
Polymer Basics and Theory!

n  Christian Holm!
Institut für Computerphysik, !
Universität Stuttgart!
Stuttgart, Germany!
www.icp.uni-stuttgart.de!



Content!

n  Introduction to Polymers!
n Chemical Structure of Polymers!
n Polymer Models!
n Polymer Statistics!
n Blob Model!



3!

History!

W. Kuhn (1899-1963) 
P. Flory (1910-1985) 1974 Nobel Prize for Chemistry 
S. F. Edwads (1928-) Feynman Path Integrals for Polymers 
P.G. de Gennes 
(1932-2007) 

1991 Nobel Prize for Physics  
(LC and Polymers) 

•  Polymers  ≅ many particles 
•  Staudinger (1881-1965) Nobel Price for Chemistry 1953: 

 suggested the existence of covalently bonded monomers (1920) -> 
 Polymers 

•  Up to then people believed that polymers were disordered 
conglomerates of small molecules 

•  1928: Proof of the existence of polymers 
 - Structure revealed via x-ray scattering by P. Debye (1884-1966), 
 - Nobel prize for chemistry in 1936 

 
 - Other important people: 



History up to Modern Times!

Within 10 years of polymer science attitude changed from:  
 
Impossible → maybe it’s true  → “Oh well, that’s well known!” 

 
1928: Du Pont → Nylon 
1930: PVC, Teflon, polyurethane, polystyrene 

  
Plastics (greek “plastikos”) means “able to be deformed” 
 
Now we have more promising fields: organic electronics, solar 
cells, polymer batteries, high performance fibres, food 
additives, waste cleaning, viscosity modifiers…. 



Physical Chemistry of Polymers!

Ethylene 
gas 
phase 
reaction 

Polyethylene (Carbon double bond) 

degree of polymerization 

polystyrene polyvinylchloride, PVC 

Alkanes  
(saturated Carbon single bond) 
CnH2n+2  

butane 



Physical Chemistry of Polymers!
If more than one group is attached to a main C atom, different spatial 
arrangements are possible (e.g. see Polystyrene), leading to different physio-
chemical properties (melting point, crystal structure etc.)!

Tacticity:! atactic! no regularity in the chemical structure!
isotactic! completely regular attachment pattern!
syndiotactic! regular and alternating attachment 

pattern!
Homopolymer! single type of repeat unit, ie. An!

Copolymers:! more than one type of repeat unit, i.e. A, B!
random copolymer: 
ABBAABAB!

random arrangement of blocks 
(quenched)!

block copolymer:!
AAAABBBB!

Different monomers are arranged in 
blocks of homopolymers: di-, tri-, 
multiblock copolymers!



Physical Chemistry of Polymers!
Block-Copolymers can have dramatically different properties from the 
homopolymers of the single blocks!!
Ex: If A and B are incompatible (e.g. hydrophil and hydrophob), they would 
phase separate in solution. Since they are linked this is not possible 
macroscopically. Instead they can micro-phase separate. Here is an example 
for an amphiphile:!

!
!

http://en.wikipedia.org/wiki/Lyotropic_liquid_crystal 



Biological Polymers=Sequenced Copolymers!
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DNA 

4 types of monomers (nucleotides)  
Adenin (A), Guanin (G), Cytosin (C), Thymin (T) 

Proteins: 20 types of monomers (amino acids) 

Sequence of amino-acids produces  
one arrangement with specific function 

The molecule can self-organize into a 
complex structure with a well-defined function 
(Protein folding). 

Most elegant structure-property 
relationship (Genetic code). 

http://academic.brooklyn.cuny.edu/biology/bio4fv/ 

http://www.strategosinc.com/ 



Polymer Architectures!

Polymer with short and 
long chain branches 

Polymer with grafted 
oligomeric side chains 

Star polymers 
Network of cross-

linked chains (rubber) 

Dendrimers Ring polymers Combs H-branched Ladder 

Linear	  Polymers: 	  completely	  characterized	  by	  the	  degree	  of	   	   	   	  
	  polymeriza8on	  n	  

	  
Branched	  polymers:	  



Molar Mass Distribution!



Political Example (Rubinstein,Colby): !
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Two ways of calculating the average population in the USA: 
1.  Ask each senator of the states (two per state) to give you the 

population and average over the answers 
 => number average 

2.  Ask each congressman and average their answer. The congressmen 
per state differ according to population 
 => Weight average 

 
In 2001, the numer average population of each state is 6x106, and the weight 
average state population is 12x106, giving a polydispersity index of 2. 

Polymer Molar mass distribution MN for 
a polydisperse and monodisperse 
sample: 
nN is the number fraction (mole 
fraction) of molecules containing N 
monomers each 

monodisperse 



Polymer Solutions!

𝜚: polymer density 

Fig. from M. Rubinstein, R. Colby,  Polymer Physics 

Vmon: monomer Volume 
V ≈ R3, R typical size of the 
monomer 



Physical States of Polymers!

Fig. from G. Strobl, Condensed 
Matter Physics  

Thomann et al.  Polymer 42, 4597, (2001) 

This AFM tapping/phase mode image series shows the crystallization of a 
polylactide spherulite, crystallized from the melt at 95°C, Mühlhaupt et al. 



Physical States of Polymers!

Arrhenius law For TV = 0 



Responsible Cage Effect!
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Particle „rattling“ 
in cage from ist 
neighbors with 
frequency ν	


For denser system needs 
cooperative motion of neighbors 

€ 

τ−1 ≅υe−ε / kBT



Origin of Flexibility of Polymers!
bond length ∼1.54   A   (const!±0.05  A ) 
tetrahedral angle Θ=68° almost const. 

When all carbons lie in one plane 
then all torsion angles are in the trans 
state => largest extension of chain 

Polyethylene:!

Flexibility comes through variation 
in torsion angle ϕ	


Fig. from Rubinstein, Colby 



Torsion potential!

17!

•  all different rotational isomeric states can be occupied 
•  large conformational state space 

Potential energy shows 
two equal minima at 
 

120° gauche+ 

240° gauche- 

Δεtg= 0.8 kBT for 
polyethylene 

rotation potential 



Ideal Chain Conformations!

close in space 
along backbone non-local in backbone  

→ leads to non-ideal behavior 



Ideal Chain Conformations!

(Extension)2 grows linear with n. 
[rem: like for a Diffusion MSD ] 
→ property of a random walk! 

Flory‘s characteristic ratio 

  

€ 

 r i  

€ 

 r j

€ 

Θij

R2 = nl2



Ideal Chain Conformations!



Ideal Chain Conformations!

for Polyethylene 

N =
Rmax
2

c∞nl
2

The equivalently freely jointed chain has 

b = c∞nl
2

Rmax
c∞l

cos(θ
2
)
≈14A



equivalent bonds 

(Kuhn monomers) with length 



Other Chain Models!

p

R2 = nl2 1+cosθ1−cosθ



Radius of Gyration!

of radius R 
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End-to-End Distance Distribution!

  

€ 

here 
 
R = R



Free Energy of an Ideal Chain!

long range 



Free Energy of an Ideal Chain!



www.youtube.com/watch?v=GUY1w2WX2tc!



Flory Scaling Theory (Real Chains)!

Minimization: 

d!

1! 1! 1!
2!

3! 0.588… !
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up to 
pre-
factors 



de Gennes “Blobology“!

3per blob 



Size at which excluded 
volume becomes 
important 

de Gennes “Blobology“!

that depend on the value of the second virial coefficient 



swells 

shrinks 

de Gennes “Blobology“!



Coil-Globule Transition!
For 𝑁→∞ 

at 𝑣≈0 a dramatic change in size 
occurs “coil-globule transition“  

Θ-Temperature, characteristic for a 
particular combination of polymer and 
solvent 
“at 𝑇=Θ the chain is ideal“ 

Close to ν = 0 we typically 
find ν∼b3(1-Θ/Τ)	




Experimental Facts ..... !!

Coil-globule transition of 
polystyrene in cyclohexane!
!
!
Taken from Sun et al.,  J. Chem. 
Phys 73, 5971 (1980)!
!
!



Summary!

n Basic polymer chemistry facts!
n Basic polymer physics concepts!
n  Theoretical description of polymers!
n Polymeric diversities and statistics!
n Polyelectrolytes will come next time....!
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