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Why pulse EPR

Improved spectral resolution = Detect weaker magnetic interactions
= Obtain more precise information

All weak interactions are 
present in the CW EPR 
spectra, but they may be 
hidden within the linewidth.
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Magnetic Field, mT

A hypothetical spectrum of an axial EPR spectrum containing 4x57Fe (I=1/2)

Small linewidth

Large linewidth Pulse EPR methods allow to 
significantly improve 
spectroscopic resolution.



Unpaired electron spin as a probe of the environment

Close-range hyperfine interactions.
Can be studied by CW EPR.

Electron spin “senses” other nuclear and electron spins.

Long-range hyperfine interactions 
(up to 5-6 Å)
Need pulse EPR.

Electron spin-spin interaction between 
spin centers (up to ~100 Å)
Shorter distances can be studied by CW EPR
Generally, pulse EPR required



CW EPR vs Pulse EPR: Key differences

Continues Wave EPR

• Absorption spectroscopy
Resonant absorption of microwaves

• Detection and excitation 
happen at the same time

• Direct output
EPR spectrum

• Less susceptible to 
relaxation effects

Pulse EPR

• Emission spectroscopy
Sample transiently emits microwaves

• Detection and excitation are 
separate

• Complex outputs
Most data require post processing

• Much more susceptible to 
relaxation  effects

You may not see a pulse EPR signals from a 
sample which has great CW EPR spectrum



Pulse EPR vs. CW EPR: Technique 

Pulse EPR spectrometer ($$$$$):

CW EPR spectrometer ($):
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Pulse EPR in a nutshell

Time-evolution of an electron spin is affected by the magnetic environment 
(nuclear spins, other electron spins)

Observation of the outcome of the electron-spin evolution allows to 
assess information about spin-spin interactions

To get an idea about pulse EPR we need to think about what spins 
are doing during pulse EPR experiments

We can turn a paramagnet into a transient source of MW irradiation by taking it out of its 
equilibrium state. 

This transient signal produced by the paramagnet we detect.
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Spin acrobatics

A bunch of spins in an external magnetic field along “z” axis

Individual spins

Sum magnetization
(scale is not preserved)

*Note that sum magnetization is stationary

ν0 

Free electron in the absence of any other interactions. 
Precession frequency: ν0 = gμBB0/h

ν0 – Larmor Frequency
g – g-value 
μB – Bohr magneton
h – Planck Constant

Mackenzie Field
sum of all the individual spins points along z direction



Spin acrobatics

Microwave magnetic field inside the resonator (designated as B1) is oscillating with νmw. 

Static external field B0

Simulation for a rectangular cavity:

ν0 = νmwElectron paramagnetic resonance event is when: 

Oscillating magnetic field B1

Sample tube

Iris



Rotating Frame

Static frame Rotating frame

xrot
yrot

“ Static B1”

z=zrotB0
B0z

x
y

For the rest of the class, we always work in rotating frame, 
so we reassign xrot, yrot, zrot as x, y, z

For in resonance condition, (ν0 = νmw) we can simplify the picture by using a 
“rotating frame” formalism 

Mackenzie Field
omits processions around the z axis

Mackenzie Field
these are vidoes



MW Pulse 
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“/2-pulse” : =90o

“-pulse” : =180o

Higher microwave power = Higher B1 = Faster precession
higher MW power =  shorter /2- and - pulses

tMW

Mackenzie Field
x axis 

-z direction�



Terminology

polarization transfer
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1tmw = 

a.k.a. -pulse

create coherence state
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1tmw = /2

a.k.a. /2-pulse

coherence to polarization transfer

x

z

y

1tmw = /2

Coherence is a state in 
which spins oscillate 
between two states.
Sum magnetization precess
in xy-plane

Polarized state is when all 
spins are in the same state

Transition moment is a  
probability of changing the 
state under irradiation

Detection of EPR signal 
means observation of sum 
magnetization on x and y
axis, representing “real”/”in 
phase” and 
“imaginary”/”out of phase” 
channels respectively.

Mackenzie Field




Microwave Pulse Bandwidth
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Mackenzie Field
shorter pulse larger range of frequencies
get all of the bottom trsansitions 
cold spins and hot spins 
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Free induction decay
So, MW pulse moves an assemble of spins from equilibrium

As we are still tuned to only one frequency – Larmor Frequency, spins with different 
frequencies will appear precessing

/2-pulse t1 t2

Free Induction Decay (FID)

MX

-t2

+t2

detection
detection

detection detection

Mackenzie Field
total magnetization decays as time goes on



Hahn Echo experiment

  t

FID ESE

FID – free induction decay
ESE – electron spin echo

/2

Sample irradiates MW with an intensity ~|Mx|

Mackenzie Field
cold spins and hot spins combine again in the -x direction and that is the ESE



Unpaired electron spin as a probe of the environment

Close-range hyperfine interactions.
Can be studied by CW EPR.

Electron spin “senses” other nuclear and electron spins.

Long-range hyperfine interactions 
(up to 5-6 Å)
Need pulse EPR.

Electron spin-spin interaction between 
spin centers (up to ~100 Å)
Shorter distances can be studied by CW EPR
Generally, pulse EPR required



ESEEM / ENDOR = paramagnetic NMR

Key components of the spin-Hamiltonian that directly contribute to ESEEM/ENDOR:

Nuclear Zeeman interaction: HN = gnβnB0I 
νn=gnβnB0

Nuclear Quadrupole interaction (for I>1/2): HQ = IPI
parametrization: K = Pz /2

η = Py-Px/Pz

Apparent* Hyperfine Interaction: HHF = SAI
parametrization: Aiso =(Ax+Ay+Az)/3

Aanis = [Ax, Ay, Az]-aiso

Bruker Almanac

* In the case of a complex multi-spin 
systes, apparent hyperfine is not 
directly related to the spin density.
Look up “spin-projection coefficients” 
to learn more.

P = 

𝑃𝑥
𝑃𝑦

𝑃𝑧

A = 

𝐴𝑥
𝐴𝑦

𝐴𝑧

Px+Py+Pz = 0

Mackenzie Field
this is what we look at most of the time

Mackenzie Field




Isotropic Hyperfine interaction

Fermi contact term:

100% spin density centered at the nucleus:

3000 3100 3200 3300 3400 3500 3600 3700 3800 3900
Field, G

30x

Cryoreduced TsrM
A(1H) = 505G ~1414MHz

𝐴𝑖𝑠𝑜 =
𝜇0

3ℎ
𝑆𝑧

−1𝑔𝜇𝐵𝑔𝑛𝜇𝑛 𝜎𝛼−𝛽

scales with gn spin density at 
the nucleus

Mackenzie Field




Anisotropic Hyperfine coupling

Coupling constant a depends 
on the angle between B0 and r  ()
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M
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Through space dipolar coupling constant:
(approximate description)

𝑎 =
𝜇0
4𝜋

𝑔𝜇𝐵𝑔𝑛𝜇𝑛
1

𝑟3
[3 cos2 𝜃 − 1]

𝑇 =
𝜇0
4𝜋

𝑔𝜇𝐵𝑔𝑛𝜇𝑛
𝑟3

scales with gn

Commonly used parameter:

scales with 1/r3

Mackenzie Field
appoximated as points in space 
�



Anisotropic Hyperfine coupling
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-1 +2+1-2 0

Pure dipole-dipole interaction gives pure axial HF coupling constant.

T >0 T <0

54.7o

A||

A⊥ A⊥

A||

Ax=Ay=A⊥ Az=A||

Mackenzie Field
care oabout angle  between external magnetic field and the interaction arrow 



“NMR” spectrum for S=1/2, I=1/2
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Total hyperfine coupling (including isotropic part)
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𝑚 = 𝑛
2 + 𝑇2

aiso=0

54.7o

T

Example 1:
𝑇 = 1𝑀𝐻𝑧
𝑛 = 10𝑀𝐻𝑧

𝑚 = 10.05 𝑀𝐻𝑧

Example 2:
𝑇 = 1𝑀𝐻𝑧
𝑛 = 3𝑀𝐻𝑧

𝑚 = 3.16 𝑀𝐻𝑧

Mackenzie Field
Text



“NMR” spectrum for S=1/2, I=1/2
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aiso>0
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Example 1:
𝑇 = 1𝑀𝐻𝑧
𝑛 = 10𝑀𝐻𝑧

𝑚 = 10.05 𝑀𝐻𝑧

Example 2:
𝑇 = 1𝑀𝐻𝑧
𝑛 = 3𝑀𝐻𝑧

𝑚 = 3.16 𝑀𝐻𝑧

aiso=0



“NMR” spectrum for S=1/2, I=1/2
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“NMR” spectrum for S=1/2, I=1/2
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n 
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Single orientation:

“Powder-averaging” 
all orientation:

n 

A||

A⊥

All orientations in xy
plane will produce 
the same 𝛼 and 𝛽
Maximum intensity

There is only one 
particular orientation of 
the molecule for these 
𝛼 and 𝛽
Very little intensity

aiso= + 1.5T

𝛽𝛼

Mackenzie Field
almost none parallel but lots more normal to magentic field 

thats how you have to avage if you do randm frozen sample (not crystal)�



“NMR” spectrum for S=1/2, I=1/2
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“NMR” spectrum for S=1/2, I=1/2

2n

2n

2n

2n

2n

pure dipole-dipole

dipole-dipole and 
positive isotropic HF

pure isotropic HF

Weak coupling |A|<|2N| Strong coupling |A|>|2N|

2n



Orientation selectivity

Broad EPR signals: MW pulses excite a fraction of the EPR spectrum
: a fraction of molecules selected that have certain orientation

For such cases it is possible to do “orientation-selective” pulse experiments.

Mackenzie Field
exciting very small part of the spectrum —> specific orientaitons�



Orientation selectivity
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Most common types of experiments

Three general classes of pulse EPR experiments:

• Electron spin echo envelop modulation (ESEEM) experiments
2-pulse, 3-pulse, 4-pulse ESEEM
Hyperfine sublevel correlation (HYSCORE)

• Double resonance
Electron nuclear double resonance (ENDOR)
ELDOR-detected NMR

Electron-electron double resonance (ELDOR/DEER)

• Relaxation studies (broadly defined)

Time-domain
Takes advantage of hyperfine-
mixed forbidden spin transitions

Frequency-domain
Perturbation of an NMR / EPR 
transition changes EPR signal

We are not going to go into details of each experimental setup.
Let’s focus on what we get out of such experiments

Time-domain
Perturbation of one spin center 
affects the other spin center



Most popular methods

☺Weaker, mostly 
isotropic HF couplings; 
Short pulses – good signal
 Periodic blind spots

☺ Strong, mostly isotropic 
HF couplings
 Needs Selective pulses; 
Relaxation is an issue

☺Weaker anisotropic 
HF couplings
 Requires decent 
anisotropy

☺Weaker anisotropic 
HF couplings; Superior 
resolution
 Requires decent 
anisotropy. Long 
accumulation times

Note, in all cases spectra are affected by “blindspots”

Mackenzie Field
non selective pulese —> shorter pulses�

Mackenzie Field
specific —> longer pulses�

Mackenzie Field
RF —> blind spots�



… a bit more about ESEEM

𝑘 =
𝐵𝜈𝐼

2𝜋𝜈𝛼𝜈𝛽

2

modulation depth (k) defines whether we will see an ESEEM signal or not.

If B = 0, no ESEEM signal!

A⊥

A||



𝑩 = 3𝑇 𝑠𝑖𝑛 𝜃𝑐𝑜𝑠𝜃

if  = 00 → B = 0, k=0
if  = 900 → B = 0, k=0
if  = 450 → B,k are maximum

 = 900

 = 00

 = 450

Actual shape of the 
powder averaged 
ESEEM signal

Mackenzie Field
forbidden transitions


�



ENDOR Example

g|| g ⊥

EPR:

https://doi.org/10.1021/ic0484811

https://doi.org/10.1021/ic0484811


ESEEM Example

Measuring ESEEM spectra for different field positions:

Top view

hyperfine interaction
quadrupole 

interaction

Axx Ayy Azz |Aiso| K 

N2 1.5 3.8 -0.4 1.53 0.95 0.34

N1 1.0 1.9 1.4 1.43 1.23 0.13

https://doi.org/10.1039/B905841A

https://doi.org/10.1039/B905841A


HYSCORE example

TauD PDB:1OS7

TauD•(VIVO)•d4-taurine•succinate complex

[0.26, 0.26, -0.68] ± 0.05 [0, 35, 15] ± 10°

2H Hyperfine coupling

https://doi.org/10.1021/acs.inorgchem.7b02113

https://doi.org/10.1021/acs.inorgchem.7b02113


DEER example

Nitroxide spin-labeling

PDB: 4EK1

- camphor +camphor

https://doi.org/10.1073/pnas.1207123109

https://doi.org/10.1073/pnas.1207123109

