal measurements; () variable rate

global TSDC; (=) PP-TSDC. The lines in (a) are WLF and VFT law fits of the isothermal measurements and their ratio in (b). Dashed and dotted
dashed lines in (b) show the power law description valid in limited ranges.



Chain dynamics: Determination of monomeric friction

Molecular Dynamics Simulations

Rouse Model fails at high-Q (short distances)

Local potentials and chain stiffness enter the gamell
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Chain dynamics: Determination of monomeric friction

Molecular Dynamics Simulations

Rouse Model fails at high-Q (short distances)

Friction depends on the wavelength of chain modes
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Large Scale Dynamics of Polymer Melts
Advanced Topic:
Followin@. ()R (0)) ando-relaxation by DS and TSDC

Normal Mode under confinement
‘Normal Mode In hanocomposites
*Type A polymers with non-linear architectures
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