
Electron Spin Resonance  
in Biophysical Chemistry

D ∝ r−3
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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 
• Do spectroscopy with a few microwatts to a few milliwatts of power 

• 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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Continuous wave ESR (cw-ESR)

Derivative spectrum Absorption spectrum
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The g-factor: ΔE  =  hυ = gβH

The field at each spin influenced by local magnetic fields, not just the external field :  
Heff = H + Hlocal  so   Heff = (1-s)H = (g/ge)H

– This field is induced by H, external field H  

– g is an effective Zeeman factor, shifted from the electron ge  

– The shift in g is akin to the chemical shift of NMR  

– The local induced field comes from the orbital motion of electrons, spin-orbit coupling 
mixes J, L and S and shifts g, the shift can can be g<2 or g>2. g is thus characteristic of 
different electronic structures and is also known as the  

Landé splitting factor: 

• Light atoms, i.e.'organic' and first row transition metals with a single unpaired electron 
can have g close to 2.0  

• Heavier atoms, and molecules or atoms with more than one unpaired electron can have 
g-values very different from 2 19



•The unpaired electron, which gives us the EPR spectrum, is very sensitive 
to local fields in its surroundings.  

• Local fields arising from magnetic nuclei are permanent and independent of 
H. (a・S・I) 

• Interaction with neighboring nuclear magnetic dipoles gives the nuclear 
hyperfine interaction and hyperfine splitting A 

•Corresponds to the NMR coupling constant J  

•For several equivalent nuclei n, (2nMIM + 1) transitions are observed for a 
nucleus M  with a spin I   

•The relative intensities are given by Pascal's triangle for I = ½ 

A - the hyperfine splitting
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1  3  3  1 

1  4  6  4  1 
1  5  10  10  5  1 20



        

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 *

= gβH 1
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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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For EPR the local symmetry at an unpaired electron center is categorised as :  
•Cubic. If x = y = z is cubic (cubal, octahedral, tetrahedral) No anisotropy in g 
and A.  
•Uniaxial (Axial). If x = y, and z is unique.                             
Linear rotation symmetry (at least 3-fold). Two principal values each for g and 
A. For an arbitrary orientation: 

•Rhombic. Three unequal components for g and A  
For an arbitrary orientation:

Anisotropy in g and A
Many measurements are made in the solid state in EPR spectroscopy. 

The ability of EPR to obtain useful information from amorphous (glassy) and polycrystalline 
(powders) as well as from single crystal materials has attracted much biology and biochemistry 
research 

Usually : gX, gY, gZ are not all equal, so g is anisotropic. Same for AX, AY, AZ.

25



26



Construction of g matrix
magnetic moment
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Rotation matrix

Idea: single crystal ==> obtain matrix gg ==> solve for C matrix ==> diagonal matrix obtained.
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gx=2.0091, gy=2.0061, gz=2.0023
The field shift between the X- and Z- orientations is  

 ΔH=hν/gxβ- hν/gz β ≅ hνΔg/4β~11G
ΔE = hν = gβH

When only g is taken into consideration …
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gx=2.0091, gy=2.0061, gz=2.0023 
I=1/2, Ax= 6.2, Ay = 6.3, Az=33.6

6.2 G

6.3 G

33.6 G
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gx=2.0091, gy=2.0061, gz=2.0023 
I=1, Ax= 6.2, Ay = 6.3, Az=33.6
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Powder spectra 

S=1/2, I=0, gx=gy<>gz  Axially symmetric g-factor

is the angle between a given symmetry axis and the 
magnetic field direction

The given solid angle Ω  is defined to be the ratio of the surface 
area A to the total surface area on the sphere: Ω= A/4πr2 

      dΩ=2πr2sinθdθ/4πr2= sinθdθ/2

• The probability P(H)dH of a spin 
system experiencing a resonant field 
between H and H+ dH 
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(Note: Hamiltonian = h𝜈 = ℏω; ω [Energy] = h𝜈 / ℏ; μB=β)energy=

(Note: U-1AU=diag; <B|G|S> = <B|U diag(G) U-1|S> 
= <B0 | diag(G) | S0>)
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gx=2.0091, gy=2.0061, gz=2.0023 
I=1, Ax= 6.2, Ay = 6.3, Az=33.6

9.4 GHz

Real data is blurred 
due to mosaicity 
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gx=2.0091, gy=2.0061, gz=2.0023 
I=1, Ax= 6.2, Ay = 6.3, Az=33.6

All orientations of the membrane 
normal relative to the magnetic field 
 are averaged in vesicles:

For a macroscopically disordered sample the orientation of the nitroxide moiety manifests itself as a 
result of anisotropic molecular motion around the principal axis of the molecular frame

n n

X Z

9 GHz

170 GHz

MOMD: microscopic order – macroscopic disorder.  
An important case in biology
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Microscopic Ordered and Macroscopic Disorder (MOMD)
e.g. Membrane Vesicles
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High field EPR spectroscopy is the 
g-resolved spectroscopy, the 
regions corresponding different 
orientations of the magnetic axis 
relative to the external magnetic field 
do not overlap

H =
hυ
gβ Rigid-limit (frozen) 

spectrum
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gx=2.0091, gy=2.0061, gz=2.0023 
I=1, Ax= 6.2, Ay = 6.3, Az=33.6

170 GHz
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Cyclodextrins (CDs) are cyclic oligomers of D-
glucopyranose. Due to the presence of a hydrophobic 
cavity in the molecule they are able to form guest–host 
complexes with a variety of organic compounds. 
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• Slow-motional spectra, 
rigid-limit like at room T. 
(except 16-sasl)

• Less lineshape change at 9 
GHz ==> less dynamical 
information.

• Sample condition: solid like 
with some crystallohydrate 
water.
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HFHF ESR provides better 
orientational resolution.

240 GHz, 5-sasl in 𝛾-CD

As a result, once motional effects are discernable in the spectrum, 
one can discern about which axis (or axes) the motion occurs. 

At low T it enables the unambiguous determination of the A and the 
g tensors.

At high T but in solid state (not tumbling motions), local enhanced 
rotation improves the spectral resolution; low-field region is blurred by 
the motion-induced ambiguity effect.
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HFHF ESR provides better 
orientational resolution.

240 GHz, 16-sasl in 𝛾-CD

As a result, once motional effects are discernable in the spectrum, 
one can discern about which axis (or axes) the motion occurs. 
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Z-rotation vs. slow motion

Averaging real tensor components 
gxx, gyy, gzz, Axx, Ayy, Azz

Averaging effective tensor 
components 

(gxx+ gyy)/2, (gxx+ gyy)/2, gzz   
(Axx+ Ayy)/2, (Axx+ Ayy)/2 Azz

HFHF ESR allowed us to demonstrate Z- and X-axial rotation and determine the relevant rotational diffusion constants 
and potential barriers. Such determination at 9 GHz is either impossible (Z-rotation) or inaccurate (X-rotation). 

Room T
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X-rotation
Averaging effective tensor 

components 
gxx,, (gyy+ gzz)/2, (gyy+ gzz)/2,  
Axx, (Ayy+ Azz)/2, (Ayy+ Azz)/2

Room T
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Diffusion tilt angle Y-rotation

Averaging effective tensor 
components 

(gxx+ gzz)/2, gyy, (gxx+ gzz)/2,  
(Axx+ Azz)/2, Ayy, (Axx+ Azz)/2

Room T
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X-rotation

Dynamics vs. Dynamics + Orientational resolution
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ESR on aligned membranes

Simulation of angular dependent spectra is  much freer of ambiguity, compared to vesicles

Spin-labeled gramicidin A in DPPC, 220 C

Aligned membrane Vesicles

Application of aligned membranes allows extracting information on relative orientation of 
diffusion and magnetic axes, which can not be obtained from vesicles
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Microtome technique on aligned membranes 

High frequency ESR requires very thin (<100 �m) flat samples with B0  

directed perpendicular to the sample in order to minimize dielectric losses 
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Microtome technique on aligned membranes 

High frequency ESR requires very thin (<100 �m) flat samples with B0  

directed perpendicular to the sample in order to minimize dielectric losses 



ISDU aligned DPPC membrane sample is 300 m thick. 

      High-field ESR on aligned membranes 

            in different orientation of the membrane normal relative to Bo 

80 m slices cut of the sample 

are utilized in high-field ESR 

 

ISDU aligned DPPC membrane sample is 300 micrometer think

80micrometer slices cut of the sample
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Spin labeled Gramicidin A in DPPC at 170 GHz
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Spin-labeled Gramicidin A in Oriented Membrane (DPPC)

•Slow motional nitroxyl 
spectrum at 7oC. 
•Orientation selection at 95 
GHz (3.2 mm) 

• gz parallel to membrane 
normal (z-ordered)

B0 || n

B0 ⊥ n

gz gy gx

56



iso z x y

Lineshape depends on
1) diffusional rates 
(dynamics) 2) anisotropic 
rotations
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Nano-confinement Enhances 
Anisotropic Rotational Dynamics ?

VS.

3~8 nm

Is ESR useful for probing dynamics of a nanodevice 
confined deeply within nanostructures? 58



PP-3R1 CPPPCPPPPPPPPC
P(r)FT

−30 −20 −10 0 10 20 30
frequency, [MHz] 1 2 3 4 5 6 7

distance, [nm]

3.9 nm

3.0 nm2.2 nm

Peptide Retains its Structure in Nanochannels

๏CD shows PPII structure is unchanged. 

๏ESR demonstrates the peptide structure is 
approximately the same in all conditions studies.

๏P(r) accuracy improved.
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m3(200K)

m2(300K)

m2(200K)

m3(300K)

m3(200K)

m2(300K)

m2(200K)

m3(300K)

Theoretical Fits to Multifrequency Spectra
X-band (9 GHz) Q-band (35 GHz)

PP-m2 PPPPPPCPPPPPPP

PP-m3 PPPPPPPPCPPPPP

7.1 nm 7.6 nm 6.1 nm
6.1 nm7.6 nm7.1 nm
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๏Nano-confined molecules possess a greater ordering and anisotropy R||/R⊥ as 
compared to the bulk study.

๏R||/R⊥ barely changes with pore sizes, as the nanoconfinement effects persist.

3.9 nm

Nanochannels (6, 7, 7,6 nm) bulk solvent

R||/R⊥ 60                    10 0.26±0.02

S0 0.54±0.04 0.62                  0.03

△(2) 3.6±1.0 ~ 0

comp. one                    two one                   one

200 K 300 K 200 K 300 KTemp

Multifrequency Analyses Unravel the Rotational Anisotropy
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n3-α

n3-β

PC5

Significance of the Spectral Components

Mb reports

helical structural types (PPII or α-helix)

peptide length (11-, 14, or 26-aa long)

solvents (H2O, PB, or TFE/PB)
pore sizes (2.5 ~7.6 nm)
backbone dynamics on secondary structures (helix vs. hairpin)

(X)
(X)
(X)
(X)
(O)

300K
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