
Molecular Basis of the Structure and Behavior of Polymers                                                                            Part II

1

Part II:
Chemistry and Structure of Macromolecules – Design of Polymer Chains

1. Constitution

      1.1 Nomenclature
      1.2 Chain Architecture

1.2.1 Type of the Chain Atoms
1.2.2 Type of the Constitutive Repetition Unit
1.2.3 Type of the Basic Unit
1.2.4 Molecule Architecture

      1.3 Chain Parameters
      1.4 Polyreactions

1.4.1 Polyaddition
1.4.2 Polymerization
1.4.3 Polycondensation
1.4.4 Polyelimination

1.5 Constitution of BioMacromolecules
1.5.1 The 20 Standard Amino Acids
1.5.2 Macromolecules in Living Organism
1.5.3 Proteins
1.5.4 Size of Selected Macromolecules

1.6 Definition of the Molar Mass
1.7 Specific Analytical Problems

1.7.1 Average Composition of Copolymers
1.7.2 Polydispersity of the Composition
1.7.3 Detection of the Sequence Length of Copolymers
1.7.4 Analysis of Macromolecular Architecture

2. Configuration

      2.1 Isomerism
      2.2 Tacticity

3. Conformation

      3.1 Macroconformation
3.2 Three-dimensional Structure of Proteins
3.3 Microconformation

      3.4 Conformations of Macromolecules in Solution
3.4.1 Mean (Average) End-to-end Distance

3.4.1.1 Ideal and Random Coils
3.4.1.2 Coil Models

3.4.2 Steric Factor and Characteristic Ratio
3.4.3 Mean (Average) Radius
3.4.4 Coils Expansion and Thermodynamics

3.4.4.1 Unperturbed Dimensions
3.4.4.2 Theta Solution
3.4.4.3 Excluded Volume



Molecular Basis of the Structure and Behavior of Polymers                                                                            Part II

2

3.4.5 Equivalent Coil Models
3.4.5.1 KUHN Model
3.4.5.2 Persistence (Worm-like Chain) Model

4. Molar Mass and Molar Mass Distributions

      4.1  Averages of the Molar Mass
4.1.1 Number-average Molar Mass
4.1.2 Mass-average Molar Mass
4.1.3 z-average Molar Mass
4.1.4 General Relationships for the Molar Mass
4.1.5 Polydispersity
4.1.6 Degree of Polymerization

      4.2  Distribution Functions
4.2.1 Gauss Distribution
4.2.2 Logarithmic Normal Distribution
4.2.3 Poisson Distribution
4.2.4 Schulz-Zimm Distribution
4.2.5 Kubin Distribution

      4.3  Methods to Determine Molar Masses and Molar Mass Distributions
4.3.1 Ebulliometry and Cryoscopy
4.3.2 Membrane Osmometry
4.3.3 Vapor Pressure Osmometry
4.3.4 Analytical Ultracentrifugation
4.3.5 Scattering Methods
4.3.6 Mass Spectrometry
4.3.7 Dilute Solution Viscometry
4.3.8 Size-exclusion Chromatography
4.3.9 Field-Flow Fractionation
4.3.10 Super Critical Fluid Chromatography
4.3.11 Complementary Methods



Molecular Basis of the Structure and Behavior of Polymers                                                                            Part II

3

1. Constitution

Definition:  
Sequence of atoms and bonds without regards to spatial arrangements

(Constitution is a subterm of “chemical structure” but not a synonym.)

⇒  Molecular structure

More parameters than for low molecular compounds to describe the constitution of a
macromolecule:

• Type and sequence of chain atoms
• Basic units and constitutive repetition units
• Type and number of end groups
• Type, number, arrangement, and distribution of chain linkage
• Size and size distribution of the macromolecules

1.1 Nomenclature

• Trivial names (frequently for natural polymers)

Source: cellulose
Source and chemical property: nucleic acid
Chemical action: catalase
Main use: starch

• Poly(monomer) names – starting monomers (source-based)

Disadvantage:
Constitution of the basic unit ≠ constitution of the monomers

Examples: ethylene                → poly(ethylene)

CH2=CH2      ~~(CH2-CH2)~~
      The repetitive unit is methylene.

DADMAC             → Poly-DADMAC

                                  

CH2

CH

CH2
N

CH2

CH

CH2

CH3 CH3+
Cl-

              

N

CH2 CH2

CH3 CH3

+ Cl-

                           diallyldimethylammonium chloride        The repetitive unit is
                                             1,1-dimethyl- 3,4-dimethylene-
                                              pyrrolidinium chloride
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• Polygroup names -  refer to classes not to individual polymers  (structure-based)

Examples:
polyamides : -NH-CO-

(diamines + dicarboxylic acids)
polyurethanes: -NH-CO-O-
polyesters: -CO-O-

Disadvantage: 
fails, if more than one sort of basic units result from one monomer

Example:

CH2 CH

CHO

CH2 CH

CHO

CH2 CH

CH O

CH2 CH

CH O

    
        Acrolein                        Poly(acrolein)

• IUPAC Nomenclature (systematic names)

Combination of:
o Principle of additivity (inorganic molecules)
o Principle of substitution (organic molecules)

First step: Addition of the smallest repetition unit, intended to be a bivalent group  (biradical)
- preferred constitutional unit -

Advantageous spelling: poly( ... )

Example:

poly(methylene)  -CH2- (written without spaces between words)

Second step: Designation of endgroups:   α - … - ω - … - poly( … )

Example:

Cl(CH2)nCCl3
α - chlor- ω -trichlormethyl - poly(methylene)
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Examples for Trivial and Structural Names of Organic Macromolecules

Constitution Trivial Name Structural Name
~CH2~ poly(methylene) poly(methylene)

~CN=CHCH2CH2~ 1,4-poly(butadiene) poly(1-butenylene)

~OCH2~ poly(formaldehyde) poly(oxymethylene)

~NHCH2CH2~ poly(ethylenimine) poly(iminoethylene)

~COCH2CH2~ poly(ethylene-co-
carbon monoxide)

poly(1-oxotrimethylene)

~O(CH2)2OOC(p-C6H4)CO~ poly(ethyleneterephthalate)poly(oxyethyleneoxyterephthaloyl)

~ CH-CH2~

   OH

poly(vinylalcohol) poly(1-hydroxyethylene)

~ CH(CH3)-CH2~

    COOCH3

poly(methylmethacrylate) poly[(1-methoxycarbonyl)-1-methyl-
ethylene]

1.2 Chain Architecture

Bond Types for Macromolecules
- covalent
- transition to -  ionic (coordinative) bonds

-  metallic (electron deficiency) bonds

Classification:

Type of the chain atoms
Type of the constitutive repetition unit
Type of the basic unit
Molecule architecture

1.2.1 Type of the Chain Atoms

• Homochains:only on type of chain atoms

• Heterochains: two or more different atoms, usually -O-, -S-, -N-
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Examples for Homochains of Carbon

R' R"'
   

        ~(C-C)~
   

     R"R""

Constitutional  Formulas and Trivial Names

R' R" R"' R"" Trivial name

H H H H poly(methylene), poly(ethylene)

H H H CH3 poly(propylene)

H H H C6H5 polystyrene

H H H Cl poly(vinyl chloride)

H H Cl Cl poly(vinylidene chloride)

H H H CN polyacrylonitrile

H H H CONH2 polyacrylamide

H H H OH poly(vinyl alcohol)

H H H OOCCH3 poly(vinyl acetate)

H H H F poly(vinyl fluoride)

H H F F poly(vinylidene fluoride)

F F F F poly(tetrafluoroethylene)

H H CH3 COOCH3 poly(methyl methacrylate)

H H CH3 CN poly(methacrylonitrile)

Examples for Heterochains

Structural Units and Polygroup Names

~CRR'-O~ polyacetals
~CRR'-CR"R"'-O~ polyethers
~R-CO-O~ polyesters
~R-SO2~ polysulfones
~R-NH-CO~ polyamides
~CRR'-CR"R"'-NR~ polyimines
~R-NH-CO-NH~ polyurea
~R-CO-NH-CO~ polyimides
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1.2.2 Type of the Constitutive Repetition Unit

• Regular chains: One constitutive repetition unit having the same sequence

• Irregular chains:  Non-regular sequence
    one unit: regioisomers, e.g.,  head/head
    various units: copolymers

1.2.3 Type of the Basic Unit

• Homopolymers: One sort of basic units (monomers).

• Copolymers (heteropolymers): More than two sorts of monomers

Types of Copolymers:
Monomers: A, B and/or C
Basic units: a, b, c

Copolymer Schematic structure IUPAC designation
Bipolymer without
specific sequence

~(a/b)~ poly(A-co-B)

Statistical bipolymer
with statistical sequence

~aabaaaabbabbbabaaaba~ poly(A-stat-B)

Random bipolymer
(Bernoullian sequence
statistics)

~aaabaabbabbbabaaabab~ poly(A-ran-B)

Alternating bipolymer ~abababababababababab~ poly(A-alt-B)

Periodic bipolymer ~abbabbabbabbabbabbabb~ poly(A-per-B-per-B)

Periodic terpolymer ~abcabcabcabcabcabcabc~ poly(A-per-B-per-C)

Diblock copolymer a..….……....ab....….…......b poly(A)-block-poly(B)

Triblock copolymer a…........ab...…....bc..…......c poly(A)-block-poly(B)-block-
poly(C)

Graft bipolymer ~a-a-a..........a-a-a..........aa~ poly(A)-graft-poly(B)

bm             bn

Copolymers are heterogenous concerning:

• Composition: different for each molecule

• Constitution: variation of the constitution for a constant composition
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Sequence:  describes the succession of the basic units

Statistics: results from the rules of polymerization

Markhoff-Statistics
0. Order = Bernoulli-Statistics, random
1. Order = Influence of the ultimate unit
2. Order = Influence of the penultimate unit
3. Order = Influence of the antepenultimate unit

Gradient Copolymers

Examples: - Block copolymers
- Graft copolymers

The analysis and characterization of copolymers
is much more complicated than that of homopolymers.

1.2.4 Molecule Architecture

• Linear:  Always and only two end groups

• Branched
Star: core,

> 3 arms,
only one branching point

Parameters: functionality f
f = number of end groups Ne

= number of arms (subunits) Nu

f = Ne = Nu
Variation: number of arms

arm length
Speciality: dendrimers

Combs and statistically branched: Nu = ( f-1 ) Nbr + 1

         Nbr = branching points 

Ne = ( f-2 ) Nbr + 2

Example of a branched macromolecule:

A branched macromolecule with 100 tri-functional branching points has 102 end groups.
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Examples of Chain Structures

          linear                                            star                                                  comb

        statistically branched                                                                dendritic

~CH2-CH-(CH2)x-CH-(CH2)y~       ~CH2-CH-(CH2)x-CH-(CH2)y~
               |                   |                                      |                  |
              CH2CH3     (CH2)4H                         (CH2)zH      (CH2)qH

             short-chain branches                        long-chain branches
                    (x, y   >> 1)                                      (x, y, z, q >> 1)

• Regular macromolecules
- linear one-dimensional chain
- spiro polymer
- ladder polymer

                                                                           l           l           l           l           l           l           l                   l                 l                 l
                                                                                                                                                                                      l                 l                 l
l                 l                 l                 l
         l                 l                 l                                l                         l                       l                        l

                                                                                                                                                                                      l                 l                 l
                                                                           l           l           l           l           l           l           l                  l                 l                 l

          linear chain                                           spiro chain                              ladder chain
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• Non-regular networks

chemically cross-linked

                    homogeneous                                                                 interpenetrating

physically cross-linked

                rotaxanes                                                                      interlocked

1.3 Chain Parameters

Nc  - Number of chain atoms

N = Nc -1 - Number of bonds    

b - Bond length

Lchain= N.b - Chain length (mathematically possible maximum

   length)

Lcont = N.b.sin(τ/2) = Ne.be - Contour length (physically possible maximum length)

  The chain is in all-trans conformation.

            with Ne = Number of effective bonds
Ne = 1/2 N

be = Effective bond length

be = 0.2553 nm

(for b = 0.154 nm and τ = 112°)
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1        -b-                                                                               Nc
l          l          l          l          l          l          l          l          l          l          l          l          l          l          l

1                                                                       Nc
l                 l                l                 l                l                 l                l                 l
         l                 l                 l                l                 l                l                 l

Coil Shape

Chain molecules in solution are neither rods nor rotational ellipsoids or spheres.
The instantaneous shape, averaged over many conformations, resembles a kidney

H.-G. Elias, An Introduction to Polymer Science, VCH 1997, Fig. 5-5. With permission from Wiley-VCH
Verlag GmbH [1]

Left: 6 chains with 30 chain bonds.
The chains have different end-to-end distances between the two end groups.
Right: Superposition of the 6 chains at their center atoms.
It is visible that a considerable number of chain atoms reside outside the area determined by
the average radius of gyration s≡ < s2 >0

1/2.

L chain

τ

L cont

-be-
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1.4 Polyreactions

Which Reactions Create Macromolecules?

• Polyaddition
• Polymerization
• Polycondensation
• Polyelimination

1.4.1 Polyaddition

Monomers: Small molecules possessing more than one reactive group

o Bifunctional monomers  ⇒  linear polymers
o Trifunctional monomers ⇒  cross-linked polymers

Polymer molecules: Same percentage composition as the starting molecules

However Rearrangement is possible

Example: Polyurethanes from diisocyanates and dioles

O=C=N-X-N=C=O   +   HO-Y-OH  +   O=C=N-X-N=C=O

→ O=C=N-X-NH=CO-O-Y-O-CO=NH-X-N=C=O

1.4.2 Polymerization

Link of small molecules without rearrangement

Monomers: Unsaturated molecules or instable cyclic compounds

Start reaction / initiation:   R•  +  H2C = CH2  →  R - CH2-CH2•

Chain growth / chain propagation: R-CH2-CH2• + n CH2=CH2 → R-(CH2-CH2-)CH2-CH2•

Chain termination: ~CH2-CH2-CH2-CH2~
                                                            combination

~CH2-CH2• + •CH2-CH2~
                                                    

~CH2=CH2 + CH2-CH2~
                                                       disproportionation/isomerization

Chain transfer: To radicals, inhibitors, monomer, solvent, additives…



Molecular Basis of the Structure and Behavior of Polymers                                                                            Part II

13

1.4.3 Polycondensation

Monomers:  Small molecules possessing two functional groups

Polymer molecules: Different  percentage composition than the starting molecules

Byproducts:  H2O, HCl, H2S,…

Example:

Nylon from adipinic acid and hexamethylene diamine

n HOOC-(CH2)4-COOH +n H2N-(CH2)6-NH2 →[OC-(CH2)4-CO-NH-(CH2)6-NH-]n + 2n H2O
                                                                                                peptide bond

1.4.4 Polyelimination

Probably all biological polymerizations:

• One monomer after the other is connected to the growing chain.
• During the process other molecules are eliminated.

Characteristics:

• Highly specific
• Regioselective
• Stereoselective
• Fast
• Many (if not all) proceed at matrices.

Examples:

• Nucleic acids
• Proteins
• Polysaccharides
• Lignins

Biopolymers are formed in vivo in cells with enzymes acting as catalysts.

1.5 Constitution of BioMacromolecules

• Living organisms are composed of lifeless molecules.
• These molecules, when isolated and examined  individually, conform to all the physical
      and chemical laws that describe the behavior of inanimate matter.

The most characteristic attribute of living organisms: Capacity for precise self-replication
and self-assembly
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Biomacromolecules:
• Proteins - composed of amino acids (20)
• Nucleic acids - composed of nucleotides (4)
• Polysaccharides - composed of monosaccharides
• Ribonucleic acids - composed of ribonucleotides

Constitution:
The number of different sequences possible (S) depends on the number of different kinds of
monomeric subunits (N) and the length of the linear sequence (L).

S = NL

Examples: - Proteins: N = 20; L ≈ 1000; S very large
- Nucleic acids: N = 4; L ≈ 106; S astronomical

1.5.1 The 20 Standard Amino Acids

The amino acids are shown with their amino and carboxyl groups ionized, as they would
occur at pH 7.0.
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Properties of the Standard Amino Acids

Amino acid Abbreviations MM* pK 1

-COOH
pK 2

-NH3
+

pK R

R group
pI %  in

Prot.**
Nonpolar, aliphatic
R groups
Glycine
Alanine
Valine
Leucine
Isoleucine
Proline

Gly
Ala
Val
Leu
Ile
Pro

G
A
V
L
I
P

75
89

117
131
131
115

2.34
2.34
2.32
2.36
2.36
1.99

9.60
9.69
9.62
9.60
9.68

10.96

5.97
6.01
5.97
5.98
6.02
6.48

7.5
9.0
6.9
7.5
4.6
4.6

Aromatic R groups
Phenylalanine
Tyrosine
Tryptophan

Phe
Tyr
Trp

F
Y
W

165
181
204

1.83
2.20
2.38

9.13
9.11
9.39

10.07
5.48
5.66
5.89

3.5
3.5
1.1

Polar, uncharged R
groups
Serine
Threonine
Cysteine
Methionine
Asparagine
Glutamine

Ser
Thr
Cys
Met
Asn
Gln

S
T
C
M
N
Q

105
119
121
149
132
146

2.21
2.11
1.96
2.28
2.02
2.17

9.15
9.62
8.18
9.21
8.80
9.13

13.60
13.60
10.28

5.68
5.87
5.07
5.74
5.41
5.65

7.1
6.0
2.8
1.7
4.4
3.9

Negatively charged
R groups
Aspartate
Glutamate

Asp
Glu

D
E

133
147

1.88
2.19

9.60
9.67

3.65
4.25

2.77
3.22

5.5
6.2

Positively charged
R groups
Lysine
Arginine
Histidine

Lys
Arg
His

K
R
H

146
174
155

2.18
2.17
1.82

8.95
9.04
9.17

10.53
12.48
6.00

9.74
10.76
7.59

7.0
4.7
2.1

*Molar mass, ** average occurrence in over 200 protein

1.5.2 Macromolecules in Living Organisms

• Biomolecules such as nucleotides, amino acids, sugars form macromolecules.
• Macromolecules such as DNA, proteins, cellulose organize into supramolecular
      complexes.
• Supramolecular complexes such as chromosomes, the plasma membrane, the cell wall
      form the cell and its organelles.

This is demonstrated in the Figure below:
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1.5.3 Proteins

• Thousands of different types
• Most abundant biological macromolecules
• Extremely versatile in their function

Questions: What do proteins do?
How big are they?
What forms or shape do they have?
What are their chemical properties?

Biological Functions

• Enzymes (catalysts): chemical reactions
• Transport proteins: bind and carry specific molecules or ions, from organ to organ
• Nutrient and storage proteins:  for example seed proteins
• Contractile and mobile proteins: ability to contract, to change the shape, to move
• Structural proteins: supporting filaments, cables, sheets

• Collagen (leather)
• Elastin (ligaments, stretchable in two dimensions)
• Keratin (hair, nails)
• Fibroin (silk fiber, spider webs)

• Defense proteins: immunoglobulins, antibodies; can also act as enzymes
• Regulatory proteins: hormones (insulin)
• Others

Though very different, all these proteins are made from the same group of 20 amino acids!
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Size of Proteins

Very different in size consisting of one or more chain with non-covalent interaction.

Molecular Data of Some Selected Proteins

Protein Molar Mass Units Chains
Insulin (bovine)
Cytochrome c (human)
Ribonuclease A (bovine pancreas)
Lysozyme (egg white)
Myoglobin (equine heart)
Chymotrypsin (bovine pancreas)
Chymotrypsinogen (bovine)
Hemoglobin (human)
Serum albumin (human)
Hexokinase (yeast)
Immunoglobulin G (human)
RNA polymerase (E. coli)
Apolipoprotein B (human)
Glutamate dehydrogenase (bovine liver)

5,733
13,000
13,700
13,930
16,890
21,600
22,000
64,500
68,500

102,000
145,000
450,000
513,000

1,000,000

51
104
124
129
153
241
245
574

~550
~800

~1,320
~4,100
4,536

~8,300

2
1
1
1
1
3
1
4
1
2
4
5
1

~40

Proteins have characteristic amino acid compositions.  When completely hydrolyzed with acid
or base, each type of protein yields a characteristic portion or mixture of the different amino
acids.

• Some proteins contain chemical groups other than amino acids: conjugated proteins.
These are classified by the nature of their prosthetic group.

• Some proteins contain more than one prosthetic group.  This group plays an important
role in the biological function.

Conjugated Proteins

Class Prosthetic group
Lipoproteins
Glycoproteins
Phosphoproteins
Hemoproteins
Flavoproteins
Metalloproteins

Lipids
Carbohydrates
Phosphate groups
Heme (iron porphyrine)
Flavin nucleotides
Iron
Zinc
Calcium
Molybdenum
Copper
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1.5.4 Size of Selected Macromolecules

Molar mass M , contour length Lcont, and diameter d of various macromolecules

   Macromolecule M Lcont d

                                        g.mol-1   m nm
___________________________________________________________________________
deoxyribonucleic acid

lung fish 6.9.1013 34.7 2.0

escherichia coli-bacteria 2,5.109 1.3.10-3 2.0
polyoma SV 40 virus 3.0.106 1.0.10-6 2.0

starch
amyl pectin (Easter lily) 2.5.107                    branched         0.74

amyl pectin (wheat starch) 2.0.106 1.0.10-3            0.74
poly(ethylene)

ultrahigh molecular 3.0.106 2.7.10-5 0.49

conventional 1.0.105 9.1.10-7 0.49

1.6 Definition of the Molar Mass

How to use: Molecular mass
Molecular weight
Molar Mass

• The relative molecular mass        Mr ≡ mmol/mam     

is defined as:
The ratio of the mass mmol of a molecule of a substance to the atomic mass constant mam,
this is ma(

12C)/12. The relative molecular mass is thus a pure number (dimensionless).

• The atomic mass constant is equal to the unified atomic mass unit with IUPAC symbol u,
i.e., mam = 1u.

• In biochemistry, the unit u is called the dalton, with the symbol Da.
The “dalton” has the physical unit of a mass ( i.e., gram).
Neither the name “dalton” nor the symbol “Da” has been approved by the Conférence
Générale de Poids et Mesures.

• If relative quantities are considered, one can use “weight ”.

• The molar mass         M i≡ m i  / n I
is defined as:
The ratio of the mass mi of the molecules i to their amount-of-substances ni .

It is convenient to measure the mass in grams and the amount in moles so that molar
masses and relative molecular mass become numerically identical.
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• Note: 
Molar masses have the physical unit mass/amount-of-substance (i.e., grams/mol,g/mol).

Relative molecular masses (molecular weights) have a physical unit of unity
(dimensionless).

Dalton has the physical unit of mass (gram).

• Important
Physical methods do not give molar masses or molecular weights in daltons!

1.7 Specific Analytical Problems

1.7.1 Average Composition of Copolymers

- specific degradation (proteins)
- pyrolysis + gas chromatography, qualitative,
- analysis and group determination
- IR, UV, NMR
- refractive index increment
- partiell specific volume
- precipitation titration (also homo and co-separation)

1.7.2 Polydispersity of the Composition

- fractionated precipitation
- specific chromatography (cross fractionation)
- equilibrium centrifugation in a density gradient

1.7.3 Determination of the Sequence Length of Copolymers

- chemically:  - chain cleavage
- reaction of neighboring groups

- physically: - short sequences
                 (NMR ≤ 5, IR ≤ 4, UV ≤ 3)

Example:
-(CH2)n- sequences by IR

n 1 2 3 4 >4

ν[cm-1] 815 752 733 726 722

- long sequences
                x-ray, differential thermal analysis

                                                              minimum: 15-20 units
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1.7.4 Analytics of Molecular Architecture

• Number of branches

- short-chain branches:
o number of branches and end groups
o spectroscopically
o chemically

- long-chain branches:
o macromolecular dimensions in solution (relative results)

• Degree of cross-linking

o swelling
o mechanical properties
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2. Configuration

Definition:
Spatial arrangement of an organic molecule that is characterized by the presence of either

- chiral centers (substituents are arranged specifically)
- double bonds (no freedom of rotation)

c) C-C double bonds are shorter and do not allow free rotation.  The single bonds on each
doubly bonded C make an angle of 120° with each other.  The two doubly bonded carbons
and the atoms designated A, B, X, and Y lie in the same rigid plane.

• Isomers
- identical number of corresponding atoms
- different arrangements

• Constitutional isomers
- molecules with equal composition (equal  summation formula)
- atoms are connected to each other in different sequences

• Stereoisomers
- same sequence of atoms
- different spatial arrangements

Isomer:   constitutional isomer  or  stereoisomer

Most BioMacromolecules are asymmetric:  4 different atoms or functional groups at the C
atoms of the chain.

a) C atoms have a characteristic tetrahedal
arrangement of their four single bonds 0.154 nm
long and at an angel of 109.5° to each other.

b) C-C single bonds have
freedom of rotation.

c)
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2.1 Isomerism

Stereoisomer

   Height of the energy barrier                      Symmetry properties
       high:                    low:                                       ⇓                          ⇓
Bond breaking     Rotation of                                           Diastereomers            Enantiomers
   necessary          single bonds                                                                                mirror
         ⇓                           ⇓                                                                                      "chiral"
configurational   conformational
     isomers                isomers

Note:
Macromoleules having the same constitution can be different concerning their configuration.

Stereoisomerism of Alanine

Molecular asymmetry: Chiral and achiral molecules

Chiral molecule:
Rotated molecule cannot
be superimposed on mirror
image of original.

Enantiomers:
o Non-superimposable mirror images
o Identical chemical properties
o Differ in the ability to rotate the plane of plane-polarized light.

L : Levorotatory      D: Dextrorotatory

Chiral molecules: All amino acids but glycine.

Achiral molecule:
Rotated molecule can
be superimposed on mirror
image of original.

Mirror image

Original

Mirror image

Original
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Description of Polymer Molecules

       Configurational                    Configurational         Stereorepeating
          basic units                          repeating units                units

• Stereoregular polymer molecules
- regular polymer molecules
- only one species of stereorepeating units
- only one type of sequence

• Tactic polymer molecules
- stereospecific units replaced by configurational repeating units in regular polymers
- 

Note:
A stereoregular polymer molecule is always tactic.

However
A tactic polymer molecule is not necessarily stereoregular.

Why?
Not all centers of stereoisomerism in the main chain need to be defined.

• Atactic polymer molecules
- statistical arrangement (neither predominatly isotactic nor predominantly syndiotactic)

• Mono-, di-, n-tactic polymer molecules
- number of centers of stereoisomerism per monomeric unit

2.2 Tacticity

Graphic Representations of the Configuration

• Natta-Projection

The tetrahedal structure of the asymmetrical / pseudoasymmetrical carbon atoms  is clearly
visible.

How?: - Carbon chain in zigzag form on the paper plane
- 2 Substituents in the plane
- 1 Substituent above the plane (wedge-shaped line)
- 1 Substituent below the plane   (dotted line)

isotactic: - All substituents above or below the plane

syndiotactic: - Substituents alternating above and below the plane

atactic: - Statistical arrangement



Molecular Basis of the Structure and Behavior of Polymers                                                                            Part II

24

Tactic Vinyl Polymers : syndiotactic

• Fischer-Projection

Specific projection onto a plane.

        Isotactic vinyl polymers                                        Syndiotactic vinyl polymers

• Newman Projection

Syndiotactic vinyl polymer

C
C

C
C

C
C

R R RH H H

R R R
H H H

a)

C
C

C
C

C
C

H H HH H H

R H R
H R H

C
C

O
C

C
O

H RH H

R H
H H

b)

c)
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Arrangement in Atactic Polymers

Measure for the configurational disorder:
Relative portion of     l   diads      l   triads     l   tetrads...        in the polymer molecule.

• Fischer-Projection:
DD or LL sequence of two configurations is equal,  isotactic diad
DL or LD sequence of the configurations is unequal, syndiotactic diad

The mass fraction of the isotactic triads is the measure for the tacticity.
(Triads experimentally determined by NMR.)

Configurational Triades
DDD, LLL Isotactic triad with two isotactic links
DDL, LLD, DLL, LDD Heterotactic triad with one isotactic and one syndiotactic link
DLD, LDL Syndiotactic triad with two syndiotactic links

Cis-trans-Isomerism

Why? Different arrangement possibilities of the substituents at the carbon double bond.

        

C C

H2C

H

CH2

H

C C

H2C

H

H

CH2

                        1,4-cis-                                                         1,4-trans-

Various Poly(butadiene)s

Note:  The configuration strongly influences the macroscopic properties.

Summary
The three-dimensional structure of macromolecules is described in terms of

configuration and conformation.

These are not synonyms!
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3. Conformation

Definitions :

Organic Chemistry: Spatial arrangement by rotation of atoms and atomic groups around a
single bond.

⇒  Microconformation or local conformation

Spatial arrangement of substituent groups that are free to assume different positions in space
without breaking any bonds, because of the freedom of bond rotation.

However: Not all positions are stable!!

Thermodynamically, the most stable position is that with the lowest Gibbs’ free energy.

Polymer molecule: Sequence of microconformations along the chain

⇒  Macroconformation or molecular conformation ⇒ Molecular shape

Reason for conformational changes: Thermal influences.

3.1 Macroconformation

Conformational isomers are characterized by:
- Equal composition (summation formula)
- Equal constitution
- Equal configuration

Stability:  days.…….10-10 s

Stability is influence by interactions of the molecule units.
- Hydrogen bridges
- Dipole/dipole interactions
- Donator-acceptor effects
- Electrostatic effects
- Hydrophobic effects
- Type of the solvent

Macroconformation depends on:
- Constitution
- Configuration
- Intra- und intermolecular interactions

The overall shape (macroconformation) of a polymer molecule in solution is represented by a
coil.
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Example to illustrate the number of possible macroconformations:
(3 energetically equal types of microconformations)

For a poly(methylene) chain, H(CH2)XH, with a degree of polymerization  X=20 002

3 X-2 = 3 20 000 ≈ 10 9 452 macroconformations!!!!

3.2 Three-dimensional Structure of Proteins

Each protein has a unique three-dimensional structure and can be crystallized.

A problem that has not been solved yet:
Relationship between the amino acid sequence and the three-dimensional structure. This
requires probably renewed appreciation for fundamental principles in chemistry and physics.

Why?
•   Very different molecules have similar structure.
•   Similar amino acid sequences result in very different structures.

There are four levels of architecture in proteins:

     Amino  acids          α Helix                  Polypeptide   chain         Assembled subunits

       Primary      Secondary               Tertiary                          Quaternary

Primary structure:
• Sequence of peptide-bonded amino acids

Secondary structure:
•   Regular, recurring arrangement in space of adjacent amino acid residues in a
        polypeptide chain

Tertiary structure:
•   Spatial arrangement among all amino acids in a polypeptide = complete three-
        dimensional structure (difference between secondary and tertiary structure not always
        clear)

Quaternary structure:
•   Spatial relationship of polypeptides or subunits



Molecular Basis of the Structure and Behavior of Polymers                                                                            Part II

28

Additionally:

Supersecondary structure:
•   Stable clustering of elements of secondary structure

Domain:
•   Compact region

Native proteins:
•   Proteins in their functional conformation

Denaturation:
•   Total loss or randomization of the 3D structure (heat, pH, solvents,…) associated with
         loss of function; sometimes renaturation.

3.3 Microconformation

Definition of θ:
0°...360° or -180°...+180°
• positive for rotation  < 180° to the right
• negative for rotation  > 180° to the right

Note:
There is an infinitely large number of microconformations.

However
Only a few microconformations have a minimum of potential energy.

A - B - C - 2 bond lengths l    
                                          τ - 1 valence angle τ

A - B - C - D - 3 bond lengths
- 2 valence angle

                                                          +
                                            - 1 torsional  angle θ
                                     τ    (rotation angle)

l

l

τ

l

l

l

θ
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Tree-dimensional Arrangement of Atoms in a Molecule

Example:

Butane molecule
A and D = - CH3
B and C = - CH2 -

- 3 minima and 3 maxima of the potential energy

Conformations of the Butane Molecule

        C              G-              A-      T              A+             G+            C
        sp    sc        ac             ap             ac              sc             sp
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Various Conformations of a Molecule A-B-C-D

Name of the
conformation

Torsion angle Symbol IUPAC name Stability

Cis ± 180° C synperiplanar
(sp)

totally unstable

Gauche ± 120° G(±) synclinal
(sc)

stabile

Anti ± 60° A (±) anticlinal
(ac)

unstable

Trans 0° T antiperiplanar
(ap)

very stable

Macromolecules possess a large number of successive –C-C- bonds.
⇒ Several torsional angles

Example:
Pentane: CH3-CH2-CH2-CH2-CH3    (4 chain bonds)
• Two successive microconformations (diads)
 ( 2 rotation (torsional) angles, between C2 - C3 and C3 – C4 and 2 conformational diads)

⇒  9 possible sequences of diads:

                                TT                                             TG+, TG-, G+T, G-T

                        G+G+, G-G-                                  G+G-, G-G+

      ⇒  4 conformational groups

Consequently:
The conformation of a macromolecule is represented by the sequence of successive
conformational diads.

1    2        3

4

1    2       3    4

1              4

2         3 2         3

                     1            4
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Special molecule forms:

• only TT : Zigzag chain

• only G+G+ or G-G- : Helix

3.4 Conformations of Macromolecules

• Many different possibilities

⇒   Necessity to average, since not each individual conformation can be described in detail.
a) time average: one chain over a long time
b) chain average: many chains at a fixed time

• Identical result for: - same molar mass
- same constitution
- same configuration

Note:
Macroconformations are temporal averages over all molecules.

H.-G. Elias, An Introduction to Polymer Science, VCH 1997, Fig. 5-6. With permission from Wiley-VCH
Verlag GmbH.
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Molecule Shape

Chain molecules in solution are neither rods nor rotational ellipsoids or spheres.
The instantaneous shape, averaged over many conformations, resembles a kidney
(Compare page 11.)

Description of the mean conformation ≡ mean molecular shape by 2 mean values:
• Mean (average) end-to-end distance
• Mean (average) radius (scattering mass radius)

3.4.1 Mean (Average) End-to-end Distance

Definition:
Square root of the mean square distance of the two chain ends:   r ≡ < r2 >1/2     (hM)
(By definition, averages of spatial quantities are denoted by <> and not by a line atop the
symbol.)

Note:
The end-to-end distance is the spatial distance between the end groups of a linear chain. It has
no meaning for branched chains.

S: Center of mass,
r:end-to-end distance

The distribution of all distances possible is described by the end-to-end distance function,
w(r).  It gives the probability of a defined distance r.  The maximum distance would be Lcont.

r*: predominant end-to-end distance
< r2>1/2: average end-to-end distance

The average end-to-end distance is given as the square mean value:

                                                         

€ 

r2 = r 2w(r)dr
0

∞

∫
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3.4.1.1 Ideal and Random Coils

Ideal Coils

Simplest structure of a macromolecule: - linear chain
- Nc atoms
- N = Nc –1 bonds of identical length b
- Lchain = Nb

- Lcont = Nb sin(t/2)

For a fully extended chain: contour length Lcont ≡ end-to-end distance  r

Random Coils (Statistical Coils)

• Interactions in a macromolecule: short-range – intra-segmental
long-range – inter-segmental

Note :
These interactions do not refer to the range of forces.

• Without long-range interactions: Positions of segments are distributed at random in space
and time = random coils or statistical coils (in theta
solutions).

• With long-range interactions: Spatial distributions of segments are only approximately
random.

3.4.1.2 Coil Models (Models for Random Coils)

Calculation of the end-to-end distance of single linear chains by various models.

What are the differences of these models for random coils?
• number of interacting chain atoms
• restrictions applied to valence angles
• restrictions applied to torsion angles

However
All models are nonspecific with respect to the type of interactions.

• Freely jointed chain
(random-walk chain, random-flight chain) –  hypothetical chain)

<r2>oo=2b2-2b2cos τ

H.-G. Elias, An Introduction to Polymer Science, VCH 1997, Fig. 5-11. With permission from Wiley-VCH
Verlag GmbH.

It follows for the averages <r2>oo with <cos τ >  = 0 and N, instead of 2b:  < r2>oo = Nb2
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• Freely rotating chain

Characterized by:
- N bonds of length b with N → ∞
- Identical valence angles
- Chain segments rotate freely around bonds.

< r2>of = Nb2 (1 – cos τ)/(1 + cos τ)

• Chain with restricted rotation

Characterized by:
- Discrete microconformations (T, G+, G-)

< r2>or = Nb2 

€ 

1−cosτ
1+ cosτ

 
 

 
 

1+cosθ
1−cosθ

 
 

 
 

• Rotational isomeric state model (RIS model)

Assumption: The probability of a microconformation is controlled by previous
microconformations.

Controlling factor: Pair of microconformations Qpair

More sophisticated RIS models: They assume the control by three and more previous
microconformations ⇒ unperturbed mean-square end–to-end distance

<r2>o = Nb2 1− cosτ
1 + cosτ

 
  

 
  

1+ cosθ
1− cosθ

 
  

 
   Qpair   = Nb2 1 −cosτ

1+ cosτ
 
  

 
  σ 2 = <r2>of σ

2

Summary of Models for Random Coils

Characteristic Freely jointed
chain

Freely rotating
chain

Chain with
restricted
rotation

Rotational isomeric
state model

Chain atoms
implied

2 3 4 5

Controlling factor bond length valence angle conformer conformer pair
Valence angel τ any defined defined defined
Torsion angle θ any any one defined two defined
End-to-end
distance

roo rof ror ro

Models for random coils differ in the number of adjacent chain atoms that are sufficient to
describe the model. The higher the number of the chain atoms, the more realistic is the model.
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3.4.2 Steric Factor and Characteristic Ratio

σ :
• Steric factor
• Hindrance parameter
• Conformational factor

Definition:
The steric factor σ is defined as the ratio of the end-to-end distance of coil molecules with
unperturbed dimensions, <r2>o

1/2, to the end-to-end distance of a freely rotating chain,
<r2>of

1/2:

                              σ = <r2>o
1/2 / < r2>of

1/2

Note:
σ and τ (usually from crystallographic data) cannot be assumed to be the same in the solution
and the solid state.

CN:
• The characteristic ratio

Definition:
The characteristic ratio CN is defined as the ratio of the mean-square end-to-end distance of
coil molecules with unperturbed dimension, <r2>o, to the  mean-square end-to-end distance of
a freely jointed chain <r2>oo.

 CN =  

€ 

σ2 1−cosτ
1+cosτ( )=

r 2
o

Nb2( ) =
r 2

o

r2
oo

Importance of σ and CN:

• Material constants for apolar polymers
• Both vary with the solvent for polar polymers.
• Both increase with increasing bulkiness of substituents.

The end-to-end distances increase:

• with longer chain bonds b
• with larger valence angles τ
• and/or with greater hindrance parameters σ

Advantage
- Calculation by simple theoretical means

Disadvantage
-  Cannot be measured directly
-  Not applicable for rings or branched polymers
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Examples for Steric Factors σ and Characteristic Ratios CN

Polymer Solvent T/°C σ CN

Poly(ethylene) 1-chloro- naphthalene 140 1.77 6.9
Poly(propylene),at cyclohexane 92 1.76 6.8
Poly(iso-butylene) benzene 24 1.73 6.6
Poly(styrene), at e cylohexane 35 2.2 10.2
Poly(methyl methacrylate), at benzene/ cyclohexane

butylchloride
butanone

25
25
25

2.14
1.87
1.89

10.1
7.7
7.9

Poly(butyl methacrylate) butanone 25 1.9 7.9
Poly(decyl methacrylate) butanone 25 2.4 12.7
Poly(docosyl methacrylate) butanone 25 3.3 23.9
cellulose cupriethylene- diamine 25 2.0 ---
poly(acrylic acid) dioxane 30 1.85 7.5
poly(sodium acrylate) water/ 1.5m NaBr 15 2.38 12.5

(bond angle 112° for carbon chains)

3.4.3 Mean (average) Radius

Synonyms: - Root mean square radius (“radius of gyration”)
- Scattering mass radius

s ≡  < s2 >o 
1/2      (RM, RG, rg)

(Radii of gyration are always measured as mean-square quantities < s2 >.  For reasons of
simplicity, square roots are often written as s.)

Note:
All particles and molecules can always be characterized by their mean square radius!

Remark:
The root mean square radius < s2 >1/2 is often called the “radius of gyration” since it was
originally given as < rg2 >1/2.  The subscript “g”, referring to integration with respect to the
center of gravity, has been mistaken associated with the kinematical term “gyration”.
However, the radius of gyration refers to the rotation about an axis fixed in space.

The mean square radius should be derived always with respect to the center of mass.

Definition:

For particles, consisting of entities i with masses mi, at distances Ri from the center of gravity,
the mean-square radius, <s2>, of a particle is defined as:
the mass-average of Ri

2 of all entities.
Non-rigid particles require an additional averaging over all conformations.
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 s2 ≡
m iRi

2
i∑

mii∑
≡ s2

for M→ ∞

General relationships between the mean square radius, <s2>, and the mean square end-to-end
distance, <r2>, for all linear chains with only short-range interactions, regardless of the model:

< r2> o = 6 < s2>o for unperturbed coils (RIS model)

< r2> o o = 6 < s2> o o for freely jointed chains

etc.

Increase of s with the square route of the molar mass for unperturbed coils of linear chains:

s2
o

1 /2
=

b2 1 − cosτ( )σ2[ ]
6M c 1 + cosτ( )[ ]

 
 
 

  

 
 
 

  

1/ 2

M 1/ 2 ≡ K sM
1 /2

with N ≈ Nc = M/Mi

so ~ M1/2    is applicable for a broad range of molar mass!

The exponent changes, usually, in thermodynamically good solvents.

Note:
s is independent of the solvent quality for low molar masses.

Why?
Long-range interactions are not possible for short chains.

3.4.4 Coils Expansion and Thermodynamics

3.4.4.1 Unperturbed Dimensions

Characteristics for the shape of the statistically non-expanded coil are the
“unperturbed dimensions”

• Only thermal movement of the molecule chain.
• No additional solvating power.
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Explanation by: Solvation / Desolvation  (1: solvent, 2: polymer)

a)   2-2 repulsion, 1-2 attraction
⇒ thermodynamically good solvent
⇒ expansion

b)   1-1 and 2-2 attraction
⇒ single coil segments are closer attracted
⇒ real coil dimensions < statistical coil
⇒ apparent excluded volume is negative

c)   intermolecular attraction > thermal movement
⇒ association →  phase separation

d)   solvating = desolvating influences
      (molecule segment apparently free of energetic influences)

⇒ unperturbed dimensions

These dimensions are not perturbed by long-range interactions as caused by
thermodynamically good solvents.
They can be obtained from measurements at the so-called theta temperature.

3.4.4.2 Theta Solution

A solution with A2 = 0 (second virial coefficient) is called a theta solution.  The polymer is
said to be in the theta state which is obtained at a certain temperature, the theta temperature
θ, for a given solvent which becomes a theta solvent at this temperature

3.4.4.3 Excluded Volume

In coils with long-range interactions, the space occupied by one segment is excluded for all
other segments.  This intramolecular excluded volume expands the coil.
Intramolecular excluded volumes in particular are present in coils in very dilute solutions
where the effects of intermolecular excluded volumes are absent.

Space requirements of segments are not only determined by their physical volumes (as for
solid spheres) but also by their interactions.  Excluded volumes increase due to repulsion
between segments and decrease due to attraction.

Interactions between two segments compete with those between segments and solvent
molecules.  The magnitude of the excluded volume effect thus depends on the thermodynamic
quality of the solvent.

In so-called theta solvents, all effects of interaction and physical volume requirements cancel
each other and the excluded volume becomes zero.  The coils adopt their unperturbed
dimensions.
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3.4.5 Equivalent Models

real coil ≠ statistical coil

Equivalent models:
Introduction of special parameters in order to describe deviations from the statistics.

1. KUHN’s equivalent model
2. Persistence (worm-like chain) model

3.4.5.1 KUHN Model

(Ersatz coil Model)

Parameters: LK – Kuhn length
LK =<r2>o/Lcont since NKLK = Lcont = Nebe

LK > b
Property of LK:  increases with chain expansion
dependent on: - bond length b

- valence angle τ
- torsion angle θ

independent of: - number of bonds N

NK – number of chain segments, which are necessary to describe the
conformation

⇒   <r2>oo = NKLK
2

Note:
• The smaller the Kuhn length the more flexible the chain.
• Chains with large Kuhn lengths no longer form random coils. (Exception: NK → ∞)

Illustration of the KUHN length
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3.4.5.2 Persistence Model

(worm-like chain, Kratky-Porod chain, 1958)

Specific for the model: The chain direction has a persistence, which causes resistance against
coiling.

Parameter: a - Persistence length

Definition:
a ≡ b/(1 + cos τ)
The chain is continuously curved like a worm: semiflexible

Mean-square end-to-end distance as a limiting case for a freely rotating chain with the
following restrictions:
• Segment lengths are vanishing small (b → 0)
• Bond angles approach 180° ( τ → π )
• Number of bonds N approaches infinity ( N → ∞ )
• Lchain = Nb = Naa
• a = const
• Na = Nb/a   segments of length a

r 2
worm

= 2Naa2 1 −
1

Na

 

 
  

 

 
  +

1
Na

 

 
  

 

 
  exp(−Na )

 

 
 
 

 

 
 
 

            = 2aL chain − 2a2 1− exp −L chain / a( )[ ]

Illustration of the Persistence length

Length, a, of a thread between two points, in which the thread tangents cover an angel α with
cos α = 1/e.
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4. Molar Mass and Molar Mass Distributions

Macromolecules are defined by their:

Constitution
Sequence of atoms and bonds without regards to spatial arrangements

Configuration
Sequence of tetrahedral symmetries

Conformation
Sequence of micro-conformations along the chain ⇒ Macro-conformation

            ⇒Molecular shape

Molar mass:  Part of the constitution

Note:
The molar mass has high significance for macromolecules!

Uniform macromolecular substances: Biomacromolecule
• Enzymes
• Nucleic acids

Polymers are non-uniform with regards to:
• Molar mass
• Constitution

Type and width of molar mass distribution depend on:
• Synthesis conditions  (thermodynamically or kinetically controlled)
• Isolation, treatment (experimental conditions)

Why distribution functions?
Distribution functions describe the molar mass distributions:

• Theoretically derived
•  Empirically found

Which information can be taken from distribution functions?
• Frequency of a defined molar mass

Characteristics of distribution functions:
• Average (value) (many, however, only a few important)
• Standard deviation

What deliver experiments?
• Molar masses
• Molar mass distributions

However
Theoretical relationships for reaction mechanisms of polyreactions contain the degree of
polymerization P (X or N).

Therefore
Calculation of the degree of polymerization, P, from experimentally determined molar masses
becomes necessary.
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Degree of polymerization

Definition:
Number of basic units in a macromolecule

P = M / M0 M = molar mass of the macromolecule
M0 = molar mass of the basic unit

4.1   Averages of Molar Masses

Definition:
A statistical weight (g) is assigned to the proportions of the components i.

Examples for statistical weights:

• amount-of-substance: n 
• mass-of-substance:  m with the property (value) Xi
• z-parameter: z (Eigenschaftswert)

For uniform polymers:
ni
mi ≡ niM i      
zi ≡ miM i ≡ niM i 2

z+1i ≡ ziM i ≡ miM i
 2≡ niM i

3

(statistical weights are interrelated)

For non-uniform fractions i:
M i is replaced by the corresponding average.

4.1.1 Number-average Molar Mass

M n = N ii∑ M i / N ii∑

•  Arithmetic average of the molar mass

Note:
Molar masses Mi are weighted with their absolute frequency Ni.  n  stays for "number
average"

With
    N n Ni i A= Ni  number of molecules

ni  amount-of substance

 x i = ni / nii∑ xi  mol fraction             xii∑ = 1
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 M n = x i M ii∑ average of the amount-of substance distribution

The statistical characteristics of a distribution are the moments of a distribution.

Definition:
The moment µ of order q of a g-distribution of molar masses about the origin (reference value
of zero) is

µg
q( ) ≡

g iM i
q

i∑
gii∑

= G iM i
q

i∑       with     Gi ≡ gi / gii∑

Example: for q = 1

µn = n iM ii∑ / nii∑ = x iM ii∑ = Mn

⇒  Mn:  1st moment of the number distribution of the molar mass.

4.1.2 Mass-average Molar Mass

With
m i = n iM i total mass of macromolecules having the molar mass Mi

m ii∑ total mass of the sample

wi = mi / m ii∑ mass fraction of macromolecules with the molar mass Mi
wii∑ = 1

M w = mii∑ M i / mii∑ = w iM ii∑

• Arithmetic average of the molar mass

Note:
Molar masses Mi are weighted with their mass-of- substance mi. w stays for "weight
average".

Using the amount-of-substance ni, the weight-average molar mass becomes:

M w = n iM 1
2 / n ii∑i∑ M i = µn

2 /µ n
1

This is the ratio of the 2nd and 1st moment of the number distribution of the molar mass.

µw
1 = wi M ii∑

⇒   Mw:  1st moment of the mass weighted distribution of the molar mass
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Examples for Mn, Mw, and Polydispersity

                             Sample  A                                            Sample  B

500 stones  with 1kg  = 500 kg 400 stones with 1 kg = 400 kg
2 stones with 250 kg  = 500 kg 100 stones with 6 kg = 600 kg
                                      1000 kg                                      1000 kg

Mn:    
1000kg

502stones
= 1.99               

1000kg
500stones

= 2.0

Mw:    
500⋅1 + 500⋅ 250

1000
= 125.5                         

400⋅1+ 600⋅6
1000

= 4

Polydispersity:  

             
125.5
1.99

= 63                                 
4.0

2.0
= 2

                        

4.1.3 Z-average Molar Mass

With    

zi = w iM i = miM i / mii∑

Mz = µ z
1 = zii∑ M i / zii∑ = m ii∑ M i

2 / mii∑ M i
= n ii∑ M i

3 / nii∑ M i
2

This is the ratio of the 3rd and 2nd moment of the number distribution of the molar mass.

⇒ Mz :  1st moment of a z-weighted molar mass distribution
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4.1.4 General Relationships for the Average Molar Mass

M β = ziM i
β−1

i∑ / ziM i
β− 2

i∑

= w iM i
β

i∑ / wiM i
β−1

i∑

= m ii∑ M i
β

/ m iM i
β−1

i∑

= x iM i
β+1

i∑ / x ii∑ M i
β

= n ii∑ M i
β+1

/ n iM i
β

i∑

With  β = 0   for Mn
β = 1   for Mw
β = 2   for Mz

Summary of Averages Written as Moments

First moment averages:
They are determined by the 1st moment of the appropriate distribution.

M n = µn
1 = µw

0 / µw
−1 = µz

−1 /µ z
−2

M w = µw
1 = µn

2 / µn
1 = µz

0 /µz
1

M z = µz
1 = µw

2 / µw
1 = µn

3 / µn
2

Additionally:
Exponent average: The power is given by the reciprocal order of the moment.

Example:
Viscosity average Mη:

M η = ( m ii∑ M i
a / mii∑ )

1
a = ( wiM i

a
i∑ )

1
a

With 0.5 < a < 0.9
For the case a = 1, it follows Mη = Mw.

Note:                       Mn ≤ Mη  ≤ Mw ≤ Mz
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Positions of Average Molar Masses

4.1.5 Polydispersity / Heterogeneity

Absolute measure of the width of a Gauss distribution:

• Number standard deviationσn

σn = M n(M w − Mn ) 68.26% of all molar mass values within 2σ   (± 1σ)
95.44% of all molar mass values within 4σ   (± 2σ)
99.73% of all molar mass values within 6σ   (± 3σ)

• This standard deviation can also be used as a relative measure of the width of other than
Gauss distributions. (however, the  above mentioned mole fractions are not valid)

Polydispersity (polymolecularity) index: Mw/M n

• for uniform polymers 1
• narrowly distributed polymers ≈ 1.04
• typically 1.5 –2.0
• for industrial polymers 20-40

4.1.6 Degree of Polymerization

• Analogous to molar masses

Example: Pn = ni Pii∑ / n ii∑ = x ii∑ Pi

With Pi: the degree of polymerization of a macromolecule having the molar mass Mi

For homopolymers:

P
M
M

P
M
M

P
M
Mn

n

o
w

w

o
z

z

o
= = =

am
ou

nt

Mn  Mv  Mw  Mz molar mass



Molecular Basis of the Structure and Behavior of Polymers                                                                            Part II

47

4.2  Distrib ution Functions

Definition:
Normalized distribution functions of properties are mathematical functions that describe the
proportion of a polymeric substance that has a specific value (or range of values) of the
property.

Specifications of distribution functions:
•  Continuity
•  Summation
•  Statistical weight

Description by mathematical functions
• Derived by polymerization equilibria or kinetics
• Only curve fitting

Continuity

The degree of polymerization can only assume positive integers.

Therefore
Distribution functions of molar mass and degree of polymerization are discontinuous.

However
Successive degrees of polymerization differ only by 1.

Therefore
Discontinuous distributions of high molar mass samples can be replaced by continuous
distribution functions.

Experimentally:
• Discontinuous distributions result from fractionation.
• Continuous distributions result from chromatographic techniques.

Summation

Differential :  Describes the proportion of the population to which a certain property value (or
range of values) applies.

Integral:  Gives the proportion of the population for which the property does not exceed a
certain value.
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Mole fractions xi of degrees of polymerization X i

H.-G. Elias, An Introduction to Polymer Science, VCH 1997, Fig. 2-7. With permission from Wiley-VCH Verlag GmbH

Statistical Weight

Which information result from reaction mechanisms?
• Predict theoretically number-distribution functions.
• Express the proportions of population by mole fractions.

However:
Most physical methods deliver mass-distribution functions.

Problem:  Different molar mass distributions can give identical averages.

Therefore
Averages are not sufficient for the characterization of polymers.

Mathematical Distribution Functions

• Gaussian distribution
• Logarithmic normal distribution
• Schulz-Zimm distribution
• Schulz-Flory distribution
• Poisson distribution
• Kubin distribution
•  Tung distribution

       
Continuous integral      Discontinuous integral

    
Continuous differential   Discontinuous differential
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4.2.1 Gauss Distribution

(normal distribution in statistics)

Definition:
Symmetric distribution about the median Xmedian which equals the number-average for the
case of the amount-of  substance distribution with X: Pn or Mn

median:     x(X)dX = 1/2
0

X median
∫

• Differential number-distribution function of a Gauss distribution of property X:

x(X) = 1

σn (2π)
1
2

exp −
X − Xmedian( )2

2σn
2

 

 

 
 

 

 

 
 

σn

• Number standard deviation

σn = Xn X w / X n( )− 1[ ]12

• absolute measure for the width of the Gaussian distribution
• calculated from Pn and Pw or Mn and Mw

Note: Pn ± 1σn = amount-of-substance of   68,26 %
Pn ± 2σn =               "                         94,44 %

Pn ± 3σn =               "                         99,73 %

• With the mass fraction as the statistical weight:

w(X) =
X

2π( )
1
2 σnXn

exp
− X − Xn( ) 2

2σn
2

 

 
 
 

 

 
 
 

Note:
The function is asymmetric.

Therefore
An amount-of-substance distribution, which is described by mass-of-substance proportions, is
not a Gauss distribution of mass proportions.

• Real Gauss distribution of mass proportions is related to the mass averages Xw

w(X) = X

2π( )
1
2 σw X w

exp
− X − Xw( ) 2

2σw
2
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and σw

σw = Pw Pz /Pw( ) − 1[ ]12

Important: Information about the basis of the distribution function
• Amount-of-substance
• Mass-of-substance
• z proportions

H.-G. Elias, An Introduction to Polymer Science, VCH 1997, Fig. 2-8. With permission from Wiley-VCH Verlag GmbH

() „Continuous“ differential Gauss number distribution of X, the degree of
polymerization, x = f(X), for a polymer with X

n
 = 3000 and  X

w
 = 3170, i.e., a number

standard deviation of σn = 714.  The median is the number-average degree of polymerization
Xn.
( - - - - - ) The same Gauss number distribution plotted as w = f(X). Note: The symmetric
Gauss number distribution becomes asymmetric if n is replaced by w in the plot but not in the
function itself. However, a Gauss mass distribution with Pw = 3170 would be symmetric
around Pw in a plot w =f(X) but not in a plot x =f(X).

4.2.2 Logarithmic Normal Distribution (LN)

Definition:
Gauss distribution with the natural logarithm of the property as variable (not the property
itself).

x(X) =
X

2π( )
1
2 σn

* X
exp

− ln X − lnX M( )2

2 σn
*( )2

 

 

 
 
  

 

 

 
 
  

Symmetry: Symmetric about ln Xmedian ≠ Xn 

Note:
For LN, the ratio of the degrees of polymerization is significant. (Gauss: Difference of the
degrees of polymerization is significant.)
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• General differential LN

Example:
Mass distributions of degrees of polymerization

w(X) =
1

2π( )
1
2σw

*

XA

B XM
A+ 1 exp

− ln X − ln X M( )2

2 σw
*( )2

 

 

 
 
  

 

 

 
 
  

                     B = exp
1

2
σ w

*( )2
A + 1( )2 

  
 
  

2 special cases:

  A = 0; B = exp((1/2) .(σ w*)2 Lansing-Kraemer distribution

A = 1; B = 1 Wesslau distribution

• Relationships between the median value and the average values (P or M):

Xn = Xmedian exp[(2A+1)(σ w*)2/2]

Xw =Xmedian exp[(2A+3)(σ w *)2/2]

Xz = Xmedian exp[(2A+5)(σ w *)2/2]

Xv = Xmedian exp[2 (A+α)+1)(σw*)2/2]

⇒  exp(σw*)2 = Xw/Xn =Xz/Xw

Conclusion:
The ratio of two consecutive simple averages is constant and independent of the value of the
number-average of the degree of polymerization in LN distributions.

4.2.3 Poisson Distribution

-  Very narrow distribution
-  Observed for „living polymerizations“:

• all chains start at the same time
• number of growing chains is constant

• Differential number distribution:

x(X) =
X n − 1( )X −1 exp1 − Xn( )

Γ(X)
=

X n − 1( )X − 1 exp 1− X n( )
X − 1( ) ! X( )

• Differential mass distribution

w(X) =
X Xn − 1( )X −1 exp 1 − X n( )

(X − 1)! X n( )
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(Γ= Gamma function of X = (X-1)!)

for P → ∞ : Pw/Pn = 1                 since Pw/Pn = 1+(1/Pn) - (1/Pn)2  

4.2.4 Schulz-Zimm Distribution

Result of many polymerization processes, which are characterized by:
• time independent number of chains
• statistic monomer addition until deactivation  (stationary conditions)

Parameter: Degree of coupling k.

Definition:
Number of independently grown chains that have been coupled to a dead chain.

• k = 2  termination by combination
• k = 1  termination by disproportionation
• k ≈ 1.5 transfer reactions  (real: 1...2)

• Differential number distribution

x(X) =
k / Xn( )k +1X k− 1X n exp(−kX / Xn )

Γ (k +1)

• Differential mass distribution with w = x . X/Xn

            w(X ) =
k /X n( )k +1X k exp(−kX /X n)

Γ(k + 1)
(G= Gamma-Function von (k+1))

for k = 1 and P →∞  Schulz-Flory distribution:

w(X) = (k/Xn)
2 X(1-k/Xn)

X-1

Note:
Only for the Schulz-Zimm distribution:

• Xn = maximum of the distribution curve.

• Interconnection of the simple arithmetic averages:

 Xn/k = Xw/(k+1) = Xz/(k+2)
Note:
The width of the distribution decreases with increasing degree of coupling.
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• Comparison:

Schulz-Zimm: (Pn+Pz)/Pw = 2                         LN: Pz : Pw : Pn = 3 : 2 : 1

• Calculation of k:

 lg w(P) = lg K´ + k(lg P  - 0.4343 P/Pmax)
Ideal case:  straight lines with slope k

Note:
Chain termination determines the distribution width U:

U = (Pw/Pn)-1 = 1/k                         Pn : Pw : Pz = 1 : (1+U) : (1+2U)

Pη ≈ Pn 1+ 1+ a
2k

 
  

 
  

Pη =
Pn
k

Γ 1+ k + a( )
Γ 1+ k( )

 

 
 
 

 

 
 
 

1 / a
                    a = exponent of the KMH relationship

H.-G. Elias, An Introduction to Polymer Science, VCH 1997, Fig. 2-9.  With permission from Wiley-VCH Verlag GmbH

Continuous differential number distributions of the degrees of polymerization X  for:
• LN: logarithmic normal distribution
• SF: Schulz-Flory distribution
•Tung: Tung distribution
shown as number distributions (top) and mass distributions (bottom) for a polymer with a
mass-average degree of polymerization of Pw = 20,000 and a number-average degree of
polymerization of Pn= 10,000.
Note: Poisson distributions are so narrow for Pn = 10,000 that they can be represented only as
a vertical line at X = 10,000.
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4.2.5 Kubin Distribution

(Hosemann and Schramek)

• Empirically generalized exponential distribution
• 3 adjustable parameters:  β, γ, ε

Mass distribution:

w(X) =
γ β ε +1( ) / γ X ε exp −βX γ( )

Γ ε + 1( ) / γ[ ]
Averages of the degrees of polymerization:

Pn = β
− 1

γ Γ ε + 1( ) / γ[ ] / Γ ε / γ( )

Pw = β
− 1

γ Γ ε + 2( ) /γ[ ] / Γ ε + 1( ) /γ[ ]
Pz = β

− 1γ Γ ε + 3( ) / γ[ ]/ Γ ε + 2( ) /γ[ ]
Advantage:
Good description of real polymerization processes.

Experimental determination of β, γ, and ε:
• Sedimentation equilibrium experiments
• Free diffusion of polymers in diluted solutions

Special Cases

Distribution β γ ε

Schulz-Zimm k/Pn 1 k

Schulz-Flory 1/Pn 1 1

Maxwell 1/a2 2 n

Tung γ γ-1


