Poymer Assembly

1. Introduction

® Pure polymer : macromolecule assemblies
* Solid States :  elastic deformation reversible
* Fluid States (melt) : viscositic deformation irreversible

but poymer — viscoelastic

® Solid state
* crystals— segments completely ordered ( Tm )
* amorphous — segments completely disordered ( Tg )
® mesomorphous : long —range order crystal liquid

ex ) liquid-crystalline polymers, block copoymers, ionomers

2 . Polymer melts and amor phous states

® polymer melts —long-range order , radiousof gyration  unperturbed state coilsin
theta state . Polymer melts Tg guenched
melts physical structure glassy
polymer unperturbed dimension . polymer melts
glassy polymer long-range order

® Amorphous poymer — solid state random coil

no regularity of structure, no crystallinity .

isotropic , homogenious and transparent

® Free volume-— polymer solid liquid samples molecules

empty space.



* volume fraction of free volume
V =V, +V, V : sample volume
V,: molecules volume
V; : freevolume
f=V/ V f,=V* IV

f : fractional free volume fy: fractional free volume below Tg

Vi=V* +(T-Tg)(TV/T)

f=f,+(T-Tg)a, a;: thermal expansion coefficient of free volume

3. Crystalline Polymers

1) Introdution

® crystal : lattice sites three dimentional lattice three
dimentional order materials  ( lattice sites — carbon atoms, or
-CH,- methylene group)

® |attice sites spheroidal entities( spherical protein, latex particles)
tightly packed spheroidal entities  superlattices

® |attice defects: unit cells  ideal positions

crystal lattice X-
degree

of broadening



disorder
paracrystallinity
a) point defect— chain ends, short branches, folds, copolymer units or molecular kinks
b) didocations— shear stress
, line defect

dislocation €electron microscopy

- screw dislocation : Burgersvector  dislocation line
-edge disloction : Burgersvector  dislocation line
- mixed disloction : edge components ~ screw components mixed

c) other defects: fold surface and chain folds

® Semicrystalline: crystal components  amophous components
® Crystallizability : maximum theoretical crystallinity
thermodynamic quantity T P

Crystallinity : kinetics , crystallization conditions ( nucleation ,cooling time etc)



2) X-Ray Diffraction

® x-ray crystallography : crystalline structure  crystallinity method

Gy

Oy

[lastmation of Bragg's kiw (see texs),

Bragg equation.
NI ,=2ddnq
Diffracted beams position intensity  crystal unit cells  type dimensions

® Rotating crystal method of Bragg.
Crystal crystal planes  maximum scattering intensity
, lattice planes  orientations  reference axis
fixed position . reflactions  spot non spot
fiber diagram . ( planar film —arcs, concentric
film —sickles)
° fiber films uniaxial drawing draw direction

molecular axes preferential orientation draw direction



incident beam  sharp reflections . — fiber diagrams
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Fig. 8-3 Schematic representation of a fiber diagram of polymers which crystallize in the macro-
conformation of a 3, helix. An example is the fiber diagram of 2 wniaxially drawn film of it-poly-
(propylens) (see (1]}, Insufficient orientation of crystallites causes the spots 1o degenerate 1o
sickles. In powder patiems, non-oriented crysiallites generaie circles.

® cquatorial reflection : molecular axis lattice planes zeroth layer
planes reflection
.meridional reflections : molecular axis lattice planes
reflection
reflections helical macromolecules  physical structues
® single crystals lattice planes oriented sharp reflections
ex) polydiacetylene : solid-state polymeriztion singlecrystals
® Debye — Scherrer powder method 100mm crystal powder
crystalline poymers  polycrystalline lattice layers
crystallite , crystallite

microcrystalline materials
Debye — Scherrer powder method irradiation
monochromatic X-ray beam Bragg eg. ,
reflection positions lattice layers
crystallites  specimen center common tip
radiation cones . cones  vertical cut

concentric circles

coaxial



® Semi-crystalline polymers  X-ray diffractograms strong crystalline reflections
halos weak rings background scattering
*Halos — segments  short-range ordering
*background scattering — air scattering , crystallite  thermal motion
scattering , scattering Compton scattering
3) Crystal structure
® |attice constants  lattice angles polymers crystal
® unit cells |attice constants(axes) a, b, c planar anglesa ,b, g

7 crystal systems
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c: polymer chain , chemical bonds

a,b: physical bonds

cubic lattice chain molecules

® polymorphism : constitution configuration
crystal modification P crystallization conditions ( cryst.temp. , cooling rates,
initial states or nucleating agents ) chain
packing macroconformation

ex) poly(1-butene) - helix type



isomorphism: monomeric units crystal lattice
— copolymers homopolymers
crystal modifications , |attice constants helix types

Ex) itpoly(propylene) it-poly(1-butene) copolymer

4) Macroconformation and Packing

° crystals helices macroconformations
helix (orzig—zag) : symbol aA*B/N characterizing
a — longitudinal axis repetition type

translation : t screw repetition : s
A :helix class-helix residue skeletal chain atom
B —Nturns  conformational repeating units integral number
N —original position return
a A . helix structure By
ex) * Poly (ethylens) transconformation
A = 2 carbon atoms per B = 1 conformational repeating unit
N =1 turn original position return
[ 1, helix with the symbol t2* 1/1
* Poly(methylene) 2 helix with thesymbol t1*2/1

*|sotatic poly ( propylene) 3, helix s2* 3/1
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® Macroconformation
a) substituents: poly (ethylene) non-boned H atoms repulsion

substitutions steric hindrance

macroconformation 1, helix all-trans conformation ( T ),, — zigzag chain

I sotactic poly ( propylene) methyl groups repulsion
macroconformation 3helix (TG), .- (TG) (TG)
chains
b) hydrogen bond - poly (glycine)  amide groups intramolecular
hydrogen bonds 3, helix
intermolecular hydrogen bond pleated sheet
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c)gauche effects— electron pairs electronegative substituents

gauche interactions unpaired electron

pairs polar polymers gauche effects

bond orientation poly(oxymethylene) all-gauche

macroconformation (G), . poly (oxyethylene) (TTG),

—cH,—0— —CH,—CH,—0— —CH-CH, —0— —i;i—n:ﬂ3 C—
CHy H O
POM PEOX ' FPOX PG
(G (TTG), (Ta (TTG),
® Packing of chainsin crystals
crystals chains packing cross-sectional area
A,=VI(N.C) N, : unit cell chains

C : lattice constant V 1V = a*b*cof unitcells

Crystals chains packing -- melting temperature , melting enthal py

melting entropy

5) Chain folding

® short periodicities- large angles lattice sites reflections
(WAXS)
long periodicities- small angles long periodicity (SAXS)

® |ow molar mass alkanes n < 75 H(CH,),H long periodicities, d conventional



contour length r

cont

n>75

linearly

fold back )

® |ong periodicity: single crystal mat

lammelar thickness

® chain folding : polymer molecular chains

P polymer chain segments

melt crystallization
fold length

annealing

K=
Le
=

= Swiich-board with diswrd re-satries (ki Lo na unaciepiablé derwity of the lamelar scfacel

folds sharp
6~7 chain bonds

® fold micelles: folded chain molecules

- crystallites — crystalline polymer

electron
(10°~10%cm)

long periodicities of alkanes

conventional contour length

lamellar thickness

long periodicity

chain length ( n

chain crystal

lamellae

periodic spacing .

.small angle X-ray diffration
100A

folding back on themselves in crysrals

regular array

Dilute solution

single crystals

crystallization temperature

(D ;|
oy N e

Fig. 810 Chain foiding in fold micelles. L, = Thickness of crystalline lamella; L, = ficksem ol
umeiphas™ cover layers; d'= Xomy loag periediciny.

Foegrular lame |l wirh sharpy fiykds aad crystal defects by choin £ac and xlocation.
Ll:l;lelmu-'i'hmnmm.

gauche conformation

poly(ethylene)

crystals

nonpolymer crystals

b aggregated lamellae



fold micelles dilute solutions thin platelets

crystallized melts stacked platelets lamellae
- lamella - crystalline polymers polymer single crystals
crystal flat plate — like crystal or crystallite .(5~50nm
thickness) nm polymer chains  chain surface folded
melt crystallized polymers lamellae aggregate
spherulites  aggregate . single crystals lamellae spiral
growth multilayer hedrites, axialites

dendrites aggregates

® |amellae chains

a) switch board : lamella sites chain re-entry
b) lamela  sharp folds  loose loops  chains re-entry

C) lamellae intermolecular bridge re-entry

® melt-crystallized lamellae crystallinity molar masses

(entangled ,unperturbed coil molecules melts regular folds micelles
kinetic difficulty )
melts quanching chain  random entity lamella
melts solidified high molar mass chains  fold back
lamellae fringed micelle

Fig: £11 Lef: Hisoric represestation of the sireciure of fringed micelles. Right: “Random
enils” compossd of chiin folds and shon, ooiled 52 g in fold miceties, o~

1



6) mor phology

- morpholory— microscopic or submicroscopic level polymer material physical
structures
® crystalline polymers  cooling condition for melts or solution crystallinity

morphologies
® degree of crystallinity

a) two-phase model - perfect crystallinedomains  perfectedly disordered region

b) one-phase model - experimental data  ideal crystal lattice + lattice defects
ex) poly ( ethylene) two-phase model crystallinity 83% ,
one-phase model 2.9% lattice defects

- degree of crystallinity
a) density method
r : sample density , r . : 100% crystalline polymer density
I o - 100% amorphous material density
mass fration c,

C_I"C%I-I’ao
c g z
r rc_raﬂ

- density density gradient column



b) wide-angle X-ray scattering WAXS) method
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semi-crystalline polymers

WAXS curve
, sharp peaks crystalline region scattering , broad
underlyinghump  non-crystalline areas scattering
crytalline peaks  amorphous hump degree

of crystallinity

massfration of crystals c,

AC
CcC. =

© (A +A)
A, : amorphous hump A : crystalline peaks
c) differential scanning calorimetry ( DSC )

melting enthalpy (DHmM)  100% crystalline polymer

d) spectroscopic method ( NMR or infra-red spectroscopy )

® spherulite( )
(dendrite)

13
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* Maltese cross-—

spherically symmetric

anisotropy

Maltese cross

7) Crystallization with Orientation

° (stress)

4.22(a)-----
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Maltese cross

birefringence

it-polystyrene
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® shishi-kebab -

(kebabs) (shishi)

polymer molecule shishi-kebab axis

4 . Liquid Crystal

1)Introdution

- mesophase- high oder crystalline materials high disorder liquid

molecular ordering intermediat  , liquid crystalline

phase ( @iquidcrystal)

optical, electrical properties

liquid crystals - oder like crystal , flow like liquids anisotropic

- liquid crystalline polymer : liquid crystalline phase polymer

- mesogens : LC , molecules LCP  segments

- LC * thermotropic : melts  solids liquid crystallines
* |yotropic: LC,LCP

isotropization temperature : liquid crystal P melts

16
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2) Mesogens and Mesophases
- LC LCP mesogens mesophase
- Mesogens — < rod-like ( calamitic )

S disk-like (discotic)
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- mesophase

3< smectic mesophase : long —range orientational order ~ one-
two-dimentional positional oder polarizing microscope
fan-like layered structure .- calamitic (rod — like) mesogens
two —dimentional layers
3 nematic mesophase: mesogens long-range
orientational order positional order
- one-dimentional ordered
- polarizing microscope thread-like schlieren(streaks)
s~ cholesteric mesophases : chiral mesogens
nematic type .

nematic phase long-range orientational order + helical distortion
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- mesogens chain
< liquid — crystalline main-chain polymers MCLCP
S liquid — crystalline side-chain polymers SCLCP

3)Thermotropic Liquid Crystals

- melting liquid crystalline . €xX) aromatic polyesters
- L, d rod-like molecular axes mesophases parallel
small aspect ratio ~=L/d  rod sphere
, critical aspect ratio ., , geometric
anisotropy of rods  mesophase critical aspect ratio

* N =6.42 lattice model

crit

N<6.4 repulsion mesophase
mesophase orientation — dependent attraction force
-BUT, attractiveforces  LCPs ex) P-P interaction
N> 6.4 rigid mesogens  ordered states
thermotropic polymers melting temp. decompose
melting decompose liquid crystalline behavior

ex) PBA ( poly(p-benzamide)) PHB(poly(p-hydroxybenzoic acid))

H [
—O —O—< °
O —>—<"_
PBA ] FHE
PHB 500 °C  melting temp. liquid crystalline state
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decomposition . high state of order poymer
crystal —disturbing, non-linear , or flexible chain units Tm
decomposition liquid crystalline behavior

4)Lyotropic Liquid Crystals

- lyotropic liquid crystalline polymer - threshold concentration solution
liquid crystalline state polymer
( glassy, crystalline or melt state )
- solvent mesogenic group decomposition
temperature mesogens  orientation molecular mobility

ex) PPTA ( poly(p-phenylene terephthalamide) )

~eNH —QNH —ED—E ~=  PPTA

5) Block Copolymers

- homopolymer Ap Bq incompatible
mixture demix , separate phase
diblock copolymers Ami —Bn’ macrophase
.—diblock copolymer 2 homopolymers blend compatibilizers

- pure diblock copolymers Am — Bn, triblock copolymers Am/2 — Bn— Am/2 ,etc blocks

demix . ( two phase )
constitutionally identical blocks aggregate blocks  matrix
domains

19



Fig. 816 Arran
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spherical domains

domains Bn blocks

- poly (butadiene) (Tg :—10°C) segments BR

continuous matrix

continuous matrix

n=m Am-Bn diblock copolymer : Am block copolymer  Am block
layer , Bnblocks microphase
—separation  Am blocks  layers Bnblocks layers alternating
lamellae
Am-Bn n>m Am blocks planar layer
Bn blocks  continuous matrix spherical domains
- triblock copolymers Am/2-Bn-Am/2 n m
Am/2 blocks domains Bn blocks
Am domains  physical cross links
- Bnblock Am block m=n lamellae , m n
, Am blocks cylindrical

spherical poly (styrene)

domains PS(Tg: 80°C) triblock copolymers Sm/2-Bu,-Sm/2 thermoplastic
elastomers T <60°C hard ps domains
soft  BR matrix physical cross-links RT
glastomer  polymer .(80°C physical
cross-links Disband thermoplastic )



5) lonomers

- lonomers— high proportion of hydrophobic monomeric units + small prop. Of monomeric units

with ionic groups water — soluble copolymers.
Ex) ethylene + 10mol-% methacrylic acid ( sodium or zinc salts )
copolymer
b ionicgroups  intermolecular and intramolecular ion association . ionic
domains triblock copolymers  spherical domains hydrophobic segments
continuous matrix physical cross-links
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