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Don’t twitter, just chirp

Exciting more spins for more sensitivity
Exciting spins more precisely for cleaner signals

Eating forbidden fruit

deepai.org

AWG pulse shaping



Limitations of the monochromatic rectangular pulse

Approximate excitation profile

pulse length 12 ns

resonator Q, =300

Viw = 34 GHz
1 r -
disregarding P sin({2stp)
081  resonator (f2s) ~ Qstp
067
04+ ConSidering Pfﬂg} - :F-{I";‘“_]Ecil“‘}
resonator ’ ;

027

0 L

-0.2¢

-0.4 : : : :
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Resonance offset Q4 [GHZ]

e bandwidth smaller to much smaller than typical spectral widths

e side lobes limit selectivity and cause unwanted pathways in
ELDOR experiments

excitation profile
of 8/16 ns Hahn echo
sequence

nitroxide Cu(ll) complex
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Microwave frequency [GHz]
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Resonators support larger bandwidth

—Resonator profile (Q = 150)
—Nitroxide

L

33 33.2 33.4 33.6 33.8 34 34.2 34.4 34.6 34.8 35
Microwave frequency (GHz)

e when forming pulses with an arbitrary waveform generator (AWG)
all other microwave components are less bandwidth limiting

Ultrawideband Q-band resonator

0
33.8

34

342 344 346 348
vuw [GHZ]

35
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Should we use a resonator?

Q-band TWT amplifier bandwidth

& resonator limits bandwidth
use loaded Q values not
N improves detection sensitivity : much smaller than in
conventional pulse EPR

& improves power efficiency

Need for resonator compensation —— compensated chirp /2

. . —— uncompensated chirp n/2
e in a frequency sweep, sweep slower where v, is smaller P P

rectangular pulse n/2

¢ frequency-independent adiabaticity requires

Sv, /ot oc Vi(v,.,) -1

9 9.3 9.6
Frequency [GHZ]
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Bandwidth of the excitation waveforms

Nyquist-Shannon sampling theorem

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

e with two channels and an 1Q mixer, bandwidth matches sampling rate

AWG bandwidth

4 :

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

used bandwidth
< >
|

33 GHz 33.5-36 GHz

v/ bandwidth reserve allows for filtering carrier

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

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

12 GSa/s, 12 bit AWG
5 GHz analog bandwidth

AWG

LO
(MW Source)]

2GSa/s digitizer

High-power

amplifier

2 GHz analog BW

IF high pass/ <y
low pass
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What is the ultimate bandwidth that we could support?

Gd(111)-Gd(111) DEER with pre-polarization and a chirp pump pulse Observer
1.15 GHz 1.15 GHz
g I t=0 I 0.45GHz [ | 0.45GHz
Wobs p—t —
3 pis _f £ ] —
AWG Allll“H[HHHHHMM TR 1/ -.g [ g
'”””H]”HIWHW ‘\“HHH\II // e I I =
< > < > —r—> (%- [ >‘_
2 us 2 us 128 ns128 ns 33 34 35
Frequency [GHZ]
wr> 3 [ 31
i | i | C Up to 17% modulation depth for Gd(111)-Gd(Ill) DEER
|+5/2> ]
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Representing the waveform

Any bandwidth-limited waveform can be expressed as

t . .
‘ AM amplitude modulation
y(t) =B cos ( [ #idhar + o) i
J0 .
® ¢, is the phase (important for phase cycling)

e a phase-modulation (PM) function ¢(t) can replace the FM function and ¢,

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

¢ non-linearity of amplifiers
e frequency response of analog AWG output, amplifiers, filters, and the resonator

e the resonator usually dominates waveform distortion

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

AWG pulse shaping



Representations of a WURST pulse

40 Par.tp = 0.4;

VI e

Par.Frequency = [-200,200];

40/ \ Par.TimeStep = 1.25e-4;

-40

f(t) (MHz)

200
—waveform (real)
—waveform(imaginary)
-200 —AM
—FM
| | | I I J
0 50 100 150 200 250 300 350 400
Time (ns)
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Excitation profile of the WURST pulse

—nitroxide
—M
X
—M
y
—M
z
e nice inversion of the nitroxide spectrum
1
e coherence generation near the excitation
band edges in broad spectra
e this simulation ignores the resonator
1F
| | | | | | |
33.7 33.8 33.9 34 34.1 34.2 34.3

Frequency (GHz)
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—nitroxide
—M
X

—M

y
—M
Lz |

Resonator effect on an inversion pulse

1
33.75 33.8

1
33.85 3

3.9

33.95 34 34.05
Frequency (GHz)

34.1

1
34.15

34.2

1
34.25

Q, = 150
V1 a = 40 MHz

e inversion is still good (as we have
a power reserve)

e effects are more dramatic for a
7/2 WURST pulse (see later)

® now we excite some coherence
in the band where the spectrum is

AWG pulse shaping
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Resonator compensation for a WURST inversion pulse

—nitroxide
M

V4
—MZ (resonator compensated)

1 1 1 1
33.75 33.8 3385 339 3395 34 34.05
Frequency (GHz)

34.1

1
34.15

34.2

1
34.25

Q =150
Vi max = 25 MHz

e sweep slower, where less power
reaches the sample

ov, [ot oc vf(vmw)

e excitation band becomes flat and
broader, but here, full inversion
is no longer achieved

AWG pulse shaping
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e frame rotates with instantaneous frequency

e adiabatic sweep: magnetization follows effective field
good for m pulse, never overflips

e fast sweep: magnetization lags and starts to precess

can generate n/2 pulse

Q(f)

ey

v

Adiabatic and fast passage

o

Adiabaticity
Sweep rate

Critical adiabaticity

—

adiabatic

Q= o,./|d6/dt|
k = dw/dt
chit = (012 /k

0.6
AN
1 0
v { L
05 - — _,,' 1
. . ) g 0
1 T—
0 e
1 1 <S >
<5 > Y
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Flip angle of a passage pulse

Landau-Zener-Stiickelberg-Majorana formula

e starting from the o state, what is the probability
p to end up in the b state?

pB = 1 - eXp{-chrit/Z)
e based on pp, We can define a flip angle
B = arccos[2 exp(-tQ,./2) - 1]

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

if and only if Q . is the same for all spin packets

crit

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

e this is the basis of resonator compensation

Inversion /

; (D)

chit - d(l)/dt

T pulse —

1 | o
0.8}
I — experiment (E" centers)
0.6 ) | — Landau-Zener-Stickelberg-
'#/ /2 pulse Majorana formula
04 3
Q=2 In2/m — experiment
0.2 (inhomogeneous mw field)
0

OIA establishes a relation between AM function and FM function

AWG pulse shaping
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Chirp and hyperbolic secant pulses for offset-independent adiabaticity

Q... = 4 for decent inversion

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

VY I\

G
(o]
-

—quartersin/linear
—sech/tanh |
40- ,
T T \J
= 2 o s | |
20+ '
U 40+ \ ’
WAL AL L S —
0 50 100 150 200 0 50 100 150 200 33.8 34 34.2
Time {ns) Time (ns) Frequency (GHz)

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

AWG pulse shaping 14



Offset-independent adiabaticity n/2 pulses

Q..=2In2/n
quartersin/chirp trise = 40 ns sech/tanh beta=6
VW "o
i
N N s ~
= = +
= = <
= = =
—cquartersin/linear
. | . . . | | . . —sech.-'tgnh .
0 50 100 150 200 0 50 100 150 200 33.8 34 34.2
Time (ns) Time {ns) Frequency (GHz)

e increasing beta of the HS pulse improves excitation profile,
but is not affordable in echo experiments

AWG pulse shaping



Echo refocusing with frequency-swept pulses

All spin packets should refocus at the same time

< B echo-det. field swept
& o
] -O
: 2
5 =
: S
: <05
E o
: ©
- o)
: Q
< > ! w 0| chirp FT
) 9 R -200 0 200
) A ) Frequency [MHZz]
(=) () s sign of t
e relative pulse lengths can be worked out for any echo sequence Zsftp.! (0; — 0, ) =0 sign of sweep rate

i ’ 0 coherence order

AWG pulse shaping
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Dynamic Bloch-Siegert shift

In addition to the instantaneous excitation at f(t),
spins experience Bloch-Siegert shift

1

Apg = AE{; == (second-order average Hamiltonian theory)

25@"11‘1‘

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

e causes frequency-dependent shift of the phase of coherence

e causes some defocusing and thus loss of signal

, (2 Q(trit 1 j B f('entr(: ’
APps oA — 5 ¢ —1In 1 ( Af

— uncompensated chirp
\ — resonator-compensated {‘
| ) chirp |
’EL "._l [
g /
i
E /
m -
-3 ,_//
™ )]'
4 r"ﬂ
04 0.2 0 0.2 0.4
\"1 - T::p..-h;,. [G HZ]
ABSTRUSE refocuses

dynamic Bloch-Siegert
phase

T
T
/2 /\_
2
2
1
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Passing more than one transition: Longitudinal interference

Ideal rectangular monochromatic n pulse

CJ

ideal

»

=
D

7 pulse

»

Consecutive adiabatic passage

3y ()

12)

adiabatic
R ———

assage
]

-

=

adiabatic
_

passage

=
O

CJ
£

0.5 GHz

-0.5 GHz

—FM function
—stick spectrum
—(S

—(S
—(S

z,12>
z,23>
z,13 >

0.6
Time (us)
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Passing more than one transition: Transverse interference

Consecutive fast passage can generate
coherence on forbidden transitions

3) C)

e here, transition |1) <> |3) is not even passed

e passing half the frequency of a double-quantum
transition causes (weak) excitation

0.5 GHz

AM 0

-0.5 GHz

—AM function
—stick spectrum

—(S,)
—(S}yy)
—(S},)

//V\/WWWW
Double-photon
double-quantum | excitation
1 | 1 1 1
.0 0.2 0.4 0.6 0.8 1.0

Time (us)

AWG pulse shaping
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Spectral hole burning with a Gaussian monochromatic pulse

Selective inversion burns a hole into an inhomogeneously broadened line
Hole shapes (signs inverted)

2 H==rectangular

~—Gaussian 200 ns
1.8 pulse length
167
14r
I

B 1-

0.8}

-20 -10 0 10 20 -20 -10 0 10 20
offset from line center offset from line center 0.6

0.4r
e rectangular, monochromatic pulses can cause weak side holes 02
e Gaussian monochromatic pulses solve the problem .0 ,.‘! !\n
-100 -50 0 50 100
Frequency (MHz)

AWG pulse shaping 20



Further reading

Spindler, P. E., Schops, P., Bowen, A. M., Endeward, B., & Prisner, T. F. (2016).
Shaped Pulses in EPR.
In eMagRes (S. 1477-1492). John Wiley & Sons, Ltd.

Doll, A., & Jeschke, G. (2017).
Wideband frequency-swept excitation in pulsed EPR spectroscopy.
Journal of Magnetic Resonance, 280, 46-62.

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.

AWG pulse shaping
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PELDOR/DEER in modern Structural Biology

PELDOR-restrained molecular dynamics

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

Advantages:

* Condition flexibility (pH, salt, buffer, lipid membranes) « Ligand or protein labelling

* Fulllength proteins  Smallamount of protein is required
* Onelabeldoesitall * Protein folding

* Smalllabel (specificity, accuracy, accessibility, non-invasive) * In-cell EPR

 Aresolution with measuring range (20 - 70, up to 160) A e Cannotobtain a structure

* |Immediate results with low computational requirements * Frozen samples

e Time-resolved EPR * Labellingis required



Integrative Structural Biology

-

Dynamic region
mapping &
site selectio

AFM
- iz .
Force application

& structural
dynamics

Protein conformation
& quantification of £
ensemble(s)

PELDOR distance
restraints

Function

Structure(s



Mtssl- EPR advantages

* One labeldoesitall
 Small label (specificity, accuracy, accessibility, non-invasive)

=4
' FRET vs EPR

‘:ﬁ ?“

—
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o ‘t,




Cy5vs Mtssl vs W




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

MscL ion channel - 5x 150 residues
750 residues

TM residues:

Rate of success = (10-20)%

Cytosolic residues:

Rate of success = 100%




Residue selection / Success rates

TM residues:
Rate of success = 80%

Initial selection

Cytosolic residues:
Rate of success = 100%



Residue selection strategy for SDSL

Hydrophobicity F oS Solvent
accessibility %

X-factor o

Thermal
movement

type




Purity and homogeneity assessment
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CwEPR spectra

AE t

Absorption T

1* Derivative
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Spin labeling site accessibility and mobility

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

SDSL- troubleshooting and limitations



Systems for large scale membrane protein expression

Insect cells:
Spodoptera
frugiperda, 138

Yeast:
Pichia, 102

Yeast: S.

59

icerevisiae, —

Mammalian
cells: HEK, 32

Insect cells:
Trichoplusia
ni, 32

1

Mammalian
cells: CHO, 2

—

Cell-free
expression
system, 15

E. coli, 1339




Sample preparation |

Transformation in an E. coli strain




Sample preparation |l

Cell Growth of culture in medium




Sample preparation Il

Induction with IPTG/Arabinose




Sample preparation IV

Membrane by Ultracentrifugation



Sample preparation V

Membrane Protein Solubilisation using
high-quality appropriate detergent

O
@ O
O O O
O
O © O
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H
OH HO
0 (@)
HO P e, W A TP a g



Sample preparation VI

Purification using affinity column




Troubleshooting 1

High concentration — Unwanted intermolecular
interactions — Increased Background

A
‘v



Troubleshooting 2

Spin label conformations — Distribution width increase

Presence of different protein
conformations/oligomers/species?



Troubleshooting 3

Short spin label T, relaxation times —
Uncertainty for longer distances — Poor signal
to noise ratio

107 10
0.8 ; 08-
06:’1 0.6
o8] N\ 04-
0-2-\\5'*"'**»»«»' 02
00 10 20 30 % 10 20 30



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

Distribution width
reflects label
confo_rmations

Heptagon symmetry_ High concentrations -Unwanted
3 distances are intermolecular interactions
expected ,

E
101 - 10 = 10 — -
|
08 0.8 08
|
. 0641} 061 0.6
Short spin label \ ’
. . 04 04 041
T, relaxation times % . y .
0.2 Y i i 0.2 “ et 02
] ( ]




Bacterial membrane proteins

GJ
. C
o O
= _g BAM complex
O g (Radford/Leeds)
Haysom et al, Angew Chem Int Ed, 2023
L.
&
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o
T
a
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C
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Y o
E E
- o
&
&
8 [y
‘_8- mPPases |
5 | |
Liu, Wort, Shah, Ma SLiPT transporters
et al, elife, 2025
\ Bacterial MS channels ] Ettema, Ma, Shah et al,
Y Nature Comms, 2025
Kapsalis et al, Nature Comms, 2019 Pliotas et al, PNAS, 2012 (in revision)
Wang et al, Structure, 2022 Pliotas et al, Nature SMB, 2015

Lane et al, Structure, 2024



Human membrane proteins Outer membrane proteins

Extracellular

Plasma
membrane

Ma et al, Nature Commes,
2025 (in revision)

Intracellular

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



The DEER/PELDOR A nanoruler
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DEER resolution in ion channels




DEER vs X-ray

MTSSL MTSSL
density modeled
A
o - )z I-v‘ “ )Z
: : -‘_w:).:&'l.\‘ S
D, 3 9 Pl o
¥ W ¥
0.8 - 0.08 - DEER .
D, D distance Distance
0.6 - 0.06 - 2 o o )
X-ray (A) (A) ratio
0.4 - 0.04 - Ds
D, 25.9+/-0.2 25.9 1
0.2 - 0.02 -
. 0 La D, 46.7 +/-0.2 45.8 1.8 (7-mer)
. ) 1 2 3 45 6 7 g D3583+/-01  56.7 2.2 (7-mer)
Time (us) Distance (nm)

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



Test Case 1: Mechanosensitive ion channels

Question 1:

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



Hypothesis

< Tension application >
Lipid link /V

embranea < dvemirand o
Modification/mutation

Stored protein elastic energy due to \‘ =

< >

Disrupt the lipid link and release the protein
stored elastic energy

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



Mimicking tension by molecular means

High pressure sensitivity domains

Effectively “lower” the
', | pressure activation threshold

)
c
©
| S
Q
=
o)
>

Outer leaflet

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



Pressure trigger point identification — Strategy

Inner
Membrane '

|

' -~
Entrance Proximal

Control Lipid
Headgroup

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



Single W mutation on the same entrance site results in a structural change

PELDOR CW-EPR
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Hydrogen Deuterium Exchange Mass spectrometry (HDX-MS) dove tails with ESEEM

Peri Loop

\ ¢ L8OW
s1 5
{" Cytoplasm
CHB = De€protected
Not Significant
"= Protected Nlﬁk

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

Periplasmic Cytoplasmic
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1.0 s
) — T pr—
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ESEEM dove tails with PELDOR

Peri
F? Loop
% V48R1
N70R1 —
V71R1 =
L72R1—— Wy W/ L42R1
L73R1
S74R1 _
B, —
M F34R1 7
123R1 V31R{_,a
V21R1§
L17R1 —
N13R1\v
-
R98R1—
S1 \ F5R1
L2R1

V112R1

Cytoplasm

K100R1 Most Exposed
"\ E102R1 g
e & :

Least Exposed

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

0.7
S0540 K100R1
A |
() y E102R1
'5 0.3 v
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< 0.1 123R1
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"0.1 ] T T T T
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MscL sites with representative solvent accessibilities
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resolution deuterium accessibility measurements
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Time (ps) Wang et al., Structure 30, 608-622, 2022; Lane et al., STAR protocols 3 (3), 101562, 2022



Tension mediated state

Closed Open
WT - no tension WT — plus tension
6 i AL f'f i"_""',’-'\. 4"‘ ') l]” 1 q
' | il “WM‘ (N
MD - Computational application of 4 Al Ll Ly ud ™ " ‘“QII ik u
membrane tension o~ LN Y A, Wy s o ) !
g 2| T
5 ' ey e " | ?' "'”}{' L | Ani‘“‘n"‘lk‘
The lipid bilayer is “pulled” - NOT the channel ) On—’ ; |
) ’ Yl ‘ ,,’.,“'{" Wiwh! ,l!.ﬂ" 011} Lty J‘”{ ‘V\-
- I 1 par fv .' '

0 20 40 60 80 100 0 50 100 150 200 250 300
Time (ns) Time (ns)

Channel pore hydrates when lipids in the pockets reduce

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



Linking mechanical with molecular gating — The MscL case

Membrane

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.



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

Wish List:

Full length TRAAK channel
* Highresolution measurements
in native lipid membranes

* Unbiased probing of the entire
conformational ensemble

Non-swaeped 2 vs 53 Swapped

Mackinnon Science 335, 436-41 (2012) MacKinnon Nature 516, 126-130 (2014)
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Heterologous single-subunit spin labelling (HSS-SL) on TRAAK

O Electroporation

V5_TRAAK E67C L144 i

o ,

His_CysfreeTRAAK Cell

Three isoforms are
expressed

MTSSL SMA co- polymer
Lﬁ%ﬁ @ H*‘f ":*14 \,W'

Spin label and solubilise N i !
protein by SMA co-polymer 2% VTR,

30 40 50 60

This platform could also be used
)~ for asymmetric dimeric proteins
Bl. Empike Flow through y




EPR signal

Swapped

Non-swapped



Probing the cap state conformational ensemble in membranes Non-swapped

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

. . . — TRAAK EL time traces 05 2-Gaussian fil
e Triggers, stimuli, molecules could be tested 15} —Fit 580, —Fi
184 -

04t

>~14}F

:

g :

g £

'2 03} 02

g 08

Time (us) Dislance (nm)



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

Membrane incubationat19°C

0.30-
_0.25;
£ 0.20-
§ 0.15-
0.101
0.051

43 %

57 %

———T—T——
5 6 7 8

Distance (nm)

I |

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

P(r) (nm-1)

0.30+
0.25-
0.20-
0.15-
0.10-
0.05-

Membrane incubation at40° C

34 %

66 %

2

3

4 5 6 7 8

Distance (nm)




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

LPS

+ Darobactin B PL




The Challenge - In Cell DEER — The OMP case

environment ,MTSL

A [ y

Questions:

* What is the conformational ensemble of the
BAM complexin E coli Cells?

e Are allin vitro structures valid?

periplasm

* Could we test antibiotics targeting the BAM
complexin cells?

IM

cytoplasm

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



Spin labeling strategy

L5001 v
>
E435

T434 d

‘ Extracellular 5755 "

Periplasm eL3

BamE
BamB

* Accessible engineered Cysteines (extracellular sites only)

* Appropriate sites to allow for separation between distinct BAM states



In Cell PELDOR on BAM +/- Darobactin-B

- DAR-B
=)
lL .
=
e
0.96
0.95 ' y v . |
00 05 1.0 15 20 25
Time (us) =
o
+ DAR-B
1.00 w— Corractad
——Fi
Q.98
=3
G098
& 097
0.95
0.85 . .
00 08 10 15 20 23 20
Time (ps)

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

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

Distance (A)

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



Integrative Structural Biology

_

Dynamic region
mapping &
site selectio

EPR

N

iy

Force application
& structural
dynamics

— —
oy,
Protein conformatio
& quantification of
ensemble(s)

Iime

j_ ms flash
E-] freezing

=

E-physiology

Function

restraints

Structure(s

Personal viewpoint:

What are the unique strengths of EPR in modern structural biological research
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Cardiff University
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P4 richardse10@cardiff.ac.uk @ https://profiles.cardiff.ac.uk/staff/richardsel10 * @emrichards-epr.bsky.social
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Course Summary

J L ‘ i:.\__,_J |
Research Group

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

15t 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
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Organic Radicals: Spin Trap Experiments

PBN ( N-tert-butyl-a-phenylnitrone ):
C-based/ Halogen radicals
H O

DMPO (Dimethyl-1-pyrroline-N-Oxide):

7
r\
N
—

Research Group

Radical (R)

Spin-trap

a(**N)/ G

a(*H)/ G

*OH
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H O *OH
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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
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Organic Radicals: Spin Trap Experiments

Rate Trapping Constants and Lifetimes

False Positives!

. H :
7@ o >C><DDH SpinTrap O, k(M-1s-1)  t,, pH
! I DMPO 15.0 45s 7
par BMPO 77.0 23mins 7
BMPO 239.0 5

Other considerations:
N Solvent, presence of metal ions,

\ -€ [ s \ + R™ / ){R
>\ N H ————— 7 \H PN ~ . .
I}l TIJ (or RH) TTJ H concentration of spin trap.......
O O O°

Forrester-Hepburn mechanism:

Non-trivial Interpretation!

N . LR ¥ .0 R
s S ALY et D M
3 N/; H (or RH} '\lj H N H

'
O OH o)
https://doi.org/10.1002/mrc.2709

https://doi.org/10.1021/jo0350413



https://doi.org/10.1002/mrc.2709
https://doi.org/10.1021/jo0350413
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Heterogeneous Catalysis: Examples eNoo?

Cyclohexane Oxidation over MoO, Selective Photosynthesis of a-Haloketones

Cu-C N, (0]

OH O P
| IX = Clo |
s NiX..(X = Cl or Br) Ji R.
N 2 = R~ N 2
MoO, R, EtOAC-IPA, RT, Ai '
Helerogeneous photocatalysis
Cheap & recyclable catalyst

Eco-friendly synthesis under ambient conditions

(8} | Dioxane + PBN + NICL (N} [ {2} | Dioxane + PBMN + light (M)
;U"_-_H_I (| CU-EJN_
o - .--h.-"-_.--.1____.---.I__.--"l.r.'_.__.---,h_.-*"._"il__..,_I_I ™
106G = = i -
= Sim L
"EE —a - — G T -|-;_.-|||. E —_ e
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— S . "
M}WWF I W, A,
e it T Pl ¥ 'l""s]rn “OH FeCl
= e L -
Ciark
324 226 328 324 326 aze
Magnetic field f mT Magretic field F mT
(S} | Dioxans + DMPC {air) (d} | Dioxans + BMPO (air)
o '.-:_N_ A T e - |
~ gkt A A f » Lt
= -A"-.r"'rﬂ'-"l-'"-.a"- ""'"-"'-.-"ﬁ"'..-"- ot -‘-l"-..-"' = l"a.-n‘-_-" "l-‘l"-ullul'-._."'".“l"-.l"' ==
5 - =
i — - e o = =TT 'E A e - =
':?3 B g N g iy x'll_'!.-_'l-l: -E‘ et L il o ¥ h-l_lau!-u\,
= | 9N OOH = |9-E.N, "OOH
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M. Conte, V. Chechik, Chem Comm (2010) 46, 3991 R. Su et al., ACS Catalysis (2023) 13, 248
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Hydration Struciure of the Tillll) Cation as Revealed by Pulse EPR and DFT Sludies:

Mew Insighls nlo a Textbook Case

i A W TR

D cpesre @ seppomg niomenen 1) | MRS oy e 2011, 50 & 290520
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70-EPR determination of the structure and dynamics
of copper single-metal sites in zeolites

1584 3 “

Abstract

The bonding of copper lons (o Stdoe oxvgens Sctates the activity and sdectivity n,l.'l.‘ll’(’\-_ 3

exchanged reolites. By ' Osotopic labelling of the reolite framework, m conpunction with
atdvaoced EPRmethadologies and DET modelingg. we determine the local structuee of singde
ste( ._I'\p:l't:-. we gquant®y the covalency of the metab-framework bond and we xsess how

this scenario is modifest by the presence of solvating H "0 or Hy Y Omuolecules, This enaxics

tofollow the regration of Cu® species 55 2 function of hwdration conditions. providing
evidence for areversible transfer pachway within the zeolice cage as a function of the waser
pressure, The results preserioed inthis paper establish VO EPR as a versarile tood fos

characterizing metaloxdde interacbons inopen-shxll systens
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Photocatalytic degradation of organic micropoliutants under UV-A and
visible light irradiation by exfoliated p-CoM. catalysts

Mlaria Amonopoulos ™" Fanagiots Behin”, [Has Papailias”, Sevees-Ririskd Zereoo”. Androniki Vrestou

Poanma Eftbiegon ®, Geompe B Mikalaos leampdis ", Chnios Trapalis ", Panmeiois Dallx
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In Situ EPR Study of the Redox Properties of CuQ=Cel; Catalysts for Preferential CO0
Oxidation [PROX)
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Main Group: Frustrated Radical Pairs SNDOF iR

Fristroded Badicol Pairs: Insights from EPE
Speeiroscopy
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Angew. Int. Ed. (2021), 60, 53-65; Chem. Rev. (2023) 123, 9653-9675.



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

________________________ -
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FLP + phenylacetylene

| rl
L._Jm I l'./,,,........

a

(BCF)~
a(l011B) = 27 MHz; |
a(°F)=18/3/ 20 MHz |

I I
30 320 330 340 350

Field/ mT
FLP + phenylacetylene
|I

1 330 334 334 335 338 MO 342 4

360 Field! mT

FLP + phenylacetylene + ester

rJ'
* J! lI#Il'
t=0mins II1
ri I|

| b |I!!

310 320 330 340 350
Field/ mT

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

Cell Rep. Phys. Sci. (2020), 1, 100016;
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FRPs: Ester activation induced Site-selective C-C coupling  co0r e

FLP + phenylacetylene

FLP + ester
Reaction Mechanism ; r rl
I
E—-—J' 'll‘ \ '\ l /
\ I
BCA— v
a(1011B) = 27 MHz;

a(**F) = 18/ 3/ 20 MHz
I T 1 T T T T T T T 1 333 334 354 335 338 30 3;2
10 320 330 240 350 360 Field/ mT

Field/ mT

[(P(Mes3)n:2’3)2]'+: a(®P) = 470 MHz
344

*+: a(®'P) = 670 MHz

FLP + phenylacetylene FLP + phenylacetylene + ester

” t=0mins "

Radical ioni et (
T | ——— W' primm——e . |
W'w

310 320 330
Field/ mT

Cell Rep. Phys. Sci. (2020), 1, 100016; J. Am. Chem. Soc. (2021) 143, 4451-4464



15t Row TM Catalysis — Earth Abundant Congeners
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[Cr(CO),L]* for ethylene polymerisation enoon
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[Cr(CO),L]* for ethylene polymerisation NooR

Re‘-seta.r:ch érrﬁup CAERDYIP

UV-A
' ,J'l,ﬁ ' M 3\ MHz | MHz | MHz
|1 oc,, W\PPh
| Vi m/l M{\‘W b i A 2.066 |2.066 |1.987 |77 77 68
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il | B 2.0101 a.. =76.45 (3'P)
! a,=9.97 ('H)
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§///// /1 + \\\\\F>
"Cr'\
Rdh
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cO

Field/ mT

I T I
320 330 340

http://dx.doi.org/10.1021/acs.organomet.9b00226
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[Cr(CO),L]* for ethylene polymerisation ey
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Fe(salen) Nitroreduction
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Pocock, Webster et al., J. Am. Chem. Soc. (2024), 146, 19839—

19851
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Organic Radical Involvement? e

1 / \
} ||| I'JI —N N=—
o || \Fe/
S| 'Hl|'l Ui, = 2.0595 1b= /N
' et L | JN a,(*N);=32.03; (1%N),=32.77 o o
' 1H),=3.33; (1H)=2.42;
I L ||I"|'r F ng;§:7.33 e - i
T .
m = 82 ® Addition of spin-trap did NOT affect reaction yield

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



Interlinked Catalytic Pathway
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p-Xylene Oxidation Process L GRS
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p-Xylene Oxidation Process SR

Identification of Catalyst Characterisation ESEEM Modulation
Radical Intermediates
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ESEEM Water Counting

'* Removes equivalent contributions

Results in only directly
coordinating D,O

Results in spectrum of
bulk solvent only

Prevents coordination of solvent molecules

C. G. Hoogstraten and R. D. Britt, RNA, 2002, 8, 252—260.
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» 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)
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Magnetic resonance In guantum information science

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

Outline:

A gquantum information toolkit:
e spins as qubits
e conditional quantum operations using magnetic resonance

Fault tolerance:
e know the errors in your system!
e adopt a strategy resilient to them

Fault tolerance example:
e In ensemble ESR, rotation angle errors are present but systematic
e composite sequences can exploit what we know to correct the errors

Quantum error correction:
e know the imperfections in your system!
e employ redundancy to detect which errors occurred

Quantum error correction example:

e active quantum error correction of Bz fluctuations using S = 1/2, | = 3/2
e the importance of projective measurement



Bits Qubits

Information: O or 1 Information: ‘ﬁ?’> — O| T> + l>
Classical 2-state systems: Quantum 2-state systems (proposals):
» capacitor (charged/uncharged) » superconducting circuit states
» bistable transistor network « photon polarizations
« polarization of magnetic » states of
domain » trapped ion spins

« condensed matter spins



Bit logic

Classical NOT
(1 bit gate):

Input

Output

0
1

1
0

Classical CNOT

(2 bit gate):
Inputs  Output
0 O 0
0 1 1
1 0 1
1 1 0

Qubit logic
Quantum single qubit gates, MR pulses:
Ron [b)=all)+0]1)
Quantum CNOT (2 qubit gate):

) = ag| l]) +aa| 1) +az] T]) +as| 17)
/ Q \
a

\ as /

/1000\
UcNoT = 8(1)8?
\0 0 1 0)

onor (LELTD) _ (LLD+11D)



Two qubits

H = €0l +eo0?—Jo!
1 / = 0.+ €0 —Joto? — J(olo? —I—a; j)
oy = a,l—}-lay
o_ = o0;—lio,
olo? + olo? 1(0102_‘_0102-)
vy QN -+

To first order, for small J,

H—ela —|—620' Ja



Two qubits

1 2 _ 7.1_2
H=e€0. +e0. — Jo.o:

tr e te—J
tl ———€ —6+J
Lt —— —€ea t+e+J

| ———e —€g—J



Y

T1
Tl

11

1l

Two qubits: CNOT

H =e0! + €02 — Jolo?

]:262 —2J

262 + 2J

261 —2J

~

261 + 2J



Bandwidths and selectivity




Two qubits: CNOT

\1 }/ H = €10: + e0” — Jolo?

T1
]:262 — 2J
T
L1 T
262 —I— 2J
I -

Selective pulses: h/t <« 4/

261 —2J

~

261 + 2J



Two gqubits: unconditional NOT

2
\1 }/ H =e0! + €02 — Jolo?

T1
1262—2.]

T

11
262—|—2]

I

Non-selective pulses: h/t ~ 4



Two gqubits: unconditional NOT

2
\1 }/ H = €10: + e0° — Jolo?

T1
Tl

11

1l

Non-selective pulses: h/t ~ 4

261 —2J

1 _2

~ ~

261 + 2J



Magnetic resonance guantum
computing

Electron or nuclear moments - qubits

ESR/NMR = single-qubit unitary transformations

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

Coupling » multiqubit gates

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

Spin-echo / free induction decay from ensemble - readout

Fundamental [imitations with ensembles!
» statistical starting state



Density operator

Each member of the ensemble is in state [¢);) with probability p;
Define P = Z pz’Lz><Lz‘
i

Thermal density matrix

( o 0 0 --. \
0O pp O --- - N
- exp(—FE; /kpT)

/)t.h —t O 0 p2

\. SRR .

For n qubits, m = 2"

o P >..exp(—FE;/kgT)




Density operator

Each member of the ensemble is in state [¢);) with probability p;

Define p = szhzﬂhz‘

i
Properties:  Irp =1

o
<

Tr pA = (A)

Under the action of U, p LA UpUT



The “pseudo-pure” state

Thermal B
density Pth =
matrix:

Pure state:  Ppure =

0
0

/ Po

s O O =

0

P1
0

- O O O

0
0

P2

-

\

Pm—1 )

Pi =

exp(—FE; /kpT)

> .exp(—FE;/kgT)



The “pseudo-pure” state

T1 I
Tl

U1 -

U

Incoherent illumination “saturates” transition
« equalizes populations



The “pseudo-pure” state

/po 0 O \

0O pp O ' .
Thermal B 0 0 py --- p; = eXP(—Ez/ABTI) |
density Pth = ’ >..exp(—FE;/kgT)
matrix: |
\ Pm—1 )

po O O \

O p O

O 0 o --- - 1-»p
Pseudo-pure Ppp = P ’ p = U
state: : S m — 1

SR

— (PO — ﬁ)Ppure -+ l_)I

U _ _
Pop — (Do — D) UppureUT + pUTUT

— (pO — ]5) vapure[]Jr + ]51

Under the action of U:



The “pseudo-pure” state amplitude

1 — pc mpo — 1
Amplitude of pure part is Po — P =Po — ]_U = Po :
m— 1 m — 1

Scaling with qubit number n:

« Energy range ~ n

* number of states, m = 2"

» for reasonable parameters, po ~ 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 fidelities

How well can we perform unitary transformations using ESR?

PR
should givex

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

I~

Doing a t/2-pulse on




Rabi oscillations
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Microwave field inhomogeneity » Rabi oscillation envelope



With a smaller sam

Rabi oscillations
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Testing rotation angle error:
Carr - Purcell (CP) and
Carr - Purcell - Meiboom - Gill (CPMG)

Borrowing from NMR:

Carr - Purcell:
m/2x-T-Tix—-Tt-echo-t-(mx-t-echo-71),
* Errors accumulate

Carr - Purcell - Meiboom - Gill:
/2« -Tt-my-T-€echo-t-(m,-1t-echo-T1)
 Errors cancel out



E.S.E. signal (a.u.)

Testing rotation angle error

Fri R SR Bl
CP (errors accumulate)

CPMG (errors cancel)

|
200

| ‘ |
400 600
Time (us)

I
800



~ Testing rotation angle error
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~ Testing rotation angle error

|

{

L. LTI (. | | YR . M N |

8 10 12 14 16 18 2
Echo number

~O0 $2 2nT
CP: /""ESE(”') — -"1[) [/— N (7\}2-;‘- exp (— 2(0:) (t()h‘(/gfﬂ(]ﬁ] exp (—ZITZ)

] s -
\ neo- 2NT
—  Apexp y
2 T

for a Gaussian distribution of rotation angle errors, 4.

E.S.E. magnitude (a.u

o
N
SN
(@)

Rotation angle error, o = 18 degrees, or 10%...
[Phys Rev A 71 012332 (2005)]



BB1 correction pulses

Rotation angle errors that are unknown but correlated.

The BB1 composite sequence:
(1+e)m, - (1+e)m - (14+¢€)21

IS a better _rotation.

- (14+¢€)m

104.5° 313.4° 104.5°

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



BB1 correction sequence

_ pa B
7zcomposite— (1+6)7r722(1_|_€)7r (1—|—6)7‘(‘R(1—f—6)9

b _ ( cos (1 0) iexp(—i@) sin (3 0) )
’ iexp(i¢) sin (3 0) cos (3 0)



BB1 correction sequence

_ pa B
7zcomposite— (1+5)7TR2(1_|_€)7T (1—|—e)7r72(1—i—(—:)0

Defining the fidelity of two operators A, B, as

F(A,B) = %Tr(A.B—l)



BB1 correction sequence

_ pa G
Rcomposite— (1_1_6)71-R2(1_|_6)7r (1—|—€)7‘(‘R(1—|—6)9

Defining the fidelity of two operators A, B, as

F(A,B) = %Tr(A.B—l)
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BB1 correction sequence

_ pa B
7zcomposite— (1+5)7r722(1_|_€)7r (1—|—e)7r72(1—i—(—:)9

Defining the fidelity of two operators A, B, as

F(A,B) = %Tr(A.B—l)

Expand fidelity of composite operator in powers of the error,

F(Rcompositea R(e)) =1+ F2€2 - F4€4 + ...

where [ = F;(0, o, B)

Choose « and B to kill off leading terms in fidelity expansion.
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BB1 correction sequence

Fidelity of naive pulses is
F(R, (1 —|—e)R) 1~
but fidelity of corrected pulses is

F(Ra Rcomposite) — 1~ 66

fp ee— .
\\\
08 1
F 0.6 ]
0.4
02 -
) D S RSN N (SN L S S S U SR OSSN S TR SRS VS SO W |
0 0.2 0.4 0.6 0.8 1



CP/CPMG E.S.E. magnitudes

BB1 corrected 1 - pulses

| b I ] |

—e— CPMG (intrinsic decay)
® CP (uncorrected) &
@ CP (BB1 corrected)

N
8 . g :
& \"\.‘.
o = e \.\.\.\.‘.~'
1 1 L ea—
0 200 400 600 800
Time (us)

BB1 corrected m - pulses are indistinguishable from perfect.

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



BB1 corrected Rabi oscillations
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[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)

e read out majority state, i.e. (1,0,1) interpreted as “logical 1”
o failure requires two physical bit flips in T; probability ~ p2

Quantum no cloning theorem

Same strategy not available for quantum information
o U exists such that U (|) 4 |e) ) = exp [ia(¢, €)] [6) 416} 5

Why?
e gquantum information preserving operations are unitary

- “projective” measurement of a quantum state |¢) = «|0) + 5|1)
yields |¢) = |0) or |¢) = |1) with probabilities «*a and g* 3 respectively

* but can we exploit this property of projective measurement?



Quantum error correction: the basic idea

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 |ms):

o 8 g

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

A

U = exp (ieSAZ) ~ 1 —|—ie§Z

* mixing in
- 3] 3\ V3|1 A V3] 1\ 3|3
= — — | — — —_— = 1 = —— | — — — | —
Sz|0r) 4| 2>+ 1 |2> SzI1L) 1 2>—|—4‘2>
Crucially:
« (01 |1L), (0L1SZ|01), (0p|Sz|1L), {(11|SZ|0r) 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)]



Electron/nuclear spin implementation

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

Ms m

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

+1/2

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

-1/2



Electron/nuclear spin implementation

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

o start with a state on the electron qubit on ms = £1/2, m; = -1/2

1 1 1
<a +§>e+ﬂ'_§>e) ®‘_§>n Ms m

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

+1/2

1|

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

-1/2

111



Electron/nuclear spin implementation

o start with a state on the electron qubit on ms = £1/2, m; = -1/2
Jr1 ny 1 - 1
a J— —_ —_
2 e 2 c 2 n

e encode on nuclear qudit within a single ms subspace
al0r) + B|1L)

oo-4)0 (412, 215)
-0 (42, 819)

 How? Magnetic resonance pulses with multiple frequencies

where

and

* note: information is now immune to fluctuations coupling to ms

Ms

+1/2

-1/2

£43

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

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

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



Electron/nuclear spin implementation

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

o start with a state on the electron qubit on ms = £1/2, m; = -1/2

1 1 1
<a +§>e+ﬂ|_§>e) ®‘_§>n Ms m

— +3/2
« encode on nuclear qudit within a single ms subspace 1 T +1/2
—_— -1/2
a|0r) + B[1L) 2
- allow the errors to occur under [/ = exp (ieIAZ) ~1+ ieIAZ
al0L) + Bl11) + ie (allog) + BIl1L))
—&— 312
—&— .12
2 _—e— Lap
—0®— +3/2



Electron/nuclear spin implementation

(projective measurement of S)

If we have S = 1/2 electron qubit hyperfine coupled to a | = 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, m; = -1/2

1 1 1
<a +§>e+ﬂ|_§>e) ®‘_§>n Ms m

.........................................................................................................................................

—— +3/2
« encode on nuclear qudit within a single ms subspace 1 —O— +1/2
—@— -1/2
a|0z) + B|1L) 2

« allow the errors to occur under U = exp (ieIAZ) ~1+iel,

al0L) + Bl11) + ie (allog) + BIl1L))

* rotate back to ms, m basis, separating corrupted and - -3
uncorrupted components 12 —0— .12
—O0— +1/2

1 1 +3/2
+3),+73),)]

.........................................................................................................................................

 projective measurement of ms yields -1/2 or +1/2
« and either way, original qubit state is restored on m; = = 1/2

Our progress towards experimental implementation: Phys. Rev. Lett. 134, 070603 (2025)



Light-induced EPR spectroscopy
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Sabine Richert
10th EFEPR Summer School, Manchester, September 2025



Photogenerated species investigated by transient EPR

&

\/
s R H
doublet—doublet triplet
photogenerated
paramagnetic compounds M
\ J .
spin-correlated
s R radical pairs triplet state intermediates
doublet N
1 5 hv doublet—triplet triplet—triplet
SAd St T
o) l 1
]
o). 89 i1
2 I
chromophore s, L
radical . . .
photogenerated quintet state intermediates
radicals photogenerated quartet states in singlet fission

Sabine Richert




Hardware: Light sources and optics N

direct excitation (from the side):

— 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)

o

— acquisition in direct detection

Sabine Richert

pulse EPR

hv /2 echo

lovl - B - A

pulse EPR spectrum

hv /2 echo~

Low - B - jn

coherence time (T,,)

hv T w/2~ mw- echo—~

DAF t| T T T
T, relaxation

echo

loeil. B -4

transient nutations




Hardware: Resonators and optical access

o sensitivity: determined by resonator Q-factor and filling factor n
o time-resolution: determined by resonator Q-factor (if broad-bandwidth detection)

— dielectric resonators (e.g. MD 5) are characterised by high n and high Q and typically work best

Sabine Richert 4



Hardware: Triggering and synchronisation N

o T L DL

Y T —= fase LApsig 2 laser —- CLramates
T thelay ganeraloy — o e
L spectrometss

MaFld HL
Tt

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

Sabine Richert



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

PR T I TRl Tiods

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

Sabine Richert 9



TrEPR transients: a visual comparison N

good 5/M
trammient mocks

o mode

b/ s

o signal rise (and decay) artificially slow in cw mode due to limited detection bandwidth
o oscillatory artefacts are particularly problematic in case of weak signals
o S/N much higher in cw mode

— time-evolution depends on experimental parameters

data by Dr Ashley Redman

Sabine Richert



Time-evolution of the trEPR signal: Torrey oscillations

\/
B; =0.05mT B;=0.1mT B;=02mT
Z2 1
2
3
<
=}
g
0 2 4 6 8 100 2 4 6 8 100 2 4 6 8 10
t/ us
Modelling (two-level system, rotating frame) using the Bloch equations:
dMx _ My + AwM, observed EPR signal:
dt IE Aw = Wmw — Wo
aMy _ AwM My-i—w M wo = B o
i " Sl e 0 = 9e s Bo S(t) = / (o) My (wo, £) du
dM, Mz — Mz.eq w1 = Ge U B1 .
=—w M, - =24
dt T

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

— the transient nutation frequency is proportional to B;
Torrey, H. C. Phys. Rev. 1949, 76, 1059-1068

Sabine Richert



Transient nutations in trEPR: an experimental example

Wnut(mMs — ms £ 1) = w1 /S(S+ 1) + ms(ms £1)

fi

Founer Eransfanm

i .

L 2

3 1 E

Voo / MHE

— the nutation frequency depends on the Bj field and the spin quantum numbers

data by Dr Ashley Redman

Sabine Richert



Time-evolution and spin relaxation parameters

AN

N/ N\

time-evolution is a combination of spin dynamics (71, T2) and the decay of the paramagnetic state

wildr = 1LSkHr WS e LS Wy I = O HE
——— — —— _—
\1 F "1 — — R“'\-\.\_ ——
; | =5==} ; Tj = Bl k. B wrp |
S e
i Hlfas i T 15 4% Hxx. — ¥
L s —_ o
- - — - - = — —— — = ——— —
1] & Lo 15 .o ] -] ] 5] P} i 10 1]
t/ im [T I

access to spin relaxation parameters possible, but:

o Ti: compromise between sufficient S/N and condition w?T;T>» < 1 (overdamping, low w:)

o T»: requires w1 > 1/T» and T1 > T, (underdamping, high ws)

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

simulations by Dr Ashley Redman

Sabine Richert




Pulse EPR with light excitation N

PulseSPEL

Variable definitions:
d9 = 5000 ; DAF (delay after flash)

Program:
begin expl "2p echo" [INTG QUAD EXT]

shot i=1 to h ; accumulation loop

a9 . DAF
pO [phi] ; 1st pulse and phase program
d1 ; tau

hv /2 echo

Towl - B0 - A

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




Practical considerations N

/S

signal intensity: excitation efficiency (power, illumination, rep. rate), absorbance, quantum vyield, spin
polarisation, lifetime and spin relaxation — often low temperatures or rigid matrices required

samples laser excitation (~5 ns)
o most common: solution (liquid or frozen) o X-band: direct excitation, 1 mJ, 1-50 Hz
o polymer films, crystals, devices, etc. o Q-band: fibre excitation, 0.5mJ, 10-50 Hz

o concentrations: ~0.05-0.2mM

LS

' 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.

Sabine Richert



Processes generating light-induced paramagnetic states

Intersystem crossing | 150)
G tripiat stabe

Enhanced intersystem crossing (EISC)

s,

triptet—daublet gair

Sabine Richert

N/ N\

Photoinduced electron transfer (PET )

3

daublet—doublet par

Smglat fission (5F)

T

triplat-triglat pak



o triplet state



Intersystem crossing (ISC)

1 ! o active in most organic chromophores
i o a priori spin-forbidden, as it requires a spin flip
o 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



EPR on photogenerated triplet states N

ISC
S1— Tx
§ —T,
—,
hv

o generation via pulsed laser excitation, followed by ISC
o important intermediates in photophysical processes

o relevance in biology (e.g. photosynthesis) and technology

(e.g. optoelectronic devices, photodynamic therapy, organic spintronics)

— two unpaired electron spins (S = 1)

Sabine Richert



Zero field splitting (ZFS) N

\/

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

o the ZFS interaction can be parametrised by the dipolar splitting parameters D and E
flrs =$DS =D (s _ %5) LE(S-8)

o the ordering of the triplet sublevels depends on the signs of D and E

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

D>0, E<O D>0 D<0, E>O

=

prolate

Sabine Richert



Significance of D and E

o ZFS parameters give information about electronic structure

o D is related to the average spin—spin distance r whereas E describes deviations from axiality

3o rP—32°\ 3 uo 5 /1—3cos?’8
4 4q (gen)” < rs " 4 47 (Gette) r3

_ 3 po y? — X2
=14 (getis)? < P

X
x ¥ | rm——
’
, _r Jze
T 2 )
2 2

Sabine Richert




Triplet state populations at zero field

S
S - X X & X
TR —=r ®x —¥
_Tlv L z —
v
- X —a— X X
—a— Y — =¥
Sp — — = —— 7

o populations at zero field depend on the mechanism of SOC-ISC
o S- and T-states are mixed by SOC, proportional to the matrix element (i | L5 | s)
o SOC is orientation-dependent which results in an overpopulation of specific sublevels

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

Sabine Richert



Triplet states in a magnetic field: Zeeman splitting

AN

/S
o high-field populations are orientation-dependent linear combinations of zero-field populations
o Bolli: po=pi p+1 = 2(pj + Px) L k=XY Z
o canonical orientations: By is parallel to one of the D tensor axes (e.g. Z)

o two transitions Ams = £1 for every canonical orientation

B() H 7 T+ m5=+1
high field
states

zero field )\i =
states z = Tg mg=0
Z

Sabine Richert



Origin of the triplet state EPR spectrum N

|D|+3|E] |DI-3 £ 2|0

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

o powder average in frozen solution

Sabine Richert 24



Interpretation of the triplet state spectrum

/\
\/
2|D| —— experiment
—— simulation
|D| + 3|E]
\ vyt  x*z-
AN G
D: 901 MHz
aj[ |D| - 3|E] E: —164 MHz
e Pxv.z: [0.14 0 0.86]
300 320 340 360 380 400 300 320 340 360 380 400
BO / mT Bo/ mT

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

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

o convention: —1/3 < E/D <0 and |Dz| > |Dx| > |Dy|

Sabine Richert



Polarisation patterns from SOC-ISC N

ISC

[ — T —_—
Sl <: X -@-
Ty
TZ aaaeee eaeaea eeaeaa
hv —o— X —o— X X
—o— Y —Y —o— Y
= A A +:
eeeaaa adeaeae aaeaee
examples (for D > 0):

o polycyclic aromatic hydrocarbons: vibronic SOC drives population in-plane — eeceaaa

N~
N~< X
N~

Sog —

o zinc porphyrin: direct SOC drives population out-of-plane — aaaeee

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

— polarisation pattern encodes valuable information about the mechanism of triplet formation

Sabine Richert



Application 1: Probing triplet state delocalisation

AN

P1 /J\J\y* x*z
Ztx~ vy~

P2 Y X~z

z-x* y?

P /\ JaN
\/ —~/

m [\

300 320 340 360 380 400

By/mT

v
P1

P2

S

Cini'e

Y.
A

M W
A A AAL

YTy yva\,r \

-5

4 3 2 1
Vie—vin / MHZ

— 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.

Sabine Richert
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Application 2: Revealing triplet—triplet energy transfer N

N/ N\

P -
7

~

a0 300 30 400 450
By /mT

X [y = 2156 MHz
m z.[_;'r Er = —H16 MHz

F':r'r',” = ||:"'55 [L52 E'I

4400 450

L = 2041 MHz
Ev = 33 MHz
"_"|-. g o R ||:"g|:' |:'|.:'“:'|!

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

Sabine Richert



Application 3: Pulse dipolar spectroscopy — LIDEER and LaserIMD N

\/

Vet I% T D T AI

o o o) o
H H H
hv—
&2 N/Ln/N_: N/Q(N N/L'F{N%N/LAOH
Hoo ¢ :' of . Hool &8 H gh J
Voump

N
o LaserIMD
pump STPP s T echo
v NO® 2
a
%e = detect
300 320 340 360 380 0 Ja 2
BO / mT tLaserIMD

o some proteins have chromophores as cofactors (e.g. heme, flavin) — endogenous probe

— use of the photogenerated triplet state as a spin label

Sabine Richert



Application 3: Pulse dipolar spectroscopy — sequences N

Vg ~"
- e £ aha . 5 atn
o ImMoll  wex B w K o _m - B - A
e} e
i I "'.J---J
LR Lawr®dD
i B #r b - L3 et

i o B o Hf . HE - B . F

FielawrPAD LITTER

LiDEER: Di Valentin, M.; Albertini, M.; Zurlo, E.; Gobbo, M.; Carbonera, D. J. Am. Chem. Soc. 2014, 136, 6582—-6585.
LaserIMD: Hintze, C.; Biicker, D.; Domingo Kohler, S.; Jeschke, G.; Drescher, M. J. Phys. Chem. Lett. 2016, 7, 2204—22009.
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.

Sabine Richert
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doublet—doublet pair



Photoinduced electron transfer (PET) N

"O-1a Hege
S ET S
e as 02 3=

-287] [0 —2A]
- K&

4

donor—acceptor compounds

electron transfer from Sy or Ty

-——
[e]

spin-correlated radical pairs

T+
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N -1A

_H.. o recombination triplets
o
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rm
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EPR on photogenerated radical pairs N

AV Ve
p S-T, mixing F R R R ERRREEEEE
=
1*D_]_A CS 1[2Do+_2Aof] Q 3[2Do+_2Ao—] 2D0+_._2Ao— -E [
SCRP l free radicals a
hv 4 ¥ I
iz,
ke *D-1A L] —
recomb. triplet o 02 o4
D -1A T
[2) | Tay
o singlet-born RP due to angular momentum conservation | '
o differences in precession frequencies cause coherent spin mixing
— mediated by: anisotropic hyperfine interactions, Ag ) _é’
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Two coupled spins N

NS
Uncoupled basis: S; = 1, S; = 3 lonoe), (o), |Braz), |B1B2)
Coupled basis: S =51+ S,..., |51 — S5
S*=(51+53) |53
S?ly) =S(S+1) 1 |9) i
S, = Sz,l + 52,2 S=0
=

Sz ) = Msh |¢) Mol

Singlet state:
1S) = 75 (louBz) — [Brcx2)) e [Ta} [Tad

Triplet states: ;

_ 5=1 H=1 5
[T-1) = 1B1B2) A - 1 Mo = 0 f b+
ITo) = &5 (lauB2) + |Brox2))

[Th1) = |aiaz)

Sabine Richert



Triplet and singlet state formation by spin coupling

\/ T
na e e edkats SLrG
toumling coupding tauphng coupling
§ " S
| — —— 1 |' ‘.
f w,
-/ "'x_‘ ‘\"_ ! ‘L )

doubiet

douklei .rqn IJ'I-:I | !-II'F;LEI:

— coupling regime depends on the radical pair separation (d) and exchange interaction Jrgr

Sabine Richert




Spin-coupling Hamiltonian

7-At=%509131+“T7BBOQ2§2+J§1§2+§1E)§2

Exchange coupling: J = Jy exp(—0r)

Dipolar coupling:

d Lo 9192 Wi

D= d d= 2 1258
3
_od 41 h r

Eigenstates of H:

[4) = |T+1)

|3) = cos¢|S) +sing|To)
|2) = —sin@|S) + cos ¢ |To)
1) =[T-1)

Sabine Richert

tan2¢ = 7

Q

_ kB

2

(1- 3 cos? 6) = wa (1— 3 cos? 6)

h Bo (91 — 92)



Populations of a singlet-born radical pair

\/
|4)
1%

4) = o) Va4 g
|3) = cos¢|S) +sind|To) 13)
[2) = —sin¢|S) + cos ¢ |To) 12)
1) = T-0) » V13

1)

Sublevel populations: p; = [(S| /)|

p1=0 p2 =sin’ ¢ ps = cos” ¢ ps=0

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

— two absorptive and two emissive transitions, centred about the Larmor frequencies w; and w-

Sabine Richert
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EPR transitions of a singlet-born radical pair N

/S
J+d>0
4 24 34
i | | [J+d|
V34 T T
v . .
24 w1 | w2 | o transition probabilities are
13) 13 12 pairwise identical
2) J+d<0 . .
o all transitions equally intense
Vi3 24 34
V12 | |
T T
|1> | (51 | wo J—
13 12 Bo
Transition probabilities: W, = $ [(j| S+ + S_ | k) [? Transition intensities: /jx = (pj — px) Wik
W12 = W24 = % COS2 ¢ /12 = /13 = —% sin2d) COS2 d)
Wiz = Was = § sin® ¢ loa = I3 = 3 sin® ¢ cos” ¢

o 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

Sabine Richert



Orientation dependence of d and anti-phase Pake lineshape N

\/
6 = 90° d = wgq (1 —3cos®6)
| z
12) ¢ |4) 9T0° 13) ¢ |4) ,
— — \ — T pd Y
1 W1 W2 —_—
_ Mo Bog
0=0"1) & 3) 1) & [2)
1 6 =0° —>d:—2wdd
0 =90° 0 = 90° — d = Wyq

o position of resonance line depends on |J + d|
o g-tensor anisotropy may lead to more complicated lineshapes

o especially at the X-band the signals typically overlap since w; ~ w»

Sabine Richert



Example: SCRP in bacterial reaction centres N

S-T, mixing N
1 [QD.+ _ 2Ao—] G 3 [2D0+ _ 2A-—] —_— 2D'+. .. 2A"
SCRP l free radicals
l 3D —1A
1D -1A recombination triplet
individual radicals =35
Qx
recombination triplet 3p

5

N

N
Y \/ Vv \\/ W
spin-correlated radical pair

/ﬁﬁ F' g T T T T T

3384 3388 3392 o P Y Q, 320 330 340 350 360
BO / mT W-Draci | -raeeh BO / mT

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

Sabine Richert



Recombination triplets

+1

Byl 2

N>
[l

A A

~

e

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

— indicative for overpopulation of the high-field T sublevel

Sabine Richert






Further material including literature



Determination of d and J: OOP-ESEEM N

/S
oo (&%), (&)~ echo—~ —AV_ in-phase (y)
e
OOP-ESEEM V out-of-phase (x)

/X\/\ d=3.3MHz Fourier transform
Vs
V=i

N\
J=0MHz
OOP-ESEEM signal J=1MHz

0 1 2 —-10 10
t/ s v/MHz
2
Ho =i Sl,z + 52,2 + Wee Sl,z 52,1 Wee = %% (1 — 3C052 9) +J=d+J

Sabine Richert



triplet—doublet pair



Enhanced intersystem crossing (EISC) N

I*C _Ip*
:: Oy

i EISC . .

0, _]-_F - Q o chromophore triplet state formation by
"I_ + —l' + spin—spin coupling
I 30 — 2R '| * o spin-mixing in triplet—doublet systems
; o=t &
’ [ = 'H"l o excited doublet and quartet states near
isoenergetic

Dy -H- + o spin-polarised ground states possible

1C — IR

Sabine Richert



Chromophore triplet state formation by EISC N

/S
Sa Sk Sai Sk Sai Sc
;‘ ‘ SC2+R
S “Sc Sk Jrr radical
sing-doublet EISC trip-doublet
spin flip chromophore linker

LUMO 4‘\-'- SOMO
HOMO 4—

LUMO =+ L somo
HOMO ——

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

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

Quintes, T.; Maylander, M.; Richert, S. Nat. Rev. Chem. 2023, 7, 75-90.

Sabine Richert



Quartet state formation by spin coupling

NN
(1] wieik It errnedute Slrong
crupling coniplng caipling crupling
i 1
d T L =
—‘ - .-"_ . [ i g i gt
AN I
- —— =+ \ ] 1
1] e M g
= S—1
7 5:—'.. T —
daulbshet _L Wy
triclet _.I_F tnp-d oot
T W,

— Jtr needs to exceed all other magnetic interactions active in the system

Quintes, T.; Maylander, M.; Richert, S. Nat. Rev. Chem. 2023, 7, 75-90.

Sabine Richert




Determination of the spin multiplicity by transient nutations N

Wmg,mg+1 = Wo * \/S(S + 1) — ms(ms -+ 1)

expected frequencies:
o triplet: v/2wo
o quartet: V3wo (| £ 3) «» | & 2) transition) or 2w (| — 3) <> | + 1) transition)

aVa ~
hv

& T
IDAFﬂ_, THT

echo

R!RY

4
- Ji = . PO-TEMPD

1 -

]

- -

= | — =
] i [rpremend. miiieoae
1180 1180 130 170 19513 1230 1340

[ ."' mT

— single species with quartet multiplicity

Sabine Richert
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Example: quartet state spectrum of PDI-TEMPO N

PDI-TEMPO — multiplet

R R! — net

O, O
OHRRL @ o=
),

Dt
o}
RLR? r 1
T T T T 2
1180 1200 1220 1240
By / mT 3
2
PDI-TEMPO — experiment
— simulation o net and multiplet polarisation
—N v \ 7 o upper intermediate coupling regime
— ferromagnetic coupling Jtr ~ 1200 MHz = 0.04cm™?
1180 1200 1220 1240 Mayldnder, M. et al. J. Am. Chem. Soc. 2021, 143, 7050-7058

Maylander, M. et al. J. Am. Chem. Soc. 2023, 145, 14064—-14069
Bo / mT

Sabine Richert



triplet—triplet pair



Singlet fission (SF) JAN

H[5450)

S E(S1) > 2E(Ty)

= ‘H’ o spin-allowed: formation of }(TT)
i '_1._- e — -+ -1— —+ 4 o mixing between }(TT) and 5(TT)

decoherence: formation of uncorrelated
U, T =[-!-I T_J o triplet states (ms = O overpopulation)

[e]

+
£
C
-I-
o

!
-I-—
%

ISC-triplets vs SF-triplets

[e]

4
S

— 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

AN

/S N
ne weak rtermediate strang
coupbng coupling Cauphng counling W
1
R F ¥
EI | i-:.'.': r W, quaritet
i 18 g
i e, (X8 1 ] W,
1% 11 L ) |- —_—
=t 1§l
= ~—i I —w
— — _|:_ i Wy L trok
Wy
Iy —
ur | osingked

Sabine Richert



Example: EPR spectra of singlet fission materials N

\/
o L= "

=0 [
= — 5-Cly mizeng SF-triphet

'mTl AT T — 2T

Th LT il 1

- o complex spectra with contributions
from triplet and quintet states

Su o SF-triplets should show

overpopulation of Ty: aeeaae

quintet o quintet state spectra are narrow
o typically: overpopulation of Qg
triplet e
) WA o weak coupling: also population of
W ms = £1 (or £2) sublevels
TIPS-tetracene 280 320 360 400
BO / mT

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

Sabine Richert 11



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)

——p -~
|DI+3]£] |D|-31£

Sabine Richert




Characteristic signatures of species with different spin multiplicities

\/

. ) Ar o o
N
b L o S
F 5 L, Ar Ar N
- H, ,E" & e ~ |\ S
| e o A
- ! 3 N N 7
- Ar S >
A S=1/2 /\/\J\ S=1 [/\ S=3/2 S=2
a at as M )\
el b e v\ el V o
flavin-tryptophan radical pair porphyrin triplet porphyrin-nitroxide quartct pentacene quintet
300 320 340 360 380 400 300 320 340 360 380 400 300 320 340 360 400 300 3é0 3;10 360 3é0 400
By / mT By / mT By / mT By / mT

Sabine Richert



Complementary information with respect to optical techniques N

\/

o dynamic information (time resolution ~100ns): lifetimes, interconversion between states
o information on magnetic properties: g, D, E (and coupling parameters: J, d)

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

C
Sl —_— TX
\
\ Ty J/\/\\/»ﬁ
TZ aeee eaeaea eeaeaa

aa
hv —o— —o—
—e—

~ — AN\
Sog — eeeaaa aeaeae aaeaee

%)
N
N X
N~

N
N~
N=<X

Sabine Richert



Summary: Applications of transient EPR



Applications of transient EPR

%\QLOG‘CAL SCIENC@
S

mechanistic insight from
photoactive intermediates
(radical pairs, triplets)

photosynthetic
photoinduced reaction centres
electron transfer
in biomolecules intrinsic triplet
spin labels
. in proteins
transient
EPR A
photogenerated photovoltaics
spin qubits
TADF materials
photo for solar cells

catalysis

singlet fission

triplet state el

delocalisation
in molecular wires

MaTERIALS SC\ENCE

Sabine Richert

o

o

o

biochemistry

transition metal chemistry
catalysis

photosynthesis
optoelectronics

quantum information science etc.



Common applications of transient EPR: biological sciences N

N/ S
clarification of reaction mechanisms:

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

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

structure determination:
o cryptochromes/photolyases: radical pair distance by OOP-ESEEM

o 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



Common applications of transient EPR: materials science (1)

NS\

organic functional materials:

o molecular wires: triplet exciton delocalisation

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

quantum information science:

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

IL ] T ) Tait, C.E. et al. J. Am. Chem. Soc. 2015, 137, 8284—8293.
5 i T g A e Richert, S. et al. J. Am. Chem. Soc. 2017, 139, 5301-5304.
% B Do
T il E i 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.
] 2 u u E X
s gin = R e = S ¥
= - e 4 . Harvey, S.M. et al. J. Am. Chem. Soc. 2021, 143, 15508—-15529.
= L 1 "-'-‘!. ..r'--[.. _.ph'-"' - ' ) )
’ﬁ;'-r{ﬁ:g‘ '“";':'1 F F i Maylander, M. et al. J. Am. Chem. Soc. 2021, 143, 7050-7058.
r 5 o - -

Sabine Richert



Common applications of transient EPR: materials science (2) N

\/

optoelectronics/energy research:
o charge separation in organic photovoltaics Niklas, J. et al. Adv. Energy Mater. 2017, 7, 1602226.

o triplet formation through TADF in OLED materials ~ Drummond, B.H. et al. Nat. Commun. 2021, 12, 4532.

o triplet pair intermediates in singlet fission materials  Weiss, L.R. et al. Nat. Phys. 2017, 13, 176-181.

So —

Sabine Richert

Tayebjee, M.J. et al. Nat. Phys. 2017, 13, 182—-188.

|
_|
Y
ol
N=< X
o]
N=< X%

X
S— —z S1
Ty —+1
T T aaaeee eaeaea eeaeaa hv -o- ?
—o— X —o— X I Tl v J\\/\ﬁ
=7y J\/\/_._\i [ aeeaae
eeeaaa aeaeae aaeaee —_— Sy —

Hl



' UNIVERSITATos —
i+ BARCELONA

Paramagnetic NMR

Valentin Novikov




& UNIVERSITAT o EEN»———~——
EARCESLONA . . . .
Paramagnetic NMR: is it even a field?

i+

7 N\
[ “Regular” NMR | | hate the term “paramagnetic NMR” as this is
.« Organic compounds , “paramagnetic nuclear magnetic resonance” and prefer NPR
-« |igands ; - nuclear paramagnetic resonance, but | do not expect the

. Diamagnetic complexes i authors to join me on this crusade.

L Biomolecules : Unknown (but extremely helpful) reviewer

* Polymers |

‘- _ ____________________ - What we hear and read a lot:

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

{' EPR and pNMR ‘! compounds...»
. * Organic radicals |

: )  «The NMR spectra demonstrate a significant broadening,
. ¢ Paramagnetic complexes !

this confirming the paramagnetic nature of the compounds

.+ Spin-labeled biomolecules ! synthesized-
. ¢ Spin-labeled polymers .
. * Photoexcited compounds i « «When NMR spectroscopist sees the paramagnetic

o .. / compound, he turns pale~
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NMR was paramagnetic from the very beginning

Nuclear Induction

F. Buocu, W. W. Hansex, aAND MarTiN PACKARD
Stanford Unizersity, Stanford University, California
January 29, 1946

HE nuclear magnetic moments of a substance in a

constant magnetic field would be expected to give
rise to a small paramagnetic polarization, provided thermal
equilibrium be established, or at least approached. By
superposing on the constant field (z direction) an oscillating
magnetic field in the x direction, the polarization, originally
parallel to the constant field, will be forced to precess
about that field with a latitude which decreases as the
frequency of the oscillating field approaches the Larmor
frequency. For frequencies near this magnetic resonance
frequency one can, therefore, expect an oscillating induced
voltage in a pick-up coil with axis parallel to the y direction.
Simple calculation shows that with reasonable apparatus
dimensions the signal power from the pick-up coil will be
substantially larger than the thermal noise power in a
practicable frequency band.

We have established this new effect using water at room
temperature and observing the signal induced in a coil by
the rotation of the proton moments. In some of the experi-
ments paramagnetic catalysts were used to accelerate the
establishment of thermal equilibrium.

By use of conventional radio techniques the induced
voltage was observed to produce the expected pattern on an
oscillograph screen. Measurements at two frequencies »
showed the effect to occur at values H of the z field such
that the ratio H/» had the same value. Within our experi-
mental error this ratio agreed with the g value for protons,
as determined by Kellogg, Rabi, Ramsey, and Zacharias.!

We have thought of various investigations in which this
effect can be used fruitfully. A detailed account will be
published in the near future.

1J. M. B. Kello I. I. Rabi, N. F."Ramsey, and J. R. Zacharias,
Phys. Rev. 56, 738 (1939).

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

We have established this new effect using water at room
temperature and observing the signal induced in a coil by
the rotation of the proton moments. In some of the experi-
ments paramagnetic catalysts were used to accelerate the
establishment of thermal equilibrium.

Frogress in Nuclear Magnetic Resonance Spectroscopy 117 (20019) 1=-271

Contents lists available at ScienceDirect

Progress in Nuclear Magnetic Resonance Spectroscopy

|ER journal homepage: www.elsevier.com/locate/pnmrs

Paramagnetic NMR in solution and the solid state 4 )
Andrew |. Pell **, Guido Pintacuda”, Clare P. Grey'
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NMR of diamagnetic compounds
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NMR of diamagnetic compounds

e .

T v T T v T
3 z L

Chemical shift (parts per million, ppm)
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Paramagnetic NMR in solution

ZC

i+

« 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

12
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T pNMR, EPR or both?

+  Contact interaction T + Pseudocontact interaction
| Spin density delocalization ! Dipolar interactions |
! ; ! !
| ! | $ By !
; : | V\\\ :
. ! . ~C !
| . | ‘\\ .
i - e
! : ! \ :
l ; | N i
| . [ .
' ‘ ' ! . pcs _ 1 20 _ 11"
: ) Paramagnetic shift . : oFeS = 53 [Ay,..(3cos?0 1)]!
. | . I
I [ 3 ° : I . ° .
- In EPR: 1sotropic hyperfine ! . In EPR: magnetic anisotropy '

\ coupling ! \ !

N R4 "« /

13



Where pNMR can be useful
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”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
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Fermi contact coupllng
(cjgéfs) Clﬁ/‘%‘ @
N.
_________ [y R A [,
X, -B
76.9 pil ?/O\ \cl)
(02c2) O ¢l
¢ Ch N N (N _Cl
Co** \[
X ke

Weak field shift

< @)
Strong field shift
‘ >

Spin density can be localized directly at the nucleus:  For lanthanides:

» Direct delocalization mechanism - f-orbitals are localized (less overlap with ligand orbitals)
« Spin polarization « For most lanthanide complexes, contact shift is small
Propagates through chemical bonds For d-ions and organometal compounds (incl. lanthanides)
Becomes very small after 4 to 6 bonds » Contact contribution may be very large

« Spin density can be estimated by DFT calculations

15
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A pseudocontact shift

h
Hys = —d(3CDSEH—1)IESE d = (Z‘D) }’i?s
] §
Fast rotation in solution: i

T
j d@ sinfd(3cos?0 —1) =0
0
if all orientations have the same probability

But if molecule has the magnetic anisotropy:

More probable:

Angle of magnelisaton to anisotropic axs

~

16
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Pseudocontact shifts

6PCS —

12713

——— [Ax o (3c0s?0 — 1) + 1.5Ay,,sin*Ocosg]

r,0, ¢ — spherical coordinates of nucleus in electron frame

Ay, — axial anisotropy of magnetic susceptibility tensor

Ay, — rhombic anisotropy of magnetic susceptibility tensor

oyl H) ! ppm

L1786

Lr3

LA3eee®

57 ez
.-_.~"\:.'i-'.'—AV-. °

—

174, e e
gy dve .

e’

Ltn3

=56

!
iy | H)/ ppm

1 g
fi,{ N)/ pom

Dark, medium and light isosurfaces show the
locations of PCS of £3, +1.5 and £0.5 ppm

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

f1 2| B |5 16 f7 f8 fo f10 11 f12 f13
£
3 E |iE E z E €
E|E| 8[| 2| 2 2 7 3 E | 5| §
> | B | 8 S = E S S £
3 8|5 3 2 5 3 S & E | B
g 2|20 S . ) >
a
Ce Pr| Nd .Smi Eu Gd Tb Dy Ho Er Tm Yb
J 5/2i 4 |9/2.52 0 7/2 6 15/2 8 15/2 6 712
v /10%m’ | 56| 11.2| 114 |06 | -6 55.1 827 99.2 98 5 803 | 500 | 18.0
\
PRE
H
Ara /10 m? 21| 34| 1.7 |02 23 0 421 185 116 | 219 | -83
Ay 110%m®| 07| 21| 04 |01 16 0 1.2 201 | -58
o~ @O+
|
4
Te /S 10" 107 10"

Pintacuda et al., Acc. Chem. Res., 2007, 40, 206
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Not only lanthanides: first-row d-ions

Tle' Ps

]01‘ o T T T ’ B i P e ey e
Mn' Gd"
OCu"
103 Crlll .
(YAl
LS-Co" !
1024 o OoNi'(0,) .
M i
wod ™ o HS-Co' (T)) __
NI (T) °Hs-Fe! f
V“I HS-Co"(0) *
100 “LS -Fe' o h ’ Tm'" Tb" 3
Fe HO o D M D‘
Ndll I a y l
Sm'' UC 1 Yb" o 0 '
10748 o g Pr , ; ]
v 'T ¥ T T I/LT_'_I-’-I'*V// | B ERS ;
8 182022 35 40

0 2 4 6

Ay,10732 m3

Pavlov A., DOI:10.32931/i01922r
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Zero field splitting

<€

Magnetic anisotropy

3/2

— 1/2

€—Djle<>

>
Magnetic field

— -1/2

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

E1 3/2
A
m \
-
E A -3/2
I
)
S
[
—
®)
o
N ¥ 1 1/2
v [ —
>~ -1/2

>
Magnetic field

EA

Large positive ZFS

ZFS is larger than
microwave quantum

X-band 9.5 GHz
W-band 95 GHz

2D =100 cm™' = 3 THz

f—_—— l

>
Magnetic field

Large negative ZFS

—

Levels are not populated

Sample is EPR silent

“Forbidden” transitions

3

3/2

>
Magnetic field

21
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Single molecule magnet

ZC

i+

+E

3d ions Lero field splitting
4f ions Ligand field splitting
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Single molecule magnet

>
Magnetic field
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Single molecule magnet

ZC

e
i+

>
Magnetic field

' Return to zero field '
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How to spot a single molecule magnet

Idea Synthesis Isolation
4 A 4 A 4 | A
Q T e
! el
_’ | W 4 4
\_ T J \_ 1 y, \_ y,
4 A 4 t A
o NMR
-
- Y \ LILNE o
I Questions 1
. _ . ) 4 )
Does it have large magnetic anisotropy?
Does it show slow magnetic relaxation? |,
Is it SMM?
Is it good SMM?
N : Y N y

25



Cage complexes and magnetic anisotropy
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The oversimplified approach to VT pNMR analysis

o(T)
NMR J PN

O dia ) para( T)

N\
1
X-ray} [ﬁgc — 12nr AXax(3c0s*0, — 1)} A)(ax(T)

N

A=D|5,"-5(5+1)/3| + gusHS, D
H=0AL S+ 4,(30%2 —I?) + 4,(I%2 — I?) + H(0L + g$)

7\
[ DFT J 5CS(T) 5PCS(T)
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ZFS for different cage complexes

J. Am. Chem. Soc., Inorg. Chem., ChemPhysChem, J. Phys. Chem. Lett.,
2015, 137, 9792 2017, 56, 6943 2019, 20, 1001 2016, 7, 4111
o5 0
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Comparison with direct measurement by THz-EPR
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Pavlov A., PCCP, 2019, 21, 8201 - 8204
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Paramagnetic NMR

+ Readily available for chemists
+ Fast (only several spectra are needed)

Lowering 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

30
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]

Influence of the chemical exchange

+ Readily available for chemists
+ Fast (only several spectra are needed)
- Compound should be stable in solution

Paramagnetic shi]it Paramagnetic shift

10 8 6 4 2 0 -2 -4 -6 -8 -10
Averaged pseudocontact shifts
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Iron(II) spin crossover

- 4 4
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TR TR T Fe? H 4+ 4+
*
L 3
& & 0"
< . < o z .
= Curie’s law = ) e’{.\c’s‘o"
kY, kY, ¥ o ¢
E E (‘66\ 0‘
P 2 @° “‘ Observed
() U thermodynamic

/ mixture curve

Pure LS
(diamagnetic S =0)

1/T
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In situ search for spin transition complexes

bpp (bis-pyrazolylpyridine)

High spin complexes ‘
aud

tpy (terpyridine)

Low spin or
spin transition -
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In situ search for spin transition complexes

/, @ Spin-crossover i
160
5‘1140:’. A
,g lope—p——ge——————
o
B | M — —— S
0.0032 0.0036 0.0040
1—1 K-1
bl el cottey)bpe)

Co(tpy), - Low spin

i E ‘ ‘ Co(bpp), - High spin

'l!l .
A b i - LY | it

00 o5 o 8 80 75 WM & 60 55 50 45 40 35 MW B MW 15

Chemicai i, o " Inorg. Chem. 2020, 59, 11, 7700
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Helicates

Synthesis:  Guillem Aromi, Leoni Barrios, Rosa Diego (Universitat de Barcelona)
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Two-step spin transition in NMR: what we expect

E LS-LS

T

/NH HN—__ \N /
HS - HS
/ —
\N\\ \:H HNi / \N /
© s O
HS - LS
/ —
\N\\ \:H HNi / \N /

LS - LS
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HS-HS to HS-LS transition

320 K

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30
Chemical shift, ppm
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Cooling

Broken-symmetry state dynamics

dos
@ [T o Pooer

Unravelling of a [High Spin—Low Spia] «— [Low Spin—High Spin]

Communications

P B LR

Irwraiesal Ciisy du el D e T2 0010
Carus ey i a0 | B g R DD 100

Equilibrivm in Spin-Crossover Iron(Il) Dinuclear Helicates Using

Paramagnetic MMEB Spectroscopy
Theruiry Yoo, Adeidn, Rosa Diggo, Leoif A, Berriog, Falis V) Nedpubios, Guilles Ao ® el

/, Faleawsim V. Mowikav®

HELICATZS
E

38



& UNIVERSITAT o ——————————
B

IF BARCELONE Modification of the helicates by crystallization conditions

39



0
)
c
n
2
=
)
™M

BARCELONA

_|_

=& UNIVERSITATox



‘,""j UNIVERSITATox
iI+- BARCELONA -
Hugging jellifishes
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e (FeLs), jellyfish: LS-LS to HS-LS

E
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Chemical shift, ppm
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Spin crossover: helicates vs jellyfishes

[HS-HS] state population, %

[H5-L5] state population, %

Q
g

Helicates

MeOD MeCN

. CilFeL,) e
L « Br@[Fe,L,] =
S0 245 20 315 3%
T.K
100 Jellyfishes
91::' 1
o
0|
i |
50 |
40 |
30 | = gl
20 | //
12 I -d_i____._——f‘--
F20 240 260 280 300 320 340
T K
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Engineering supramolecular interactions
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Quinoline-based jellyfish complex: pure high spin

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 &5 O -5 -10 -15 -20 -25
Chemical shift, ppm
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Spin states for different jellyfishes

”Strong” jellyfishe?

/ "Weak” jellyfish

©0Q
N

K

—
—

9

\Strong ]ellyflshe

Chemical \‘

Science

(3
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Recommended literature

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
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Dynamic Nuclear
Polarization
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Dynamic Nuclear Polarization

100 — | | 1
DNP

Ve _ 5 107 ’4\ 1
/\ E ~ 660 E . 263 GHz EPR
5 |

n DE ’

53
:

ka

10
Pth - = tanh zk T -
n n
. . @ B B 400 MHz NMR
Electron-nuclear polarization transfer, e —
. . . . . 1 4.2 10 100 300
Usually using microwave irradiation TIK

MatPhOH OH

16mM TEKPol
600 MHz DNP
MAS = 8 kHz
£=22

2@
c ‘;\"\j’—(m}l4 nnnans Support
c, G, 1 . H 1 2
won . 1 .1 M s Time Savings « ¢
l.e. given a signal enhancement of 100 by DNP, the same

measurement without DNP would take 10000 longer for
Same signal-to-noise!

Big NMR signal enhancements ¢

MW Off

200 150 100 50 0
3¢ Chemical Shift (ppm)

Source: Copéret Group Website



EPR vs. DNP vs.

EPR

Excitation and
detection of electrons

Slow electron relaxation,
Saturation possible

Resolved hyperfine

Investigation of close nuclei

Electron spins are life,
Please relax slowly

DNP

Excitation of electrons

Some saturation possible

“Resolved” hyperfine

Investigation of very far nuclei

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

pNMR

No excitation of electrons

Very fast electron relaxation

Averaged hyperfine

Investigation of close-ish and
far nuclei

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



DNP Mechanisms: Overview

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

Kessenikh, Luschikoyv, Provotorov, 1962

Overhauser, 1953 Abragam & Proctr Manckov,Toran, 1963 Sorghin, 196
Slichter & Carver, 1953 ’ Hwang, & Hill, 1967

Needs modulation Direct driving of 2-Electron-1-nucleus Mgny—electron sy§tem
of hyperfine coupling, Forbidden transition . With strong couplings

leading to electron-nuclear Needs pseudo-secular Difference of electron

cross-relaxation Coupling (-> solids!) frequencies matches Low temperatures and

nuclear Larmor frequency high electron
concentrations
Metals, liquids, or Needs strong microwaves,  Current go-to for

other dynamics Bad at very high fields DNP-MAS NMR Exact differentiation

From CE unclear



Overhauser Effect: Origin

W, — W

$ = W, + 2W, , + W,

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

) o Tl
€—<qu>—1 E-s-f ”

2 N

Leakage
Coupling EletCt"Otr_\ Factor
aturation
Factor >at Fo1
for high mw for high electron
power concentration

calculation for 7, = Topae= 20 Ps

.50 < JHe )= ﬂ'? :
= |+ @'t
.25
Dipolar contribution i e
. 82
(molecular tumbling) 3
"::'n .25
=
o as0
_— S
Scalar contribution 75 F
(collisions) 1.00 =

0.01 0.1 1 1'n 100
Magneatic field (T)



Overhauser Effect: Applications

Metals & Battery Materials Water Dynamics HR Liquid-State NMR
L), 1.3 enm rotor LI, 1.3 mm rotor and ACCESSibility ]
® da Low-field / benchtop High-Field
k - k l Mosly X-band EPR o byt —
e e T i e — 15 MHz NMR L5 ruen kMt
400 300 20 100 0 ~100 400 00 200 WO 0 -100 “ . "\."‘.__ﬁ’(\._f.'u‘.
Ll shilt (ppow) "L shift (ppen) || . Jl J | AN )..;t-.(,".\\
High Field solid-state NMR (a) apo L M T M
:I-ij.‘i* - cvwr::m.m,”
Grey, Leskes, Pell r :4& |
“l ) Bennati, Orlando,
dmcni a Minnemann, Maly, .. Prisner, Frydmann,
Jnm.-,r:gmr‘[ﬁam]m Hill ...

Slichter & Carver, 1953 Han, Bordignon, Jeschke

Big Challenge: mw absorption by liquid water



Solid-state NMR

Solution "C NMR

Solid State "C NMR

Chemical Shift Anisotropy (CSA)

Strong dipolar couplings

Magic-Angle-Spinning

Up to about 160 kHz

static specirum

]
il Vou = 3405 Hz
[_1/ [J_U_Lz v., = 3010 Hz

ann 200 200 ppm

Averaging of second-rank
anisotropic interactions



Common Setups |: Magic-Angle-Spinning DNP

Polarizing Frozen Gb”y Matrix
A . Target
gent.(nadlcal) ' ‘ . arg L
5 ¢ * T
PCT-.4 © -
b M ' . w R
/® w
. H w g
rowave ' ‘ ‘ . '),"
s@*" "3
Gyrotron for Watts of H o W 80K

power at 100s of GHz

Probe with stator,
o several rf channels
Bob CGriffin @MIT + microwave delivery

cryogenic temps



Solid Effect

H=QS,+wl,+AS,I,+BS,I,

|/I — % Transition moment proportional to w;sin()
13)] e B —B >

EPR Forbi(.wen Mg = atan (Zwl n A) Mg = atan (20), —A
Nansnlons
Na —1p

EPR
~ 2) n = T At high fields B
* w
|1) — w4Sin(n) o« 0
Wy
"E 1-0_. T T T T T T
~ A EngL
«— E u_s-: Best for narrow EPR line
Irradiate EPR at +w, U:E E: where Linewidth < w;
~ 2w Fg 0.0 -
< g % 0.2+ Quickly ineffective
| { siny o at high field
- —'D:B-
Q g 1.0

e e S e i P ey R e |
2 4970 4975 4980 4985 4990 4995

Magnetic Field (T)



Cross Effect

laBa) = |BaB)
|Baa) = |aBp)

X,

Triple Spin Flips

(Slz - SZZ) - Iz

2
£

A
v

Saturate/Invert one
Of the EPR lines

Normalized Enhancement

Matching Condition: w; = /(2] + d)? + Aw =~ +Aw

AB(2]+d)

Exchange Rate: Wpop =

496 497 498 499
Magnetic

Difference of
electron
frequencies

™S

ee-couplings
Difference of

hyperfine couplings

EPR Linewidth should
exceed wy;

Needs high concentrations
Or biradicals

Current go-to at high fields
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Mommbized (PP Bletron Polorizarn

Cross Effect under Magic-Angle-Spinning

v

A

(L%

iz

il

L L 'I T T
4

Time {p=h

MAS makes the EPR resonance
frequencies time-dependent!

Additionally, MAS without mw can
depolarize the nuclei! Be vary of
looking only at €, /057

It becomes a bit of a mess...

Is solid-state NMR enhanced by dynamic nuclear polarization?
Daniel Lee *™*, Sahine Hediger *™", Gagl De Paépe "

Range of different events

mw event: one of the electron transitions is
on-resonant with the mw irradiation

CE event: Aw = w;

Dipolar events: Aw = 0, exchange

1



DNP mechanisms

Solid Effect Cross Effect

'I'”

_ Zw,_‘ i

Overhauser Effect
(incoherent)

EPR

DNP

12



Nuclear Spin Diffusion (+Barrier)

Polarizing Frozen Glassy Matrix
Agent (Radical : Target
= (. _) - . Molecule
* e 8¢
‘ ‘\ bt ‘/' ’é‘
f / ™ - ka
' ‘ } .
N M a 4
Microwave . ‘ -)’-.
X *o
R ™ H
@ - 80 K

The initial polarization transfer
happens mostly with close nuclei

Targets are remote/bulk nuclei!

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

H = wsS, + w1, +d(STI~ + STIY)

I

© © ©
IN o e

Transfer efficiency

N
[N
.

1 O
w
o

-20 -10 0 10 20 30

ws-wI/MHZ

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 happensin a
completely static solid

Higher y leads to higher
couplings and faster transfer

Average distance
(concentration) affects SD

MAS speed strongly affects SD

13



Spin Diffusion Barrier

—Cm
T
'

— -
1\
—
L

o
~

A
Max. n-n transfer
o o
(o)} [o¢) -

| Daw%
“__  Spin |
DifoSion i simulation
Barrier
H=ow(l;+1L,)+dl{l; +I717) ° , ler |

0 10 20 30 40 50 e ; 5 :
+ Sz (Alllz + AZIZZ) ten/ A

¥ =Yy (MHz

Polarizing strongly coupled nuclei
will not transfer to the bulk!

Different HF-couplings -> quenching of transfer

o
(N

But: Picture is too simple

1) Electron-Electron couplings?
2) Electron Relaxation?

3) Magic-Angle-Spinning



Polarizing Agents

3

® 4 ;§ ?$;im

5 ) e L?'—\

) X =t —o#
4 /s |-r.v—"':I —H

DAY, Ll s o iy
SR o

Narrow-line radicals

2 OH
':!f{}
i, AREEY HyC— A CHs
o= _,.j:_.'::-",:i.,-_"_},_hﬁ’«g HsC A CHs
o Q
4 o TEMPO
Gd-DTPA

Metal complexes

Or intrinsic (Leskes)

owlsor BTamide i %c. |
v
g&w B:::; W—ﬂ\ww
_/\M,/,,_
_/"\,\/J,

PyPoldiMe
AMUPol

D A e e TTTTTTYTTTY —T T T J
M40 345 350 493 499 5 98 9.82 9564
B, [mT] B, [T] B, (7]

Investigation by
multi-frequency EPR

Soetbeer,..,Mathies

—
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Common Setups |l: Dissolution DNP

Fast melt/dissolution

00— ' | Transfer through Measurement in
#104\l1 magnetic tunnel liquid-state, high-
351”'2\ ‘ within seconds resolution NMR
.g_m-j |
“ 104
r 400 MHz KR Increase in signal-to-noise ratio of > 10,000

1 42 10 100 300

e times in liquid-state NMR

arad KLips Gohmae Ao

Ruyust 30, 3083 | 00O POVEE-IDNAD |

1.2-4.2 K, 3.3-7TT
Solid state
Mw-irradiation
TH->13C Cross
Polarization

In vivo mimoy biochermstry with 7C-DNP MR
Gallagher et af. J. Nucl Med. 20171

16



ELDOR-detected NMR & DNP

e
/ i K
EPR
12)
~ A
+—>
= 26()]
I sinmn

EPR Echo Intensity

—h
L

=
i

o

mw Vohs

LA

MW V,, 1

=2 =
R

EPR Echo Intensity
=
b=

02r
n L
' : ' . 02
-G -40 =20 o 40 60 -60
Aol MHz

-4 -20 0 20 40 60
Aol MHz
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EDNMR cont.

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

30 31 32 33

Magnetic field (T)

I ! | 1 I " I Y L] | | h; ] X ] 1 | g | 1 ] L ] N |
~120-100 -80 -60 -40 -20 0 20 40 60 80 100 120
Av (MH2)

18



Electron Spectral Diffusion eSD

Simulation for long irradiation (17) W-band Data (Goldfarb, Vega et al.)
(Vaneeckhaute, Jannin et al.) 20 mM TEMPOL

5 g 210
i (@)
& E 1.0/~ -r//\
= =
Bl
2| 3 05
= £
207017 278 279 28 281 82 283 284 §§
w, IGHz w®
_ o ' 0.0
Physical Origin: 200 200 0 200 400
— Av,, . (MHz)
H = wg,S1, + w525, , +d(SEI~ + STIT)
. . At high concentrations, eSD is
Two spins which are A
. dominating ELDOR spectra
1) Close in space

2) Close in resonance frequency
will exchange polarization!
-> Spreading of saturation hole
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Pulsed DNP

At lower fields and frequencies, y

much better control of electron l X Ivl = v

spins

« More power/faster nutation v, o :

Electron spin in rotating frame

compared to nuclear Larmor .
f matches nuclear Larmor frequency in
requency vi laboratory frame

« Timing, amplitude, and phase y
control

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

1=
| Most efficient transfer possible for a single spin packet
e 4 Needs very high power, currently only possible up to Q-
% ){ band for 1H DNP
?[II- /
I:r‘l -5 I::I 'II!- I::I 3 :i:i
gl [WHT)
V1
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Triplet DNP

S, Intersystam 08 - Er.n
Z ~\__crossing T 1) g L,
) :111 DRI |G> ‘-% g
\ t g
5 =
Y, = .4 3
|JJ / y -1 & &
e &
-, §
ﬂ =

* Pentacene doped in a single
crystal of naphthalene

« Laser excitation at 590 nm

« X-band

« 105K

 Henstra, Wenckebach et al.
« Takeda, Takegoshi et al.
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NOVEL @ Q-band, Trityl, EPR detection

Max power

1A =0 A I 1A

— <

1
1 1
|
508 5 8 508
m o m
=06 =06 206
= £ =
= = Ly
£04 Z04 £04
£ £ £
w .2 Wy w p.2
0} 0 0} "
0 2 4 B B 2 20 40 Bl a0 100 0 500 100 1500 2000
Ty e | P8 e, f MHz Lontace | 3

22



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

10° : I i I
- 510"_\ 1
DNP transfers polarization 5, 269 GHz EPR

g,
from electron to nuclear ﬁm_j |
. g1y |
spins & ol

400 MHz NMR

1 q‘.:: 1-|} 1(?1!;] :H;D

Overhauser Effect: T/K

Needs modulated hyperfine coupling
Mostly in metals or liquids

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.

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

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
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Additional Literature
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ELECTRICALLY DETECTED MAGNETIC
RESONANCE (EDMR) SPECTROSCOPY

GENIERET: 10t EFEPR summer school
University of Oxford

15t - 5t September 2025 , Manchester



DETECTION METHODS IN MAGNETIC RESONANCE

In traditional electron spin resonance experiments, magnetic resonance is detected by measuring changes in transmitted or reflected microwave
fields (continuous-wave EPR) or by detecting transverse magnetisation (pulse EPR), but alternative detection schemes based on the detection
of the effects of spin manipulation on other types of observables exist.

OPTICALLY DETECTED MAGNETIC RESONANCE ELECTRICALLY DETECTED MAGNETIC RESONANCE
(ODMR) (EDMR)

magnetic resonance detected through changes in intensity and magnetic resonance detected through changes in sample
polarisation of light in absorption or emission spectra conductivity 34

current detection
NHMH>HAbc>
_ : I
microwaves optical detection microwaves

RS

e\ H]>Hapc >

1 absorption - ADMR

photoluminescence - PLDMR
fluorescence - FDMR




SYSTEMS INVESTIGATED BY ODMR AND EDMR

Many processes in molecular and solid-state systems depend on the electron spin, enabling read-out of the effects of spin manipulations
through the measurement of optical or electrical properties.

spin-dependent generation and decay processes spin-dependent recombination and transport processes
m
:iy\l‘ $ Q $ @ é charge carriers
S, ISC g
‘ \ — generation \ f dissociation
Tl | \\“ \ \\
k
y | selective population and decay /l/l/# \\ weakly coupled
. . spin pair
of triplet sublevel populations "
-

| _
S. . ohosphorescence recombination
. é .

singlet *$

molecules, crystals, defect centres in solids inorganic and organic semiconductors, dielectrics, insulators
(in electronic devices)

Advantages of ODMR and EDMR:

 high sensitivity: magnetic resonance can be detected down to single spin level for some materials and devices

+ selectivity: only spins involved in an optical transition or in charge transport processes contribute to the detected signal
» operando measurements: in many cases, EDMR and ODMR measurements are performed during device function

* molecular level information through EPR: access to all EPR techniques providing information on local structure through spin



EDMR ON OPTOELECTRONIC DEVICES

A variety of different devices that can be studied by monitoring sample conductivity with EDMR exploit the properties of semiconductors:

SOLAR CELL, PHOTODIODE LIGHT-EMITTING DioDE (LED) FIELD EFFECT TRANSISTOR (FET)

conversion of light to electricity conversion of electricity to light switch charge flow on/off with gate voltage




BASICS OF SEMICONDUCTOR PHYSICS

Energy levels and energy bands

h
J frontier energy bands

orbitals

Energy

conduction
band

E, gap
valence
band

single atom extended solid state
structure

In inorganic semiconductors, the charge carriers are delocalised mobile electrons and holes in the conduction and valence bands. The charge

carrier concentration in intrinsic semiconductors results from the balance of electron-hole pair generation and charge recombination. >

thermal excitation photoexcitation band-to-band recombination trap-assisted recombination
o conduction
= band
Ec+ e © 000 Qee €] e e bl O » €
radiative Auger shallow trap ==
"""""""""""""""""""""" Er _ l process _5 deep trap
Ev T e o Fermi-Dirac distribution cecoo0 e e ) )
valence 1
F(E) = :
E-E
band 1 +exp(%=") -




DOPING OF SEMICONDUCTORS WITH DONORS OR ACCEPTORS

The concentration and distribution of charge carriers in the conduction and valence bands can be modified by the addition of dopants. >

Energy

E- +

(@)

intrinsic semiconductor doped semiconductors
n-type semiconductor p-type semiconductor
conduction conduction conduction
band band band
e © €] 39 (=) &}
— -© — — donorlevel
............................... EF TTTTTmTTmmmmmmmmmmmmmmmmmmeens e

— —, — — acceptor level
© © O/ ©

valence valence valence
band

phosphorus-doped silicon boron-doped silicon



SEMICONDUCTOR P-N JUNCTIONS

The most elementary semiconductor device is the p-n junction, the interface region between semiconductors with n-type and p-type doping. >¢

- - + 4+ t+at @t
°+°+

+ .+
p-type semiconductor . +°+O+g+°

depletion region
n-type semiconductor

o —
Ec ® “arin
«—Q q Vhuilt-in
diffusion’ @ @@ Q@@ ee oo
—.+t—+—+—_ donorlevels
acceptor levels Er

electric field, E

Equilibrium is established and maintained by charge carrier transport across the junction driven by the electric field resulting from the potential
gradient (drift) and the concentration gradient (diffusion).

. : : L dv overall current density for electrons and holes
drift current Jait =qnpuE in an electric field E = “dx .
. n
Je =q ne pe E +q De 2
. . ) dn ) i ) .. kg T dx
diffusion current  jifusion = g D P with diffusion coefficient D = — pu dnn
X q9 Jh=qnyhpun E—q Dy ——

dx
n = charge carrier density (ne, ny)  p = charge mobility (e, pn)



SEMICONDUCTOR P-N JUNCTION UNDER APPLIED BIAS

When a voltage is applied to the junction, the electrostatic potential variation across the junction changes, resulting in perturbation of the
equilibrium and net current flow across the junction. >®

equilibrium forward bias reverse bias
(Vapplied = 0) (Vapplied > O) (Vapplied < O)
3 . 3
Ec O drit ’ E E (=) <\diffusion >§ >§
——Q E ¢ 1) i
diffusion” a@@e@@ | ©ee0e0 | "
S e z z
ccooo o = =
o S
diﬁuk
glon depletion egion depletion re A._{’.j r
"o net current flow current flow due to diffusion of current flow dominated by drift of carriers
charge carriers across the junction thermally generated in the depletion region
A A

1= 1=

e e

= o forward bias =

9] 9]

— —e L
0 voltage reverse bias 0 voltage




ELECTRONIC DEVICES BASED ON P-N JUNCTIONS

The p-n junction is at the core of a wide range of electronic devices: >®

SOLAR CELL, PHOTODIODE LIGHT-EMITTING DioDE (LED) FIELD EFFECT TRANSISTOR (FET)

conversion of light to electricity conversion of electricity to light switch charge flow on/off with gate voltage
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Urce Q ? gate

N“N\'L -
o~ 1B 'xkggﬂﬂmut’f’f/.

+H+++++
insulator layer

€
V’
Vgate =0 Vgrain =0 Vgate >0 Vgrain >0
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EDMR ON ELECTRONIC DEVICES

Further development and performance optimisation of electronic devices requires a molecular-level understanding of function.

SOLAR CELL, PHOTODIODE LIGHT-EMITTING DioDE (LED) FIELD EFFECT TRANSISTOR (FET)

conversion of light to electricity conversion of electricity to light switch charge flow on/off with gate voltage

S0
Urce Q ? gate

N“N\" -
o~ 1B 'xkggﬂﬂmut’f’f/.

+++++++
insulatgr layer

Veate = 0 Virain =0 Veate > 0 Virain > 0




SPIN-DEPENDENT PROCESSES IN SEMICONDUCTORS

The spin configuration of a pair of spins can determine the outcome of scattering, tunnelling, hopping, trapping and recombination events
involving two spin centres as a consequence of the Pauli exclusion principle. ’

parallel spin configuration antiparallel spin configuration
forbidden 'l/lilw allowed
spin-dependent tunnelling or S X N —_
. —‘— — + P4 —
hopping + ¢ \_‘_ Y
’1/[2W
spin-dependent trapping or xforbidden ‘l allowed
recombination
o o0 0 o o 0 O 0o
O O @) mw O O @
spin-dependent scattering at a O ‘O $ 50 /]/I/JIOC*%*OO
aramagnetic impurit O @)
P g purity o 7, 9 o o © o
o © © o © ©
O~ "0 O o ©~ 0 0 o

The spin configuration can be manipulated through microwave-induced spin flips, affecting sample conductivity through changes in charge
mobility or charge concentration.

sample conductivity o = e (ne He + NK Upn) — EDMR observable: change in conductivity Ao
10



THEORY OF EDMR

Spin-dependent recombination is generally described based on a model developed by Kaplan, Solomon and Mott, which assumes encounter of
charge carriers to form coupled spin pairs (“intermediate pairs”) prior to recombination or dissociation. 8

free charge carriers
b4 ¥y
generation\ /dissociation

weakly coupled
spin pair ‘ﬁ

/ recombination
excitons § *6

N

non-radiative
recombination
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THEORY OF EDMR

The coupled spin pair formed by encounter of two charge carriers is at the core of EDMR-active processes, as its spin configuration determines

the likelihood of recombination or re-dissociation.

Two coupled electron spins are described by the spin Hamiltonian:

weakly coupled
spin pair "

¢

N N A & A 1 & Q ¢, . Q
7—{0= ‘L%BogASA o }%BOEBSB + JSASE + EDAB (3SA,ZSB:Z - SASB)

electron Zeeman interaction exchange and dipolar interaction

[4) = T.1)
13) = cos p|S) + sin | To) tan 2¢ = J_QEDAB

[2) = —sin¢|S) + cos | To) Q = 5“2 Bo(ga - &s)
1) =1T4)

Two eigenstates correspond to pure triplet states and two eigenstates with mixed singlet

and triplet character. The extent of mixing is determined by the relative magnitude of the

difference in resonance frequencies compared to the strength of the spin-spin interactions.
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KAPLAN-SOLOMON-MOTT SPIN RECOMBINATION MODEL

Spin-dependent processes establish a steady-state population distribution across the eigenstates of the intermediate spin pair. 38?

free charge carriers steady-state

b o8 ¥y °¥ te
14) Spin pair states in a singlet configuration are more
8enerati0n\ /diSSOCiation e N likely to undergo recombination compared to a

-
weakly coupled ‘-‘ |3) —— 4_|2> triplet configuration due to selection rules (Pauli
spin pair # N exclusion principle):
3 — 2
/ recombination 1) xﬁ rs> rr

excitons § *6 l e rr
.

non-radiative Different eigenstates have different recombination probabilities:

recombination ) )
ri = rs [{i|S)|* + rr |i]|To)|

-~

4=1Ir, =IT
— 2 -2
r3 =rscos“¢ + rrsin“g
_ .2 2
rp =rssin“g + rr cos“ ¢

n=rr. =Irr
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KAPLAN-SOLOMON-MOTT SPIN RECOMBINATION MODEL

Spin-dependent processes establish a steady-state population distribution across the eigenstates of the intermediate spin pair. Microwave
excitation redistributes sublevel populations, leading to a change in conductivity that can be detected as the system returns to steady-state. 3

free charge carriers steady-state magnetic resonance

$ $ 3 G¥§ 4 cd 14
. i Ja * | 4) A 4
generation dissociation e N ﬁ%

ra
weakly coupled |3) —— e | 2) 13) - — | 2)
spin pair ‘# / . ; | &
ra pr— 19 rs . g
/ recombination 1) ‘r1 1) ‘f1

excitons § *6 l e rr ’ ro > rr
.

non-radiative Different eigenstates have different recombination probabilities:

recombination ) )
ri = rs [{i|S)|* + rr |i]|To)|

-~

4=1Ir, =IT
— 2 -2
r3 =rscos“¢ + rrsin“g
_ .2 2
rp =rssin“g + rr cos“ ¢

n=rr. =Irr
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MODELLING SPIN-DEPENDENT RECOMBINATION

The perturbation induced by the microwave excitation and the return to steady-state can be described using a stochastic Liouville equation
describing the dynamics of the spin pair ensemble.®

free charge carriers
6\ /D
Kkl led /
T inpair 98
/ Zfi Pii
excitons § *$ :
N\
non-radiative
recombination

coherent spin dynamics relaxation
do(t) ... .~ - RN . A A
% =1 [Pj'{] + Krecomb [P] + Kdissoc [] + R (P — po)
spin-dependent kinetics
The detected change in conductivity can be calculated based on the time-dependent solution A(t).
1
spin-dependent recombination  R(t) = rs Tr [|S)(S| A(t)] + rrz Tr [|Ti(Ti| A(t)]

i=—1

spin-independent dissociation  D(t) = d Tr [6(t)]
Anp(t) = -1 (R(t) — Rss)

trap-assisted
recombination

Ang(t) = 11 (D(t) — Dss) 7| = charge carrier lifetime T Lé

Ao (t) = e [Ane(t) pe + Anp(t) pn]

The EDMR observable is the singlet-triplet spin-permutation symmetry of the spin pair, as opposed to magnetisation or spin polarisation.

15



EDMR SETUP AND INSTRUMENTATION

Measurement of changes in sample conductivity resulting from spin transitions induced by resonant microwave excitation by EDMR require

dedicated samples and an electrical detection setup. 34

The main components required to perform magnetic resonance

with electrical detection are:

magnet or coils generating a static magnetic field B,

microwave excitation circuit (for continuous-wave or pulsed
excitation) and solution for microwave delivery to the sample

contacted sample/device
current detection circuit
light excitation (for measurement of photoconductivity)

cryostat (for temperature-dependent measurements)

A large variety of possible configurations ranging from modified

commercial spectrometers to dedicated specialised setups and

chip-based solutions are reported in the literature.

current detection

il _':
Vi (:) Lo [ NCH —ADC>
microwave excitation bias /U [>
! =+

EDMR transimpedance amplifier

VWWVW\ for current detection

sample

mw source
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MICROWAVE EXCITATION SETUP AND RESONATOR

A microwave source and microwave components for the generation and delivery of continuous microwaves or microwave pulses to the sample are
required to induce spin transitions affecting spin-dependent processes.

Microwave excitation setup

EDMR experiments have been performed at frequencies ranging from MHz (ultra-low field EDMR)!° to the sub-THz region (high-field EDMR)!1.
Signal intensities in EDMR experiments governed by spin-selection rules of spin pairs are not dependent on spin polarisation, motivating
development of broadband EDMR instrumentation. 1213

Resonator

EDMR measurements performed on modified commercial EPR spectrometers typically employ standard EPR resonators, broadband EDMR
instruments employ coplanar waveguide resonators, microwave striplines or non-resonant cavity-free configurations. 1% 13, 14

m.w. Sample space:”

aperture 10 mm x 10 mm

end lnurch' f coil
conneciar EEOnAee OLED holcer




SAMPLES FOR EDMR MEASUREMENTS

EDMR measurements are performed on devices specifically designed for the requirements of the EDMR setup. The device geometry is typically

limited by the microwave excitation setup in terms of size and electrical connection without distortion of the microwave B; field. 1>20
uS| solar cell SiC metal-oxide-semiconductor
e P MEH-PPV-based organic light-emitting diode (OLED) field-effect transistors (MOSFET)

back contact

contact pads

thin film wiring
sample layers (on top of silicon nitride)

Jample rod

ITo

sample area
(3mm x 2mm)

pvered by silicon nitride

sample area
c ntact system

Corningglass 7 yia

siliconnitride

thin film wiring
on top of silicon niitride

dielectriclow Q resonator

50 mm

1000 um

1770 um

\

- N Ag electrode  2.1mm
- ) 0.3mm §
electron-transport layer 15mm
850 um

0.5mm

Q v donor:acceptor blend -
;(4‘_, hole-transport layer . .
atterned ITO coating “smm W-band sample holder
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EDMR DETECTION CIRCUIT

Electrically detected magnetic resonance requires a dedicated, low-noise electrical detection circuit for the measurement of changes in current
flowing through the sample (typically in the range from nA to pA).

il - X
The detection circuit typically includes: - o ol { HmMmH [>— ADC>
. . 1
* atransimpedance amplifier (current-to-voltage converter) RS e ———— l2
| ot e
* bandpass filter ‘W - - - BEE .
* variable amplification o lm AT s T iR WE
gy = . " ‘y‘f . . PRIOUTPL rﬂ:
+ digitiser (analog-to-digital converter) Cmw|: . " e e 5
—— R A -

Additionally, equipment for stable and precise sample biasing is
typically required (can be integrated).

Minimising noise, interference and cross-talk is crucial to achieve
high sensitivity measurements of small currents.

DLPCA-200

O
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CONTINUOUS-WAVE AND TRANSIENT EDMR

Continuous-wave and transient EDMR experiments measure changes in sample conductivity during constant microwave irradiation.

Continuous-wave EDMR

* lock-in detection with modulation of the static magnetic field or of the microwave 2 N
amplitude (modulation frequencies typically lower than in standard EPR) % £ 21 .
* cwWEDMR signals can exhibit a pronounced modulation frequency-dependence, ‘—g; ] ‘—g; o
leading to ambiguities in the interpretation of signs in cwEDMR (and cwODMR) é é 0 T
experiments and in conclusions on the nature of observed spin-dependent - e , L B 4 , ,
21,22 -4 -2 0 2 4 102 100 10%  10°
Processes. A B(mT) modulation frequency (Hz)
Transient EDMR trEDMR

* The photocurrent is recorded as a function of time after light excitation with a e

laser pulse. \ M magnetic field

* Transient EDMR has been developed with simultaneous detection of the transient
EPR signal, providing a link between photoexcited states and their effect on device

trEPR

current. / Mmagnetic field
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PuLsE EDMR

In a pulse EDMR experiment, information on the coherent evolution of the spin system during a pulse or a pulse sequence is encoded in the

current transient recorded at the end of the sequence. %34
mw

tp

$3 %6‘6."; $¢ N

tp
Q
\
o 2 4

0 100 200 300 400 500

time (us)
22 T 0§ 1 oy 4
- /144 fﬁk — -
steady-state T ==, —> k== Jh —— . return to steady-state > I
- — — |
l rs>rr perturbation ‘ rs>rr l rs>rr

by the mw pulse

pEDMR detection involves integration of the current transient, corresponding to a charge Q, which is determined by the state of the spin
ensemble after the pulse. Coherent spin motion can be observed by repeating the experiment while incrementing pulse sequence parameters,
e.g. the pulse length.

21



EDMR DETECTION OF COHERENT SPIN MOTION

Measurement of the current response after a microwave pulse as a function of pulse length reveals Rabi oscillations reflecting nutation during
the pulse.? 34

pEDMR transient for pulse length tp

.
.
.......

T T T T T T T T T T T T
0 100 200 300 0 10 20 30 40 0 100 200 300

tp (ns) time (ps) tp (ns)
coherent spin motion integrated pEDMR transient
during the microwave pulse recorded as a function of pulse length

The state of the spin ensemble is probed for each microwave pulse length (0 to 100s of ns) individually by integrating the pEDMR transient after
the pulse (over timescales of 10s of us), which reflects the singlet content of the spin pairs after microwave excitation.
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EDMR DETECTION OF COHERENT SPIN MOTION

The observed nutation frequency is determined by the nature of the investigated spin system and the strength of the microwave field B,;.
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The observation of oscillations at twice the fundamental nutation
frequency, referred to as spin locking or spin beating, implies the
observed EDMR signal arises from a weakly coupled pair of spins
resonant within the excitation bandwidth of the microwave pulse. %

selective excitation of a single spin
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ELECTRICALLY DETECTED ELECTRON SPIN ECHOES

Electron spin echoes can be detected by pulse EDMR by returning the transverse magnetisation along the z axis with a projection pulse,
where it results in changes in singlet and triplet content of the spin pair ensemble. % 3.4

EPR spin echo sequence

2 T

|_| T T /\ Recording the full echo requires stepping the projection pulse across the echo:

I I

2 T 2 AI

Ll s

0 10 20 -100 0 100 200
] time (us) T’- 7 (ns)
Phase cycling

I e
2 T 2

PV | N I B A N

b [1__ N — The resonant signal can be isolated from non-resonant
contributions due to currents induced by the microwave
X _U_I_I_I_ A

pulses by phase cycling.3
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PULSE EDMR EXPERIMENTS

Any pulse EPR experiment can be translated to EDMR by transferring the electron coherence to spin polarisation with a 90° pulse applied at the
time of the echo. This projection pulse allows read-out of the transverse magnetisation in terms of changes in spin-pair permutation symmetry.3 4

Characterisation of relaxation processes Probing electron-nuclear hyperfine couplings
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=

Combining microwave pulse sequences with timed light excitation provides additional opportunities for probing charge carrier dynamics in

optoelectronic devices.
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EXAMPLES OF EDMR STUDIES

Spin-dependent recombination in n-type silicon EDMR-active defect centres in microcrystalline silicon solar cells
a .
np —'QI—
-~ E5R
|4 ¥ip_p
Spin pair Phal
£,
£-5i Meier, Behrends, Bittl, Mol. Phys. 111 (2013) 2683.
Meier, PhD thesis, Freie Universitat Berlin (2013).
Meier, Teutloff, Astakhov, Finger, Bittl, Behrends, Appl. Magn. Reson. 45 (2014) 1075.
Stegner, Boehme, Huebl, Stutzmann, Lips, Brandt, Nat. Phys. 2 (2006) 835. Meier, Teutloff, Behrends, Bittl, Astakhov, Lips, Phys. Rev. B 94 (2016) 045302.
Polaron pairs in organic solar cells probed by pulse EDMR Spin-dependent processes in organic light-emitting diodes
e
= —M—"'
s/

McCamey, Seipel, Paik, Walter, Borys, Lupton, Boehme, Nat. Mater. 7 (2008) 723.

Kupijai, Behringer, Schaeble, Galfe, Corazza, Gevorgyan, Krebs, Stutzmann, Brandt, Baker, McCamey, van Schooten, Lupton, Boehme, Phys. Rev. B 84 (2011) 165205.
Phys. Rev. B 92 (2015) 245203. Baker, Keevers, Boehme, McCamey, Phys. Rev. B 92 (2015) 041201.
Kupijai, PhD thesis, Technische Universitat Miinchen (2017). Kavand, Baird, van Schooten, Malissa, Lupton, Boehme, Phys. Rev. B 94 (2016) 075209.
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SPIN-DEPENDENT RECOMBINATION IN N-TYPE SILICON 4

Microwave-induced changes in photoconductivity of n-type silicon pointed towards a spin-dependent recombination mechanism as the origin

of the EDMR signal.

Silicon was one of the first materials
investigated by EDMR spectroscopy,
revealing spectral signatures attributed
to recombination centres. 2*
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cWEDMR on n-type silicon at T=300 K

pEDMR measurements on 3!P-doped crystalline silicon revealed detailed information on a

recombination mechanism involving spins
at the Si/SiO, interface. %
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SPIN-DEPENDENT RECOMBINATION IN N-TYPE SILICON

Rabi nutation experiments performed on one of the peaks of the 3!P spin centre contribution revealed the expected dependence of the
oscillation frequency on the microwave B, field in the presence of selective excitation of one component of a weakly coupled spin pair. %
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EDMR-ACTIVE DEFECT CENTRES IN pHC-SI1 SOLAR CELLS

EDMR spectroscopy on microcrystalline silicon thin-film solar cells revealed a series of spectral contributions assigned to different intra-

bandgap states based on multifrequency EDMR and pulsed EDMR experiments. 26-2°

Ag thin film wires
and contact pads

AV norm.
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Detailed analysis of the time evolution of pEDMR transients in multi-frequency EDMR data

allowed deconvolution of the overall EDMR spectrum into several contributions:

* electrons in conduction band tail states (g = 1.9978)

* dangling bond defects in amorphous regions (g = 2.0046)

* holesin valence band tail states (g =2.0105)

* paramagnetic S =1 vacancy centre in crystalline regions (g = 2.017)
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EDMR-ACTIVE DEFECT CENTRES IN uc-Si1 SOLAR CELLS

The assignment of the different spectral contributions was aided by ESEEM and Rabi nutation experiments.

Two-pulse ESEEM

The coupling to specific nuclei provides information
on the microenvironment of the spin centres.
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A contribution at 2v; for
electrons in conduction band
tail states suggests formation
of pairs in a spin-dependent
hopping process.

The nutation frequency clearly
identifies the vacancy centre
(V, TE) as a S =1 spin system.

VRabi = ViVS (S + 1) — mgs (mg + 1)
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EDMR-ACTIVE DEFECT CENTRES IN pHC-SI1 SOLAR CELLS

The combination of a wide range of different EDMR experiments across multiple microwave
frequencies has provided a detailed understanding of spin-centres and spin-dependent
processes affecting the performance of silicon solar cells:

Y ~50 firn
—
" Y E é— @ crystalline phase

electrons in conduction band tail states (CE) are involved in spin-dependent hopping
processes and can act as traps, reducing charge carrier collection efficiency

amorphous phase

p @, sextended defect like
nwin grain boundary

» dangling bond defects (db) in amorphous regions act as recombination centres

* holesin valence band tail states (h) in amorphous regions are involved in spin-dependent
hopping

» triplet state vacancy centres (TE) in crystalline regions originate from photoexcitation and
are involved in spin-dependent recombination with shallow CE states
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POLARON PAIRS IN ORGANIC SOLAR CELLS PROBED BY EDMR

The photovoltaic process in organic solar cells relies on photoinduced electron transfer between organic semiconducting donor and
acceptor molecules at an interface (in analogy to the p-n junction in inorganic semiconductors), followed by charge transport to the electrodes.

g-factor

2.000 1.8985
1 1

7 | /60 " | LEPR

~ o ' | | I
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K\* e
i
x .
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[

The spectral signatures of the positive polaron on the donor polymer P3HT and of the negative polaron on the fullerene acceptor PCBM can
be identified and distinguished in EPR and EDMR data. 303!
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e alnl]
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POLARON PAIRS IN ORGANIC SOLAR CELLS PROBED BY EDMR

Rabi nutation experiments reveal contributions at the fundamental nutation frequency at field positions corresponding to the donor polymer
and the fullerene acceptor, but also a contribution at twice this frequency in regions of spectral overlap of the two contributions. Coupling
between the spins on donor and acceptor is confirmed by modulation of the echo signal observed for P* by a nutation pulse on P~ in a 2D ELDOR

Rabi map. 3031
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This behaviour is characteristic of weakly coupled spin pairs and identifies the spin-dependent process at the basis of the EDMR signal as bipolar

recombination of positive and negative polarons.
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SPIN-DEPENDENT PROCESSES IN ORGANIC LEDsS

In an organic light-emitting diode (OLED) charge carrier injection into an active layer consisting of an organic semiconductor, in this case MEH-
PPV, leads to electroluminescence as a consequence of radiative recombination. 32-3°
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SPIN-DEPENDENT PROCESSES IN ORGANIC LEDS

Rabi experiments with EDMR transient acquisition reveal two distinct contributions:

« current enhancement at early times associated with nutation at the fundamental Rabi nutation frequency assigned to a polaron

« current quenching at later times associated with a spin beating contribution indicative of a polaron pair process

The polaron signal dynamics match dynamics observed for a half-field triplet exciton resonance suggesting a spin-dependent triplet exciton-

polaron process. 3334
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SPIN-DEPENDENT PROCESSES IN ORGANIC LEDS

Simultaneous EDMR and ODMR measurements reveal a correlation between signals observed with electrical and optical detection, indicating

that the same spin-dependent process to recombination of polaron pairs is observed. 3
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SUMMARY

Electrically detected magnetic resonance can be applied to materials and devices where conductivity is affected by spin-dependent
processes such as recombination, tunnelling, hopping or scattering.

The observable in EDMR is conductivity, which depends on singlet-triplet spin-permutation symmetry of spin pairs formed by charge
carriers. This is the reason for the high sensitivity of EDMR, which therefore is also less dependent on sample temperature, magnetic field and
microwave frequency.

Ac(t) = e [Ane(t) pe + Anp(t) un]  Requirements for materials and devices for EDMR are typically low spin-orbit coupling (enabling
free charge carriers significant differences in singlet and triplet lifetimes), moderate relaxation rates (spin pair coherence
times >10-% s) and the ability to generate excess charge carrier population, e.g. through photoexcitation

‘ * ‘ $ * or electrical injection.

N Spin centres observed by EDMR are typically localised states involved in charge transport or
G \ / > dpi p y ypically g p
f

recombination processes, e.g. defect and trap states, conduction and valence band tail states in
weakly coupled "

spin pair inorganic semiconductors (the conduction and valence states themselves are mostly invisible to EPR

/ Z B and EDMR), states localised due to disorder, defects and charge carriers in organic semiconductors, etc.
1 M1l
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Charming the Editor:
a slightly sarcastic tutorial

we know



Editorial workflow at high-profile journals

-

~

rejection letter

DE rejects (no appeal) DE = Deputy Editor
author _ - .
cubmits without review pa AE = Associate Editor
3-5days / \
‘l’ . AE rejects / \
office check DE '3”;’;2555 AE without review 2 to 5 reviewers
e 3.5 days accept invitations
2days 3-5 days
DE acts as AE .
3-5 days AE declines invitation
\ 3-5days /
at least 2 reviewers
AE invites reviewers / submit reviews
3-5 days 14 days (target)
rejection 4 . A k //
| DE verifies
etter o
(appeals € decision, / \
on errors sends tz author AE decision, revise revision
and Cols) 3-5days 3-5days —> letter > author
. Y submits
. e . office check — revision
4 — N\ \ AE dec3|5|3n, reject be——  (strict), 2day S
DE verifies -5 days ——
accept < decision,
letter sends to author AE decision, accept strict office checks include
5o days K 35 days / text and image analysis
\ y

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



Desk rejection reasons (from internal notes)

“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.”

“Beautifully written but
only presents more
elegant derivations of
established facts and
guantisation conditions,
along with some
applications.”

“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

“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.”

are interesting and
important, but the

manuscript needs a
complete rewrite.”

| say
paradigm

shift one
mare time..,

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



Getting through the desk evaluation stage

SPFACE SCIENCES

Was the moon magnetized by impact plasmas?

Rona Oran'®, Benjamin P. Weiss', Yuri Shprits™’, Katarina Miljkovic®, Gabor Tath

The erisifs of the Moen, Merdiiry, and many metearite parent Bodies are ﬁu;ml&d. l’ulll"lt!llgh the I"n-a-gne'lilmd

tield ks commanly attributed 1o that of an anclent core dynama, a longstanding hypothesized alternative is ampli-
fication of the interplanetary magnetic field and indwuced crustal field by plasmas generated by meteonoéd impacts.

APPLIED PHYSICS
Magic angle spinning spheres

Pinhui Chen'~*, Brice J. Albart’™, Chukun Gan’, Nichalas Blaniva’, Lauren E, Price’, Faith ). Scott’,
Edward P, Saliba’, Erika L. Sesti', Patrick T. Judge’”, Edward W. Fisher'", Alexander B. Barnes'"

Miagic angle spinning (MAS) is commonly wed in nuclear magnetic resonanos of solids to improve spectral reso-
lution. Rather than using cylindrical rotors for MAS, we demonstrate that spherical rotors can be spun stakbly at the
magic angle. Spherical rotors conserse waluable space in the probe head and simplify sample sxchangs and micro-
wiawe coupling lor dynamic nuclear pelarizatian, In this cerent implementation of sphercal rotars, a single gas

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?”

PHYSICAL SCIENCES

Exchange-selective excitation pulses for dynamic
magnetic resonance

Jacoh R, Lindale” and Warren 5. Warren'-2*

Colerent svodwtion is punctuated by d:.rnam:'rcal procezzes such ar chemical exchangs, conformational transfor-
mation, of sile hopping in many impoertant problems renging from Biomalecular function te ion Trap guanium
compiitation One wellexplored example i@ puchear magnetic resonance [NMR) spectrascopy, whers axperimen-
tal development i grounded in decades-ald theary, bt structural dynamics are nat easily Integrated nbs this

picture, Harm, we intraduce an apgroach that selectively excites NMA resananges that underge chamical sxchange
wihile suppressing the slamal ansing from nandvnamic components of the svstem. Wa shiow that for exchanae

Understated excellence

WRONG: “we report a
breakthrough in...”

RIGHT: make the editor
conclude “damn, this is a
proper breakthrough...”.

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




English understatement - examples

=

."'r.ll Louch

Eric Moody, captain of BA flight
from London to Auckland

Quantum mechanical MRI simulations: Solving the
matrix dimension problem

Ahmed J. Allami", Maria Grazia Concilio®, Pavan Lally?, llya Kuprov®*

We propose a selution to the matrix dimension problem in quantum mechanical simulations of MR (magnatic
resonance imaging) experiments on complex molecules, This problem i very old; it arlses when Kronecker
products of spin operators and spatial dynamics generators are taken—the resulting matrices are far too large
for any current or future computer. Howeyer,

Rational inattention in mice
Nikola Grujic'?, Jeroen Brus™”, Denis Burdakov''**+, Rafael Polania® *t

Behavior exhibited by humans and other organisms ks generally inconsistent and biased and, thus, is often la-
beled irrational. However, the origins of this seemingly suboptimal behavior remain elusive. We developed a
behavioral task and normative framework to reveal how organisms should allocate their limited processing re-
sources such that sensory precision and its related metabolic investment are balanced to guarantee maximal
utility. We found that mice act as rational inattentive agents by adaptively allocating thelr sensory resources in a

) “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. | trust you are not in too much distress.”

“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

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



How not to write a cover letter

Do not use field- and lab-specific jargon.

Dear Editors,

higher spinning speeds in MAS NMR have demonstrated a substantial resolution
improvement, enabling 1H and inverse heteronuclear detection as customary in the case of
solvated samples. Other advantage of shortening proton T2' stems from an improved INEPT
efficiency and thus overall gain in S/N, plus HN vector selectivity. MAS speeds of 100 kHz
and beyond are result of considerable experimental effort and will reward academic

Skip the usual pointless yada yada. |

Dear Editor,

We would like to submit the enclosed manuscript entitled “Machine learning
screening of the feasibility of self-propagating skyrmion waves with a ma-
chine-generated reference database”, which we wish to be considered for publication.
Neither the entire paper nor any part of its content has been published or has been ac-
cepted elsewhere; it is not being submitted to any other journal. We confirm that no
author conflicts of interest exist in relation to this manuscript.

Remember that we can use Google too. |

Dear Deputy and Assoclate Editors,

[ am pleasesd to submlt cor mamaserpt tieled Quontem free dilatban dn atossde spechn fog
publication in Scleacs Advancss, This artlele discribes how » nosssl qusastuen Elme dilstion efest
may he obeerved Jor the first fime in & spectroscople exporiment. We show that the ot moe
of a hydrogen-like atom meving in & superposition of rlstivistie momentum wave packets

spin is
shorter

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



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

Simple, factual account
written with a general
scientist in mind:

Dear Editor,

Raman spectroscopy remains an indispensable characterization tool [...] In particular, low-
dimensional materials consisting of light atoms can feature a complex interplay of electronic
and vibrational excitations, as the energy spacings of both kinds of excitations can be similar.

“LUhy, what, so what”. This can lead to strong resonance effects that are not all captured in current theoretical and

computational approaches.

In this manuscript, we present a novel computational approach and demonstrate both its

No Superlatives’ no functionality and necessity by applying it to two different materials that have seen much
o c interest in the materials science and condensed matter physics communities: hexagonal
marketlng7 no lab Jarg0n7 boron nitride (hBN) and molybdenum disulfide (MoS,). In the case of the former, we show
no name dropplng that the spacing of the electronic excitation energies, when correctly described via the

inclusion of excitonic effects, is close enough to allow for a resonant coupling of electronic

transitions to low-energy optically active lattice vibrations that partake in the resonant
Diear Editors, Raman scattering process. This resonant coupling is entirely missed in current approaches
and results in wrong estimation of resonant Raman scattering intensities [...]

we found a way to descramble and Interprat intermedlate signalling In a popular class of artificial
neural networks. The formalism, which we cafl descrombler group, reveals gonsidesable intemal
sophisteation even in a-stimple meural net The network we have analysed appears tohave In-
vanted: 3 bandpass filter, & notch filter, frequency axis rectification, frequency division multiples-
Ing, spactral filtering regularisation, a Fourier-type transform, and Chebyshay polynomials — inten
minutes of ungtiended training from a random inléal guess,

In the long term, this is a step towards saving reductonism. For Ccenturies, the philosophical ap-
proach to science has been to find simple fundamental Laws that govern reality, o test those Bws,
and to use their predictive power, Black box neural networks amount to blasphemy within that
schoal, but they are rresistible because they “just work™. \Explaining hiow exacty they work s 3
niotoflously difficult prioblem to which this manuscrips offers a partial solution.

A = excellent paper
B = badly drawn figure

P(BIA) (A)
P(B)
Bayesian analysis: how does

what | see modify the probability
of what | do not see?

P(A|B)=

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



How to write a response to reviewers

Please spare us the
ritual grovelling!

Vie would fike to thank all five refzrees for their carsfyl our manuscrigt and the constructive
remarks, Wie are wery grateful for having received postive feedbacks om our waork and useful
commeents to imprave the presentation of the 1 hope that we answered 2l the points ralsed by the
referess fo fheir full safisfaciion and that o nuscnpt canbe accepbed fior publication in its curent
farm

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.

Below we summanze the main changes to the manuscopt

¢ Updated Figure 1; inchuds the definition of standoff distance fo the figure and caption and added the
definition of the arentaton angle & to the figure caption

= Updated Figurs 2. added two panets showing the EPR spectra for Fe and TiH as 20 plobs for & selected
if excitation voltage as a function of the standofl distance.

»  Added estimaled arrors to the model il parameaters and added a description of tha efror analysis o the
mathods saction.

= Added a dscussion of the number of fit parameters {o the Supplementary Matenal

*  Clarfied that our conclusions hold for fips that vield a strong EFR signal (we presented & of them in
iotal), added a discussion on the influence of the tip to the Supplemeniary Material

¢ nchded a comment on the electronic ground siate of TiH and & piot of the projecied density of siates,
data added (o the Supplementary Matenat

All changss to the text in the manuscript and Supplementary Matzrial heve t==n highlighted inblue

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



How to write a response to reviewers

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

I would like to see the authors reflect on their method in the context of the literature above which
also help examine specific neurons and layers.

We agree. The Conclusions section is now Conclusions and Outlook, and a discussion is now given
there on how the proposed methods are different from much of the prior art.

A lot of the key steps seem domain sensitive (digital signal processing) as well as require creativity
and domain expertise on part of the interpreter. This undermines the generalizability of the method.

This is now declared and discussed in the Conclusions. In our defence, many existing XAl methods are
domain-specific and inapplicable to digital sighal processing networks!

How tractable would such an operation be in terms of human effort to apply to a deep neural net-
work? The network presented here is extremely shallow, consisting of 1 hidden layer and very small
number of neurons. State-of-the-art networks in Computer Vision and Natural Language Processing,
two popular domains calling for interpretability, routinely run into 1000s of layers and upwards of
512 neurons per layer.

This is not a fair comparison — most of those layers are very far from fully connected. Complexity of
the network is a function of the ratio between the dimension of the input and the dimension of the
irreducible parameter space. By that metric, a “shallow” fully connected net is actually more complex
than a “deep” convolutional one. We have now added deeper networks to the Supplementary Infor-
mation — having a simple example in the main text is a didactic choice, not a weakness of the method.

your objective is to avoid

the second review stage |

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



Health warnings

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 Turnltin

A common case is authors re-using synthesis blobs

. . B your editor knows
from previously published work. o it done

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



Summary

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*.

Good luck!
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