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Introduction

Why DRS to study polymer systems?

1. Polymers show various relaxation phenomena
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Introduction - Why DRS to study polymer systems?

2. They are (more or less) insulators
- Losses due to molecular relaxations >> electrical conduction

DRS easily to use and powerful technigue (extremely broad
dynamic range - Broadband Dielectric Spectroscopy)

4. Many other reasons

|
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Relaxations in polymer materials

More introduction:

DRS basic theory (see also previous lectures) [link]

Various representation of complex dielectric spectra [link]

Classification of relaxation processes (classical denotation)

Dipoles in polymers (part Il of this lecture)
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Classification of relaxation processes

Classical denotation

A
loss o

Primary relaxation
<—— = dynamic glass transition

[ O

secondary relaxation, usually sub-T, processes

=>» Widely accepted schema for amorphous polymers

e



Classification of relaxation processes

Deviations from this “standard” notation

Case 1: some semi-crystalline polymers (PE, PP)

A

loss B

<« Primary relaxation
= dynamic glass transition

-
Here, a-relaxation relates to molecular relaxation in
crystalline phase (rotator-phase mode)

e




Classification of relaxation processes

Deviations from this “standard” notation

Case 2: liquid-crystalline polymers

A

loss

i Primary relaxation
= dynamic glass transition

-
Very confusing denotation, see later...

e




Outline

e Part 1: Polymer dynamics as “seen” by Dielectric

Spectroscopy

e Length- and time scales of dynamic processes in polymers

e Relaxation phenomena in various polymer architectures

e Part 2: DRS using dielectric probes

e Part 3: Dielectric relaxations in nano-compaosites

—> Separate lecture on Friday
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Polymer dynamics: Length- and time scales

Large 10 m material
Slow 10%s )
properties
interfaces
boundaries
interactions

organisation

molecular
structure

Mesoscopic

Molecular

Small 1019m
Fast 1012s
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Polymer dynamics: molecular vibrations

Fast dynamics — molecular vibrations (t < 1012s)

trajectory of a carbon atom in a dense
liquid (T>T,)

vibrational displacements around

/Jliscrete (lattice) positions x

jumps between discrete (lattice) positions = slower
than vibrational motions




Polymer dynamics: molecular vibrations

Fast dynamics — molecular vibrations (t < 10-12s)

acid/ester

molety \ o
~

A/

1780

anhydride
moiety

J a
()]
Q
c
g 4
£
7]
c
g -
T
2000 1900
|

T
1800 1700
wavenumber /cm™

T
1600

1500

FTIR absorption spectrum of two LC
polymers 6 (a) en 9-3 (b).

(CHz)4 OCHg
=S,
93%(0“2)4 OCH3
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Polymer dynamics: relaxation processes

Relation between polymer dynamics and dielectric relaxations

. segmental motions chain relaxation
local motions, e.g. dynamic glass transition i
simple bond rotations (dy J ) (Rouse, Reptation)
2<E<10nm 10 <& <200 nm

increasing relaxation time, characteristic length scale ‘

|
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1. Local Relaxation Processes

Local processes (t > 10-12s)

______________________ A
. / Energy U

rotation angle

 discrete rotations of bonds resulting in local conformational
changes

« possible in liquid, amorphous solid and crystalline state

R




1. Local Relaxation Processes

Temperature dependence of relaxation time: Arrheniuslaw
-> thermal activation of 1

(Hz)

max

_ P-process

log f*

‘ ‘ T-dependence 1(T) of o and B-

4 5  process in a poly(ether ester)
1000/T (1/K) [Mertens et al. 1999, pol. 1a]

|
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2. Segmental dynamics — dynamic glass transition

Medium slow — fast dynamics : glass transition (104s < t < 1019s)

cooperative motions of a few monomer units (polymer
segments) at T>T

T )




2. Segmental dynamics — dynamic glass transition

ohmic conduction

e A A
% 7

e AL

Wi

e |

- ey ~ — =] —_ 2] ae]

o o 2 02 = = 9=

typical f-T-dependence of an amorphous polymer
o-process = main-relaxation

100.0

50.0

0.0

segmental relaxations

Temperature

-50.0

-100.0

10°

Frequency

(dynamic glass transition)
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2. Segmental dynamics — dynamic glass transition

Curved 1(T) vs. 1/T dependence: Vogel-Fulcher-Tammann law (VFT)

(M)=r1, exp(— k(TEl/T )j

 typical for dynamics of
supercooled liquids (glass-
forming materials) : a-relaxation

* (glass transition temperature T
usually T, + 50K

WLF <- VFT equation

Rationalization of VFT law:

Temperature dependent length scale
E=E(T) of cooperatively rearranging
regions (CRR) (Adam and Gibbs, 1965)

A%
2

T [s]

2
%
Ko
0
X
¢\
\“‘
X/

1,2-propanediol

3.0 4.0

5.0 6.0
1000/T
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3. Whole chain dynamics

Slow dynamics involving reconfiguration of whole chains = viscosity

For very long chains (M,, > 20000g/mol) high morelaxation of an
entanglement network

PMMA film, 10x stretched just above T,

=R

heating again to T > T retraction of the film to original size

10 < £ <200 nm

|
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3. Whole chain dynamics — Normal relaxation

End-to-end vector fluctuations cause dielectric normal relaxation
—> chain relaxation = self-diffusion of whole polymer chain

1010
10°
107
107
10°
10°
10*

10°

wi2r [s7]

10°
10’
10°

107

Q-pProcesses

25 30 35 40 45
17T [10°%K 1]

50

T, depends on molecular mass M

v=23.7 for M > 104

zocM v =2 for M < 104
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Relaxation phenomena in various polymer architectures

Numerous polymer architectures known, e.g.:

« Linear chain polymers (Polyolefines, PS, PC, PMMA...)
e Side-group polymers

* (hyper)branched polymers, polymer networks

e Copolymers, e.g. random and block-CP’s

Classification based on functionality:

* Liquid-crystalline polymers
* Polyelectrolytes, Polymer electrolytes
* Ferro-, piezo-, pyroelectric and NLO-active polymers

* Polyamphiphilics....
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Relaxation Processes in specific polymers

Linear polymers, flexible:

» poly(ethylene) - PE
» poly(dimethylsiloxane) — PDMS

» poly(ethylene oxide) _ . :
. Bisphenol-A PC These architecture might result in

 Amorphous polymers

o Semi-crystalline polymers
* aromatic polyesters (PET, PEN) « Liquid crystalline polymers
 Vectra

Linear polymers, (semi) stiff:

Side-group polymers

* polystyrene — PS

» poly(methyl methacrylate) - PMMA
» polysiloxane, functionalized

» aliphatic polycarbonates

|
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Linear, flexible polymers

Low density polyethylene (LDPE)

+GHE_GH2+
n

107 ¢ Ty ~-35°C
L LDPE + x% DBANS 0%
0.1%

0.5% . . . .
1.0% no intrinsic dipole moment

—> only weak dielectric
relaxations due to
partial oxidation (C=0)
dielectric probes

> @ O

T[°C]

Linear, flexible polymers

e




Amorphous, linear flexible polymers

Bisphenol A Polycarbonate

O ECoton:

BPA-PC

log(x [s])
&

E,: 41 kd/mol
log(z [3]): -15.4

o
T

T, = 155°C

B-relaxation involves

2.0 4.0 6.0 8.0 several backbone bonds
1000/T

2 I | I |

e




Amorphous, linear flexible polymers

PDMS No explicite dielectric -
process found

T

-10

T, =-130°C

log(x [s])
(o)}

1000/T [1/K]

N
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Amorphous, linear flexible polymers

Poly(ether esters) /_(\ /j_\
o \0] oc\—
4]

0.1 ¢
7 I\ = —(CHy)y— or or —CH,{(OCH,CH,)sCH;—
T 001 - 3a 3b 3¢
I y-process: twist motion of
ether groups
. 0.50
0001 I I | I I | I I | I I
120 170 220 270 320

temperature [K]
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Linear, semi-stiff polymers

Aromatic polyesters, PET and PEN - semicrystalline

0 0 0 —
[ | i
+D—CH2—EH2—D—C4®—C+ ——CH,-CH,-0-C \ \ 0
: M—&-0-)—
1¢ =
PEN
o1l PEN:
loss | PET additional process
’ between o and B-relaxation
0.01 3
2 |

0.001 1 1 1 1 1 1
-150 -100 -50 0 50 100 150 200

Temperature [°C]

e )




Linear, semi-stiff polymers

Aromatic polyesters, PET and PEN

=0

1¢ OO Do e
r AN
: 5
0.1 ¢
= r
=
é L
o
0.01 ¢
0.001 | | | | | |

-150 -100 -50 0 50 100 150 200
Temperature [°C]

e )




Linear, semi-stiff polymers

Aromatic polyesters (3) — Vectra B950

—r

- log(t, (s))

2.0 215 3:0 3|.5 4:0 4I.5 5.0
1000/T (K)

E, [kJ/mol] | log(t,)
5 41 -11.5
Y 71 -13.7
B 131 -21.0

3 Arrhenius processes,

but only 2 of them are local

relaxations

September 16, 2009
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Linear, semi-stiff polymers

Analysis of bond rotation contributions

Vectra B950

e



Amorphous, linear side-group polymers

Atactic Polystyrene 10 ¢
o o
® 0.5% a
& 1.0%
8 N g 102

PS + 1% pNA, o
PS + 10 pNA. §*
PS + 0.5% pNA, o
PS + 0:5% pNA. p-
PS + 0.25% pNA, o
PS + 0.25% pNA., §*
PS + 0'1% pNA, &
PS + 019 pNA,
PS + 0.1% DBANS, B a3
PS + 0.5% DBANS, § 10
PS + 1% DBANS, p

PS + x% DBANS

log(z [s])
o)
>CO<LO00«44P» P OO0

‘4 [ >
2 F
10 -4 T T I
-150 -100 -50 0 50 100 150 200
0r T [°C]
2 H

1000/T _'{_'5_'3"'2#

B-process: E, ~ 25 kJ/mol # |
crankshaft mechanism Sy

e )




Amorphous, linear side-group polymers

Side-group polysiloxane

Me Me Me

MesSiO S;i—o—s;i—o—“i—o SiMe.t-Bu
Me Me |

log(x [s])

SiMe,*,
0
SiMe;

(CH2)
. I .
'\‘ CH3 .:.

Ll M
T T
n nu
o

1000/T [1/K]

B-process: E, ~ 20 kd/mol
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Amorphous, linear side-group polymers

File: PSI-00C.DAT

JMIMN: —135.0000
JMAX:  100.0000
: 0.0751

: 1000000.0000
: 0.0100
friéa 1000.0000

Polysilane

"
Jrﬁ,,/\ojr\/o}st

loss E
=

o0 ot
QIR oz Tl
f#ﬁ#**%‘@%“ S WA
ARSI, SO e+ 85
*i#*;*nm*:*ﬁg‘éf* R

St
T AU A J O O
i *tf*#tft&ﬂﬁH"##HM; i, i & 4“"#‘1

e S S

e R

N B A YL AR T S L LAV R AR A

hath
g
R

100.0

10 = —100.0 Temper ature
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Amorphous, linear side-group polymers

Poly(methyl methacrylate), PMMA

E,: 109 kd/mol a-PMMA
log(z [s]): -19.6

log(x [s])
&

80 kJ/mol
log(z [s]): -15.6

~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~

0 dielectric B-process
2y e a0 s E, [kd/mol] | log(zy)
1000/T B 80 '156
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Amorphous, linear side-group polymers

Poly(methyl methacrylate), PMMA

a (isotactic)
0.1

—
N
T (00000
1 YOSk N ey
o
%°] %
c
G . o AR
+= '_--" B

vV i-PMMA, 58 nm

Y a-PMMA, 158 nm

¢ s-PMMA, 79 nm

001\\\\\\\\\\\\\\\\\\\\\\\\\\\\
-25 0 25 50 75 100 125

Temperature [°C]

log(z [s])

-6
- © o (a-PMMA)

5 r ® o (s-PMMA)
i A o (-PMMA)

® §(i-PMMA)

-4 Y B (s-PMMA)
- v B (a-PMMA)

_3 =

Al %

_1 - a

O -

1 | | |

2.0 2.4 2.8 3.2 3.6 4.0

1000/T [1/K]

large influence of stereoregularity: i-PMMA: E, ~ 70kJ/mol
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Amorphous, linear side-group polymers

Molecular mechanism of dielectric 3-process

CHj
E, =70.0 kJ/mol |
z 4 [[CH2-C-]p B, cooperative
o | (|: _ process
2 3+ R s I involving the
|, backbone
oL E, = 82.3 kJ/mol TN CHj
s-PMMA, M, = 145000 “w---" B noncooperative
aF o 79mm process
v 9.0nm
v 8.8nm ) .
ol—— 2 main components contribute to
2.5 3.0 3.5

dielectric B-process in PMMA
1000/T [1/K]

e )




Liquid crystalline polymers

Liquid crystalline polycarbonates

.
MMWMH
QR

R RS R s
R
‘Q’. RS KIS
R R R 592
ONNN‘.:&::‘;;‘:\‘\*“““-*?&
ARG
LRRRY

SESS S SR
% AT ) AT Y
S Y S S A R AR A 5 o
Sl S5 PSS > S SR KR Y
RN e W e et vse: =l N
“FRSETRA ‘v“‘\(\"‘o'o“’,o‘ N y
A SIS
21 %) SIS =
Ritasies <3 o‘-".’:‘.’:‘ SRS
>
A S

NO

S
(=
T T T VT Ui ¢TI

10”150 0 -100.0 . Temperature
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Liquid crystalline polymers
Brn

Liguid crystalline polycarbonates (2)

U

0
0
2 |
Y fCHZ)m
o}
-4
o
[N
-6
~
8 O
210 = a NO
2.00 2.50 3.00 3.50 4.00 4.50 5.00
1000/T

3 VFT-type relaxations (related to segmental dynamics) !

Symbols A, and A, introduced for clarity
KATHOLIEKE UNIVERSITEIT
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Liquid crystalline polymers - Polysiloxanes

IYIe IYIe Me
Me3Sio ﬁi—o—?i—o— i— SiMest-Bu
Me Me /
n

1

?iMez
?
?IMGZ
T
iMe2 O
e, ()
(CH2)p
CHs O
2 p=4
3p=9 CN

O_<Me IYIe Iyle
Me3Si ?Fo—?i—o—;i— SiMe,t-Bu s
Me Me

n

4 CB10, m = 10
5 CB10g7CB5g 3
6 CB10g5CB5 s
7 CB5, m=5

10!

10°

10"

ARG Sy
.- :~ A \&%@\\\\\

o

“\‘7\

sl
R LR

R

»
R
N

-100.0 Temperature
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Liquid crystalline polymers - Polysiloxanes

Again, 3 VFT-type
relaxations observed

log(z [s])

1000/T [1/K]

c-relaxation

rotational and
translational
diffusion of
mesogens

Our present
Interpretation schema

September 16, 2009 40
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Dielectric probes: a powerful tool for the study of
glass transition dynamics in apolar polymers in bulk
and ultra-thin film geometry

Michael Wiibbenhorst

Co-authors:
S. Napolitano, K. Kessairi, S. Capaccioli

Lab. voor Akoestiek en Thermische Fysica, Katholieke Universiteit Leuven, Celestijnenlaan 200D, B-3001 Leuven
PolyLab-CNR and Dipartimento di Fisica, Universita di Pisa, Largo. B. Pontecorvo 3, Pisa, 56127, Italy
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Outline

e Dielectric probes — why do we need them ?
e First applications

» Effect of probe length on dielectric response
e Polystyrene — molecular mass effects

e Dielectric probes in ultrathin polymer films

e Summary & conclusions
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Motivation

Dielectric spectroscopy

» Versatile tool for study of molecular dynamics in condensed matter
» Exceptionally large frequency range: 10-° — 1012 Hz are possible
* Increasing popularity due to availability of “turn-key” instrumentation for

more than 15 years

One essential prerequisite

molecular dipoles

i

Orientational polarisation

a— t .

- £, POV No field
‘- -: ff OO . ‘—E
Dipole Atomic Electronic
orientational
Olo
<
=
=
P — ]
; ____________________ |
) \ Oy i
=9 Ole I
z |
§ | | I L I i !
102 10¢ 10° 1012 103 ! 10'8
Frequency (Hz)
<)
Relaxation phenomena IR VIS/UV
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Dipole moments

Some dipole moments of simple molecules

Compound Dipole moment
x 103 Cm i )
H,0 61 Dipole moments in polymers
HF 6.4
HCI 3.6 PVC .-
HBr 2.6 Ho C-Cl
CH4 O /C\ | u
CCly 0 I cl:/
CO, 0 cl
NH3 4.9
CHsCl 5.3
C,HsOH 5.7 PHVDF )
(C2Hs)20 3.8 | F ~ C_ .
CoHsCl 5.7 _Cl_ e T\F
CeHsNO, 14.0 Lg

Unfortunately, there are several interesting systems that lack strong
polar groups, e.g. PE, PP and PS - introduction of dipoles necessary

KATHOLIEKE UNIVERSITEIT



Outline

e Dielectric probes — why do we need them ?
e First applications of dielectric probes

» Effect of probe length on dielectric response
e Polystyrene — molecular mass effects

e Dielectric probes in ultrathin polymer films

e Summary & conclusions
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DBANS in apolar polymers

« Synthesis of DBANS (O. van den Berg)

» Both fluorescent and strong dipole moment

« Compatible with aromatic and aliphatic

environment

2.60
E
“w

2.50

2.40

PS + x% DBANS \
230 I R S T N TN TR S S T SO N S llll_ Illl.l‘
0 50 100 150 200
T[°C]

O. van den Berg, W. G. F. Sengers, W. F.
Jager, S. J. Picken, and M. Wibbenhorst,
Macromolecules, vol. 37, pp. 2460-2470, 2004.

T[°C]

Rigid core Flexible tails
(/’opm
“\_‘_____‘.________d__d_-f-"'
2.75
¥ 0%
9 01%
* 0.5%
2.50 B & 10%
= oes
225 -
TC
W
2.00 - !
LDPE + x% DBANS
175 TN T Y T T T T S N | NN N N Y TR T T B |
-150 -100 -50 0 50 100 150
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DBANS in apolar polymers

. . . . 10-1 =
Various polymer/probe combinations: ot ot DBANS e
" o —®— 05%
€ . —5— 1.0%
)
1071 ¢ 1072 ¢ )
: guﬁ{j% : .\f\A\
S 08% |sotactic PP 1~ kY .
O S
e r 103 g /AOVVVWVVVWSE{ A Oo‘o AAAA
/q’v’ Q EN 0™ R
; 'g‘“/ REA péé{ e
/. AAAA
st
10_3 _ .,o' 00.0? Epgge\:/o\ g
N 10_4“‘1““”17 PN S T T T N A B
-150 -100 -50 0 50 100 150 200
aees Temperature [°C]
10 SN : - 10
150 -100 -50 O 50 100 150 200 " LDPE + x% DBANS © 0%
TIC] S
PS + DBANS:
- weak intrinsic polarity of pure PS | DPE:
almost no detect-
ON Q /_/7 able a-process in
\ Q N pure PE!
5 \_\_ 150 100 50 O 50 100 150 200
T[°C]
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DBANS in apolar polymers

Proof of linearity between Ag and c,,;qpe

0.20

FE + 0%DBANS

FE + 0.11%DBANS
FE + 0.5%DBANS
FE + 1.0%DBANS
FS + D%DBANS

FS + 01%0DBANMS
FS + 0.5%0DBANS
FS +1.0%DBANS
= PP + 0% DBANS

FP + 0.1% DBANS
FF + 0.5% DBANS
FF + 1.0% DBANS

015 1

Ae
log(z [s])

010

005 [

0= | O0<[>®0«<drkme

00 02 04 06 08 10 12
[DBANS] (% m/m)

2.0 3.0 4.0 5.0
1000/T

Excellent reproducibility of structural relation time for all systems
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Characterization of immiscible polymer blends

Dielectric probes in more complex systems:

Binary blends of PE and PP

-100

W. G. F. Sengers, O. van den Berg, M. Wubbenhorst, and A. D. Gaotsis,
"Mapping of relaxation processes in immiscible apolar polymer blends using

100
Temperature (°C)

dielectric spectroscopy," Polymer, vol. 46, pp. 6064-6074, 2005.

'
.-lIlll.ull"'-

= o _ooenon *% o
v Wt
N

B s “n
Bogg, qngﬁilé .“/' "
.ngnﬁ%; . .\\ l
-n / .lli\-

/ o PET5PP25

102 10°® 10* 10% 10% 107

Peo Boe  *
. Voo

"y .
CLLLT -t tre,.”
'l

. i

o LR L L
ot ]
-

e PE___

& PESOPP50
B PE25PPT5

PP
HN fit of »

-log(z/s)

PE

PPZSPETS
PPS0PES0
PP75PE25

PP
—— Bop VFT fit
L~ BeeVFTfit

mOEF0D®

35 4 45
1000/T (K™)
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First summary

e Addition of dielectric probes amplifies the dielectric relaxation
associated with the dynamic glass transition (o.-process)

 No effect of DBANS on local (secondary) relaxation processes
found

- Detailed study of cooperative dynamics in complex systems
enabled

Laboratorium voor Akoestiek en Thermische Fysica KATHOLIEKE UNIVERSITEIT
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Outline

e Dielectric probes — why do we need them ?

e First applications of dielectric probes

e Effect of probe length on dielectric response
e Polystyrene — molecular mass effects

e Dielectric probes in ultrathin polymer films

e Summary & conclusions

Laboratorium voor Akoestiek en Thermische Fysica KATHOLIEKE UNIVERSITEIT
Michael Wibbenhorst LEUVEN



Effect of probe length

DBANS appeared to work well for PP, PE and PS

Question: Can we learn anything about the length scale of the a-relaxation
by varying the size of the probe?

+—64A —

/N Synthesis of probe

OaN < > N DBANA (PNA) molecules with different
\‘\_ length of the rigid part by

12.8 A > varying the number of

aromatic rings (1 — 3).

DBANS
\_\_ Mixing of probe with PS in

19.6 A . solution; Preparation of
samples for DRS by film

=
\ O \ O /_\_> casting.

O. van den Berg, M. Wibbenhorst, S. J. Picken, and W. F. Jager, J. Non-Cryst. Solids, vol. 351, pp. 2694-2702, 2005.
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Effect of probe length

Dielectric loss €’(T) atf =13 kHz

101 ¢
C O 0%
) A 01% I
€ ° \
1072 ¢
1073 ¢
PS + x% DBANS
10 -4 | I I I I | I I I I | I
-100 0 100
T[°C]

DBANS and DHANS:
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DBANA (short probe):

amplification of both a-proces and
additional probe relaxation (§*)

below Tg
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Effect of probe length

Short probe, further analysis —QQ co A ()
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Effect of probe length

Short probe, further analysis —QQ DRAA AR
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Effect of probe length

Angular fluctuations of the probe molecules: two possible scenario’s
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large probe:

long probe short probe
T> Tg large angular fluctuations in large angular fluctuations
“viscous™ matrix > contribution to a-process
- amplification of a-process
T< Tg small angular fluctuations large angular fluctuations, restricted
—> no dielectric response -> B*-process - free-volume
probe
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Rotational diffusion

Do DBANS & DHANS behave as true rotational probes?

Rotational diffusion time for Brownian rigid rods:
e 1o I3 (I = probe length)
» single-exponential process (“Debye” relaxation)
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What about the spectral shape of the a-process?
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Effect of probe length on spectral shape

From experiment:;

Glass transition dynamics shows usually non-exponential kinetics

Rationalisation by spatially heterogenous dynamics

Averaging over different environ-
ments yields KWW behaviour.

Ig ¢(t):exp[—(t/r)q

loge*

o“
5
5
0
8
0
g
0
o
+
g
0
o
0
+
K
o
K
8
o
K
K
o
K
K
K
0
K
K
o
I a St ’

Laboratorium voor Akoestiek en Thermische Fysica KATHOLIEKE UNIVERSITEIT
Michael Wibbenhorst LEUVEN




Effect of probe length on spectral shape

Probe rotational diffusion in a heterogeneous scenario
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Y - Probe averages over spatial heterogeneities
- Debye relaxation expected
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Dynamics of a-PP

K. Kessairi, S. Napolitano, S. Capaccioli, P. A. Rolla,
and M. Wibbenhorst, Macromolecules, vol. 40, pp.
1786-1788, 2007.

Recent work on atactic (amorphous) PP

Tremendous enhancement of dielectric
o.-process

Exclusive coupling of DBANS with glass
transition dynamics
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Dynamics of a-PP

Probe concentration and T-dependence of shape parameter a,
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a-PP+1%DBANS: almost single exponential
(Debye) process at high temperatures

Pure a-PP: broad a-process (a,, ~ 0.5)
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Summary and conclusions

» Rigid-rod type polar molecules with variable length (0.6 nm, 1.3 nm,
2.0 nm) of their stiff core were used as "dielectric probes" in
polystyrene, polypropylene and polyethylene

= Dependent on probe length, the dielectric probe response was found
to sense specific molecular motions:

» shortest probe (0.6nm):. strong mobility in glassy state of PS
—> large angular diffusion within free volume holes

» medium and large probes: predominant contribution to glass
transition dynamics - amplification of a-relaxation
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Summary and conclusions (2)

= Potential application of the dielectric probe approach for the study of
complex materials was demonstrated (M,-dependence of PS,
polymer blends)

= Further potential of dielectric probes lies in the investigation of
dynamics in ultrathin polymer films
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