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 AWG Pulse Shaping

 Why and How

G. Jeschke, ETH Zürich, Department of Chemistry and Applied Biosciences, Switzerland

AWG pulse shaping

epr
@eth

deepai.org

Exciting more spins for more sensitivity

Exciting spins more precisely for cleaner signals

Eating forbidden fruit

Don’t twitter, just chirp
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Limitations of the monochromatic rectangular pulse

AWG pulse shaping

· bandwidth smaller to much smaller than typical spectral widths

· side lobes limit selectivity and cause unwanted pathways in

   ELDOR experiments
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Resonators support larger bandwidth

AWG pulse shaping
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Resonator profile (Q = 150)
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· when forming pulses with an arbitrary waveform generator (AWG)

   all other microwave components are less bandwidth limiting n  [GHz]MW
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Should we use a resonator?

AWG pulse shaping

D

C

C

resonator limits bandwidth

improves detection sensitivity

improves power efficiency

Þ
use loaded Q values not

much smaller than in

conventional pulse EPR
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x

Q-band TWT amplifier bandwidth

Q = 100

Need for resonator compensation

2dn /dt µ n (n )mw 1 mw

· in a frequency sweep, sweep slower where n  is smaller1

· frequency-independent adiabaticity requires

compensated chirp p/2

uncompensated chirp p/2

rectangular pulse p/2
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Bandwidth of the excitation waveforms

AWG pulse shaping

Nyquist-Shannon sampling theorem

· Maximum frequency of a digitized waveform is half the sampling rate

· with two channels and an IQ mixer, bandwidth matches sampling rate

Example: 12 GSa/s provide 6 GHz nominal bandwidth, but

                    it is safe to use only »80% (4.8 GHz)

AWG bandwidth

û carrier artefact level -30 dB - if you are lucky and the system is new

ü bandwidth reserve allows for filtering carrier

used bandwidth

33 GHz 33.5-36 GHz

(MW Source)

High-power

amplifier

AWG

Ê
LO

2GSa/s digitizer
2 GHz analog BW

IF high pass/
low pass

Ã

12 GSa/s, 12 bit AWG
5 GHz analog bandwidth
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What is the ultimate bandwidth that we could support?

AWG pulse shaping

Gd(III)-Gd(III) DEER with pre-polarization and a chirp pump pulse
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Representing the waveform

AWG pulse shaping

· the resonator usually dominates waveform distortion

Any bandwidth-limited waveform can be expressed as

On the way from the AWG memory to the spins, the waveform is distorted

AM amplitude modulation

FM frequency modulation

· f  is the phase (important for phase cycling)0

· a phase-modulation (PM) function f(t) can replace the FM function and f0

· non-linearity of amplifiers

· frequency response of analog AWG output, amplifiers, filters, and the resonator

Effect of the AM function

on the excitation band

Steep edges in the AM function cause

ripples “outside” the FM function

To avoid unintended excitation, the

AM function should approach (almost)

zero smoothly

This slightly reduces available bandwidth
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Representations of a WURST pulse

AWG pulse shaping

Par.tp = 0.4; 
Par.Type = 'WURST/linear'; 
Par.nwurst = 12;
Par.Amplitude = 40;
Par.Frequency = [-200,200];
Par.TimeStep = 1.25e-4;
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Excitation profile of the WURST pulse

AWG pulse shaping
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· nice inversion of the nitroxide spectrum

· coherence generation near the excitation

   band edges in broad spectra

· this simulation ignores the resonator
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Resonator effect on an inversion pulse

AWG pulse shaping
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· inversion is still good (as we have

   a power reserve)

· effects are more dramatic for a

   p/2 WURST pulse (see later)

· now we excite some coherence

   in the band where the spectrum is

Q  = 150L

n  = 40 MHz1,max
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Resonator compensation for a WURST inversion pulse

AWG pulse shaping

· sweep slower, where less power

   reaches the sample

· excitation band becomes flat and

   broader, but here, full inversion

   is no longer achieved

2dn /dt µ n (n )mw 1 mw

Q  = 150L

n  = 25 MHz1,max

33.75 33.8 33.85 33.9 33.95 34 34.05 34.1 34.15 34.2 34.25
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z

M
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Adiabatic and fast passage

AWG pulse shaping

Sweep rate

Critical adiabaticity

Adiabaticity

k = dw/dt

 Q = /| /dt|weff dq

 Q  = /kcrit

2w1

· frame rotates with instantaneous frequency

· adiabatic sweep:  follows magnetization effective field

                                     good for p pulse, never overflips

· fast sweep: magnetization lags and starts to precess

                          can generate p/2 pulse 

z

y

x

w1

W(t)

weff

q(t)z’
adiabatic fast
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Flip angle of a passage pulse

AWG pulse shaping

Landau-Zener-Stückelberg-Majorana formula
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 I

Qcrit
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0

0.2
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1

experiment (E` centers)

experiment 

(inhomogeneous mw field)

Landau-Zener-Stückelberg-

Majorana formula

p pulse

p/2 pulse

p  = 1 - exp{-pQ /2)b crit

b = arccos[2 exp(-pQ /2) - 1]crit Q  = 2 ln2/pcrit

· starting from the a state, what is the probability 

   p  to end up in the b state?b

· based on p , we can define a flip angleb

· this is the basis of resonator compensation

OIA establishes a relation between AM function and FM function

· the flip angle is the same for all spin packets,

   if and only if Q  is the same for all spin packetscrit

Þ frequency-swept pulses should have 
     offset-independent (critical) adiabaticity (OIA)

dw/dt
 Q  = crit

2w (t)1
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Chirp and hyperbolic secant pulses for offset-independent adiabaticity

AWG pulse shaping

Q  = 4 for decent inversioncrit

quartersin/chirp trise = 40 ns sech/tanh beta = 6

· better excitation profile of the HS pulse comes at the price of 
   higher maximum microwave field amplitude



15

Offset-independent adiabaticity p/2 pulses

AWG pulse shaping

Q  = 2 ln2/pcrit

quartersin/chirp trise = 40 ns sech/tanh beta = 6

· increasing beta of the HS pulse improves excitation profile,
   but is not affordable in echo experiments
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Echo refocusing with frequency-swept pulses

AWG pulse shaping

refocusing

2t (p)p

t (p)p

All spin packets should refocus at the same time

Frequency [MHz]
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-200 0 200

0

0.5

1
echo-det. field swept

chirp FT

· relative pulse lengths can be worked out for any echo sequence
s sign of sweep rate

o coherence order



Dynamic Bloch-Siegert shift

17AWG pulse shaping

In addition to the instantaneous excitation at f(t), 

spins experience Bloch-Siegert shift

· affects resonance frequency of different spin packets to a different extent

· causes frequency-dependent shift of the phase of coherence

· causes some defocusing and thus loss of signal

(second-order average Hamiltonian theory)

ABSTRUSE refocuses 

dynamic Bloch-Siegert 

phase 2

2
1

p/2

p
p
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Passing more than one transition: Longitudinal interference

AWG pulse shaping

Ideal rectangular monochromatic p pulse

Consecutive adiabatic passage

ideal

p pulse
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adiabatic

passage
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Passing more than one transition: Transverse interference

AWG pulse shaping

|1ñ

|2ñ

|3ñ

p/2

p/2

passage

passage

Consecutive fast passage can generate

coherence on forbidden transitions 

· here, transition |1ñ « |3ñ is not even passed

· passing half the frequency of a double-quantum
   transition causes (weak) excitation
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Double-photon 
double-quantum    excitation

AM function

stick spectrum

 S+
12

 S+
23

 S+
13



20

Spectral hole burning with a Gaussian monochromatic pulse

AWG pulse shaping

· Gaussian monochromatic pulses solve the problem

-20 -10 0 10 20 -20 -10 0 10 20

offset from line center offset from line center

Selective inversion burns a hole into an inhomogeneously broadened line 

· rectangular, monochromatic pulses can cause weak side holes

Hole shapes (signs inverted)

200 ns 

pulse length
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Further reading

AWG pulse shaping

Spindler, P. E., Schöps, P., Bowen, A. M., Endeward, B., & Prisner, T. F. (2016). 

Shaped Pulses in EPR. 

In eMagRes (S. 1477–1492). John Wiley & Sons, Ltd.

Endeward, B., Bretschneider, M., Trenkler, P., & Prisner, T. F. (2023). 

Implementation and applications of shaped pulses in EPR. 

Progress in Nuclear Magnetic Resonance Spectroscopy, 136–137, 61–82.

Doll, A., & Jeschke, G. (2017). 

Wideband frequency-swept excitation in pulsed EPR spectroscopy. 

Journal of Magnetic Resonance, 280, 46–62. 



EPR in Structural Biology of Membrane Proteins and Protein Complexes

Christos Pliotas 

https://www.pliotasgroup.org/  -  X or BlueSky: @PliotasGroup

EFEPR_2025 _ The University of Manchester

EmPiReBi
for Structural Biological 

EPR Spectroscopy



PELDOR/DEER in modern Structural Biology 

Oligomerization and conformation in lipids 
Channel gating (a)symmetries
Lipid/Metal/Ligand localization

Advantages:
• Condition flexibility (pH, salt, buffer, lipid membranes)
• Full length proteins
• One label does it all
• Small label (specificity, accuracy, accessibility, non-invasive)
• Å resolution with measuring range (20 – 70, up to 160) Å
• Immediate results with low computational requirements
• Time-resolved EPR

• Ligand or protein labelling
• Small amount of protein is required
• Protein folding 
• In-cell EPR 
• Cannot obtain a structure
• Frozen samples
• Labelling is required

PELDOR-restrained molecular dynamics 
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• One label does it all
• Small label (specificity, accuracy, accessibility, non-invasive)

Mtssl – EPR  advantages 

FRET vs EPR



Cy5

W

Mtssl

Cy5 vs Mtssl  vs W



MscL ion channel -
750 residues

5 x 150 residues

Residue selection strategy for Site-Directed-Spin-Labeling (SDSL)

Cytosolic residues:

Rate of success = 100% 

TM residues:

Rate of success = (10-20)% 



TM residues:
Rate of success = 80% 

Cytosolic residues:
Rate of success = 100% 

Initial selection

Residue selection / Success rates



Hydrophobicity

Thermal 
movement

Solvent 
accessibility

Charge

Residue 
type

X-factor        ?

Residue selection strategy for SDSL
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Purity and homogeneity assessment 



CwEPR spectra
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L2R1

L5R1

I23R1

V31R1

F34R1

L42R1

V48R1

L72R1

F79R1

L2R1 A85R1

Y87R1

F88R1

L89R1

R98R1

K99R1

K100R1

E102R1

V112R1



How can we improve data quality by altering membrane protein sample preparation?

SDSL- troubleshooting and limitations



Systems for large scale membrane protein expression



Transformation in an E. coli strain

Sample preparation I



Cell Growth of culture in medium

Sample preparation II



Induction with IPTG/Arabinose 

Sample preparation III



Membrane by Ultracentrifugation

Sample preparation IV



Membrane Protein Solubilisation using 
high-quality appropriate detergent

Sample preparation V



Purification using affinity column

Sample preparation VI



High concentration – Unwanted intermolecular 
interactions – Increased Background

Troubleshooting 1



Spin label conformations – Distribution width increase

Troubleshooting 2

Presence of different protein 
conformations/oligomers/species?



Short spin label Tm relaxation times – 
Uncertainty for longer distances – Poor signal 

to noise ratio

Troubleshooting 3



A"

G"

F"

B"

C"

D" E"

D1*2"

D1*3"

D1*4"

PELDOR on the MscS channel – A complicated case- Limitations and challenges

Distribution width 
reflects label 

conformations 

Heptagon symmetry_
3 distances are 
expected

High concentrations –Unwanted 
intermolecular interactions

Short spin label 
Tm relaxation times
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BAM complex
(Radford/Leeds)

Kapsalis et al, Nature Comms, 2019
Wang et al, Structure, 2022
Lane et al, Structure, 2024

Haysom et al, Angew Chem Int Ed, 2023 

Liu, Wort, Shah, Ma 
et al, eLife, 2025 

Ettema, Ma, Shah et al, 
Nature Comms, 2025 
(in revision)Pliotas et al, PNAS, 2012

Pliotas et al, Nature SMB, 2015
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TRPC5

K2P

GPCRs

Human membrane proteins

Transporters

Ion channels

PumpsReceptors

Outer membrane proteins

Shah, Wort, Ma, Pliotas, Curr Opin Chem Biol, 2025

Ma et al, Nature Comms, 
2025 (in revision)
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Table 2 Lipid scaffolds for in vitro membrane protein studies, including pulsed EPR techniques.a 
 

Lipid bilayer scaffold Schematic view Diameter Building material Protocol Case studies 

Liposome  20 nm–100 µm     Lipids C. Kapsalis. et al.11  MscL11 
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labels

Shah et al., Curr Opin Chem Biol, 2025



DEER resolution in ion channels 
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D3
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D2
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D3  

Distance (nm)

DEER vs X-ray

X-ray (Å)

DEER 
distance 

(Å)
Distance 

ratio 
D1 25.9 +/- 0.2 25.9 1
D2 46.7 +/- 0.2 45.8 1.8 (7-mer)
D3 58.3 +/- 0.1 56.7 2.2 (7-mer)

MTSSL 
modeled

MTSSL 
density

Pliotas et al, PNAS, 2012; Pliotas et al, Nature SMB, 2015; Pliotas, Methods Enzymology 594, 203-242, 2017



Question 1:

Will MscL allosterically respond (structure/function) if we interrupt its link with the lipid membrane?

Test Case 1: Mechanosensitive ion channels



Hypothesis

Stored protein elastic energy due to 
bilayer compression

Disrupt the lipid link and release the protein 
stored elastic energy

Tension application

MembraneMembrane

Lipid link

Or

Interrupt the contact between the membrane and the channel and observe channel Structure & Function

Modification/mutation



Mimicking tension by molecular means  

High pressure sensitivity domains
Effectively “lower” the 
pressure activation threshold

M
em

br
an

e

Inner leaflet

Outer leaflet
90o

Pockets

NP A18

L17

Pocket-forming A18 is linked to channel pore 
narrow constriction point L17
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Control Pocket EntranceLipid 
Headgroup

Proximal

NP

Pressure trigger point identification – Strategy 

Mapping Myc. tuberculosis MscL with Cys-modification for distance measurements by DEER

Kapsalis et al, Nature Communications 10 (1), 4619, 2019; Kapsalis et al, Biophysical Journal 119 (2), 448-459, 2020
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Results Fig.4: a. PELDOR uncorrected time-domain traces (left columns) of the double mutants and
distance distributions (right columns). Coloured areas correspond to mean�RMSD of distributions as
calculated by the Validation tool in DeerAnalysis. Double mutants in DDM solution are always
represented as purple areas. For L72R1-L89W and L73R1-L89W red peaks correspond to distance
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to the distributions of the respective single cysteine mutant in detergent solution. b. PELDOR
uncorrected time-domain traces of the double mutants in solution (left columns) and CW-EPR first
derivative spectra of the corresponding double mutant in detergent (blue line) and reconstituted (red
line). c. 2H signal intensity comparison of single L72R1 and double L72R1-L89W mutant in DDM
solution and after reconstitution in liposomes.
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Structural change occurs due to pocket lipid access disruption 
induced by W mutation/modification informed by DEER
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Hydrogen Deuterium Exchange Mass spectrometry (HDX-MS) dove tails with ESEEM

HDX-MS could be used as a precursor for spin labelling strategies 



Periplasm

K100R1

N13R1

V21R1

L73R1
L72R1

N70R1

L42R1

L2R1
F5R1

L17R1

I23R1

V71R1

V112R1
E102R1

K99R1R98R1

Y87R1

L89R1
F88R1

A85R1
F84R1

F34R1
V31R1

V48R1

Membrane

Cytoplasm

Most Exposed

Least Exposed

S74R1
F79R1

TM2

TM1

CHB

Peri 
Loop

S1

K100R1

E102R1

L42R1

I23R1
F5R1

ESEEM dove tails with PELDOR

MscL sites with representative solvent accessibilities 26 distinct MscL sites were spin labelled and 
deuterium accessibility was measured

• Measures exposure to Deuterium
• Same sample(s) used in PELDOR/DEER
• Single residue resolution
• Does not require a reference state 



The pocket delipidated state revealed by HDX-MS and EPR

EPR single residue and HDX-MS peptide 
resolution deuterium accessibility measurements

Wang et al., Structure 30, 608-622, 2022; Lane et al., STAR protocols 3 (3), 101562, 2022
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Tension mediated state 

Channel pore hydrates when lipids in the pockets reduce

2.6 nm3.8 nm

MD – Computational application of  
membrane tension

The lipid bilayer is “pulled” - NOT the channel

Wang et al., Structure 30, 608-622, 2022



Linking mechanical with molecular gating – The MscL case

MscL samples a similar expanded state, which is the final step of the delipidation 
pathway but only an intermediate stop of the tension mediated path.

900M
em

br
an

e



Swapped
2.50 Å  

Non-swapped
 3.31 Å  

Mackinnon Science 335, 436-41 (2012)                               MacKinnon Nature 516, 126–130 (2014)

TM1(a) TM1(a)TM1(b) TM1(b)

2 vs 53

Wish List:

• Full length TRAAK channel

• High resolution measurements 
in native lipid membranes

• Unbiased probing of the entire 
conformational ensemble

Test Case 2 - The human K2P TRAAK channel & its unique cap folding



Non-swapped Swapped



Three isoforms are 
expressed 

His_CysfreeTRAAK

V5_TRAAK E67C L144C

Electroporation

Cell

Spin label and solubilise 
protein by SMA co-polymer

Flow through

Bind to Ni-NTA column

PELDOR

V V V H

H H

V V

H VH H

V V

H H

HV

V

H

Heterologous single-subunit spin labelling (HSS-SL) on TRAAK  

This platform  could also be used 
for asymmetric dimeric proteins



Non-swapped Swapped

EPR signal EPR silent



Non-swapped SwappedProbing the cap state conformational ensemble in membranes

• This platform could be tailored to use for other 
asymmetric dimeric proteins

• Triggers, stimuli, molecules could be tested 58 % 

42 % 



The Swapped/Non-Swapped cap state ratio is influenced by temperature

P(
r)

 (n
m

-1
)

Distance (nm)

P(
r)

 (n
m

-1
)

Distance (nm)

Membrane incubation at 19 ° C Membrane incubation at 40 ° C

57 % 66 % 34 % 43 % 

Ma, Y., Ackermann, K., Waheed, Q., Postis, V, Bode, B.E., Pliotas, C., Nature Communications (in revision)
 



Test Case 3 - In Cell DEER/PELDOR – Test Case 3: The essential BAM complex          

• Folding of outer membrane proteins in Gram-negatives is 
facilitated by the BAM complex

• Essential process for bacteria & BAM represents an 
antimicrobial target 



The Challenge - In Cell DEER – The OMP case

Joseph et al, Angew. Chem. Int. Ed. 2015; Gu et al, Nature 2016, 531, 64–69; Ladanza et al, Nat. Commun. 2016, 7, 12865; Wu et al, Nat. Commun.
2021, 12, 7131; White et al, Nat. Commun. 2021, 12, 4174; Gopinath & Joseph, Angew. Chem. Int. Ed. 2022

Questions:

• What is the conformational ensemble of the 
BAM complex in E coli Cells?

• Are all in vitro structures valid? 

• Could we test antibiotics targeting the BAM 
complex in cells?



Spin labeling strategy 

• Accessible engineered Cysteines (extracellular sites only)

• Appropriate sites to allow for separation between distinct BAM states 



The BAM conformational ensemble in cells  in the presence of DAR-B 
shifts towards a lateral closed state

In Cell PELDOR on BAM +/- Darobactin-B

CryoEM structures of the apo and 
DAR-B BAM to confirm binding site & 
support In-Cell EPR findings on BAM

Å

Haysom et al, Angew. Chem. Int. Ed. 135(34), e20221878, 2023



Personal viewpoint: 

What are the unique strengths of EPR in modern structural biological research
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Applications of EPR in Catalysis

Dr Emma Richards

Cardiff University

EFEPR Summer School
1st - 5th September 2025

richardse10@cardiff.ac.uk https://profiles.cardiff.ac.uk/staff/richardse10 @emrichards-epr.bsky.social

mailto:richardse10@cardiff.ac.uk


This lecture will showcase the application of EPR spectroscopy, and advanced 
hyperfine techniques, for the investigation of catalytic reactions. Examples will 
include:

• Spin-trapping for detection of transient radicals

• 1st row transition metals for applications in enantioselective and cross-coupling 
chemistry

• Main group homogeneous catalysis

• ESEEM for determination of solvent effects in industrial para-xylene oxidation

Course Summary



PBN  ( N-tert-butyl--phenylnitrone ): 

C-based/  Halogen radicals

Organic Radicals: Spin Trap Experiments

DMPO (Dimethyl-1-pyrroline-N-Oxide): 
O,N-based radicals

Radical (R) Spin-trap a(14N)/ G a(1H)/ G

•OH DMPO 14.9 14.9

•OH PBN 15.3 2.75

•OOH DMPO 14.3 11.7

•OOH PBN 14.8 2.75

•CH3 DMPO 14.3 20.5

•CH3 PBN 14.2 3.45

https://doi.org/10.1016/S0891-5849(87)80033-3 https://tools.niehs.nih.gov/stdb/index.cfm

https://doi.org/10.1016/S0891-5849(87)80033-3
https://doi.org/10.1016/S0891-5849(87)80033-3
https://doi.org/10.1016/S0891-5849(87)80033-3
https://doi.org/10.1016/S0891-5849(87)80033-3
https://doi.org/10.1016/S0891-5849(87)80033-3
https://tools.niehs.nih.gov/stdb/index.cfm


https://doi.org/10.1002/mrc.2709https://doi.org/10.1021/jo0350413

Rate Trapping Constants and LifetimesFalse Positives!

Spin Trap O2
− k(M − 1s − 1) t1/2 pH

DMPO 15.0 45 s 7

BMPO 77.0 23 mins 7

BMPO 239.0 5

Other considerations:
Solvent, presence of metal ions, 
concentration of spin trap…….

Non-trivial Interpretation!

Organic Radicals: Spin Trap Experiments

https://doi.org/10.1002/mrc.2709
https://doi.org/10.1021/jo0350413


C6H11-O•

C6H11-OO•

•C6H11

•OH

+
MoO3

M. Conte, V. Chechik, Chem Comm (2010) 46, 3991

Cyclohexane Oxidation over MoO3

Heterogeneous Catalysis: Examples
Selective Photosynthesis of α-Haloketones

R. Su et al., ACS Catalysis (2023) 13, 248



Research Community Examples



SET

*

Main Group: Frustrated Radical Pairs

Stephan: Chem, 2017, 3, 259; Slootweg: Chem. Eur. J., 2020, 26, 9005; Ooi: Chem. Sci., 2020, 11, 4305. Angew. Int. Ed. (2021), 60, 53-65; Chem. Rev. (2023) 123, 9653-9675.



Cell Rep. Phys. Sci. (2020), 1, 100016; 

B(C6F5)3

PR3

B(C6F5)3

PMes3

R = Ph, Bn, Cy,
2-MeC6H4, 2-FC6H4

aiso(31P) = 670 MHz

giso= 2.0062

B/ mT

FRPs: Ester activation induced Site-selective C-C coupling

FLP + phenylacetylene + ester

t = 0 mins

77 K, 30 mins 

FLP + phenylacetylene

FLP + phenylacetylene

(BCF)•−:

a(10,11B) = 27 MHz; 
a(19F) = 18/ 3/ 20 MHz 

FLP + ester

(PMes3)•+: a(31P) = 670 MHz [(P(Mes3)n=2,3)2]•+: a(31P) = 470 MHz

J. Am. Chem. Soc. (2021) 143, 4451-4464



Cell Rep. Phys. Sci. (2020), 1, 100016; 

aiso(31P) = 670 MHz

giso= 2.0062

B/ mT

FRPs: Ester activation induced Site-selective C-C coupling

FLP + phenylacetylene + ester

t = 0 mins

77 K, 30 mins 

FLP + phenylacetylene

FLP + phenylacetylene

(BCF)•−:

a(10,11B) = 27 MHz; 
a(19F) = 18/ 3/ 20 MHz 

FLP + ester

(PMes3)•+: a(31P) = 670 MHz [(P(Mes3)n=2,3)2]•+: a(31P) = 470 MHz

J. Am. Chem. Soc. (2021) 143, 4451-4464

CationicRadical

Reaction Mechanism



1st Row TM Catalysis – Earth Abundant Congeners

Chem. Eur. J. 
(2014), 20, 7935-7938

Chem. Eur. J. 
(2013), 19, 2158-2167

Organometallics
(2011), 30, 4505–4508

Inorg. Chem. 
(2012), 51, 8014–8024

J. Am. Chem. Soc. 
(2012), 134, 10333–10336

Angew. Chem. Int. Ed. 
(2013), 52,1285-1288

Nature Cat. 
(2025), 7, 1186-1198



[Cr(CO)4L]+ for ethylene polymerisation

Et3Al

100°C, 40 bar C2H4

$64.9 Billion global market value (2025)

https://www.futuremarketinsights.com/reports/ethylene-copolymers-market



Cr(I) d5

1 2 3 1/ 2/ 3/ 

2.0101 aiso = 76.45 (31P)
aiso = 9.97 (1H)

2.0037 aiso = 80.2 (31P)

http://dx.doi.org/10.1021/acs.organomet.9b00226

[Cr(CO)4L]+ for ethylene polymerisation

Complex g1 g2 g3 A1/ 
MHz

A2/ 
MHz

A3/ 
MHz

A 2.066 2.066 1.987 77 77 68

B 2.0101 aiso = 76.45 (31P)
aiso = 9.97 (1H)

C 2.0037 aiso = 80.2 (31P)

ℎ𝜈 UV-A

ℎ𝜈 UV-A



Cr(I) d5

http://dx.doi.org/10.1021/acs.organomet.9b00226

[Cr(CO)4L]+ for ethylene polymerisation

B. Bode et al., Sci. Adv. (2020); 6, eabd7057: DOI: 10.1126/sciadv.abd705

https://doi.org/10.1126/sciadv.abd7057


Fe(salen) Nitroreduction

Pocock, Webster et al., J. Am. Chem. Soc. (2024), 146, 19839−19851

Potential Intermediates

Fe(II) S = 2
EPR silent

Fe(III) S = 5/2, 
giso = 2.020, 
D = 9100 MHz, E = 1820 MHz 

(KC8)

1a

1b

2



Organic Radical Involvement?

Pocock, Webster et al., J. Am. Chem. Soc. (2024), 146, 19839−19851

Addition of spin-trap did NOT affect reaction yield

120 K 298 K

2

giso = 2.0595
aiso(14N)1=32.03; (14N)1=32.77 
(1H)2=3.33; (1H)6=2.42; 
(1H)2=7.33



Organic Radical Involvement?

Pocock, Webster et al., J. Am. Chem. Soc. (2024), 146, 19839−19851

120 K 298 K Catalyst Activation (1a)

H-DMPO: giso = 2.0057; aiso(14N) = 39.20, aiso (1H)2 = 51.20 MHz;
H-PBN: giso = 2.0060; aiso(14N) = 40.00, aiso (1H)2 = 20.78 MHz

+ HBPin

+ PhSiH3

DMPO

PBN



Interlinked Catalytic Pathway



Research Community Examples



p-Xylene Oxidation Process

Perfect for EPR!

Organic & Inorganic Radicals
Paramagnetic TM centres

Catalyst Composition

Solvent = Ligands   
 -   Potential for dimers/oligomers

Mixed Metals

Suggested Structures



Identification of 
Radical Intermediates

p-Xylene Oxidation Process

𝑘 ∝ 𝑁, ൗ1 𝐴

𝑉 𝜏 ∝ 𝐴, 𝜈𝑁

ESEEM Modulation

H2O

Catalyst Characterisation

𝝉𝒄 =
𝟒𝝅𝜼𝒓𝟑

𝟑𝒌𝑩𝑻

HighLow



ESEEM Water Counting

Removes equivalent contributions

Prevents coordination of solvent molecules

Results in only directly 
coordinating D2O

Results in spectrum of 
bulk solvent only

C. G. Hoogstraten and R. D. Britt, RNA, 2002, 8, 252–260.



ESEEM Water Counting



• EPR is incredibly useful for the study of catalytic reaction mechanisms.

• Allows study of pre-catalysts and reaction intermediates to enable elucidation of 
reaction pathways.

• Combination of approaches should be used to maximise insight.

 (think carefully about experimental and reaction parameters)

• Sometimes “simple” CW-EPR can be all you need!

 (but in other circumstances, advanced hyperfine methods may be required)

Course Summary
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Magnetic resonance in quantum information science

Arzhang Ardavan <arzhang.ardavan@physics.ox.ac.uk> 
CAESR, Department of Physics, University of Oxford 

Outline: 

A quantum information toolkit: 

• spins as qubits 

• conditional quantum operations using magnetic resonance 

Fault tolerance: 

• know the errors in your system! 

• adopt a strategy resilient to them 

Fault tolerance example:  

• in ensemble ESR, rotation angle errors are present but systematic 

• composite sequences can exploit what we know to correct the errors 

Quantum error correction: 

• know the imperfections in your system! 

• employ redundancy to detect which errors occurred  

Quantum error correction example: 

• active quantum error correction of BZ fluctuations using S = 1/2, I = 3/2 

• the importance of projective measurement 



  

Bits Qubits

Information: 0 or 1

Classical 2-state systems:

● capacitor (charged/uncharged)

● bistable transistor network

● polarization of magnetic 
domain

...

Information:

Quantum 2-state systems (proposals):

● superconducting circuit states 

● photon polarizations

● states of 
● trapped ion spins
● condensed matter spins

...



  

Quantum single qubit gates, MR pulses: 

              on

Quantum CNOT (2 qubit gate):

Classical NOT
(1 bit gate):

Classical CNOT 
(2 bit gate):

Bit logic Qubit logic



  

Two qubits

To ,rst order, for small J,

1 2



  

Two qubits

↑  ↓

↑  ↑

↓  ↑

↓  ↓

1 2



  

Two qubits: CNOT

1 2

↑  ↓

↑  ↑

↓  ↑

↓  ↓



  

Bandwidths and selectivity

Time

Frequency

B1

Power spectrum



2/



  

Two qubits: CNOT

1 2

Selective pulses: h/ ≪ 4J

↑  ↓

↑  ↑

↓  ↑

↓  ↓



  

Two qubits: unconditional NOT 

1 2

Non-selective pulses: h/ ~ 4J

↑  ↓

↑  ↑

↓  ↑

↓  ↓



  

Two qubits: unconditional NOT 

1 2

Non-selective pulses: h/ ~ 4J

↑  ↓

↑  ↑

↓  ↑

↓  ↓



  

Magnetic resonance quantum 
computing

Electron or nuclear moments  qubits

ESR/NMR  single-qubit unitary transformations

Coupling  multiqubit gates

Spin-echo / free induction decay from ensemble  readout

Frequencies:
● protons ~ 42 MHz/Tesla, 
● electrons ~ 28 GHz/Tesla

Nuclei: “through bond” coupling ~ 1 to 100 Hz
Electrons: dipolar ~ 10 to 100 MHz; exchange larger in general

Fundamental limitations with ensembles!
● statistical starting state



  

Each member of the ensemble is in state         with probability pi

De,ne

Thermal density matrix

For n qubits, m = 2n

Density operator

,



  

Density operator

Each member of the ensemble is in state         with probability pi

De,ne

Properties:

Under the action of U,



  

The “pseudo-pure” state

Thermal 
density 
matrix:

,

Pure state:



  

The “pseudo-pure” state

Incoherent illumination “saturates” transition
● equalizes populations

↑  ↓

↑  ↑

↓  ↑

↓  ↓



  

The “pseudo-pure” state

,

,

Thermal 
density 
matrix:

Pseudo-pure 
state:

Under the action of U:

<latexit sha1_base64="LnD5X44pqo47C1/SSYqH7kTsSnA="></latexit>

ωpp
U→(p0 ↑ p̄)UωpureU

† + p̄ UIU†

= (p0 ↑ p̄)UωpureU
† + p̄ I



  

The “pseudo-pure” state amplitude

Amplitude of pure part is

Scaling with qubit number n:

● Energy range ~ n

● number of states, m = 2n 

● for reasonable parameters, p0 ~ 1/m 

● pseudo-pure state amplitude decreases exponentially in n

The ensemble approach does not scale well with n. True for 
● spatial ensembles 
● temporal ensembles

Single-spin, single-shot projective measurement is imperative for scalability!



  

Single qubit gate 
delities
How well can we perform unitary transformations using ESR?

Doing a /2-pulse on                                       should give   

But we might get rotation angle errors: or rotation axis errors:



  

Rabi oscillations 

Microwave 
eld inhomogeneity → Rabi oscillation envelope 

N@C60



  

Rabi oscillations 

With a smaller sample: 

N@C60



  

Testing rotation angle error: 
Carr – Purcell (CP) and 

Carr – Purcell – Meiboom – Gill (CPMG)

Carr – Purcell:     
/2x –  – x –  – echo –  – ( x –  – echo –  )n

● Errors accumulate

Carr – Purcell – Meiboom – Gill:     
/2x –  – y –  – echo –  – ( y –  – echo –  )n

● Errors cancel out

Borrowing from NMR:



  

Testing rotation angle error

CPMG (errors cancel)

CP (errors accumulate)



  

Testing rotation angle error

CPMG:

T
2
 = 190 ms



  

Testing rotation angle error

CP:

for a Gaussian distribution of rotation angle errors, d.

Rotation angle error, s = 18 degrees, or 10%...

[Phys Rev A 71 012332 (2005)]



  

BB1 correction pulses

Review of composite correction pulses:
S. Wimperis, J. Magn. Reson. A 109 221 (1994) 
Brown et al., Phys. Rev. A 72, 039905 (2005)

Rotation angle errors that are unknown but correlated.

The BB1 composite sequence:

(1+)
x
 – (1+)

104.5°
 – (1+)2

313.4°
 – (1+)

104.5°

is a better 
x
 rotation. 



  

BB1 correction sequence



  

BB1 correction sequence

De
ning the 
delity of two operators A, B, as



  

BB1 correction sequence

De
ning the 
delity of two operators A, B, as



  

BB1 correction sequence

Expand 
delity of composite operator in powers of the error,

where 

Choose  and  to kill o� leading terms in �delity expansion.

De
ning the 
delity of two operators A, B, as



  

BB1 correction sequence







  

BB1 correction sequence

Fidelity of naïve pulses is 

but 
delity of corrected pulses is



  

BB1 corrected  – pulses

BB1 corrected  – pulses are indistinguishable from perfect.

[Morton et al., Phys. Rev. Lett. 95, 200501 (2005)]



  

BB1 corrected Rabi oscillations

[Morton et al., Phys. Rev. Lett. 95, 200501 (2005)]



Classical error mitigation 
Classical bit lives in state 0 or 1 

• imperfect: probability of bit-flip in interval T is p 

3 copies are more robust 
• “logical 1” encoded as (1,1,1); “logical 0” encoded as (0,0,0) 
• read out majority state, i.e. (1,0,1) interpreted as “logical 1” 
• failure requires two physical bit flips in T; probability ~ p2

Quantum no cloning theorem 

Same strategy not available for quantum information  
• no U exists such that 

Why? 
• quantum information preserving operations are unitary 

• “projective” measurement of a quantum state  

          yields                  or                   with probabilities          and          respectively 

• but can we exploit this property of projective measurement?

<latexit sha1_base64="jTx2wI5zMf1lsEtK5tt9ZZVygUQ="></latexit>

Û (|�iA|eiB) = exp [i↵(�, e)] |�iA|�iB

<latexit sha1_base64="DtLEHf2v4xJ0TBjimaeDt6+o66c="></latexit>

|�i = ↵|0i+ �|1i

<latexit sha1_base64="L40P83AsBD1TNeQ0r/LWUcdhmtM="></latexit>

|�i = |0i
<latexit sha1_base64="Iw9UnFwZaTH8n1JOAYXSGiWkWAA="></latexit>

|�i = |1i
<latexit sha1_base64="WW8BvjNZgchu6D3vE1//jCXWROE="></latexit>

↵⇤↵
<latexit sha1_base64="CNgqX7/mRXqOCmyz85gwvXm60eE="></latexit>

�⇤�



How can we use higher dimensions of the Hilbert space to mitigate a particular error channel? 
• encode qubit on 2 “directions” in a 4-d space, so that the effect of the error occurs in the 2 remaining orthogonal 

directions 

Example: encoding S = 3/2 qudit to protect against SZ error: 
• logical qubit states in basis          : 

In the presence of an SZ perturbation the system evolves under the unitary: 
            
                                    

• mixing in  

Crucially: 
•                                                                                   are all zero, satisfying Knill — LaFlamme criteria  

[Chiesa et al., J. Phys. Chem. Lett. 11, 8610 (2020)], [Gross, Phys. Rev. Lett. 127, 010504 (2021)] 
[Shor (1995), Steane (1996)], [Knill, Laflamme, Phys. Rev. A 55, 900 (1997)]

<latexit sha1_base64="KN4CatQ6n3Fj9ForWfJ63rdNfVw="></latexit>

|mSi

Quantum error correction: the basic idea 

<latexit sha1_base64="8MVAfUTJcxvZWk/3ailOkiLL7jg="></latexit>
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Electron/nuclear spin implementation

If we have S = 1/2 electron qubit hyperfine coupled to a I = 3/2 nuclear qudit, we can use this in a really elegant way:

mI 
+3/2 
+1/2 
-1/2 
-3/2 

-3/2 
-1/2 
+1/2 
+3/2

mS 

+1/2 

-1/2



Electron/nuclear spin implementation

If we have S = 1/2 electron qubit hyperfine coupled to a I = 3/2 nuclear qudit, we can use this in a really elegant way:

• start with a state on the electron qubit on mS = ±1/2, mI = -1/2 
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Electron/nuclear spin implementation

If we have S = 1/2 electron qubit hyperfine coupled to a I = 3/2 nuclear qudit, we can use this in a really elegant way:

• start with a state on the electron qubit on mS = ±1/2, mI = -1/2 

• encode on nuclear qudit within a single mS subspace 

where 

and 

• How? Magnetic resonance pulses with multiple frequencies    

• note: information is now immune to fluctuations coupling to mS 
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Electron/nuclear spin implementation

If we have S = 1/2 electron qubit hyperfine coupled to a I = 3/2 nuclear qudit, we can use this in a really elegant way:

• start with a state on the electron qubit on mS = ±1/2, mI = -1/2 

• encode on nuclear qudit within a single mS subspace 

• allow the errors to occur under  
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Electron/nuclear spin implementation 

(projective measurement of S)

If we have S = 1/2 electron qubit hyperfine coupled to a I = 3/2 nuclear qudit, we can use this in a really elegant way:

• start with a state on the electron qubit on mS = ±1/2, mI = -1/2 

• encode on nuclear qudit within a single mS subspace 

• allow the errors to occur under  

• rotate back to mS, mI basis, separating corrupted and 
uncorrupted components 

• projective measurement of mS yields -1/2 or +1/2 
• and either way, original qubit state is restored on mI = ± 1/2
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Our progress towards experimental implementation: Phys. Rev. Lett. 134, 070603 (2025) 
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Photogenerated species investigated by transient EPR

Sabine Richert 1



Hardware: Light sources and optics

direct excitation (from the side):

fibre excitation (from the top):

→ although possible to work with cw light sources, pulsed lasers are most frequently used (kinetics etc)

Sabine Richert 2



Transient EPR sequences

continuous wave (= trEPR) pulse EPR

hν

DAF

π/2 π

τ τ

echo

pulse EPR spectrum

coherence time (Tm)

hν π/2 π echo

DAF τ τ

transient nutations

hν ξ π echo

DAF τ τ

T1 relaxation

hν π/2 π echoπ

TDAF τ τ
n
t

→ acquisition in direct detection

Sabine Richert 3



Hardware: Resonators and optical access

◦ sensitivity: determined by resonator Q-factor and filling factor η

◦ time-resolution: determined by resonator Q-factor (if broad-bandwidth detection)

→ dielectric resonators (e.g. MD5) are characterised by high η and high Q and typically work best

Sabine Richert 4



Hardware: Triggering and synchronisation

→ external trigger for spectrometer (SpecJet or PatternJet) is provided by the laser or a delay generator

Sabine Richert 5



TrEPR detection schemes

Sabine Richert 6



TrEPR detection schemes: transient mode
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TrEPR detection schemes: cw mode
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trEPR in Xepr

→ trigger from laser or delay generator goes to SpecJet ”TRIG IN”

Sabine Richert 9



TrEPR transients: a visual comparison

◦ signal rise (and decay) artificially slow in cw mode due to limited detection bandwidth

◦ oscillatory artefacts are particularly problematic in case of weak signals

◦ S/N much higher in cw mode

→ time-evolution depends on experimental parameters

data by Dr Ashley Redman
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Time-evolution of the trEPR signal: Torrey oscillations
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Modelling (two-level system, rotating frame) using the Bloch equations:

dMx

dt
= −

Mx

T2
+ ∆ωMy

dMy

dt
= −∆ωMx −

My

T2
+ ω1Mz

dMz

dt
= −ω1My −

Mz −Mz,eq
T1

∆ω = ωmw − ω0
ω0 = ge µB B0

ω1 = ge µB B1

observed EPR signal:

S(t) =

+∞∫
−∞

f (ω0)My (ω0, t) dω0

◦ Torrey oscillations arise from the precession of the magnetisation about the effective magnetic field

→ the transient nutation frequency is proportional to B1

Torrey, H. C. Phys. Rev. 1949, 76, 1059–1068
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Transient nutations in trEPR: an experimental example

ωnut(mS → mS ± 1) = ω1
√
S(S + 1) +mS(mS ± 1)

→ the nutation frequency depends on the B1 field and the spin quantum numbers

data by Dr Ashley Redman
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Time-evolution and spin relaxation parameters

time-evolution is a combination of spin dynamics (T1, T2) and the decay of the paramagnetic state

access to spin relaxation parameters possible, but:

◦ T1: compromise between sufficient S/N and condition ω21T1T2 ≪ 1 (overdamping, low ω1)

◦ T2: requires ω1 ≫ 1/T2 and T1 ≫ T2 (underdamping, high ω1)

→ lifetime of the transient state and spin relaxation times are best measured by pulse EPR

simulations by Dr Ashley Redman

Sabine Richert 13



Pulse EPR with light excitation

PulseSPEL

Variable definitions:

d9 = 5000 ; DAF (delay after flash)

Program:

begin exp1 ”2p echo” [INTG QUAD EXT]

...

shot i=1 to h ; accumulation loop

d9 ; DAF

p0 [ph1] ; 1st pulse and phase program

d1 ; tau

...

hν

DAF

π/2 π

τ τ

echo

pulse EPR spectrum

coherence time (Tm)

hν π/2 π echo

DAF τ τ

transient nutations

hν ξ π echo

DAF τ τ

T1 relaxation

hν π/2 π echoπ

TDAF τ τ
n
t

→ trigger from laser or delay generator goes to PatternJet ”TRG IN”

Sabine Richert 14



Practical considerations

signal intensity: excitation efficiency (power, illumination, rep. rate), absorbance, quantum yield, spin

polarisation, lifetime and spin relaxation → often low temperatures or rigid matrices required

samples laser excitation (∼5 ns)

◦ most common: solution (liquid or frozen)

◦ polymer films, crystals, devices, etc.

◦ concentrations: ∼0.05–0.2mM

◦ X-band: direct excitation, 1mJ, 1–50Hz

◦ Q-band: fibre excitation, 0.5mJ, 10–50Hz

additional details:

Richert, S. et al. J. Magn. Reson. 2017, 280, 103–116.

Weber, S. eMagRes 2017, 6, 255–270.

Quintes, T. et al. Nat. Rev. Chem. 2023, 7, 75–90.
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Processes generating light-induced paramagnetic states

Sabine Richert 16





Intersystem crossing (ISC)

◦ active in most organic chromophores

◦ a priori spin-forbidden, as it requires a spin flip

◦ can be mediated by spin–orbit coupling (SOC)

◦ differentiation between direct SOC and vibronic SOC

→ spin flip is coupled with a simultaneous orbital jump to conserve the total angular momentum

Sabine Richert 18



EPR on photogenerated triplet states

ISCS1 TX
TY
TZ

S0

hν

◦ generation via pulsed laser excitation, followed by ISC

◦ important intermediates in photophysical processes

◦ relevance in biology (e.g. photosynthesis) and technology
(e.g. optoelectronic devices, photodynamic therapy, organic spintronics)

→ two unpaired electron spins (S = 1)

Sabine Richert 19



Zero field splitting (ZFS)

◦ even at B0 = 0, the dipolar interaction between the unpaired electrons leads to an energetic splitting of
the triplet sublevels

◦ the ZFS interaction can be parametrised by the dipolar splitting parameters D and E

ĤZFS = ŜD Ŝ = D

(
Ŝ2z −

1

3
Ŝ2

)
+ E

(
Ŝ2x − Ŝ2y

)
◦ the ordering of the triplet sublevels depends on the signs of D and E

◦ the spin distribution is oblate for D> 0 and prolate for D< 0

Y
X

Z

2|E|
|D|

Z

YX

X
Y

ZD>0 D<0D>0, E<0
oblate prolate

Y
X

Z

2|E|

|D|

D<0, E>0

N N

NN

Zn

Ar

Ar

Y
X

Z

2|E|
|D|

X
Y Z

D>0
E<0

ZFS frame
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Significance of D and E

◦ ZFS parameters give information about electronic structure

◦ D is related to the average spin–spin distance r whereas E describes deviations from axiality

D =
3

4

µ0
4π
(geµB)

2

〈
r 2 − 3 z2

r 5

〉
=
3

4

µ0
4π
(geµB)

2

〈
1− 3 cos2 θ

r 3

〉
E =

3

4

µ0
4π
(geµB)

2

〈
y 2 − x2

r 5

〉
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Triplet state populations at zero field

◦ populations at zero field depend on the mechanism of SOC-ISC

◦ S- and T-states are mixed by SOC, proportional to the matrix element ⟨ψT | L⃗LL · S⃗SS |ψS⟩

◦ SOC is orientation-dependent which results in an overpopulation of specific sublevels

→ triplet states are spin-polarised (= non-Boltzmann sublevel populations)

Sabine Richert 22



Triplet states in a magnetic field: Zeeman splitting

◦ high-field populations are orientation-dependent linear combinations of zero-field populations

◦ B0||i : p0 = pi p±1 =
1
2
(pj + pk) i , j, k = X, Y, Z

◦ canonical orientations: B⃗0 is parallel to one of the DDD tensor axes (e.g. Z)

◦ two transitions ∆mS = ±1 for every canonical orientation

Z 
+

Z 
–

X
Y
Z T0

T+

T–

B0 || Z

zero field
states

high field
states

B0

mS = 0

mS = –1

mS = +1
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Origin of the triplet state EPR spectrum

X
Y
Z X–

X+
B0 || X

Y –

Y+
Z+

Z–

B0

a

e

X
Y
Z

X
Y
Z

e

a a
e

X+

X–
Y+

Y– Z+

Z–

|D| – 3 |E||D|+3 |E| 2 |D|

e
a

T0

T+

T–

T0

T+

T–

T0

T+

T–

B0 B0

B0 || Y B0 || Z

◦ absorptive and emissive transitions with equal but opposite intensities (multiplet polarisation)

◦ powder average in frozen solution

Sabine Richert 24



Interpretation of the triplet state spectrum

a
e

|D| + 3|E | 

|D| ‒ 3|E | 

2|D|

Y 
+

Y 
‒Z 

+
X 

+ Z 
‒

X 
‒

300 320 340 360 380 400
B0 / mT

300 320 340 360 380 400
B0 / mT

experiment
simulation

D: 901 MHz
E: ‒164 MHz
P{X,Y,Z}: [0.14 0 0.86]

◦ up to six turning points in the spectrum indicate the canonical orientations

◦ D, E, and the initial (relative) zero-field populations can be determined by numerical simulations

◦ convention: −1/3 ≤ E/D ≤ 0 and |DZ | > |DX | > |DY |

Sabine Richert 25



Polarisation patterns from SOC-ISC

ISCS1 TX
TY
TZ

X
Y
Z

X
Y
Z

X
Y
Z

X
Y
Z

X
Y
Z

X
Y
Z

S0

hν
aaaeee eaeaea eeaeaa

eeeaaa aeaeae aaeaee

examples (for D > 0):

◦ polycyclic aromatic hydrocarbons: vibronic SOC drives population in-plane → eeeaaa

◦ zinc porphyrin: direct SOC drives population out-of-plane → aaaeee

◦ contributions of both mechanisms may lead to intermediate patterns aaeaee and eaeaea

→ polarisation pattern encodes valuable information about the mechanism of triplet formation
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Application 1: Probing triplet state delocalisation

P1

Y +
Y ‒

Z +

X +Z ‒
X ‒

B0 / mT
300 320 340 360 380 400

P2 Z +

X ‒ Y ‒
Y + X +Z ‒

P3

P4

P1

Y ‒

‒5
νrf ‒ ν1H / MHz

‒4 ‒3 ‒2 ‒1 0 1 2 3

P2

P3

P4

→ change in the triplet state formation mechanism and uneven spin density distribution

see e.g.: Tait, C. E.; Neuhaus, P.; Peeks, M. D.; Anderson, H. L.; Timmel, C. R. J. Am. Chem. Soc. 2015, 137, 8284–8293.
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Application 2: Revealing triplet–triplet energy transfer

→ sublevel populations of donor are imprinted on acceptor, taking into account their relative orientations

Sabine Richert 28



Application 3: Pulse dipolar spectroscopy − LiDEER and LaserIMD

NH N

HNN

O

N
H

H
N

N
H

H
N

N
H

H
N

O

O

O

O

O
N
H

OH
O

O
4

2

N
O

π/2
π

νdet

νpump

τ τ

echo

LaserIMD

hν

300 320 340 360 380

B0 / mT

pump

detect
a

e

3TPP
NO•

0 τ 2τ

tLaserIMD

π
2

π echo

◦ some proteins have chromophores as cofactors (e.g. heme, flavin) → endogenous probe
→ use of the photogenerated triplet state as a spin label
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Application 3: Pulse dipolar spectroscopy – sequences

LiDEER: Di Valentin, M.; Albertini, M.; Zurlo, E.; Gobbo, M.; Carbonera, D. J. Am. Chem. Soc. 2014, 136, 6582–6585.

LaserIMD: Hintze, C.; Bücker, D.; Domingo Köhler, S.; Jeschke, G.; Drescher, M. J. Phys. Chem. Lett. 2016, 7, 2204–2209.

ReLaserIMD: Dal Farra, M. G.; Richert, S.; [...] Timmel, C. R.; Bowen, A. M.; Di Valentin, M. ChemPhysChem 2019, 20, 931–935.

LITTER: Bertran, A.; Henbest, K. B.; [...] Timmel, C. R.; Di Valentin, M.; Bowen, A. M. J. Phys. Chem. Lett. 2021, 12, 80–85.
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Photoinduced electron transfer (PET)

◦ donor–acceptor compounds

◦ electron transfer from S1 or T1

◦ spin-correlated radical pairs

◦ recombination triplets

Sabine Richert 32



EPR on photogenerated radical pairs

1D – 1A

1
 [2D•+

 – 2A•–]

hν 

kCS1*D – 1A 3
 [2D•+

 – 2A•–]

3D – 1A

S-T0 mixing

2D•+··· 
2A•–

recomb. triplet

free radicalsSCRP

kCR

◦ singlet-born RP due to angular momentum conservation

◦ differences in precession frequencies cause coherent spin mixing

→ mediated by: anisotropic hyperfine interactions, ∆g
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Two coupled spins

Uncoupled basis: S1 =
1
2
, S2 =

1
2

|α1α2⟩, |α1β2⟩, |β1α2⟩, |β1β2⟩

Coupled basis: S = S1 + S2, ..., |S1 − S2|

S2 = (S21 + S
2
2)

S2 |ψ⟩ = S(S + 1) ℏ2 |ψ⟩

Sz = Sz,1 + Sz,2
Sz |ψ⟩ = MS ℏ |ψ⟩

Singlet state:

|S⟩ = 1√
2
(|α1β2⟩ − |β1α2⟩)

Triplet states:

|T−1⟩ = |β1β2⟩

|T0⟩ = 1√
2
(|α1β2⟩+ |β1α2⟩)

|T+1⟩ = |α1α2⟩
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Triplet and singlet state formation by spin coupling

→ coupling regime depends on the radical pair separation (d) and exchange interaction JRR
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Spin-coupling Hamiltonian

Ĥ = µB
h
BBB000 ggg111 ŜSS111 +

µB
h
BBB000 ggg222 ŜSS222 + J ŜSS111 ŜSS222 + ŜSS111 D̂DD ŜSS222

Exchange coupling: J = J0 exp(−βr)

Dipolar coupling:

DDD =

d d

−2d

 d =
µ0
4π h

g1 g2 µ
2
B

r 3
(
1− 3 cos2 θ

)
= ωdd

(
1− 3 cos2 θ

)

Eigenstates of Ĥ̂ĤH:

|4⟩ = |T+1⟩
|3⟩ = cosφ |S⟩+ sinφ |T0⟩
|2⟩ = − sinφ |S⟩+ cosφ |T0⟩
|1⟩ = |T−1⟩

tan 2φ =
2Q

J − 1
2
d

Q =
µB
2 h

B0 (g1 − g2)
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Populations of a singlet-born radical pair

|4⟩ = |T+1⟩
|3⟩ = cosφ |S⟩+ sinφ |T0⟩
|2⟩ = − sinφ |S⟩+ cosφ |T0⟩
|1⟩ = |T−1⟩

13

24

12

34

13

24

12

34

Sublevel populations: pi = |⟨S | i⟩|2

p1 = 0 p2 = sin
2 φ p3 = cos

2 φ p4 = 0

◦ initial population of states |2⟩ and |3⟩ (singlet character)

→ two absorptive and two emissive transitions, centred about the Larmor frequencies ω1 and ω2
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EPR transitions of a singlet-born radical pair

13

24

12

34

13

24

12

34

◦ transition probabilities are
pairwise identical

◦ all transitions equally intense

Transition probabilities: Wjk =
1
2
|⟨j |S+ + S− | k⟩|2

W12 = W24 =
1
2
cos2 φ

W13 = W34 =
1
2
sin2 φ

Transition intensities: Ijk = (pj − pk)Wjk

I12 = I13 = − 12 sin
2 φ cos2 φ

I24 = I34 =
1
2
sin2 φ cos2 φ

◦ the order of transitions in the spectrum depends on sign of |J + d | and the precursor state (S, T)

→ a symmetric spectrum is indicative for a singlet state precursor
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Orientation dependence of d and anti-phase Pake lineshape

x

z

y
r

θ

◦ position of resonance line depends on |J + d |

◦ ggg-tensor anisotropy may lead to more complicated lineshapes

◦ especially at the X-band the signals typically overlap since ω1 ∼ ω2
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Example: SCRP in bacterial reaction centres

1
 [2D•+

 – 2A•–] 3
 [2D•+

 – 2A•–]

3D – 1A

S-T0 mixing

2D•+··· 
2A•–

recombination triplet

free radicalsSCRP

1D – 1A

spin-correlated radical pair

individual radicals 

B0 / mT
3384 3388 3392

A Q•–
 

P•+
865

B0 / mT
320 330 340 350 360

recombination triplet 3P865

Simulation parameters from: Tait, C. E.; Krzyaniak, M. D.; Stoll, S. J. Magn. Reson. 2023, 349, 107410.
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Recombination triplets

B0 || X

X
Y
Z

− 1

0

B0 || YB0 || Z + 1

X
Y
Z

X
Y
Z

− 1

0

+ 1

− 1

0

+ 1

Z –

Z 
+

Y 
+

Y 
–

X 
+

X 
–

Z 
–

Z +
Y +

Y 
–

X +

X 
–

B0

a

e

a

e

e

a

◦ unique polarisation pattern (aeeaae if D > 0) that cannot be obtained by SOC-ISC

→ indicative for overpopulation of the high-field T0 sublevel
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Further material including literature



Determination of d and J: OOP-ESEEM

OOP-ESEEM

hν echo

DAF τ τ

(ξ/4)x in-phase (y)

out-of-phase (x)

(ξ )x

ν / MHz
–10 0 10

Fourier transform

J = 1 MHz
J = 0 MHz

d = 3.3 MHz

t / μs
0 1 2

OOP-ESEEM signal

Ĥ0 = Ω1 ŜSS1,z1,z1,z +Ω2 ŜSS2,z2,z2,z + ωee ŜSS1,z1,z1,z ŜSS2,z2,z2,z ωee =
µ0
4πh

g1g2µ
2
B

r 3
(
1− 3 cos2 θ

)
+ J = d + J

Sabine Richert 1





Enhanced intersystem crossing (EISC)

◦ chromophore triplet state formation by
spin–spin coupling

◦ spin-mixing in triplet–doublet systems

◦ excited doublet and quartet states near
isoenergetic

◦ spin-polarised ground states possible

Sabine Richert 3



Chromophore triplet state formation by EISC

SC1

SC2

SR SC1

SR

SC2

EISCsing-doublet trip-doublet
spin flip

SC1

SC2

SR

SC2+R

HOMO
LUMO SOMO

HOMO
LUMO SOMO

2R•
3C

JTR

chromophore linker

radical

◦ electronic interaction between chromophore LUMO and radical SOMO causes spin flip

◦ spin-allowed process that can be regarded as a spin exchange

Quintes, T.; Mayländer, M.; Richert, S. Nat. Rev. Chem. 2023, 7, 75–90.

Sabine Richert 4



Quartet state formation by spin coupling

→ JTR needs to exceed all other magnetic interactions active in the system

Quintes, T.; Mayländer, M.; Richert, S. Nat. Rev. Chem. 2023, 7, 75–90.

Sabine Richert 5



Determination of the spin multiplicity by transient nutations

ωmS,mS+1 = ω0 ·
√
S(S + 1)−mS(mS + 1)

π

τ τ
echo

DAF

hν ξ

expected frequencies:

◦ triplet:
√
2ω0

◦ quartet:
√
3ω0 (| ± 1

2
⟩ ↔ | ± 3

2
⟩ transition) or 2ω0 (| − 1

2
⟩ ↔ |+ 1

2
⟩ transition)

NN

O

O

O

O

N O

R1R1

R1 R1

→ single species with quartet multiplicity

Sabine Richert 6



Example: quartet state spectrum of PDI–TEMPO

NN

O

O

O

O

N O

R1R1

R1 R1

1180 1200 1220 1240

B0 / mT

PDI–TEMPO multiplet

net

3
2+
mS

3
2–

1
2–

1
2+

1180 1200 1220 1240

B0 / mT

PDI–TEMPO experiment

simulation ◦ net and multiplet polarisation

◦ upper intermediate coupling regime

→ ferromagnetic coupling JTR ∼ 1200MHz = 0.04 cm−1

Mayländer, M. et al. J. Am. Chem. Soc. 2021, 143, 7050–7058

Mayländer, M. et al. J. Am. Chem. Soc. 2023, 145, 14064–14069

Sabine Richert 7





Singlet fission (SF)

◦ E(S1) ≥ 2E(T1)

◦ spin-allowed: formation of 1(TT)

◦ mixing between 1(TT) and 5(TT)

◦ decoherence: formation of uncorrelated
triplet states (mS = 0 overpopulation)

◦ ISC-triplets vs SF-triplets

→ only efficient for specific molecular arrangements and systems (e.g. tetracene, pentacene, rubrene)

Sabine Richert 9



Triplet–triplet pair states with singlet, triplet and quintet character

Sabine Richert 10



Example: EPR spectra of singlet fission materials

B0 / mT
280 320 360 400

Si Si triplet

quintet

TIPS-tetracene

◦ complex spectra with contributions
from triplet and quintet states

◦ SF-triplets should show
overpopulation of T0: aeeaae

◦ quintet state spectra are narrow

◦ typically: overpopulation of Q0

◦ weak coupling: also population of
mS = ±1 (or ±2) sublevels

Simulation parameters from: Tait, C. E.; Krzyaniak, M. D.; Stoll, S. J. Magn. Reson. 2023, 349, 107410.
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Summary: Particularities of light-induced EPR



Selective population of energy levels

spin polarisation: more intense signals that can either be absorptive (a) or emissive (e)

ISCS1 TX
TY
TZ

S0

hν

X
Y
Z X–

X+
B0 || X

Y –

Y+
Z+

Z–

B0

a

e

X
Y
Z

X
Y
Z

e

a a
e

X+

X–
Y+

Y– Z+

Z–

|D| – 3 |E||D|+3 |E| 2 |D|

e
a

T0

T+

T–

T0

T+

T–

T0

T+

T–

B0 B0

B0 || Y B0 || Z
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Characteristic signatures of species with different spin multiplicities

porphyrin˗nitroxide  quartet

S = S 3/2

a
e

porphyrin triplet

a
e

S = 1

B0 / mT
400380360340320300

B0 / mT
400380360340320300

flavin˗tryptophan radical pair

S = 1/2

B0 / mT
400380360340320300

N N

NN
ZnAr

Ar

Ar

Ar

TIPS

TIPS

pentacene quintet

S = S 2

a
e

B0 / mT
400380360340320300

N N

NN
Zn

N

N+N O–O

a
e

Sabine Richert 14



Complementary information with respect to optical techniques

◦ dynamic information (time resolution ∼100 ns): lifetimes, interconversion between states

◦ information on magnetic properties: g, D, E (and coupling parameters: J, d)

◦ optical signatures often identical, while valuable mechanistic insight can be obtained by EPR

ISCS1 TX
TY
TZ

X
Y
Z

X
Y
Z

X
Y
Z

X
Y
Z

X
Y
Z

X
Y
Z

S0

hν
aaaeee eaeaea eeaeaa

eeeaaa aeaeae aaeaee
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Summary: Applications of transient EPR



Applications of transient EPR

                                                                                         MATERIALS SCIENCE    
    

   
   

   
   

   
   

   
  

  
  

  
  

  
  

  

                                                                                       
     

    
    

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

    
    

BIOLOGICAL SCIENCES                                             

transient
EPR

photoinduced
electron transfer
in biomolecules

triplet state
delocalisation

in molecular wires

photovoltaics

photo
catalysis

intrinsic triplet 
spin labels
in proteins

photogenerated
spin qubits

TADF materials
for solar cells

singlet fission
materials

mechanistic insight from
photoactive intermediates

(radical pairs, triplets)

photosynthetic
reaction centres ◦ biochemistry

◦ transition metal chemistry

◦ catalysis

◦ photosynthesis

◦ optoelectronics

◦ quantum information science etc.

Sabine Richert 17



Common applications of transient EPR: biological sciences

clarification of reaction mechanisms:

◦ photosynthetic reaction centres: recombination triplets; triplet state delocalisation over special pair

◦ cryptochromes: identification and dynamics of radical pairs involved in avian magnetoreception

structure determination:

◦ cryptochromes/photolyases: radical pair distance by OOP-ESEEM

◦ heme proteins: intrinsic chromophore as triplet spin label

Thurnauer, M.C. et al. PNAS 1975, 72, 3270–3274
Levanon, H. et al. Chem. Rev. 1978, 78, 185–198
Budil, D.E. et al. Biochim. Biophys. Acta 1991, 1057, 1–41
Van der Est, A. et al. J. Phys. Chem. B 1997, 101, 1437–1443
Bittl, R. et al. Biochim. Biophys. Acta 2001, 1507, 194–211
Lubitz, W. et al. Acc. Chem. Res. 2002, 35, 313–320

Xu, J. et al. Nature 2021, 594, 535–540
Weber, S. et al. J. Phys. Chem. B 2010, 114, 14745–14754
Carmieli, R. et al. J. Am. Chem. Soc. 2009, 131, 8372–8373

Di Valentin, M. et al. J. Am. Chem. Soc. 2014, 136, 6582–6585
Dal Farra, M. G. et al. ChemPhysChem 2019, 20, 931–935

Sabine Richert 18



Common applications of transient EPR: materials science (1)

organic functional materials:

◦ molecular wires: triplet exciton delocalisation

◦ detection of triplet/RP intermediates and triplet-triplet energy transfer

quantum information science:

◦ radical pairs or photogenerated molecular high-spin states as spin qubit candidates

Tait, C.E. et al. J. Am. Chem. Soc. 2015, 137, 8284–8293.
Richert, S. et al. J. Am. Chem. Soc. 2017, 139, 5301–5304.

El-Sayed, M.A. et al. J. Chem. Phys. 1969, 51, 5721–5723.
Di Valentin, M. et al. J. Phys. Chem. B 2011, 115, 13371–13380.

Harvey, S.M. et al. J. Am. Chem. Soc. 2021, 143, 15508–15529.
Mayländer, M. et al. J. Am. Chem. Soc. 2021, 143, 7050–7058.
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Common applications of transient EPR: materials science (2)

optoelectronics/energy research:

◦ charge separation in organic photovoltaics

◦ triplet formation through TADF in OLED materials

◦ triplet pair intermediates in singlet fission materials

Niklas, J. et al. Adv. Energy Mater. 2017, 7, 1602226.

Drummond, B.H. et al. Nat. Commun. 2021, 12, 4532.

Weiss, L.R. et al. Nat. Phys. 2017, 13, 176–181.
Tayebjee, M.J. et al. Nat. Phys. 2017, 13, 182–188.

ISCS1 TX
TY
TZ

X
Y
Z

X
Y
Z

X
Y
Z

X
Y
Z

X
Y
Z

X
Y
Z

S0

hν aaaeee eaeaea eeaeaa

eeeaaa aeaeae aaeaee

aeeaae

+1
0
–1

S1

S0

hν
T1
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Paramagnetic NMR

Valentin Novikov



Paramagnetic NMR: is it even a field?

I hate the term “paramagnetic NMR” as this is

“paramagnetic nuclear magnetic resonance” and prefer NPR

– nuclear paramagnetic resonance, but I do not expect the

authors to join me on this crusade.

Unknown (but extremely helpful) reviewer

2

What we hear and read a lot:

• «As NMR is not informative in the case of paramagnetic 

compounds…»

• «The NMR spectra demonstrate a significant broadening, 

this confirming the paramagnetic nature of the compounds 

synthesized»

• «When NMR spectroscopist sees the paramagnetic 

compound, he turns pale»

“Regular” NMR

• Organic compounds

• Ligands

• Diamagnetic complexes

• Biomolecules

• Polymers

• …

EPR

• Organic radicals

• Paramagnetic complexes

• Spin-labeled biomolecules

• Spin-labeled polymers

• Photoexcited compounds

• …

and pNMR



NMR was paramagnetic from the very beginning 

3

F. Bloch, W. W. Hansen, and M. Packard, Phys. Rev., 69 (1946) 127



NMR of diamagnetic compounds



NMR of diamagnetic compounds

B0



NMR of diamagnetic compounds

B0



NMR of diamagnetic compounds

B0



NMR of diamagnetic compounds

B0



NMR of diamagnetic compounds

B0

Chemical shift (parts per million, ppm)



Paramagnetic NMR

B0



Paramagnetic NMR

B0



Paramagnetic NMR in solution

12

• Severe line broadening can hide signals

• Shifts not determined by standard rules of organic chemistry

• Signals may be shifted beyond excitation range

• The fast relaxation make 2D NMR very difficult

• Shifts and relaxation rates reflect molecular geometry and metal’s magnetic properties



pNMR, EPR or both?

13

Contact interaction Pseudocontact interaction

Spin density delocalization

In EPR: isotropic hyperfine 

coupling

Dipolar interactions

In EPR: magnetic anisotropy

Paramagnetic shift

B0

N

e-

𝛿𝑃𝐶𝑆 =
1

12𝜋𝑟3
∆𝜒𝑎𝑥 3𝑐𝑜𝑠2𝜃 − 1



Where pNMR can be useful

14

”Traditional” applications:

• Structural biology – determination of distances (paramagnetic shifts, paramagnetic 

relaxation enhancement, residual dipolar couplings)

• MRI – contrast agents, including those sensitive to pH and temperature

Applications related to EPR

• Coordination chemistry – probing the nature of chemical bonding in complexes

• Molecular magnetism – compounds with strong magnetic anisotropy

• Molecular magnetism – spin-crossover compounds

• Catalysis – structural characterization of reaction intermediates



Fermi contact coupling

15

Strong field shift

Weak field shift

Spin density can be localized directly at the nucleus:

• Direct delocalization mechanism

• Spin polarization 

Propagates through chemical bonds

Becomes very small after 4 to 6 bonds

For lanthanides:

• f-orbitals are localized (less overlap with ligand orbitals)

• For most lanthanide complexes, contact shift is small

For d-ions and organometal compounds (incl. lanthanides)

• Contact contribution may be very large

• Spin density can be estimated by DFT calculations



A pseudocontact shift

16

Fast rotation in solution:

න
0

𝜋

𝑑𝜃 𝑠𝑖𝑛𝜃 3𝑐𝑜𝑠2𝜃 − 1 = 0

if all orientations have the same probability

B0

N

e-

𝜃

B0

N e-

B0

N

e-

But if molecule has the magnetic anisotropy:

More probable: Less probable:



Pseudocontact shifts

r,,  — spherical coordinates of nucleus in electron frame

Δax — axial anisotropy of magnetic susceptibility tensor

Δrh — rhombic anisotropy of magnetic susceptibility tensor

17

𝛿𝑃𝐶𝑆 =
1

12𝜋𝑟3
∆𝜒𝑎𝑥 3𝑐𝑜𝑠2𝜃 − 1 + 1.5∆𝜒𝑟ℎ𝑠𝑖𝑛

2𝜃𝑐𝑜𝑠𝜑

Pintacuda et al., Acc. Chem. Res., 2007, 40, 206 

Dark, medium and light isosurfaces show the 

locations of PCS of ±3, ±1.5 and ±0.5 ppm 



Lanthanides

18

Pintacuda et al., Acc. Chem. Res., 2007, 40, 206 



Not only lanthanides: first-row d-ions

19

Pavlov A., DOI:10.32931/io1922r



Magnetic anisotropy

E

Magnetic field
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3/2

-3/2



Several unpaired electrons: cobalt(II), S = 3/2

E

Magnetic field

3/2

-1/2

1/2

-3/2

Z
e
ro

 f
ie

ld
 s

p
li

tt
in

g

E

Magnetic field

Large positive ZFS

ZFS is larger than

microwave quantum

X-band 9.5 GHz

W-band 95 GHz

2D = 100 cm-1 = 3 THz

Magnetic field

Large negative ZFS

Levels are not populated

“Forbidden” transitions

Sample is EPR silent

3/2

-3/2
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22

3d ions Zero field splitting

4f ions Ligand field splitting

E

Single molecule magnet



23

Magnetic field

E

Single molecule magnet



24

Magnetic field

E

Return to zero field

Single molecule magnet



25

Idea Synthesis Isolation

SQUID

Does it have large magnetic anisotropy?

Does it show slow magnetic relaxation?

Is it SMM?

Is it good SMM?

Questions

NMR

Does it have large magnetic anisotropy?

How to spot a single molecule magnet



Cage complexes and magnetic anisotropy

26

ax ≈ 0.22 Å3

D = −95 cm−1ax ≈ 0.25 Å3

D = −109 cm−1

ax ≈ 0.10 Å3



The oversimplified approach to VT pNMR analysis

27

NMR

(T)

 dia  para(T)

DFT
 PCS(T) CS(T)

X-ray Δax(T)

D 
 

෡𝐻 = 𝐷 ෡𝑆𝑧
2
− 𝑆(𝑆 + 1 Τ) 3 + 𝑔𝑖𝜇𝐵𝐻𝑖

መ𝑆𝑖

෡𝐻 = 𝜎𝜆෠𝐿 ∙ መ𝑆 + 𝛥1 3෠𝐿𝑧
2 − ෠𝐿2 + 𝛥2 ෠𝐿+

2 − ෠𝐿−
2 + 𝛽𝐻 𝜎෠𝐿 + 𝑔 መ𝑆



ZFS for different cage complexes

28

J. Am. Chem. Soc.,

2015, 137, 9792

J. Phys. Chem. Lett., 

2016, 7, 4111

Inorg. Chem., 

2017, 56, 6943

2D, cm-1 2D, cm-1 2D, cm-1 2D, cm-1 2D, cm-1

dc-squid −164 −172 −205 −222 −148

NMR −218 −190 −200 −174 −174

CASSCF −220 −156 −166 −305 −210

Ueff (0 Oe) 71 45 101 180 109

 

ChemPhysChem, 

2019, 20, 1001



Comparison with direct measurement by THz-EPR

29

THz-EPR, Joscha Nehrkorn, CEC MPI Pavlov A., PCCP, 2019, 21, 8201 - 8204



Paramagnetic NMR

30

+ Readily available for chemists

+ Fast (only several spectra are needed)

L
o
w

e
ri

n
g
 T

+ No need for purification of the sample

+ No need to isolate the compound

− Limited usage for polynuclear SMMs (D should be large)

− No effects of crystal packing observed



Influence of the chemical exchange

31

+ Readily available for chemists

+ Fast (only several spectra are needed)

− Compound should be stable in solution

Averaged pseudocontact shifts

Paramagnetic shift Paramagnetic shift



Iron(II) spin crossover

32

Curie’s law



In situ search for spin transition complexes

33

+

+

M2+

tpy (terpyridine)

Low spin or 

spin transition

bpp (bis-pyrazolylpyridine)

High spin complexes

M2+



In situ search for spin transition complexes

34

tpy

bpp

Co(tpy)2 – Low spin

Co(bpp)2 – High spin

Co(tpy)(bpp)

Inorg. Chem. 2020, 59, 11, 7700



Helicates

35

Fe

Fe
Br

Synthesis: Guillem Aromí, Leoní Barrios, Rosa Diego (Universitat de Barcelona)



Two-step spin transition in NMR: what we expect

36

HS - HS

LS - LS

T−1

par

LS-LS HS - LS



HS-HS to HS-LS transition

37

320 K

190 K



Broken-symmetry state dynamics

38



Modification of the helicates by crystallization conditions

39

Fe

Fe

Fe
Br



Jellyfishes

40

Fe



Hugging jellifishes

41

BrFe Fe



(FeL3)2 jellyfish: LS-LS to HS-LS

42

335 K

235 K



Spin crossover: helicates vs jellyfishes

43

MeOD MeCN

Helicates

Jellyfishes

HSLS HS LS

HS HS

LS LS

Helicates

Jellyfishes



Engineering supramolecular interactions

44



Quinoline-based jellyfish complex: pure high spin

45

335 K

235 K



Spin states for different jellyfishes

46

HSLS HS LS

HS HS

LS LS

”Weak” jellyfishes

”Strong” jellyfishes

”Strong” jellyfishes



Recommended literature

47

Bertini, Ivano, et al. NMR of paramagnetic molecules: applications to

metallobiomolecules and models. Vol. 2. Elsevier, 2016.

Pell, Andrew J., Guido Pintacuda, and Clare P. Grey. "Paramagnetic NMR in
solution and the solid state." Progress in nuclear magnetic resonance

spectroscopy 111 (2019): 1-271.

Novotny, Jan, Stanislav Komorovsky, and Radek Marek. "Paramagnetic Effects in

NMR Spectroscopy of Transition-Metal Complexes: Principles and Chemical
Concepts." Accounts of Chemical Research 57.10 (2024): 1467-1477.

Parker, David, et al. "How the ligand field in lanthanide coordination complexes

determines magnetic susceptibility anisotropy, paramagnetic NMR shift, and

relaxation behavior." Accounts of Chemical Research 53.8 (2020): 1520-1534. –
for Lanthanides

Ott, Jonas C., et al. "Observability of paramagnetic NMR signals at over 10 000

ppm chemical shifts." Angewandte Chemie 133.42 (2021): 23038-23046.

One book to rule them all

The most comprehensive
review

For coordination chemists

If you are into lanthanides

A good example of proper

pNMR analysis



Dynamic Nuclear 
Polarization

Nino Wili, 
Aarhus University, Denmark



Dynamic Nuclear Polarization

2

DNP

e- n

Electron-nuclear polarization transfer,
Usually using microwave irradiation

𝛾𝑒

𝛾𝐻
≈ 660

𝑃𝑡ℎ =
n𝛼 − n𝛽

n𝛼 + n𝛽
= tanh

𝛾ℏ𝐵0

2𝑘𝐵𝑇

Source: Copéret Group Website

Big NMR signal enhancements 𝜀

Time Savings ∝ 𝜀2

I.e. given a signal enhancement of 100 by DNP, the same
measurement without DNP would take 10000 longer for
Same signal-to-noise!



EPR vs. DNP vs. pNMR

3

EPR DNP pNMR

Excitation and
detection of electrons

Excitation of electrons No excitation of electrons

Slow electron relaxation, 
Saturation possible

Some saturation possible Very fast electron relaxation

Resolved hyperfine “Resolved” hyperfine Averaged hyperfine

Investigation of close nuclei Investigation of very far nuclei Investigation of close-ish and 
far nuclei

Electron spins are life,
Please relax slowly

Electron spins are a great
source of polarization, otherwise
rather annoying

Electron spins are a source
of information and relaxation
Please relax fast



DNP Mechanisms: Overview

4

Overhauser Effect (OE)

Overhauser, 1953
Slichter & Carver, 1953

Solid Effect (SE) Cross Effect (CE) Thermal Mixing (TM)

Needs modulation
of hyperfine coupling,
leading to electron-nuclear
cross-relaxation

Metals, liquids, or
other dynamics

Direct driving of 
Forbidden transition
Needs pseudo-secular
Coupling (-> solids!) 

Needs strong microwaves,
Bad at very high fields

2-Electron-1-nucleus

Difference of electron
frequencies matches 
nuclear Larmor frequency

Current go-to for
DNP-MAS NMR

Many-electron system
With strong couplings

Low temperatures and 
high electron 
concentrations

Exact differentiation
From CE unclear

Abragam & Proctor,
Jeffries, 1957/58

Kessenikh, Luschikov, 
Manekov, Taran, 1963
Hwang, & Hill, 1967

Provotorov, 1962
Borghini, 1968



Overhauser Effect: Origin

5

| ۧ1

| ۧ3

| ۧ2

| ۧ4

EPR

𝑊1,𝑆

𝑊1,𝐼

𝑊2
𝑊0

𝑊1,𝑆

𝑊1,𝐼

𝜀 =
𝐼𝑧

𝐼𝑧
𝑒𝑞 = 1 − 𝜉 ⋅ 𝑠 ⋅ 𝑓 ⋅

𝛾𝑒

𝛾𝑛

Electron 
Saturation

Leakage 
FactorCoupling 

Factor

𝜉 =
𝑊2 − 𝑊0

𝑊2 + 2𝑊1,𝐼 + 𝑊0

𝑠 = 1 
for high mw 
power

𝑓 = 1 
for high electron 
concentration

Depend on fluctuation of hyperfine 
coupling (spectral density at electron 
Larmor frequency)

Dipolar contribution 
(molecular tumbling)

Scalar contribution 
(collisions)



Overhauser Effect: Applications

6

Metals & Battery Materials

Slichter & Carver, 1953

Water Dynamics 
and Accessibility

High Field solid-state NMR

Mosly X-band EPR
15 MHz NMR

Han, Bordignon, Jeschke

HR Liquid-State NMR

Low-field / benchtop
High-Field

Bennati, Orlando, 
Prisner, Frydmann,
Hill …

Münnemann, Maly, …

Grey, Leskes, Pell

Big Challenge: mw absorption by liquid water



Solid-state NMR

7

Magic-Angle-Spinning

Up to about 160 kHz

Chemical Shift Anisotropy (CSA)

Strong dipolar couplings 

Averaging of second-rank
anisotropic interactions



Common Setups I: Magic-Angle-Spinning DNP

8

Gyrotron for Watts of
power at 100s of GHz

Bob Griffin @MIT

Probe with stator,
several rf channels
+ microwave delivery
cryogenic temps



Solid Effect

9

| ۧ1

| ۧ3

| ۧ2

| ۧ4

EPR

EPR Forbidden 
Transitions

෡𝐻 = Ω መ𝑆𝑧 + 𝜔𝐼
መ𝐼𝑧 + 𝐴 ෠S𝑧

መ𝐼𝑧 + 𝐵 ෠S𝑧
መ𝐼𝑥

Transition moment proportional to 𝜔1sin(𝜂)

𝜂𝛼 = atan
𝐵

2𝜔𝐼 + 𝐴
𝜂𝛽 = atan

−𝐵

2𝜔𝐼 − 𝐴

𝜂 =
𝜂𝛼 − 𝜂𝛽

2
𝜔1sin 𝜂 ∝

𝜔1𝐵

𝜔𝐼

At high fields

Ω

≈ 𝐴

≈ 2𝜔𝐼 

sin 𝜂

Best for narrow EPR line 
where Linewidth < 𝜔𝐼

Quickly ineffective 
at high field

n

e-

Irradiate EPR at ±𝜔𝐼



Cross Effect
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e- ne-

𝛼𝛽𝛼 → |𝛽𝛼𝛽ۧ

𝛽𝛼𝛼 → |𝛼𝛽𝛽ۧ

Triple Spin Flips

Matching Condition: 𝜔𝐼 = 2𝐽 + 𝑑 2 + Δ𝜔 ≈ ±Δ𝜔

Exchange Rate: 𝜔𝐶𝐸 =
Δ𝐵(2𝐽+𝑑)

4𝜔𝐼
ee-couplings

Difference of 
electron 
frequencies

Difference of 
hyperfine couplings

≈ 𝜔𝐼

Saturate/Invert one
Of the EPR lines

(𝑆1𝑧 − 𝑆2𝑧) → 𝐼𝑧

EPR Linewidth should 
exceed 𝜔𝐼 

Needs high concentrations 
Or biradicals

Current go-to at high fields



Cross Effect under Magic-Angle-Spinning

11

≈ 𝜔𝐼

MAS makes the EPR resonance 
frequencies time-dependent!

It becomes a bit of a mess…

Range of different events
• mw event: one of the electron transitions is 

on-resonant with the mw irradiation
• CE event: Δ𝜔 ≈ 𝜔𝐼 
• Dipolar events: Δ𝜔 ≈ 0, exchange 

Additionally, MAS without mw can 
depolarize the nuclei! Be vary of 
looking only at 𝜀𝑜𝑛/𝑜𝑓𝑓



DNP mechanisms 

12

Solid Effect Cross Effect Overhauser Effect
(incoherent)

e- n

e-

e-

n

n

e-

2𝜔𝐼

EPR

DNP
𝜔𝐼

EPR

DNP



Nuclear Spin Diffusion (+Barrier)

13

The initial polarization transfer 
happens mostly with close nuclei

Targets are remote/bulk nuclei!

𝐻 = 𝜔𝑆𝑆𝑧 + 𝜔𝐼𝐼𝑧 + 𝑑 𝑆±𝐼− + 𝑆∓𝐼+

Origin of spin diffusion: flip-flop terms 
in dipolar coupling

Efficient polarization transfer if 
resonance frequencies are the 
same, e.g. homo-nuclear proton-
proton couplings

Some points:

• Spin “Diffusion” is a coherent 
effect, it happens in a 
completely static solid

• Higher 𝛾 leads to higher 
couplings and faster transfer

• Average distance 
(concentration) affects SD

• MAS speed strongly affects SD



Spin Diffusion Barrier

14

𝐻 = 𝜔𝐼(𝐼1𝑧 + 𝐼2𝑧) + 𝑑 𝐼1
+𝐼2

− + 𝐼1
−𝐼2

+

         + 𝑆𝑧 (𝐴1𝐼1𝑧 + 𝐴2𝐼2𝑧)

Different HF-couplings -> quenching of transfer

𝑟𝑒𝑛
3 Å

Spin 
Diffusion 
Barrier

Polarizing strongly coupled nuclei 
will not transfer to the bulk!

But: Picture is too simple
1) Electron-Electron couplings?
2) Electron Relaxation?
3) Magic-Angle-Spinning



Polarizing Agents
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Narrow-line radicals

Metal complexes

Or intrinsic (Leskes)

Bi-radicals

Investigation by 
multi-frequency EPR

Soetbeer,…,Mathies

TEMPO



Common Setups II: Dissolution DNP
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1.2-4.2 K, 3.3-7 T
Solid state
Mw-irradiation
1H->13C Cross 
Polarization

Fast melt/dissolution
Transfer through 
magnetic tunnel 
within seconds

Measurement in 
liquid-state, high-
resolution NMR



ELDOR-detected NMR & DNP
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| ۧ1

| ۧ3

| ۧ2

| ۧ4

EPR

EPR

Ω

≈ 𝐴

≈ 2𝜔𝐼 

sin 𝜂



EDNMR cont.
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Copper-Histidine @ W-band
(Goldfarb et al.)



Electron Spectral Diffusion eSD

19

Simulation for long irradiation (1 T)
(Vaneeckhaute, Jannin et al.)

𝐻 = 𝜔𝑆,1𝑆1,𝑧 + 𝜔𝑆,2𝑆2,𝑧 + 𝑑 𝑆±𝐼− + 𝑆∓𝐼+

Physical Origin:

Two spins which are
1) Close in space
2) Close in resonance frequency
will exchange polarization!
-> Spreading of saturation hole

W-band Data (Goldfarb, Vega et al.)
20 mM TEMPOL

At high concentrations, eSD is 
dominating ELDOR spectra



Pulsed DNP

20

At lower fields and frequencies, 
much better control of electron 
spins
• More power/faster nutation 𝜈1, 

compared to nuclear Larmor 
frequency 𝜈𝐼

• Timing, amplitude, and phase 
control

y

𝜈1 = 𝜈𝐼x

Electron spin in rotating frame 
matches nuclear Larmor frequency in 
laboratory frame

Nuclear spin Orientation Via Electron spin Locking 
(NOVEL), Henstra, Wenckebach et al. 1988

Most efficient transfer possible for a single spin packet

𝜈1

Needs very high power, currently only possible up to Q-
band for 1H DNP



Triplet DNP

21

• Pentacene doped in a single 
crystal of naphthalene

• Laser excitation at 590 nm
• X-band
• 105 K

• Henstra, Wenckebach et al.
• Takeda, Takegoshi et al.



NOVEL @ Q-band, Trityl, EPR detection
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𝜈1

matched

x

y Max power



Multi-pulse DNP
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Outlook: DNP-enhanced ESEEM
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Take-home messages

25

DNP transfers polarization 
from electron to nuclear 
spins

Overhauser Effect:
Needs modulated hyperfine coupling
Mostly in metals or liquids

Solid Effect:
Direct driving of forbidden transitions
-> same effect as ELDOR-detected NMR

Cross Effect:
2-electron-1-nucleus triple flips. Electron frequency difference 
matches nuclear Larmor frequency.
Complicated by MAS.
Current go-to for high-field DNP.

EPR is great to figure out what’s going 
on in detail. High-field EPR and DNP 
share technical challenges.

Griffin, Prisner, Bennati, Goldfarb, Han, Kaminker, 
Mentink-Vigier, … many good EPR people doing DNP.

DNP “happens” in some EPR 
experiments as well, e.g. ELDOR-
detected NMR



Additional Literature
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Electrically Detected Magnetic 

Resonance (EDMR) Spectroscopy



Detection Methods in Magnetic Resonance

Optically Detected Magnetic Resonance 

(ODMR)

Electrically Detected Magnetic Resonance 

(EDMR)



Systems investigated by ODMR and EDMR

•

•

•

•



EDMR on Optoelectronic Devices

Solar Cell, Photodiode Light-Emitting Diode (LED) Field Effect Transistor (FET)



Basics of Semiconductor Physics



Doping of Semiconductors with Donors or Acceptors



Semiconductor p-n Junctions



Semiconductor p-n Junction under Applied Bias



Electronic Devices based on p-n Junctions

Solar Cell, Photodiode Light-Emitting Diode (LED) Field Effect Transistor (FET)



EDMR on Electronic Devices

Solar Cell, Photodiode Light-Emitting Diode (LED) Field Effect Transistor (FET)



Spin-dependent Processes in Semiconductors

→



Theory of EDMR



Theory of EDMR



Kaplan-Solomon-Mott Spin Recombination Model



Kaplan-Solomon-Mott Spin Recombination Model



Modelling Spin-Dependent Recombination



EDMR Setup and Instrumentation

•

•

•

•

•

•



Microwave Excitation Setup and Resonator



Samples for EDMR Measurements



EDMR Detection Circuit

•

•

•

•



Continuous-wave and Transient EDMR

•

•

•

•



Pulse EDMR



EDMR Detection of Coherent Spin Motion



EDMR Detection of Coherent Spin Motion



Electrically Detected Electron Spin Echoes



Pulse EDMR Experiments



Examples of EDMR Studies



Spin-dependent Recombination in n-type Silicon



Spin-dependent Recombination in n-type Silicon



EDMR-active Defect Centres in μc-Si Solar Cells

•

•

•

•



EDMR-active Defect Centres in μc-Si Solar Cells



EDMR-active Defect Centres in μc-Si Solar Cells

•

•

•

•



Polaron Pairs in Organic Solar Cells Probed by EDMR



Polaron Pairs in Organic Solar Cells Probed by EDMR



Spin-dependent Processes in Organic LEDs



Spin-dependent Processes in Organic LEDs

•

•



Spin-dependent Processes in Organic LEDs



Summary
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Charming the Editor:
a slightly sarcastic tutorial

we know



Editorial workflow at high-profile journals

For good work, Reviewers are friendly – the most dangerous stage is DE/AE desk evaluation.

rejection letter
(no appeal)author 

submits

DE invites AE 
3-5 days

office check
(lenient)

2 days

DE rejects
without review                

3-5 days  

AE declines invitation         
3-5 days

DE = Deputy Editor
AE = Associate Editor

AE rejects
without review

3-5 days

AE invites reviewers
3-5 days

DE verifies 
decision,

sends to author              
3-5 days  

2 to 5 reviewers
accept invitations

3-5 days

at least 2 reviewers
submit reviews

14 days (target)

office check
(strict), 1 day

AE decision, revise
3-5 days

AE decision, reject
3-5 days

AE decision, accept
3-5 days

author 
submits 
revision

revision 
letter

DE verifies 
decision,

sends to author              
3-5 days  

DE acts as AE 
3-5 days

rejection 
letter

(appeals 
on errors 
and CoIs)

accept 
letter strict office checks include 

text and image analysis



Desk rejection reasons (from internal notes)

The Editor is a kind but weary scientist reading your manuscript on his 10 pm train home.

“Yet another spin-orbit 
effect in yet another 

material. Too common 
and too specialised.”

“We have trained a 
neural network; it 

seems to work.” – no 
conceptual novelty, 

barely even science. 

“Clearly unwarranted novelty 
claims; the manuscript has been 

gathering dust on ArXiV since 
2019, cited there twice.” 

“Wholly unreasonable marketing 
for what is actually a collection of 

simple DFT calculations using 
off-the-shelf software.” 

“Not well written, not 
well structured, 

unreadable to non-
specialists. The results 

are interesting and 
important, but the 

manuscript needs a 
complete rewrite.” 

“Yet another qubit 
proposal with a single-
particle nutation curve 

and a rapid decoherence 
problem.” 

“Scientifically sound 
and well written, but not 
a fundamental advance 
in acoustics, simulation 
technologies, or physics 

education. This is an 
incremental and 

technical improvement 
in the state of the art.” 

“Beautifully written but 
only presents more 

elegant derivations of 
established facts and 

quantisation conditions, 
along with some 

applications.” 



Getting through the desk evaluation stage

Academic excellence is a necessary condition, but not a sufficient one: you need awesomeness.

Broad reader appeal
(radiating awesomness)
Scientific excellence 
(must be sophisticated)

Rule of thumb
“If I saw this anywhere 
else, would I have drop-
ped what I was doing 
and read it?”

Understated excellence 
WRONG: “we report a 
breakthrough in…”
RIGHT: make the editor 
conclude “damn, this is a 
proper breakthrough…”.



English understatement - examples

Editors, reviewers, and readers are tired of buzzwords, pop science, and noisy marketeering.

“Ladies and Gentlemen, this is your captain speaking. We have a small 
problem. All four engines have stopped. We are doing our damnedest to 
get them going again. I trust you are not in too much distress.”

Eric Moody, captain of BA flight
from London to Auckland

“This structure has novel features 
which are of considerable 

biological interest…”

Watson & Crick,
DNA paper

lead people to the 
right conclusions, 
but do not push



Do not try to impress the Editor by name-dropping and citing dozens of Nature papers in bold font.

Do not use field- and lab-specific jargon.

spin is
shorter

How not to write a cover letter

Skip the usual pointless yada yada.

Remember that we can use Google too.



How to write a cover letter (we read them carefully)

Bayesian analysis is now mostly banned in public life, but not yet in scientific research!

Simple, factual account 
written with a general 

scientist in mind:
“why, what, so what”.

No superlatives, no 
marketing, no lab jargon, 

no name dropping.

Bayesian analysis: how does 
what I see modify the probability 

of what I do not see?

A = excellent paper
B = badly drawn figure

( ) ( )
( ) ( )B | A

A | B A
B

P
P P

P
=



How to write a response to reviewers

Your response to reviewers will be read very carefully, line by line.

Please spare us the
ritual grovelling!

The editor will not remember what your manuscript was about, and will have about 
10 minutes to re-scan the cover letter and the paper.

If we send it for 
review, we are 75% 

certain it would 
make it.

Key decision:
accept now or

re-send for review?
Policy: re-review if 

unclear.



How to write a response to reviewers

Your response to reviewers will be read very carefully, line by line.

Readable, 
structured reply: 

what was changed, 
where, and how.

If you ignore some 
comments, you will 

be re-reviewed!

You can appeal to 
the Editor:
• if the Editor is a 

specialist, this 
might work

• if the Editor is a 
generalist, you 
will lose at least 
a month in 
arbitration

your objective is to avoid 
the second review stage



High-ranking journals would not hesitate to reject a manuscript after a third round of reviews.

1. Take reviewer comments seriously
“…the authors have ignored my comments on the 
numerical stability of their algorithm and continue 
claiming that their inverse Laplace transform 
implementation always works…”

2. Editors are scientists themselves
They know what bad shims, overmodulated EPR 
signals, low DEER modulation depth, and lousy 
signal-to-noise ratio look like. 

3. Journal Office checks all graphics
Don’t even think about photoshopping a band off 
your gel or passing a simulated spectrum for an 
experimental one. 

4. All text is sent through TurnItIn
A common case is authors re-using synthesis blobs 
from previously published work. your editor knows

how it’s done

Health warnings



Summary

Good luck!

Editor is a human scientist, same as you
Imagine your paper was published by a colleague. Would you point and laugh?

Avoid doing what bad papers do
Decisions are made on the balance of probabilities. Make Mr Bayes your friend.

1. Why?   -   2. What?   -   3. So what?
Cover letter must be brief and modest. Make the Editor conclude it’s awesome. 

“If I saw this elsewhere, would I drop what I was doing and read it?”
Certain texts radiate awesomeness and excellence. Writing like that is hard.

Quantum technology fatigue means extra scrutiny
Too much marketing and hype for too long; too little actually delivered.

Understated excellence gets through
A text free of superlatives that nonetheless makes one sit and think “wow“.
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