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6.1 Polymer Melts and Glasses

> The transition from melt to glass is called glass transition GZ I 2R)
» The transition from melt to solid(crystal) is called solidification(crystallization)

Temperature .
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Glass Transition as a Relaxation Process

» Thermal history dependence of T,
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> 2: slow cooling
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6.2 Polymer Crystallization

» Requisites for polymer crystallization

» Chemical regularity
» Homopolymer
» Copolymer
block copolymer

random copolymer

> Stereoregularity (371 $1 % FF)

> Isotactic (Z5#)
> Syndiotactic (J&]#X)
> Atactic (&)

R\,/\’ﬂ

// P
\// I/f

R\//I /\H
(a) b\// R\/ﬂ
H H //I
R\// ﬂ\H

H\,/\/\H
R\//\//\H

(b) \ o \H "N r
/ \H //
R\ // Iﬂ NH

V ﬂ\H
AN // I/

(c) D /H7\”



6.2.1 Chain Conformations in Crystals

Helix Conformations SRV EVES

repeating unit —CHCH,—CH,—CHCH, — Isotactic

Z1g-zag Conformations Hydrogen bonding

H 21 syndiotactic .



Why Helix ?

0.12 nm

PE

0.2nm

0.25 nm
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Chain packing in crystal lattices
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Chain packing in crystal lattices
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Hydrogen bonding
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6.2.2 Basic Morphology of Polymer Crystals

> “Single crystals” have one lattice
» “Polycrystalline samples” are aggregates of many single crystals

» Crystal Habits:
a 0 ¢ > a: lamellar (& F1R)
| b: platy

c: tabular
b £7 h d: isometric
e: prismatic
~ e f: acicular
g @ g g: needle-like
/ > h: fibrous (4F244R)

» Macromolecular crystals are often lamellar or fibrous.
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(1) Lamellae (/5 &&)Crystallized from Dilute Solution

> Polyethylene (3R Z.4%)
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Orientations of polymer chains in lamellae

»PE chains are perpendicular to the lamellar
surface.

Note: the lamellar thickness i1s ~10 nm,
the chain length is > 1000 nm.

a
~ M)

/ \

» PE chains must be folded back and
forth within the lamella!
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\ The Structure of Lamellae

Growth sector

Dominant fold boundaries
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‘ Melting and Stretching of lamellae

Melting Stretching



(2) Lamellae Crystallized from Melt

> Spherulites (BK&&) of polymers

Under Polarized optical microscopy

Analyzer _ o
T D T3 PEEK Tx=3055°C

Polarizer
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'Banded spherulites (R A5 ER %)
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Lamellae in a spherulite

IPP Spherulite grown from a
10% IPP, 20% APP mixture

Nucleus

1. Lamellae
2. Tie Molecules
3. Amorphous

—_— ; I | Ceaterof
spherulite

Spherulites

Structure of a spherulite ‘\

Ji ] ‘fH

o e o
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\ Intercrystalline links in spherulites

amorphous
region crystal nucleus

Uy
Q %

@ lamellar fibrils

a polymer crvstalline spherulite
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‘ Growth of spherulites

homogenously nucleated heterogeneously nucleated 2,



The mechanism of Maltese cross extinction pattern

OP: Polarizer
OA: Analyzer
QE: Vector of polarized light

ﬂQ—M’\

OP B / o projecting >—>{QI\/I —QN‘Z )

I0 — QE on OA

Not . ON -
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Theoretical analysis of Maltese cross extinction pattern

FEARR T, W HRE QR E Sln (96 (a)t 5)
QE E e'a’t _n,-n_ n,>n_ positive spherulite

\ - A n, <n, negative spherulite
QT = E, cosfe"”

» QM = E, sin 6 cosfe' ")

projecting
on OA

» QN = E, cos @ sin ge""
sin 260

—> QM -QN =E,sinfcosfe™ (e —1) = E, e (coss +isins -1)

= E, sin 20 '“"( —2sin’ é+|25|n5c:osaj——Eosin26?e‘a’tsinéisinéiicoséj
2 2 272 2\ 2 2

— 1 =|QMi-QN| =E?sin’ 295inzg~ (E(n,-n,)’sin*20 |14

0
24



Relations of POM and SALS (small angle light
scattering) on spherulites

— —

M =n,, (Eef)ii+n, | E—(E-r)i




|_373T|:$_pa‘['l'€m5—0‘f spherulites: Stein Formula
3 ﬂ 0

2
l,, = AV? (— (a, —at)coszzsin p1cos u1(4sing—qcosq —SSiq)}
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(3) Formation of shish-kebab crystallite (& g&) under
shear flow
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How Big Are They?

Interchain Distance Solution Grown Growing
in Polymer Crystals Single Crystal Spherulite

R
~5A ~1.5x10" A ~1x10°A
5x10“um 15 um 100 pm
: 2
5:10![:1'“ Lﬁ;][}jcm I x10 cm
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6.2.3 Polymer Crystallization

> Macroconformations (B %):

Extended chains

(fH )

Fringed micelle “I
(ZURTHR)

Folded chains \ Random coils
CiiE=%:3) ﬂﬂmL__ (TLRLZ A)

» How do the polymer chains pack in the lamellar crystals?

Crystallization / /
>

Random coil with the chain contour Lamella with the thickness of 5-

length (3 B8 ) longer than 1 pm 50 nm and lateral size of microns.
29
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Perfect Folding Irregular Folding
Regular adj 2}cent Switchboard

7’

m r

A ~ S m . ;
N A1t $
\r‘:‘o-’ﬂ"‘o q i :|
; |
| ':
1 1
. % \‘L l{
b\ ' -c‘oﬂl‘ ‘L‘-l .L—""LL

R-L-p - L LA

(Keller, Fischer) (Flory) “I “”

30



Yamamoto, T., Adv in Polym
Sci, 191, 37(2005)
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\ Chain-Folded Lamellae of Polymers
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\ Chain-Folded Lamellae of Polymers

> Chain folding (837&) concept

Fold surface

(Fr&Em)
Tcoor AT
Crystallization \ I\
Random coil Lateral surface’s '
(& 1H) ’ o Lamellar thickness
or fold length (F &%
Folded chain (37 &%) B )

. ‘ Chain-folded Lamellae
Tc: crystallization temperature (45 s8R )

AT: supercooling (E# &), AT=T,0°- T,
O, fold surface free energy (JTE KM H BIRE)
o: lateral surface free energy (& B H &%), 6.~ 100 33




\ 6.2.3.2 Process of Polymer Crystallization

Two steps: (1) Nucleation & (2) Linear Growth
> (1) Nucleation (Ff%) process

Hnstable / Critical size
N* Critical nucleus :
'/ I Stable nucleus
O o® |||y 2" : wonel B F
super o : S N = AG size
= cooled T [ o - i \
o . [N R [P A
melt = embrye— O F T 5 - Embryo (appears and disappears)
° ST TRLI BE =0 g
O
cluster o o ° 1= []
a a a E O o ---:---------I-N*
| S S 10 ! -t
; '_ 0 steady nuclegtion period
- t=Ti

Schematic representation of the
change in free energy as a
function of size illustrating the
nucleation process

1
Induction period 1 Steady period

Homogeneous (3J#H) and heterogeneous (F#H) nucleation
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[Ph—S—tase eparation Mechanisms

Nucleation and growth (%4 ) mechanism of Phase Separation

In metastable
region, separation
_can proceed only
¢ by overcoming AG
the barrier witha ¢
large fluctuation
In composition.

N N

A

&

Critical
nucleus

<<

»Size

Embryo

\

Stable

Region

Nucleation barrier: AG(r) =—4?7T r’Ag + 4nr’c with Ag=9(d,)—9(¢")

r: radius of the nuclear; o: excess free energy per unit surface area.

Nucleation

droplet-
dispersed
phase
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(1) Nucleation (F%1%) process of Crystallization

e e /
1; , 7 e
: ; / 1 t.__,._
' . x ] T
t . # I] b 4{_
| T b
I ¥ : | /'b

a b X C .
Types of crystal nuclei. (a) primary (#]#X), (b) secondary (—k),
(c) tertiary (=KX) nucleus.

AG =AH-TAS, AG= Gcrystal - Gmelt

A iIs the suface area and AG;is the

Gerystal = Gpui + ZAC bulk free energy change.

AG — Gbulk - Gmelt + ZAO- :AGf + ZAO-
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‘ Classic Nucleation Theory - Estimate the

critical nucleus size
For primary nucleus  AG(T,)=-a’lAg, (T, )+4alo + 2a°c,

6AG — — :4Ge ritica
3/ =-2alAg, (T,)+4lo +4ac, =0 I Agf(T) p | St

—

OAG/ _ g2 _ x_4 AG
él =—a’Ag, (T,)+4ac =0 a* = GAgf (™) o i
Ah \ Stalf)le
Agf(Tm):Ahf _TmASf :O Asf = Tf Region
— . 4o, 40T, _, AoT,
AT I — e _— e’ m a* =
Ag, (T,)=Ah, =T As, = Ah, T Ag; Ah AT Ah, AT
For secondary nucleus AG = -ablAg, +2blo + 2abo,
6A%a:0 — 20, 20,7, % 20 201,
NG/ _ Ag Ah, AT A Ah, AT
él =0 f f oF f
oo, T AG™]
AG; = e m vy, ockexp|—
Ah AT KeT 37



Chain sliding diffusion model of primary nucleation

Primary (3D) nucleation, | Gl'ﬂ‘l'fﬂ'l._ln'iﬂ_ﬁ_ﬂ U
melt I'ILIE|'EI.t5- critical nucleus mal:rﬂaé:upil:
nucieus 'rr_.r
entanglemeant l |

-+ m = il v
|I!. wt

: 2D nucleus

Chain sliding diffusion | Lm\dimmnwm
AE 4 AGL N v sisirmmmsinsssinmsivssoiatumirinaseAE{M)
EGI_' ........... o it i 1#-.[" E e ﬂG‘

0

Sizeof nucleus N~ N' .4

t

Probability of AG
Critical nucleation® P |~ T

=

5 r
Survibal ‘prﬂhﬂ‘hilﬂ'f

Hikosaka, M., Adv in Polym Sci, 151, 137 (2005) *



(i) Linear Growth of Polymer Crystallization

» Surface nucleation on substrate

with length L with a rate i » Temperature dependence of linear

- / M
> Linear growth rate G: the growth growth rate (&£ KIEX)
rate of crystal perpendicular to
the substrate o 10° 1o
10°
107 |-
- 10 - |
g 10°® |-
L 107 |-
3 10°
10° |- ‘ 2l
it-PS NYLON 6 10 TMPS
1010 BV I RO R 10.5 L [ o M 10°° | I T N
-140 0 -160 0 140 0
T-T™ K] T-T7 K] T-T [K]

_ o . Temperature dependence of the radial growth
. TOId length; a: Wldt_h (?f stem; b: rate u of spherulites in isotactic polystyrene

completion rate p-silpheylene siloxane) (right). Te°: equilibriym
melting temperature.



v [cm-s7]
=
o

Symp. Ed., 59:31, 1977 2



Regime I, Il & 111 of Linear Growth

e v giVES I(g[_“

gives K;

— T, —» —— 1/TAT, ——

InG + U*/R(T,-T,+30)
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(3) Microscopic model - Lauritzen-Hoffman (LH) Theory

(1) Energy barrier for secondary nucleation

SEGMENTALIZED -ALIGNED
a A(iTI"A‘I‘EI) compLEX , AD”
fEe:
(1) AR TC AL ] , 1 romE>  zupran

(2) BERIP AR AT HY
(3) MR LS LA R

v aj ® FULL STEM  2ND (U=2) 3
. ! FULL STEM RD (L=3) }
FULL STEM TH {u=4)
FULL STEM
L L i F 1 _:
0 ) 2 3 4
-, N
. ,—\n;i:ln:;i m * = (&E:ctﬁggﬁllml% :’:}h .fn]:cib \ iriacheuﬂ; 1::11;{
lllll \ ® / K1 \ \
H@’-’: )—} ?f 1 / ‘ l.' [ I 9 A 7 A
LAD ' s B> - a Ul k(_)))_') ,i); ?_l)
B = e, Mgk O T v T
w ﬁ) 1




‘ (3) Microscopic model - Lauritzen-Hoffman (LH) Theory
(2) Linear growth rate G | — ﬂUX/ L

i. : G=biL :

Gu=bo (2ig)"” | . BV FEHE T
T EC——" =
SRR

BESR- SRR

Regime I11: 3820 T F2 i) v
AR I, AN LA B B,
FEZ ML AR ST

Hoffman, J. D., Polymer, 38(13), 3151(1997)



‘ Experimental Evidence of regimes I, 11, and 111

* Temperature (°C)
| oc exp —£ oc eXpP| — L 4bGGeTm 114118 1292 125 128 1.0
kBT kBT Ahf AT 2r \ PE M_ = 702k .
C * K \ - G - Regime | ?”:i?i?umle |
G — | & exp _QD exp . g(a) E " '
“n KT ke TAT | ' 2|
g |
Q% fEEse a=LILINT g :
A E aT , =238%C
L 6

Kg(a) Regime o )% 2L

O 4l
4b0(7(7 T = L #\ " -Regimz |
= e m 38 "
a0 =" an. P a0 .
K - 2b,o0, T 1 [ i
o) Ah, 1 I D T I T Y
0.8 10 1.2 1.4 1.6 1.8
_ 1/T(T, -Tyxt0' (K9
Kainy = Ky = 2Kg0)
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6.2.3.3 Overall Polymer Crystallization Rate

> Definition of crystallinity (45 &8 )
WE = W/Wiga; V= VilVigra
we: weight fraction; v¢: volume fraction

W: weights

» Overall crystallization

rate (s 45 fid )

Isothermal crystallization

O
p: density (g/cmd) %
v. specific volume (cm3/g)=1/p =
)
. W <
Total volume or density: W _W. +—= orpV =V, p, +V_p,
P Pa P
- W \Y Lz Time
Crystallinity: w*=—% or v* =—=%
ry y W v
C C O
1 (1_W ) W . c c . <
e + s or p=(1-V°) p, +v Pe3 ‘Bell’ curve of
) B i v — B 5 overall
we=Fe P"Pa _ Ta orve =P "Pa % crystallization
P Pe—Pa Va—Ve Pc ~ Pa rate

usually w® =0.7+0.2
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'Overall Crystallization Kinetics

Dilatometric (ZAKiHi%) V, =1/ Pr ht

=
.

®
v

-/

/.

o] -

| Rl

Int

Inlv

tl/2 L
= Avrami equation
V., =V "
Ut o __ e ﬁ
Vo —V,

© _I_]

=nint+Ink
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(1) Phenomenological models (ME& £ 2AY) of overall
crystallization - based on classic nucleation theory

(1) Free growth model

a. constant numbers of nucleus- heterogeneous

c Vcrystal ZV| _ N 4_7T(Vt)3

V. = =
V V

total

O b. new nucleus generated - homogeneous

_ 0 AT 0
Vt Y t ‘
o o ©
T T™HAT
1 |

T ot | "AT — 7Z'|:V t— r I* constant nucleation rate | "AT ?

0>t | AT—7Z’|:V t—O] +---+|*AT—7Z'|:V(t—T)] +...+

t

V—Z|—7‘L’Vt r]Ar

—jl —7rvt T:IdT—|7TV3t /3
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enomenological models of overs vstattization -
nased on classic nucleation theory —Avrami equation

= (2) Impingement model
Poisson’s (YA#2) raindrop problem

If raindrops fall randomly on a pond creating
expanding circular waves, what is the chance that
the number of waves created by different
raindrops which pass over a representative point
P up to time t is exactly n?

solution: P, (t)=e"®(E"/nt) Poisson distribution

What is the chance that no wave
ocl—V°

@ of reaches a given point P in space ?
—E E(t): wave V. (t
I:)o =e  =1-V spreading E(t)= 2N

area during t v

3

_\C _— —N47r(vt) /3
heterogeneous 1-v-=e The Avrami
X equation for 3D
homogeneous —1—y¢ =g~ ARk N 437z(vt)3—
_ C _ — or
While tor vis very small € ~1—X Vo= E(t) _‘ "7Vt 13| 49




il =1 A e RS i i R N Y o
Phase Transition:
(1) Nucleation and Growth — First-order phase transition

Isotropic

\

Two Phase Equilibrium 50



k,T/E,

fluid Cay!
0.77 ]
- droplet
—m , liquid-+crystal
co-existence)
0.75 F .
¥ id L %
{ “spinodal t
 (unstable)?}
bicontinuous
, |
0.73
B a o 1.0
inodal pw
(metastable)

Olmsted PD, Ph

120°€7

ev Lett, 81:373—

Regime I :

Conformational change of polymer chain

AE, =40 kJ mol!

RINDZ @ &

random coil partial helical chain

Regime II (Early stage of SD) :

Parallel orientation of helical segments with SD (Doi theory)

-
AE, = 35kJ mol” %}@\

oriented unoriented
domain) ( domain )

Regime III (Late stage of SD) :

Growth of dense domains with keeping self similarity (Furukawa theory)

|20 m|

Kaji, K., Adv in Polym Sci, 191, 185 (2005)
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High Temp (T, >T,)

(co-existence state)

molien state

- —
Direct crystal nucleation
(small AT)
Crystal nucleus Single crystal
{chain folded nucleus)
'T.'r - rr - Tr
(metastable state)

Low Temp
(large AT)

Crystal nucleation
after microphase
separation

.
Nucleation and
Growth (N&G)

(unstable state)

Spinodal
decomposition
(SD)

lower density higher density

Small spherulites
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6.2.4 Thermodynamics of Crystallization:

Melting
Crystallization
Equilibrium melt Metastable Ideal crystal
Shiding '
entanglement Melt Crystal diffusion
e o \\‘*.
o U
; Finning L]

? effeot Sacts /ol

e -

Random coiled or Nucleus or FCCs : EXTENDED CHAIN

local ordered melt . CRYSTAL __

Full entanglement Partial entanglement RESLS ‘ ‘
A 1>1.>0 No entanglement i |

Melt relaxation L'f‘::ﬂ 5 ; ] |

| WA

M {POLYMER SOLID
|

FOLDED CHAIN CRYSTALS
“FRUSTRATION”

Equilibrium
state

Actual state
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1. Melting point of Lamellar Crystals

Va

conformational topological
change change
melting
Random coil
small Af large Ar
- -
Toued Temi

Ve INCTEASES
Ve o |

entanglement

T (°C)

106 108 110 112 114 116 118

|||||||

o ) T 05

||||||

85 86 87 838 89 90

T (°C)




‘ (1). Effects of Chain Structure on T,
S AR,

AG =AH_-T AS_ =0
AS_

1) Symmetry and
Asymmetry

2) Flexible and Rigid

S=kinQ

e,

AS, =k (In€), rystar) = Large

elt
55

3) Molecular Interaction



‘ Thermodynamics of Crystallization:

—> » Gibbs-Thomson extrapolation
415
Tn? N
2 , \/ | \/ 410 -.-".&
AG =-a’lAg; +2a°c, +4alo - o | T, =414.2(1-0.627/)
0\ _ 0 _ Ah x) N
Agy (Ty)=4h, -T2As, =0 — |as, — Tng’f N \,\
TO-T 3% "
Ag, (T, )=Ah, =T As, =Ah, 2" '\
m 390 .‘-'\.»
AG=0 Jdalo~0 mm) Lauritzen-Hoffman equation 38 \ |
25 T 0 002 0.04 0.06 0.08 0.10 0.12 0.14
| = € m T = TO 1— 266 Reciprocal Lamellar Thickness (nm™})
0 m m
Ah(T)-T,) |Ah

Melting data for lamellar polyethylene

Similar to critical nucleus size grown from the melt and from solution
56




lamella

N

the thi

11

Thin FC5C

a few tens nm

I~

1

glement

entan

/

Small ECSC

0.5—1 um
Ve

!

<= ]

ae<l

s5C

Large EC

several pm

—_—

!

~ )

Wi
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‘ Thermodynamics of Crystallization:
(3). Melting point of Polymer mixture

Consider a system of Polymer/Impurity mixture:

Polymer is compatible with impurity but can’t co-
crystallize with impurity

Hy =y =y Ay
Chemical Potential of crystallizable polymer in amorphous phase

1, — 10 =RT [ln 8, —(x-1)¢, +)(X(1—¢2)2J

Chemical Potential of one monomer unit of polymer in amorphous phase

t,— ) =RT Lln% —(l—éj(/ﬁﬁx(l—(/ﬁz)ZJ

X
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Effects of “Impurities” on T,

Condition of Phase Equilibrium

| 0 C 0
Hy —Hy = Hy — H,
Superscript of I: Amorphous Phase «gmap  Superscript of C: Crystalline Phase

Hy = My 1o _AHy g - =-AG,

" AS
In 1 m  =—(AH,-T AS,
:RT{ ¢2—(1——j¢1+;((1—¢2)2}4—> AH ( )
X X AS, =—3" T
"7 70 =—AH (1—”3)
m u T

T | 1 ’
—~AH, (1—T—“;]: RT{ N9, —(1—;}/514“?((1_%) }

m X

1 1 R[lg (1 e
T 1% AH,,{ X (1 qujﬁx(l ¢2)}

m.
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Effects of “Impurities” on T,

polymer/small molecule polymer/polymer

1 R [Ing, 1 : 1 1 ng, [1_1
_T_O__AHU|: " —(1—;j¢1+x(1_¢2):| T Tn?_ AH{ X, [xl xj¢1+%(l ¢2):|

1.,
For Xo—>Q0, Xl:l NOte _¢1 __¢1 ~ In(l_¢1) - In¢2

1 1 R

T—_ﬁ: AH, [ ¢1+%¢1]

m

AH |: 0 —— ¢1+ ¢1 Z¢12}z_

AH,

For end-group effects: ¢,=2/N, y=0
1 1 R 2

T T° AH,N

m




A 1 1 Ry 2
 For polymer blends ;-2 —-=--%£(1-4)

Phase Diagram of Crystal / Amorphous Polymer Mixture
Liquid + Solid Phase Equilibrium

Crystallization vs Phase Separation ?

2
11 1 1 A
X.=— + X.=—+B
c 1/2 1/2 T
2\ X7 X, c
T ST T <T Phase Boundary of
m~ 'c m ~ 'c Liquid-Liquid Phase
12
1.0 - (1D)o=0.60, T=0.82T, o : 7 g;gg;?ﬂ;ﬂ:ﬁ]‘m L) @;
| @o089, T0841y, i i y i
09 _| ! :, 10 —
i R ~ 09 -
Z 08 i
E - R E = 08 -
. ; {ﬁf E’ 07 —
i /# Unsteble Regin 06 —
06 vl 'I.‘I‘I'II!'I'I'I';— 0.5 F'l|:l[1|l|"'.‘I|I|I|I|I%
01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
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\ Typical Phase Diagram of Mixture Il1:
Liquid-Solid & Solid-Solid
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For copolymer

i_i:_ R In P P: Probability of crystalline
T T AH unit with sequential connection

alternating copolymer: P<<X,

Random copolmer: P=X,

Block Copolymer: P>>XAz1

.r.._' X, 2 N
|
!Iiiusl’“ ﬁl!ﬁ'!li Ji

'-,-'--;::~ -4 ;:-H. m P53

() T=3"C

.'_';If_: ,.r ;...,., .M-. -r-! PS

ic) T=5-10"C

. (a) T,=50 °C

Crystallization of PEO-b-PS in Lamellae Crystallization of PEO-b-PS in Colimnar



\ Quasicrystal?
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6.3 Oriented States of Polymers

Definition

Applications 0: 0~180<
Fiber, BOPP, BOPET, BOPE, ...

Orientation function

F_ 1(3<c052 9> _1) one or two dimensional order
2

<cos6> <C0s*6> F
fully oriented 1 1 1
fully disorder 0 113 0

perpendicular 0 0 “1/2 65
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a Quiescent

“'.:;" ’“I Gaussian sphere

£>g* &cnmpr&asjan
elongation
S R = [ . -
oriented melt
nucleu ! e
— —, This work
| homogeneous nucleation E
[ 1] :
b “YOROI" model -~ T
MNOC entanglement
stem ==

I chain length 2 um !

(MPa) g/cm3) (Mpa) (GPa) %FF)

& AH 0 TiPP 0.94 0.9%
~ fEGiPP 30-40 0.94 32-42 1.5-2 >50%
BAAF 400-800 7.8 51-102  ~200 ~100%



6.4 Liquid Crystalline Polymers

States of matter:

» Solids, liquids, and gases

» “Liquid crystals” (LCs) represent a number of different states of
matter in which the degree of molecular order lies intermediate
between the perfect long-range positional and orientational order
found in crystalline solid and the statistical long-range disorder
found in an isotropic liquid. Phenomenologically, LCs exhibit both
solid-like anisotropic features and liquid-like fluidity. On the basis
of these characteristics, the term “mesomorphic phases” or
“mesophases’”, may be a more appropriate name than liquid
crystals.

» “Liquid crystals stand between the isotropic liquid phase and the
strongly organized solid state. Life stands between complete
disorder, which is death, and complete rigidity, which is death

again.”

Dervichian D. G. Mol. Cryst. Lig. Cryst. 1977, 40, 19.
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Pierre Gilles de Gennes (1932-2007.5.20)
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'What are Liquid Crystals

» Anisotropic molecular shape of liquid crystals

» Rod-like or ellipsoid-like » Plate-like or disk-like

RS

Space filling model
of molecule 7S5

» Thermotropic liquid crystals (& B 5):
The liquid crystal phases of pure substance are caused by
temperature change.
Lyotropic liquid crystals (AZ R &)
— The liquid crystal phase is dependent on the concentration of one
component in another. -




Nematic Phase ([A]%1/4H)

» Molecular arrangement in a nematic phase

Director N

Long-range orientational
order of molecules

Molecules

Polydomain structure in a nematic phase.
Local directors are represented by n, and the
global director is represented by N.
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Smectic Phases (GE

 EaAH)

» Layer structure in smectic phases

Director N

4 |_ayers

Molecules

Smectic A

Director N

Tilt Angle

Molecules

Smectic C
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Liquid Crystal Phase of Chiral Molecules

> Cholesteric phase (AB £ H) » Chiral smectic phase
(chiral ((F-1%) nematic phase) i

Cholesterol nonanoate //_7(i ———
molecule: CH, —
CHj, A

Structure of chiral smectic or smectic C* phase.

Molecules in the cholesteric phase. The The planes represent the smectic layers. The
director n rotates in a helical fashion. Because director always makes the same angle with the
no physical quantities depend on the signof n,  smectic planes, but the orientation of the

ysl | l I Irector rotates about the line perpendicular to

= n/k, rather than 2n/K,,. the planes in going from one layer to the pgxt.



Temperature (°C)

Lyotropic tiquid crystals:

1) surfactants or amphiphilic block copol

100 [~

0
S
I

40 -

TNJev mic + waler |

rev hex + water

Dispersion
of crystals

Water concentration (%)

100

‘Water-in-oil’

vial =1

vial = |
‘Mirror plane’

13<wvlal<1/2

§

*Oil-in-water’

Reversed
micelles

~<—— (ubic

Reversed
hexagonal

Cubic

Lamellar

~—— (ubic

Hexagonal

Cubic
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Lyotropic liquid crystals:
2) rigid-rod polymers

\
\ _ \/R/ NI
| / 71V 1\ \WARRN
T] Cl* cl~% Cz* c§~%
M2 M G




\ POM Used In the Study of LC Phases

> For different LC phases, the textures (Z3f4)
under POM are different

Semctic C: schlieren texture Smectic A focal-conic fan

texture (EEHE ) texture
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POM Used in the Study of LC Phases

Cholesteric (fingerprint) texture
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\ Liquid Crystalline Polymers

» Common architectures for liquid crystalline polymers (LCPs):

some examples side-chain with terminal attachment:

main-chain rigid-rod: lyotropic
main-chain with flexible Spacers T!/i\!/f
side-chain with lateral attachment:
hybrid: combination of
main-chain and side-chain:
——
i i mesogen-jacketed LCP

» Applications: m

Ultra-high-strength fibers: Kevlar®, Xydar®, Vectra®, Ultrax®
membrane,
Electro-optic (low molecular weight thermotropic LCs).”....




Thermodynamics of thermotropic liquid crystal transition

> G-T diagram: Order parameter(FZ &)
Gibbs free energy as function of 1 ,
temperature (S) :§(3<COS 0)-1)

Tson Tt T T/Ty,

79



Maier-Saupe Theory for LC Transition

t Interaction Potential U i =& (r) S (COS 6’ij )
U, =-Y¢,(r)s(cos6, )
Mean-field J

' 1
//9' \ Approximation S (60s6) =~ (3cos* 0, 1)

U, =-¢,(S)S(cosb,)

jS (cosd,)e™" " sing.de
[ " Dsing do,

) jS(cosG)exp(kg;<S>S(cos€))sin9d9

jexp(kg__br<8>8 (cos@)]sin 0do

Self-consistence method & /KT \=4.541 80



Phase Transition Temp.

& /KT =4.541

<S>

Ty =4.541¢,/k

81



