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Exam

- Relevant sections from Rubinstein & Colby (detailed study guide will follow)
- Slides plus additional materials
- Exam consists of 12-13 questions, 5 of which need to be answered
- More detailed information will follow!
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A brief history of polymer physics

Herman Staudinger  
Nobel Prize Chemistry 1953

Macromolecular hypothesis (1920)

Wallace Carothers
Synthesis of well-
defined polymers

Experimental support (1920-1930)

Herman Mark
X-ray diffraction 

of polymers

Foundations of polymer physics (1930-1960)

Paul Flory
Nobel Prize 

Chemistry 1974

• Polymer sizes (Kuhn)
• Chain statistics (Flory)
• Thermodynamics  (Flory-

Huggins)
• Gelation (Flory-Stockmayer)
• Rubber elasticity (Kuhn, 

James, Guth)
• Dynamics (Rouse, Zimm)

Modern polymer physics (1960-1980)

Pierre-Gilles de Gennes
Nobel Prize Physics 1991

• Scaling approach for 
polymer solutions (de 
Gennes, des Cloizeaux)

• Tube model, reptation
(Edwards, de Gennes, Doi)

• Block copolymers
• Associating polymers
• Crystallization
• Glass transition
• Liquid-crystalline polymers
• Charged polymers

Current polymer physics

• Conducting polymers
• Biological polymers
• Ultra-tough polymers
• Self-healing polymers
• Supramolecular polymers
• Polymer-covered surfaces
• ......
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Types of polymers

CH2 CH2

Polyethylene Polyethylene oxide

CH2 CH2O

Polystyrene

CH CH2

Nucleic acids (DNA / RNA)

Proteins

PolysaccharidesPolyvinylchloride
CH CH2

Cl

Polydimethylsiloxane

Polyacrylate
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Homopolymer

Random copolymer

Polyelectrolyte

Types of polymers

Christian Holm, 4/11 - - - - - - - - - -

Block copolymer Giuseppe 
Portale, 25/11 

Alternating copolymer
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Polymer architecture

Eduardo Mendes, 28/10
Van der Gucht 21/10

Liquid crystalline polymers
Picken 28/10
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Polymer properties depend on:
• Chemical composition of the chain

• Degree of polymerization/ molar mass: 

• Flexibility of the chain

• Architecture

• Homo/copolymer

𝑀 = 𝑛𝑀!"#

Polymer physics: describe properties in terms 
of length, bending stiffness, interactions 
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Introductory lectures: day 1 and 2
Chapters 1-5 Rubinstein & Colby

- Week 1:
- Polymer conformations; simple chain models
- Radius of gyration, end-point distribution
- Single chain elasticity

- Excluded volume
- Collapse and swelling
- Scaling concepts

- Week 2:
- Polymer solutions and mixtures: Flory Huggins theory
- Chi parameter
- Osmotic pressure, phase separation

- Overlap concentration
- Semidilute solutions, melts
- Scaling concepts
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Energy scales

Thermal energy: 𝑘𝑇 ≈ 4.1 * 10$%&J or 2.5 kJ/mol

Covalent bond: ~350 kJ/mol or 140 𝑘𝑇

Non-covalent interactions:   <<𝑘𝑇 to >>𝑘𝑇

Bending energy: ~𝑘𝑇
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Average conformation depends on:
- Chain flexibility
- Degree of polymerization
- Interactions between monomers
- Interactions with surroundings
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Polymer of 1010 bonds, 
with bond length 1 cm
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Ideal versus real chains

Ideal polymer vs. ideal gas
• Strong dependence of polymer 

size on environment/solvent 
conditions suggests a big role of 
interactions.  

• Ideal polymer has no interactions 
between monomers, except 
between neighbors along the 
chain.

• Just like ideal gas may have all 
sorts of rotations and vibrations 
in the molecule, but no 
interactions between molecules.

• Like ideal gas is the most useful 
idealization in statistical 
mechanics, so is the ideal 
polymer.

• Ideal chains are good models for 
polymer melts, concentrated 
solutions, and dilute solutions at 
θ-temperature

• Strong dependence of polymer 
size on environment/solvent 
conditions suggests a big role of 
interactions.  

• Ideal polymer has no interactions 
between monomers, except 
between neighbors along the 
chain.

• Just like ideal gas may have all 
sorts of rotations and vibrations 
in the molecule, but no 
interactions between molecules.

• Like ideal gas is the most useful 
idealization in statistical 
mechanics, so is the ideal 
polymer.

• Ideal chains are good models for 
polymer melts, concentrated 
solutions, and dilute solutions at 
θ-temperature

no interactions, the 
chain “does not see”

itself

These interactions 
are ignored in the 
ideal chain model

Justified under theta 
conditions and in 
polymer melts
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Chain flexibility

∆𝜀: determines relative probability of trans and gauche

𝐸!: determines dynamics of conformational changes

(Polethylene: ∆𝜀 ≈ 0.8 𝑘𝑇)

All-trans state

14
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Polymer models

- Freely jointed chain
- Freely rotating chain (exercise)
- Wormlike chain
- Hindered rotation model
- Rotational isomeric state model
- Kuhn model
- ..
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Characteristic ratios and Kuhn length of several polymers

16
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Wormlike chains

DNA Protein filament

Wormlike micelle
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Random walk

18
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Central limit theorem
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Figure 1: a) Schematic image of a donor-doped acceptor chain at different degrees of chain extension. b) Structure

of the donor polymer poly(dioctylfluorene-alt-benzothiaziazole) (green), randomly doped with the acceptor DTBT

(pink). Here, we use the same compound in polymeric (FS1) and oligomeric (FS2) form, with FS1: Mw = 30.3

kg/mol, PDI = 1.82, with on average hmi ⇡ 55, hni ⇡ 47 and hoi ⇡ 8 and FS2: Mw = 1.9 kg/mol, PDI = 1.12,

with hmi ⇡ 4, hni ⇡ 3 and hoi ⇡ 1, c) absorption (blue line) and emission (filled green) spectra of the isolated donor

F8BT and absorption (filled pink) and emission (red line) of the acceptor DTBT, showing the overlap between donor

emission and acceptor absorption (shaded grey) where energy transfer occurs.
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Polymer as force sensor

Figure 3: a) Experimental set-up for hyperspectral single-molecule imaging, with widefield illumination of a

circularly polarised 405 nm (18 mW) laser beam and hyperspectral detection using a sCMOS camera connected to an

electrically-tunable liquid crystal bandpass filter. b) Diffraction-limited image of a single mechanosensor molecule at

different spectral slices as indicated. c-e) Example single-molecule fluorescence spectra (blue) showing the emission

of individual chains exhibiting different degrees of energy transfer; red solid line is a fitted deconvolution to extract

the energy transfer efficiency E. f) number of diffraction limited single-molecule images per frame as a function of

polymer concentration c in the PS matrix. g) photoluminescence intensity time trace for a single conjugated polymer,

indicating the absence of blinking or bleaching even during prolonged excitation.
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T. van de Laar, H. Schuurman, P. van der Scheer, J.M. van 
Doorn, J. van der Gucht, J.Sprakel, Chem, 4 (2018), 269 .
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Polymer as force sensor

Figure 4: a-b) Histograms of energy transfer E from single-molecule experiments on n chains for FS1 in the

unstrained (✏ = 0, a) and strained (✏ = 1.71, b) states. Solid lines are fits to a Gaussian distribution. c-d) Experimental

strain-optical response curve for FS1 (closed circles,c) and FS2 (squares,d) and a comparison with simulations without

adjustable parameters (open circles, c), inset in d) shows an energy transfer histogram for FS2 (n = 169, ✏ = 1.71).

Error bars indicate the standard deviation of the measured E over n samples. (e) Width of the distribution of donor-

acceptor distances �r (see main text), normalized to the zero-strain case �r,0, for experimental data (FS1, closed

symbols) and corresponding simulations (open symbols). Dashed lines are a guide to the eye. (f) Amplitude of

non-affinity �NA
r as a function of strain, see text for definition. Line is a linear scaling as predicted theoretically.
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Force-extension curve for DNAEntropic elasticity
Optical tweezers 

experiment

How much force 
should we apply to 
achieve end-to-end 

distance R?

Optical tweezer experiment
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Stretching a freely-jointed chain

U = −𝑓 & 𝑅 = −𝑓 &(
!"#

$

𝑏!

P 𝑏! ~𝑒%&' =-
!"#

$

𝑒&)⃗*+" with 𝛽 = 1/𝑘𝑇

𝑏! =
∫+ "+ 𝑏𝑒

&)⃗*+ 𝑑𝑏

∫+ "+ 𝑒
&)⃗*+ 𝑑𝑏

integration over spherical 
shell with radius b 

= 𝑏 coth 𝛾 −
1
𝛾
𝑓
𝑓 with 𝛾 = 𝑓𝑏/𝑘𝑇

R = N 𝑏! = N𝑏 coth 𝛾 −
1
𝛾

Entropic elasticity
Optical tweezers 

experiment

How much force 
should we apply to 
achieve end-to-end 

distance R?

coth 𝑥 =
𝑒# + 𝑒$#

𝑒# − 𝑒$#
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Stretching a freely-jointed chain
Entropic elasticity

Optical tweezers 
experiment

How much force 
should we apply to 
achieve end-to-end 

distance R?

R = N𝑏 coth 𝛾 −
1
𝛾

𝛾 ≪ 1: R = N𝑏
𝛾
3
=
𝑁𝑏,𝑓
3𝑘𝑇

𝛾 ≫ 1: R = N𝑏 1− #
-

or 𝑓 =
𝑘𝑇

𝑏 1 − 𝑅
𝑅./0

with 𝛾 = 𝑓𝑏/𝑘𝑇
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R = N𝑏 coth 𝛾 −
1
𝛾

with 𝛾 = 𝑓𝑏/𝑘𝑇

Freely jointed chain

Wormlike chain (Marko-Siggia)

f ≈
𝑘𝑇
2𝑏

𝑅./0,

(𝑅./0 − 𝑅),
− 1 +

4𝑅
𝑅./0

(accurate approximation)
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Single molecule DNA experiments
DNA replication by polymerase

See Bustamante et al. Nature 2003

Topoisomerase activity
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Structure of an ideal polymer chain

Structure can be measured with scattering
(SAXS, SANS)
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Xray-scattering

Lecture Ilja Voets
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Form factor single chains

P q =
2

(𝑞𝑅1)2
𝑒%(45%)& − 1 + (𝑞𝑅1),

Single chain form factor:
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