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Polymer dynamics
Jasper van der Gucht

1

DNA translocation Protein folding DNA internal 
dynamics: 
gene 
transcription

Intracellular diffusion

Rate of biological processes
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Rheology, mixing, phase separation, processing

3

-Hindered rotation

- Energy barrier Ea, and De
depend on side groups

Large De Small De

Polymer conformations
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1. Average properties: Gaussian chain

2. The Langevin equation

3. Unentangled polymers: Rouse and Zimm models

4. Entangled polymers: reptation & tube model

Program
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The freely-jointed chain model

-Every bond can take any direction, 
independent of other bonds

- Length of each bond:   a

R
End-to-end vector: å=

i
iaR

=RAverage:

=2RMean-square:

Ideal chain: 0
2/1

0 aNR =

0
2
0Na

6



4

Real chains: interactions between monomers

Ideal chain (random 
walk) can intersect 
itself

Real chain cannot 
intersect itself: self-
avoiding walk; chain is 
swollen

Numerical simulation (3D): 
2/1~ NR vNR ~

V=0.588
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Effect of interactions

Good solvent

𝛽!"# > 0 𝛽!"# = 0 𝛽!"# < 0

Theta solvent Poor solvent

χ <
1
2

χ =
1
2

χ >
1
2

Swollen chain Ideal chain Collapsed chain
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Dynamics: the Langevin equation

Equation of motion of the particle (Langevin equation):

R
ext fvfam

!!!!
+-= z

inertia applied force friction

‘noise’ (collisions with 
solvent molecules)

Paul Langevin
(1872-1946)

Friction force vf fric
!!

z=

Friction coefficient: Rphz 6=
George Stokes
(1819-1903)

21

Properties of the random force: Fluctuation-dissipation theorem

0)( =tf R
!

Random force is due to collisions with solvent molecules
Rf
!

t0

very rapid fluctuations 
(no correlations for t ≠ t’) 

𝑓!(𝑡) & 𝑓!(𝑡′) = 𝐶𝛿(𝑡 − 𝑡")

22
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Properties of the random force: Fluctuation-dissipation theorem

0)( =tf R
!

Random force is due to collisions with solvent molecules
Rf
!

t0

very rapid fluctuations 
(no correlations for t ≠ t’) 

)'(6)'()( ttkTtftf RR -=× zd
!!

fluctuation - dissipation

23

Freely moving particle, overdamped dynamics

)()( tf
dt
trd R
!!

=z

Solution:

ò+=
t

R dttfrtr
0

0 ')'(1)(
!""

z

0')'(1)(
0

0 ==- ò
t

R dttfrtr
!""

z
Mean displacement:

24
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Freely moving particle (no external field)

)()( tf
dt
trd R
!!

=z

Solution:

ò+=
t

R dttfrtr
0

0 ')'(1)(
!""

z

( ) ÷÷
ø

ö
çç
è

æ
×÷÷
ø

ö
çç
è

æ
=- òò

t
R

t
R dttfdttfrtr

00

2
0 ")"(1')'(1)(

!!""

zz
Mean square 
displacement:

"')"()'(1

0 0
2 dtdttftf
t t

RRò ò ×=
!!

z

)"'(6 ttkT -zd

tkT
2

6
z
z

=
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Freely moving particle

( ) tkTrtr
z
6)( 2

0 =-
!!

Stokes-Einstein:

( ) Dtrtr 6)( 2
0 =-
!!

z
kTD =

Albert Einstein
(1879-1955)

kT
R

D
R zt

22

@@Time for particle to diffuse distance 
comparable to its own size:

26
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Rouse model for polymer chain
Bead-spring model

N beads connected by springs, 
each of root-mean-square size a

spring constant: 
2

3
a
kT

friction coefficient of one bead: 0z

27

Rouse model for polymer chain
Bead-spring model

Friction of whole chain: 

Diffusion coefficient: 
0zz N

kTkTD
R

R ==

Friction of one monomer: 

kT
Na

D
R

R
R

22
0

2
0 zt @@

Whole-chain relaxation time:

0z

0zz NR =

(ideal chains)

0
2/1

0 aNR =

28
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N beads connected by springs, 
each of root-mean-square size a

spring constant: 
2

3
a
kT

friction coefficient of one bead: 0z

Prince E. Rouse, 1953

( ) ( )[ ]iiii
R
i

i
i rrrr

a
kTf

dt
rd !!!!!!

-+-+= -+ 112
3z

i
i+1i-1

Equation of motion for monomer i:

for i=1,2,…, N

Internal modes: force between monomers
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Langevin equation for a Rouse chain

We obtain N coupled stochastic differential equations:
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3z

Can be solved by normal mode analysis (exercise)
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Solution of the Rouse model: normal modes

2

2

2
0

3 ÷÷
ø

ö
çç
è

æ
=

p
N

kT
a

p p
zt

pt
ppqqp eXtXX td /2)()0( -=

Xp
2 =

Na2

6π 2p2

rn (t) = X0 (t)+ 2 Xp(t)cos
pπn
2N

!

"
#

$

%
&

p=1

N

∑
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Spectrum of relaxation times

( )Np
p
N

kT
a

p !,2,1
3

2

2

2
0 =÷÷

ø

ö
çç
è

æ
=

p
zt

Spectrum of relaxation times:

Shortest relaxation time  ( p = N ):

kT
a
2

2
0

0 3p
zt =

Relaxation time of a monomer:

kT
a

D
a

mon

2
0

2

0
zt @@
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The spectrum of a Rouse chain

( )Np
p
N

kT
a

p !,2,1
3

2

2

2
0 =÷÷

ø

ö
çç
è

æ
=

p
zt

Spectrum of relaxation times:

Longest relaxation time  ( p = 1 ):

kT
Na

R 2

22
0

3p
zt =

Time needed for whole chain to diffuse 
a distance comparable to its size

kT
Na

D
R

R
R

22
0

2
0 zt @@

2
0Nt=
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The spectrum of a Rouse chain

( )Np
p
N

kT
a

p !,2,1
3

2

2

2
0 =÷÷

ø

ö
çç
è

æ
=

p
zt

Spectrum of relaxation times:

Mode p corresponds to collective 
motion of N/p monomers

2

0 ÷÷
ø

ö
çç
è

æ
=

p
N

p tt

Movements that involve more 
monomers are slower
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Relaxation of a stretched Rouse chain

Increasing time:
lower mode numbers

s 10
3

10
2

2
0

0
-@=

kT
a

p
zt

s 10 42
0

-@= NR tt

for N = 1000

35

Motion of monomers

How long does it take for a specific 
monomer to move a given distance ?

36
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Solution of Rouse model

( ) [ ]pt
N

p
nn e

N
pn

p
Nat

N
kTrtr tp

pz
/2

1
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2
2 1cos146)0()( -
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tlog

2log rD

1/2

0t Rt

1

37

38



15

Short times / small distances:  free motion, 
no constraints from other monomers

Longer times : larger displacements require 
collective motion of multiple monomers

Very long times : whole chain has to move

Motion of monomers

39

tkTr
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z
@D

( )
p
Nar p

22 @D t

N/p monomers are 
moving together

:0t<t free monomer diffusion:

:pt t»
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Motion of monomers
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tlog

2log rD

1/2

0t Rt

1

tkTtr
0

2 )(
z

@D

:0t<t :0 Rt tt <<

( )
2/1

0

22
÷÷
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ö
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è

æ
@D

t
tatr t

N
kTtr
0

2 )(
z

@D

:Rt t>

Motion of monomers

41

Visco-elasticity: stress tensor

Stress tensor (see e.g. Doi & Edwards):

�↵� =
c

N

NX

n=1

hRn↵Fn�i

=
c

N

3kT

a2

NX

n=1

h@rn↵
@n

@rn�
@n

i

G(t) =
V

kT
h�xy(0)�xy(t)iStress relaxation modulus:

42
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Solution of the Rouse model: relaxation modulus

Deformed chain: 
carries internal stress

Relaxed chain

Rouse result:

2

2

2
0

3 ÷÷
ø

ö
çç
è

æ
=

p
N

kT
a

p p
ztwith

c : monomer concentration

G(t) =
kT

V

NX

p=1


hXp(0)Xp(t)i

hX2
pi

�2

=
ckT

N

NX

p=1

exp

✓
�2t

⌧p

◆
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Relaxation modulus
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Does Rouse theory agree with experiment?

47

onset in flexibility due to conformational changes at the nucle-
osome level. Finally, we probed the role of the nucleosome
assembly chaperone Asf1p, which is involved in replication-
dependent and replication-independent chromatin assembly
(Loyola and Almouzni 2004). As for hho1 deletion mutant, the
labeled locus appeared to be more frequently central than in wild-
type nuclei, and its mobility was 2.2-fold increased. The Rouse
model therefore seems to account for the dynamics of chromo-
some loci in WT cells, as well as in hho1, asf1, and spt2 mutants,
suggesting that this approach is sufficiently generic to perform
systematic motion analyses.

Conclusion

We demonstrate that the motion of chromosome loci in living
yeast is characterized by anomalous subdiffusion with an expo-
nent of 0.52 over a temporal domain spanning more than four
orders of magnitude. We then show that this response, which
appears to be relevant for the analysis of WT and mutant cells, is
consistent with the Rouse dynamics. Because the Rouse regime is
characteristic of polymers in crowded environments, our result
strengthens the relevance of polymer models for the description
of the yeast genome (Gehlen et al. 2012; Tjong et al. 2012; Wong
et al. 2012). In addition, the Rouse dynamics is associated
with compact exploration, implying that chromosome loci ef-
ficiently search for nearby targets. We speculate that this prop-
erty guides chromosome interactions in cis and trans, and
envision that this hypothesis can be tested using BD simulations
in combination with Hi-C experiments aiming to evaluate the
number of chromosome contacts as a function of the genomic
distance. Furthermore, the amplitude of chromatin spatio-temporal
fluctuations shows that this polymer is flexible. Yet the cell-to-
cell variability of the amplitude of chromosome movements
only allows for a qualitative determination of the persistence
length of <30 nm. We propose that this variability is associated
with dynamic interactions between chromosomes, and future
BD simulations may confirm or invalidate this conjecture, in
turn, providing new insights on the statics and the dynamics of
the yeast genome.

The folding of interphase chromo-
somes in metazoans involves loops of var-
iable sizes defining topological domains of
0.2–5 Mb (Nora et al. 2012; Sexton et al.
2012). Because the dimension of these
domains, which can be described as
end-tethered chromosome fragments,
is consistent with the length of yeast
chromosome arms, we speculate that the
Rouse model is relevant to higher-order
eukaryotes. This model has recently been
implemented in numerical simulations
(Bohn and Heermann 2010), showing that
the dynamics of loop formation may in-
terfere with the segmental motion of hu-
man chromosomes, a hypothesis that re-
mains to be tested quantitatively in vivo.

Model

Dynamics

The motion of an end-tethered Rouse chain
can be studied analytically using normal

mode decomposition (Vandoolaeghe and Terentjev 2007), and the
MSD of the nth segment (MSDn) reads:

MSDn tð Þ

¼ 4Nb2

p2
+‘

p¼1

1

p2
1$ e

$t=tp

! "
sin2 ppn

N

# $
; ð3Þ

with tp the relaxation time of each mode tp = tR/p2 and tR = L2z/
3p2kBT the Rouse time identified as the longest relaxation time of
the chain. Note that this equation is valid in three dimensions
(3D), and its two-dimensional (2D) version is readily obtained with
a multiplication by 2/3, assuming that the motion is isotropic. The
temporal evolution of the MSD is plotted in Supplemental Figure
S4As. In the short time limit (t ! tR), Equation 3 is dominated by
the terms with large p, and it can be simplified to obtain Equation
2. In addition, the formalism described in Guérin et al. (2012) (see
details in the Supplemental Material) enables us to extract the
distribution of the displacement R for the nth segment after a time
lag t:

Pn R; tð Þ ¼ R

Cn tð Þ exp$ R2

2Cn tð Þ

( )

ð4Þ

Cn tð Þ ¼ 2b2

N
+N

p¼1sin2 p
np

Nþ1

! "

&
1$ exp $2zb2t

kBT
1$ cos p

p

Nþ1

! "% & !

1$ cos p
p

Nþ1

! "

8
>>>><

>>>>:

9
>>>>=

>>>>;

: ð5Þ

The movements of chromosomes, which were modeled by
a series of bead linked by springs or ball-in-socket joints, was also
analyzed by BD. The size of each bead was set to 15 nm in di-
ameter, and it was assumed to contain approximately three
nucleosomes, so that the full genome consists of 27,000 beads.
Chromosomes were constrained in a sphere of 2 mm in diameter,

Figure 6. Chromatin structural/modifying proteins and chromosome dynamics. (Left plot) The MSD
temporal evolution for a locus on chromosome XIV, genomic position 240 kb. (Black solid line) The wild-
type situation was identical to the Rouse response described in Figure 3A. The dynamic response
obtained in hho1 (red symbols), asf1 (blue symbols), and spt2 (purple symbols) mutant yeast. The two
dashed lines represent fits to the data with the Rouse model. (Right plot) Asf1p and Hho1p participate in
the nuclear localization of the tagged locus (the yellow and green bars correspond to central and pe-
ripheral localizations, respectively).

Chromatin dynamics in living yeasts

Genome Research 1835
www.genome.org
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analysis of these movements remains
controversial, and essentially two models
have been used: (1) Chromatin segments
were suggested to undergo normal Brow-
nian fluctuations at small time scales
and to be confined in regions of ;0.3
mm2 at time scales longer than ;100 sec
(Marshall et al. 1997); or (2) the move-
ment of GAL1-10 genes on chromosome
II appeared to follow an anomalous be-
havior characterized by a diffusion co-
efficient of ;0.4 (Cabal et al. 2006). This
anomalous behavior was also detected in
bacteria (Weber et al. 2010) and thor-
oughly studied using polymer models. In
yeast, the narrow temporal range of mea-
surements within less than two decades was
insufficient for a truly quantitative analysis
of chromatin dynamics.

Here we develop high-speed live
cell imaging and high-throughput image
analysis techniques to monitor the spatio-
temporal fluctuations over an extended
temporal range spanning more than four
decades (10!2–103 sec) of nine chromo-
some loci on chromosomes III, IV, XII, and XIV of the yeast Sac-
charomyces cerevisiae. We show that chromatin segments move
subdiffusively and that the characteristics of the anomalous re-
sponse are largely conserved for every locus distant by more than
;50 kb from TEL and CEN. Similar dynamic behavior was also
observed for two telomeric loci whenever they adopt a central lo-
calization in the nucleus, thus leading to a consistent picture for
chromosome movement within the entire nuclear volume. We
then demonstrate that these dynamics are consistent with the
Rouse model using BD simulations and statistical analysis of the
trajectories and suggest that chromatin is a flexible polymer in
yeast, characterized by a persistence length of <30 nm. Finally, we
show that the Rouse model is also relevant in mutants for proteins
involved in chromatin structure, and propose that this model de-
fines a consistent framework to study chromosome motion. Our
findings significantly advance the quantitative understanding of
chromosome dynamics and their implications for yeast genome
architecture.

Results and Discussion

The dynamics of chromosome loci are uniform throughout
the nucleus and anomalous over a broad temporal range

We assayed the dynamics of chromatin in a collection of yeast
strains each bearing a single fluorescently labeled chromatin locus
(see Methods for details). The labels were inserted on chromosomes
III, IV, XII, and XIV at loci distant from TEL and CEN (Figs. 1, 2A).
The chromosomes tested ranged in size from 300 kb to 1500 kb,
which is well suited to assess whether the dynamics are affected by
chromosome length. Motion was analyzed over a temporal range
spanning more than four decades (15 msec to 400 sec) (Fig. 2B). This
broad temporal analysis is more than two orders of magnitude larger
than in previous studies performed in living yeast (Heun et al. 2001;
Bystricky et al. 2004; Cabal et al. 2006) or in bacteria (Weber et al.
2010), and investigations on similar time domains were only con-
ducted in mammalian cells for telomere dynamics (Bronstein et al.

2009). The motion of chromosome loci was recorded using a bright-
field microscope and analyzed using a customized high-throughput
tracking software based on the Multiple-Target Tracing algorithm
(Supplemental Fig. S1; Sergé et al. 2008; Albert et al. 2013). Because
physical tethering of chromosomes may occur at the nuclear pe-
riphery (Heun et al. 2001; Hediger et al. 2002), the nucleus was di-
vided into two regions of equal surfaces, and every tracked locus was
automatically assigned to a central or peripheral localization based
on the segmentation of the first image of the acquisitions (see image
in Fig. 1).

We first focused on loci located in the nuclear center, far from
constraints imposed by the nuclear membrane, and representing
;60% of the observed positions (Fig. 2A). We then characterized
their motion by plotting the temporal evolution of the mean
square displacement (MSD), which describes the average dis-
placement after a given time lag t:

MSD tð Þ ¼ Æ ~r t þ tð Þ!~r tð Þð Þ2æ; ð1Þ

with~r the position vector, and Æ–æ denoting the temporal average.
We observed similar responses for every locus (data points in Fig.
2B), which appeared to fold onto a single master curve (solid line).
This curve follows an anomalous diffusive behavior over a broad
temporal range characterized by a power-law scaling response in ta

with a = 0.52 6 0.08 (a = 1 for normal diffusion). This result is
consistent with an earlier study describing the motion of GAL1-10
genes, which exhibited a nonlinear MSD response characterized by
an exponent of ;0.4 in the temporal range of 4–80 sec (Cabal et al.
2006), but it departs from other contributions showing normal
diffusion and a plateau in the long time limit (see, e.g., Heun et al.
2001). The anomalous subdiffusion response is associated with
a slow increase in MSD over time. Its persistence over an extended
period indicates that chromatin loci explore a broad region of
the nucleus of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:2 mm2

p
;450 nm in ;400 sec. This estimate is

consistent with the extent of ‘‘gene territories’’ of ;500 nm, which
are obtained by statistical mapping of the position of loci in cell
populations of ;2000 individuals (Berger et al. 2008).

Figure 1. Collection of loci used to monitor chromosome spatio-temporal dynamics. Arrows indicate
the genomic positions at which TetO or LacO repeats were inserted in four chromosomes. These loci are
also represented by orange spheres on the yeast nuclear map obtained by Hi-C (Duan et al. 2010). The
two purple circles represent the telomeres that were tracked with the same labeling technique, and the
green circles correspond to the centromere. The orange box corresponds to the rDNA locus, which
represents ;1 Mb of ribosomal DNA. The preferred localization of these loci was scored using a sub-
division of the nucleus into two regions of equal surface (orange and green for central and peripheral
localizations, respectively).

1830 Genome Research
www.genome.org

Hajjoul et al.
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Chromosome dynamics in living yeast cells
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Experiment: monomer motion
Track specifically labeled DNA with fluorescence correlation spectroscopy

I

t

double-
stranded DNA

0.5
1

single-
stranded DNA

0.68

2/12 ~)( ttrDRouse: 

50

Experiment: chain diffusion  (for ss-DNA)

Measure diffusion coefficient with dynamic 
light scattering or with video microscopy

LN
DR

1~1~Rouse: 

0.6
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Experiment: relaxation modulus

( )1012/12/1 ~)("~)('~)( --- <<® twtwww RGGttG

0.67
1/2

1-= Rtw

polybutadiene melt

52

Rouse model is wrong for dilute flexible polymers!

Why ?

Hydrodynamic coupling between monomers

If one bead moves, it drags along the nearby 
solvent molecules and creates a flow field

ij
ij

hyd
ij r

rvf 1~)(z@

r
avrv )0()( @

This leads to a solvent-mediated force on 
other particles

53
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Langevin equation for a chain with hydrodynamic interactions

( ) ( )[ ] )(3
1

112 ij

N

j

hyd
ijiiii

R
i

i
i rrfrrrr

a
kTf

dt
rd !!!!!!!!!

-+-+-+= å
=

-+z

Now all bead motions become coupled :
Very complicated problem !

Bruno H. Zimm
(1920 – 2005)

Can be solved approximately by 
pre-averaging positions 
(Zimm,  1956)

54

The importance of hydrodynamic interactions

å -×
j

v

coilij

hyd
tot N

R
N

r
f 1~1~1~

(Very crude estimate)

Total hydrodynamic force on particle i :

For long polymers the hydrodynamic interactions are very important !

(Note: less important for  stiff chains, v » 1 )

Result : 
effectively all solvent is dragged along; chain behaves as solid sphere

good solvent: n  =3/5, theta solvent: n =1/2

55
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Zimm chain: trapped solvent

Friction of sphere: RsZ hz @

Diffusion coefficient: vv
sZ

Z N
kT

aN
kTkTD

0zhz
@@=

vaNR @2

î
í
ì

=
solvent) (good

solvent) (theta

       3/5
      2/1

v
0.6

(Stokes)
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Zimm chains

( )1013/2

3/2

~)("~)('
~)(

--

-

<< twtwww ZGG
ttG

Visco-elasticity (theta solvent):

2/3

Longest relaxation time: time 
needed for chain to diffuse its 
own size

( )
v

v

v

Z
Z N

NkT
Na

D
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0
0
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/
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Zimm chains: monomer motion

(exercise)
(faster than Rouse)( )Zttatr tt

t
<<÷÷

ø

ö
çç
è

æ
@D 0

3/2

0

22 )(

double-
stranded DNA:
Rouse

0.5
1

single-
stranded DNA:
Zimm

0.68

58

Dynamics of unentangled chains: Rouse versus Zimm

Rouse model

• no hydrodynamic coupling (free 
draining

• works for stiff polymers

• works in melts and concentrated 
solutions: screening of 
hydrodynamic interactions

Zimm model

• strong hydrodynamic coupling 
(no-draining)

• works for flexible polymers in 
dilute solution

59
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Entangled polymers

60

Concentrated polymer solutions: slow dynamics

Rubber plateau

At short times, polymer melts behave as elastic networks

'G

''G
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Concentrated polymer solutions: entanglements
Entanglements act as temporary cross-links

kTvG ee @

# entanglements per unit volume

How much is ve ?

Plateau modulus:

e
e Na
v 11

3@Polymer melt:

# polymer-polymer 
contacts per unit 
volume

Average number of Kuhn 
segments between 
entanglements

10010~ -eNExperimentally found: (independent of molar mass)

62

Tube model

Photo with long 
exposure time

63
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Escaping from the tube : reptation

P.G. De Gennes
1971

• Chain does a 1D 
curvilinear diffusion 
inside the tube

• Relaxation time: time needed to diffuse out of tube: 

tube

tube
rep D

L2
@t

64

Tube length

d Distance between entanglements

2/1
eaNd @ (ideal chain)

What is the length Ltube of the tube ?

2/1
ee

tube N
aN

N
NdL @@

e
tube N

NdL @
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Reptation time

• Tube diffusion coefficient (Rouse): 

0zN
kTDtube @

• Relaxation time:

eetube

tube
rep N

N
kTN
Na

D
L 3

0

32
0

2

tzt @@@

kT
a20

0
zt =with

s 100-01~ 3-
rept

66

Observing reptating chains

Kas, Strey & Sackman
Nature 1994

Actin solution: hour 1~rept

Perkins, Quake, Smith & Chu
Science 1994

Labeled DNA in solution of 
unlabeled DNA; optical tweezer: 

67
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Self-diffusion coefficient of a polymer in a melt

Chain moves distance of order R in a time trep:R
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Visco-elasticity

Masao Doi & Sam Edwards, 1978:

step strain at t = 0

relaxation at t > 0
relaxation modulus: fraction of chain 
not yet escaped
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Stress relaxation modulus after step strain

Rubber Plateau:
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Short times: chains do not feel tube
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The viscosity of a polymer melt

Boltzmann superposition principle:
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Reptation theory: 3~Mh

Experiment: 4.3~ Mh
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Modifications to reptation theory: constraint release

De Gennes 1975
(reptation of surrounding chains)

72

Dynamics of entangled stars

De Gennes 1975

Dynamics of Entangled StarsDynamics of Entangled Stars
The concept of arm retraction for entangled stars 
was introduced by 

The arm retraction potential was assumed to be linear
- section with K monomers is retracting along 
its primitive path   U ~ kT K/Ne

de Gennes in 1975

Retraction time for arm section 

Exponential dependence 
of arm retraction time 
on number of entanglements 
ττττarm ~ exp(Na/Ne) 
was estimated correctly.

Retraction time for arm section 
with K monomers ττττ ~ exp(K/Ne) 
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Arm retraction:
activated process

⌧ ⇠ exp (Uret/kT )

⌧ ⇠ exp (�Na)

Dynamics of Entangled StarsDynamics of Entangled Stars
The concept of arm retraction for entangled stars 
was introduced by 

The arm retraction potential was assumed to be linear
- section with K monomers is retracting along 
its primitive path   U ~ kT K/Ne

de Gennes in 1975

Retraction time for arm section 

Exponential dependence 
of arm retraction time 
on number of entanglements 
ττττarm ~ exp(Na/Ne) 
was estimated correctly.

Retraction time for arm section 
with K monomers ττττ ~ exp(K/Ne) 
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Modifications to reptation theory: from 3 to 3.4

Tube length fluctuations also 
for linear chains

Chain contracts in tube (other 
Rouse modes)

(Doi 1981)

Tube length fluctuations and constraint release 
modify viscosity exponent from 3 to 3.4!
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Time temperature superposition

75



32

Effect of temperature

Rouse: 𝜏! = 𝜏#𝑁$

Zimm: 𝜏% = 𝜏#𝑁&'

Reptation: 𝜏()* = 𝜏#
𝑁&

𝑁)

𝜏# ≈
𝜁𝑎$

𝑘𝑇
~
𝜁
𝑇

Modulus: 𝐺~𝜌𝑇

Viscosity: 𝜂 ≈ 𝐺𝜏~𝜌𝜁

Relaxation time: 𝜏~
𝜁
𝑇

Monomer time:

Reference temperature 𝑇#: 𝑎+ =
𝜁𝑇#
𝜁#𝑇

𝑏+ =
𝜌𝑇
𝜌#𝑇#
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Temperature dependence 
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