
Electron Spin Resonance  
in Biophysical Chemistry

D ∝ r−3
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The magnetic moment of a bound 
electron is determined by its total 
angular momentum J

The g-value depends on the spin-
orbit coupling:
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ESR and NMR are very different methods!

electron proton ratio

Rest mass me =9.1094×10-28 g mp =1.6726×10-24 g 5.446×10-4

Charge e=-4.80286×10-10ESU e=4.80286×10-10ESU -1

Spin angular momentum h/4π h/4π 1

Magnetic dipole moment

µS=ge βeS 
ge= 2.002322 

βe=eh/4πmec = 

9.274×10-24 J/T

µN=gN βNS 
gN= 5.5856 

βN=eh/4πmNc = 

5.0504×10-27 J/T

658

• Frequency: Factor 1000 larger in EPR ! (GHz instead of MHz) 

• Relaxation Times: Factor 1000 000 smaller in EPR ! (ns instead of ms) = much higher technical 
requirements, but unique sensitivity to molecular motion 

• Sensitivity : Factor 1 000 000 better than in NMR !!  (1nM instead of 1mM ) An ideal case, though
1000 (freq)x 658 ~ 10^6
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The Basic ESR Experiment (conventional ESR)

•ESR is done from 1 to 300+GHz, up to 2000+ GHz 

•Machines are classified according to their source frequency :  
L (1.5), S (3.0), C (6.0), X (9), Ku (17), K (23), Q (36), V (50), W (95), D(140), G(180) 

• Use microwave transmission lines 
• Solid state [Gunn diode or DRO] or tube [klystron] sources 
• Temperatures from 4K (heme and non-heme iron) to 310K+ (in vivo/vitro) 
• Sensitivity : Increases as (frequency)2, but limited by sample size, field homogeneity and 
component construction problems.  

• Practically (at X-band): detect 1010 spins, a detectable concentration of ~10-9M. (under the 
condition of 100 µL)
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Sensitivity

– Net absorption increases with decreasing T, and with increasing magnetic field 
strength. (ΔN determines the bet absorption.)

– Higher frequency uses smaller waveguides, thus smaller sample volume, canceling 
the advantages (possibly).

– X-band can detect 1012 spins (10-12 moles) at room T. (on the order of 0.1 G wide)
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EPR Spectroscopy 

2014 PSU Bioinorganic Workshop 12 

The EPR Experiment 

In an EPR experiment the absorbance is very weak and this 
method is only feasible at very high magnetic fields. 

In most spectroscopic experiments the absorbance is measured 
as a function of frequency. 
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The EPR Experiment
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EPR Spectroscopy 

Factors that lead to weak EPR signal intensity 

2014 PSU Bioinorganic Workshop 13 

The population difference between the spin states is small: 

N! / N" = exp(#ge"eB0 / kT )

Spin relaxation: 

•  Fast relaxation causes line broadening 

•  If the relaxation is slow equalization of the populations can 

occur if the absorption rate is fast (power saturation) 

!N / N =10"3 for  B0 = 330 mT 

Factors that lead to weak EPR signal intensity

16



EPR Spectroscopy 

2014 PSU Bioinorganic Workshop 15 

The EPR Experiment 

To overcome the problem of weak signals a resonator is used: 

•  The sample is placed in a resonant cavity such that it sits in the 
magnetic component of the resonant microwave field 

magnetic 
lines of force 

electric lines 
of force 

sample 

Many other resonator designs are possible. Each has its advantages 

The EPR Experiment
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EPR Spectroscopy 

2014 PSU Bioinorganic Workshop 16 

The EPR Experiment 

The microwaves are usually brought 
to the resonator using a waveguide 

Image: Buker ER 4103TM cylindrical mode resonator 
 http://www.bruker.com/typo3temp/pics/e_75d2de1d39.jpg 

waveguide 

resonator 

An “iris” is placed at the entrance 
to the resonator to couple it. 

entrance slit 

iris 

Hagen “Biomolecular EPR Spectroscopy” Fig. 2.6 

The EPR Experiment
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EPR Spectroscopy 

2014 PSU Bioinorganic Workshop 17 

EPR Cavity Coupling 

The source is critically coupled to the cavity so no power is reflected. 
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Over coupled Critically coupled Under coupled 

At critical coupling and exactly on resonance:
• The reflected power goes to (ideally) zero.
• That means the incident power is not reflected back toward the source.

But that does not mean “all the microwave stays in the cavity forever.” It means: 
The incident power is accepted by the resonator and then dissipated through losses.

EPR Cavity Coupling
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16-PC

Spin label Electron Spin Resonance
Use spin label to probe the local environment in molecules

I=1/2 (for 15N)
I=1 (for 14N) S=1/2
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H = H * − mIA for A =
a
gβ

ΔE = hν = gβH

ΔEe

ΔEn

=
geβeH
gnβnH

~ 658

ΔE = hν = gβH *
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= gβH + a

H = H * −
a
gβ

for   α e,mI = 1 ⇔ βe,mI = 1( )

Hamiltonian = gβHSz − gNβNHIz + a ⋅ I ⋅S
Electron 
Zeeman

Nuclear 
Zeeman Hyperfine

H = H * +
a
gβ

for   α e,mI = −1 ⇔ βe,mI = −1( )

H = H * −
a
gβ

mI

Overall:

[Gauss]

(mI=0)

(mI=1)

(mI=-1)

(mI=1)

(for e-, 1/2-(-1/2)=1)

in terms of angular freq, ω: 
ω=γH for γ=2πgβ/h (gyromagnetic ratio)

(more sensitive (per spin) than NMR)
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I=1/2, 2I+1=2

I=1, 2I+1=3
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