


Organic Conductors
From Polymers to Nanotubes

Structure, Bonding & Electronic 
Properties

Chapter 10.5 - 10.6



Learning Objectives

• Explain how π-conjugation leads to delocalized molecular orbitals that form bands

• Relate Peierls distortion and redox doping to the band gap and carrier formation in 
polymers

• Define nanotube (n,m) indices and compute diameter and chiral angle

• Predict metallic vs semiconducting behavior from the (n−m)/3 rule and Eg ∝ 1/d

• Compare transport limits in polymers vs nanotubes and link back to structure



Why Organic Conductors?

Breaking the Paradigm

• Traditional view: organics = insulators

• 1970s revolution: conjugated systems conduct

• Conductivity spans 15 orders of magnitude

• 2000 Nobel Prize in Chemistry

Key Advantages

• Lightweight & flexible

• Solution processable

• Tunable properties

• Applications: OLEDs, solar cells, sensors





Teflon







The Polymer

PEDOT:PSS = poly(3,4-ethylenedioxythiophene):polystyrene sulfonate

A complex of:

PEDOT

Conducting polymer backbone

PSS

Polyanion for water dispersibility

This unique combination enables commercial success



PEDOT

PSS



Key Advantage #1: Water Processable

The single biggest reason for commercial success

Processing Methods

• Solution casting at room temperature
• Spin coating
• Screen printing
• Roll-to-roll compatible
• Standard coating tools

Competitive Advantage

Other conducting polymers require:

• Harsh organic solvents
• In-situ oxidative polymerization
• Special handling conditions



Key Advantages #2 & #3: Stability & Film Quality

#2 Air Stable

Unlike most conducting polymers that 
degrade in oxygen/moisture

• Storage without special precautions
• Standard shipping & handling
• Long shelf life

#3 Superior Films

Essential for electronics:

• Optically clear
• Uniform thickness
• Low surface roughness
• No cracking or defects



Key Advantages #4 & #5: Tunability & Industry Fit

Tunable Conductivity

Adjust PEDOT:PSS ratio or add dopants:

1 S/cm → 1000+ S/cm

Secondary dopants: DMSO, ethylene glycol, 
sorbitol

Conductivity Range Chart

Industry Compatible

Direct integration into:

• OLED displays
• Touch panels
• Photovoltaics
• Sensors
• Antistatic coatings

No exotic equipment needed
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Hexagonal Lattice (Definition of Vectors)
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Hexagonal Lattice (n,m) nanotubes
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n - m = 3q (q: integer): metallic
n - m ¹ 3q (q: integer): semiconductor







https://demonstrations.wolfram.com/BrillouinZoneOfASingleWalledCarbonNanotube/

Metallic or 
Semiconducting? 



https://demonstrations.wolfram.com/BrillouinZoneOfASingleWalledCarbonNanotube/

Metallic or 
Semiconducting? 





Ultracentrifuge Separation 

M. S. Arnold, A. A. Green, J. F. Hulvat, S. I. 
Stupp, M. C. Hersam,Nat. Nanotechnol. 
2006, 1, 60.

Chromatographic Separation 

H. Liu, D. Nishide, T. Tanaka, H. Kataura, 
Nat. Commun. 2011, 2,309.





Homework: 
Conducting polymers: 10.17
Carbon nanotubes: 10.18, 10.19, 10.20, 10.21, 
10.22



Chapter 12:
SUPERCONDUCTORS





Highest Temp element is Nb @9.25 K and ambient pressure. 





Chapter 20 -

•  Created by current through a coil:

•  Relation for the applied magnetic field, H:

L
INH   

=

applied magnetic field
units = (ampere-turns/m)

current

Applied Magnetic Field

Applied 
magnetic field H

current I

N = total number of turns
L = length of each turn

•  Here a Magnetic Field is the result of a current



Chapter 20 - 36

•  Magnetic induction results in the material

Response to a Magnetic Field

Contribution to the field 
due to magnetization of the 
solid



Chapter 20 -

37

•  Magnetic susceptibility, c (dimensionless)

Response to a Magnetic Field

c measures the 
material response
relative to a vacuum.

H

B
vacuum c = 0

c > 0

c < 0

B = μ0(H+M) = μ0(1+χm)H = μH



Chapter 20 - 38

•  Electrons produce magnetic moments:

•  Net magnetic moment:
    --sum of moments from all electrons.

•  Three types of response...

Origins of Magnetic Moments

magnetic moments

electron

nucleus

electron

spin



Chapter 20 - 39

• Present in all materials
• Electrons change their orbit to oppose applied field

Diamagnetism



Chapter 20 - 40

• Present in materials with unpaired electrons
• Electron spins align with applied field

Paramagnetism



Chapter 20 - 41

• Spins couple and align with no applied field

Ferromagnetism



Chapter 20 - 42

• Spins couple, align, and cancel

Antiferromagnetism

MnO



Chapter 20 - 43



Chapter 20 - 44

Are Superconductors Special? 

(1) Resistivity of Ag is 10-11 ohm m at I K , for superconductors is 10-25 



Chapter 20 - 45

Are Superconductors Special? 
(2) Different Magnetic Properties: Ag is a very 
weak diagmagnet, superconductors are perfect 
diamagnet up to a critical field Hc 



(3) Thermodynamic Analysis reviews Tc is associated with a 2nd order transition 











Since electrons move much faster than the heavier metal ions, there is a time delay between the motion of the first 
electron (which distorts the lattice) and the subsequent attraction of the second electron. To estimate the distance d 
the first electron has traveled by the time the second is attracted, we use:
•vₙ: velocity of an electron at the Fermi level
•ω_D: Debye angular frequency, which sets how fast the lattice can respond

The estimated distance is

d = v_F (2π / ω_D)

For aluminum:
•v_F ≈ 2×10⁶ m/s
•ω_D ≈ 5×10¹³ s⁻¹

This gives:
d ≈ 2500 Å

This distance is large compared with atomic spacing, so Coulomb repulsion between the electrons is negligible, 
especially due to screening by the positively charged metal ions.

Electron Pairing Distance Estimate



Conservation of momentum leads to the relationships:



Electron Pairing in k-Space

To form a Cooper pair through phonon exchange, each electron must scatter into a different quantum state. 
The Pauli exclusion principle limits which states are available: electrons deep below the Fermi energy EF 
cannot scatter because all nearby states are already occupied. Only electrons close enough to EF have empty 
states available.

A phonon of energy ħω can only change an electron’s energy by at most ħω. Therefore, an electron can 
scatter only if there is an unoccupied state within that energy range. When you combine this with Pauli 
exclusion, the result is that only electrons within an energy window of order ħω around EF can participate in 
pairing.

In k-space, this allowed energy window corresponds to a thin shell of states surrounding the Fermi surface, 
with thickness δk determined by ħω. Only electrons whose wave vectors fall within this narrow shell can 
experience the phonon-mediated attraction, as shown schematically in Figure 12.7.





Why k₀ = 0 gives the most possible pairs

If k₀ = 0, then the rule becomes:

k₂ = −k₁

That means every state k in the shell automatically has a partner −k that is also in the shell.

This doubles your options: every point on the Fermi surface has a matching point directly opposite it. So the number 
of available pair states is maximized.

If k₀ is not zero (say, k₀ is some nonzero vector), then the partner of k₁ is k₂ = k₀ − k₁. Many of those points don’t lie in 
the allowed shell anymore, so the number of available pairs drops.



k₀ = k₁ + k₂, so k₀ = 0 means:

k₁ + k₂ = 0 → k₂ = −k₁

In other words, the two electrons in a Cooper pair must have equal and opposite momenta.

Because electrons are fermions, their spins must also be opposite for the overall two-electron wavefunction to be allowed. So a 
Cooper pair consists of states:

(k, ↑) and (−k, ↓)

This is called s-wave pairing, which is the type found in conventional (BCS) superconductors.

Finally, a Cooper pair is not like two electrons locked together in a fixed chemical bond. Instead, it is a dynamic quantum state in 
which many electrons near the Fermi surface continuously exchange phonons and momentarily form paired states with opposite 
momenta and opposite spins.







BCS Prediction for the Zero-Temperature Gap and Tc

Typical experimental measurements the zero temp energy gap are

BCS Theory further predicts that 



BCS prediction evaluated at Tc yields: 































Simple electronic models now reproduce superconductivity

The Hubbard model is the standard “minimal” model to capture strong electronic correlations on a lattice:
•electrons live on a square lattice (like Cu sites)
•they can hop to neighboring sites with amplitude t
•if two electrons land on the same site, they pay a large energy penalty U (strong on-site repulsion)

At half-filling (one electron per site), and for large U, the Hubbard model naturally gives a Mott insulating antiferromagnet, 
just like undoped cuprates.

Modern large-scale numerical simulations then show that:
•when you dope this model away from half-filling
•you get a correlated metal with stripe-like charge/spin textures
This is important because the Hubbard model has no phonons built in. If it already stripes plus a dome-like Tc vs doping, 
then:
•you can get cuprate-like superconductivity purely from electron–electron interactions
•that strongly supports the idea that electronic correlations and spin fluctuations are sufficient to explain high-Tc in cuprates



Homework: 
12.2-12.6
12.11 – 12.14


