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Photo-CIDNP in liquid state

Photo-CIDNP in solid state



The radical pair
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Part 1

Several figures have been provided by P. Hore, Oxford.
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Two states in vector presentation

A radical in an external magnetic field

R•

a

b

B0 B0
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Four states in vector presentation

The radical pair

R1
• + R2

• pair: Vector model of electron spin states

Singlet S Triplet T+ Triplet T0 Triplet T-

B0 B0 B0 B0

Spin state S                    0          1             1                      1 

Magnetic quantum number mS       0                          +1             0                     -1 

1
2
⟨𝛼𝛽Ι − Ι ⟩𝛽𝛼

1
2
⟨𝛼𝛽Ι + Ι ⟩𝛽𝛼𝛼𝛼 𝛽𝛽For electrons
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Four spin states

The radical pair

S0            TX           TY           TZ

A No field

B High field

S0               T0            

T–           

T+

At zero field, triplet states are labelled TX, TY, and TZ (corresponding to principal axes direction of zero-field splitting tensor
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The formation of a radical pair

Singlet state 
S

Singlet 
precursor Triplet state 

T0

ISC

Radical pair

Triplet state 
T+

Triplet state 
T-

Triplet 
precursor

A Low field

B High field

Singlet state 
S

Singlet 
precursor Triplet states 

T0 T+ T-

ISC
Radical pair

Triplet 
precursor

The conservation of spin

singlet-triplet 
interconversion



8

Equilibrium Spin-correlated

bb

ab ba

aa

1 1
2 2

ˆ (0) ;S S S a bb ar = = -

bb

ab ba

aa
B

ˆˆ (0) exp /H k Tr é ùµ -ë û

EPR

The spin-correlated (spin-polarized) radical pair

Hore PJ, Hunter DA, McKie CD, Hoff AJ (1987) Chem. Phys. Lett. 137, 495-500.

Closs GL, Forbes MDE, Norris JR (1987) J. Phys. Chem. 91, 3592-3599.



9

• S and T states are not stationary states

• Interconverted by weak magnetic interactions (sometimes called: intersystem crossing, ISC)

time

pr
ob

ab
ili

ty

ST0

0

1

Coherent singlet-triplet interconversion

The radical pair



• Electron-nucleus:  hyperfine interaction
– 1-100 MHz

• Electron-electron:  exchange & dipolar interactions
– Smaller than hyperfine interaction when ree > ~1.5 nm

• Electron-field:  Electron Zeeman interaction
– 28 MHz per mT (for g » 2)

• Nucleus-field:  Nuclear Zeeman interaction
– For 1H only 1/658 of electron Zeeman interaction

• Spin system-surroundings: Thermal motion
– kBT/h:  6 ´ 106 MHz at 300 K
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Interactions

The radical pair

HEZ = beB0gS/ħ

HNZ = -bnB0gnI/ħ

HHF = SAI

Hexch = S1JS2

HDD = S1DS2
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The decay of a radical pair

Singlet state 
S

Triplet state(s)ISC
Radical pair R1 R2

Singlet ground state S Molecular triplet state 
or fragmentation 
products

Recombination 
is allowed

Recombination 
is forbidden

The conservation of spin



• Electron spin correlation
– S and T are normally non-stationary states

• Lifetimes
– typically 10 ns – 1 µs in solution
– potentially unlimited in solids

• Electron spin relaxation
– typically 10 ns – 1 µs 
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Properties

The radical pair
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T0

T-1
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The radical pair

Exchange coupling 

Zeeman splitting



Photo-CIDNP in liquid state
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Part 2

Several figures have been provided by P. Hore, Oxford.
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A review from Konstantin Ivanov (1977-2021)
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The (photo-) CIDNP effect

1967

Joachim Bargon, *1939
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1967

Joachim Bargon, *1939

BPO = benzoyl peroxide
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1.    Dg mechanism:

difference in electron 
Larmor precession

2.     hf mechanism:

hyperfine interaction 
unpaired e-/nucleus

Quantum mechanical ways for 
interconversion  S®T0 :

Radical pair dynamics
Reaction dynamics at high fields

Singlet S Triplet T0

B0 B0
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1.    Dg mechanism:

difference in electron 
Larmor precession

2.     hf mechanism:

hyperfine interaction 
unpaired e-/nucleus

Quantum mechanical ways 
for interconversion  S®T0 :

Radical pair dynamics
Reaction dynamics at high fields

Singlet S Triplet T0

B0 B0



1.1 Tesla

4.2 Tesla
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EPR spectrum of R1
•H + R2

• pair:

g

R2
•

R1
•H

M1 - ½M1 + ½

hyperfine coupling constant a

a

Radical pair dynamics
Reaction dynamics at high fields

M + ½

Dw = (g1 – g2) 
bB0

 h ± ½ aH

M - ½R1
•H

w1 

w2 
R2

•

S®T0 S remains

Nuclear spins control reaction path
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Radical pair dynamics in liquids

M - ½
S
recomb.

M + ½
T0 
escape

R1
•H + R2

•

- ½

+ ½

Enhanced abs. NMR

- ½

+ ½

Emissive NMR

• Reaction products out of Boltzmann equilibrium

• Enhanced polarization observable by NMR, if

 1. different photo-products, or

 2. selective relaxation 

The classical Radical-Pair Mechanism (RPM)
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Ground state

D

A

Excited state

D*

A
D+

A-

Singlet state

D+

A-
Intersystem
crossing

Triplet state

Spin-correlated radical pair

Singlet-triplet
inter-conversion

Recombination
reaction

Escape
reaction

D+ ....       A-

RPM: Kaptein & Oosterhoff (1969);  Closs & Closs (1969)

Rob Kaptein (*1941)
University of Leiden,
Title of PhD thesis: 

“Chemically induced
dynamic nuclear

polarization” (1971)
“spin sorting”

1969

The Radical-Pair Mechanism (RPM) Radical-pair 
mechanism (RPM)
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Ground state

A

D

Excited state

A*

D
A

D

Singlet state

A

D
Intersystem
crossing

Triplet state

Spin-correlated radical pair

Singlet-triplet
inter-conversion

Recombination
reaction

Escape
reaction

A       ....     D

Acceptor triplet

A3

D

—˙+˙

+˙+˙
—˙—˙

RPM: Kaptein & Oosterhoff (1969);  Closs & Closs (1969)

“spin sorting”

The Radical-Pair Mechanism (RPM) Radical-pair 
mechanism (RPM)



27

Radical pair dynamics in liquids
Chemically induced dynamic nuclear polarization (CIDNP)

CIDNP spectrum, obtained during the irradiation of 4.4 10-4 M DP and 1.6 10-3 M TrpH solution. 

Yuri P. Tsentalovich; Olga B. Morozova; Alexandra V. Yurkovskaya; P. J. Hore; J. Phys. Chem. A  1999, 
103, 5362-5368.

1D + A

3D + A

3D•- + A•+

1D•- + A•+ 1D•- + A•+

1D + A Escape

hn
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B 0 /D g B
a

µ

tyrosine-flavin 
radical pair

Lyon et al. 

Molec. Phys. 100 (2002) 1261

Radical pair dynamics in liquids
Field dependence of liquid-state CIDNP

EPR spectrum of R1
•H + R2

• pair:

g

R2
•

R1
•H

M1 - ½M1 + ½

hyperfine coupling constant a

a

pol ~ a/DgB0
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n

m

A
( ) net effect

E

E/A
( , ) multiplet effect

A/E

i

i i ij ij

i g A

i j A A J

µ e

µ e s

+ì
G = × × D × í -î

+ì
G = × × × × × í -î

T precursor and F-pairs
S precursor

recombination products
escape products

 and  in same radical
 and  in different radicalsij
i j
i j

µ

e

s

+ì
í-î
+ì
í-î
+ì
í-î

Kaptein, Chem. Comm. (1971) 732.

Kaptein’s sign rules
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Radical pair dynamics in liquids
CIDNP: The diffusion model

Formation of radical pair

Diffusion and S-T mixing

Re-encounter

Primary recombination

(no CIDNP)

Secondary recombination

(CIDNP via spin selection)

Escape

Scavenging

(Escape CIDNP)
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) )d ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ( ) i ( )
d

t H K R W t
t
r ré ù= - + + +ê úë û

d ˆˆ ˆ( ) i ( ), ( )
d

t H t t
t
r ré ù= - ë û

ˆ̂H hyperfine, Zeeman, exchange, dipolar, quadrupolar … interactions

ˆ̂K chemical kinetics: formation, reaction, electron hopping, …

ˆ̂R spin relaxation: usually ad hoc but also e.g. Redfield theory

ˆ̂W motion: e.g. translational diffusion

)( )tr may include product states

Radical pair dynamics
Master equation: Liquid state

Superoperators



32

CIDNP

W118

H68

Y18

His 68

Tyr 18
Trp 118

R

Kaptein, Dijkstra, Nicolay, Nature (1978)

Mok, Nagashima, Day, Hore and Dobson, PNAS (2005)

Mok, Kuhn, Goez, Day, Lin, Andersen & Hore, Nature (2007)

NMR

1H photo-CIDNP NMR on proteins

a-lactalbumin 



Photo-CIDNP in solid state
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Part 3
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A recent review

Most recent conclusive article
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Photo-CIDNP MAS NMR method

Illumination

The solid-state photo-CIDNP effect

Magic-angle spinning
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The solid-state photo-CIDNP effect: 1994 discovered

9.4 T, 3.6 kHz MAS

dark

light

15N chemical shift

1994
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The purple bacterial Reaction Center (RC) protein 
Rhodobacter sphaeroides WT
PDB entry 1M3X

Quantum yield 
100%

Asymmetric 
electron transfer

P

FB

BB

QB

Fe2+ QA

FA

BA

Car
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dark

light

Sapphire
4mm
70µL

Spirodela (duckweed)

Entire plants, 4-ALA 13C-labelled, reduced 100 mM sodium dithionite.
Continuous illumination with white light, 4.7 Tesla, 235 K, 8 kHz MAS.
G.J. Janssen et al., Scientific Reports 8, 17853 (2018).

The solid-state photo-CIDNP effect in entire plants
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Photo-CIDNP MAS 13C NMR on RCs with different cycle delay

A. Diller et al. (2007) J. Phys. Chem. B 111, 10606-10614.

9.4 T

4.7 T
WT

R26

R26

4.7 T

Radiation damping?
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Photo-CIDNP MAS 13C NMR on RCs in liquid membranes

NOESY

E. Daviso et al. (2011) JACS 133, 16754-16757.

283 K

233 K

283 K

4-ALA 13C
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Tree of life

Jörg Matysik, Anna Diller, Esha Roy, A. Alia, 
“The solid-state photo-CIDNP effect”, Photosynth. Res. 102, 427-435 (2009).

Conditions of 
Solid-state photo-CIDNP effect 

have been conserved 
over ~3•109 years



42

Chloracidobacterium (Cab.) thermophilum 

dark

light

dark

light

dark

light

Zill et al. (2018) Photosynth. Res. 137, 295-305.  
Collaboration with D. Bryant and J. Golbeck (Penn 
State Univ.) & I. Schapiro (Hebr. Univ. Jerusalem)

12 s 

0.5 s 

4 s 

• Bacteriochlorophyll a (BChl a)

• Zn-bacteriochlorophyll a′ (Zn-BChl a′)
primary electron donor

• Chlorophyll a (Chl a)
primary electron acceptor
(in all homodimeric type-I RCs)

Yellowstone Park Entire organism
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Ground state

P

F

Excited state

P*

F
P

F

Singlet state

P

F

Donor triplet

P3

F

Intersystem
crossing

Triplet state

Spin-correlated radical pair

1/kS= 20 ns 1/kT= 1 ns

WT: 100 ns
R26: 100 µs

3 ps

Singlet-triplet
inter-conversion

+

—̇˙—˙
+˙

Photocycle in quinone-blocked RCs Radical-pair 
mechanism (RPM)

RPM: Kaptein & Oosterhoff (1969);  Closs & Closs (1969)
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Nanosecond 13C photo-CIDNP MAS NMR

600x106

500

400

300

200

100

0

-100
N

uc
. P

ol
. 

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40
13C chemical shift (ppm)

3 µs
5 µs
7 µs

15 µs
10 µs

20 µs
30 µs
40 µs
80 µs

320 µs

0 µs

532 nm
10 ns
20 mJ

4-13C-ALA labelling

E. Daviso et al. (2008) JMR 190, 170-178;   E. Daviso et al. (2009) JPCC 113, 10269-10278.

RPM: positive

TSM & DD: negative

RPM: negative
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Quantum-beat experiments (Kothe et al.)

hn

Ground state

P

F

Excited state

P*

F
P+

F-

Singlet state

P+

F-

Donor triplet

P3

F

Intersystem
crossing

Triplet state

Radical pair

1/kS= 20 ns 1/kT= 1 ns

3 ps

Singlet-triplet
inter-conversion

High 
electron spin

order

1990

quantum beats
G. Kothe et al. (1991) Chem. Phys. Lett. 186, 474.

For review: G. Kothe et al., in Biophysical
Techniques in Photosynthesis II, ed. T.J. Aartsma, 
J. Matysik (Springer, Dordrecht, 2008), p.305.
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                          Factor ~80

     

                          Factor ~800

     

                          Factor ~10000

      Factor ~20000

                         
17.6 T
750 MHz

     

9.4 T                          
400 MHz

     

4.7 T                          
200 MHz

2.4 T                          
100 MHz

     

dark
light

The solid-state photo-CIDNP effect: Field-dependence
R. sphaeroides WT S. Surendran Thamarath (2012) JACS 134, 5921.
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2.4 T
100 MHz
No decoupling

     

1.4 T                          
60 MHz
No decoupling

     

     

dark
light

The solid-state photo-CIDNP effect: Field-dependence
R. sphaeroides WT S. Surendran Thamarath (2012) JACS 134, 5921.
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Ground state

P

F

Excited state

P*

F
P

F

Singlet state

P

F

Donor triplet

P3

F

Intersystem
crossing

Triplet state

Spin-correlated radical pair

1/kS= 20 ns 1/kT= 1 ns

WT: 100 ns
R26: 100 µs

3 ps

Singlet-triplet
inter-conversion

+

—̇˙—˙
+˙

Photocycle in quinone-blocked RCs
Three-spin

 mixing (TSM)

TSM: Jeschke (1998); DD: Polenova & McDermott (1999)

Differential 
Decay (DD)
Differential 
Decay (DD)
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1st condition: Resonance 

W1

W2

wH
W = electron Zeeman frequency
w = nuclear Zeeman frequency

2nd condition: Hyperfine matching
EPR spectrum of R1

•H + R2
• pair:

Jeschke (1997) J. Chem. Phys. 106, 10072
Jeschke (1998) JACS 120, 4425

Double matching condition:
2 |DW|  =  2 |wH|  =  |a|

g

R2
•

R1
•H

M + ½ M - ½

DW

= hf coupling constant

a

a

Electron-electron-nuclear three-spin mixing 
in spin-correlated radical pairs



50

Evolution of the spin-correlated radical pair
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Electron-electron-nuclear three-spin mixing (TSM)
Jeschke (1997) J. Chem. Phys. 106, 10072.
Jeschke (1998) JACS 120, 4425.
Daviso et al. (2008) Biophys. Techn. Photosynth. (Aartsma & Matysik, eds) 385.

DWS

DWS
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e

2. Spin coupling polarises the
two radicals

J = isotropic part of exchange 
 interaction
wdd = electron dip-dip interaction

Similar size of DW, J and wdd .
Effect of 2J+wdd like a pulse.

|ab> |ba>

<ab|

<ba|

DW/2

DW/2

J +
wdd/2

J +
wdd/2

DW

z

x

y

2J+wdd

P ¯ F¯

3. Anisotropic hf-coupling
polarises nuclei

Only hf coupling can transfer
electron polarisation to nuclei

Isotropic hf has no B term
® effect only in ssNMR

Double matching condition
2 |DW|  =  2 |w I|  =  |A|

abIa| baIb baIa abIb

<abIa|

<baIb|

<baIa|

<abIb| +A
4

+A
4

-A
4

-A
4
-B
4

-B
4

+B
4

+B
4

1. Initial singlet radical pair is
highly ordered

Boltzmann distribution:
¼-e, ¼, ¼, ¼+e , with e ~0.001.

DW = (g1 -g2 )· µB B0/h

¼+e

ba

bb

ab

aa

P 

¯

F¯

Electron-electron-nuclear three-spin mixing (TSM)

PNa­    FNb ¯

Jeschke (1997) JCP 106, 10072  &  (1998) JACS 120, 4425

¼ ¼

¼-e

Due to spin conservation, only 
ab and ba are populated. 
Superposition. Two-spin order 
(S1ZS2Z) and zero-q coherence 
(S1XS2X + S1YS2Y). No eigen state.

|||> >>>
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Differential decay (DD)

1[P+ F-]

3[P+ F-]

3P (donor triplet state)

1P (ground state)

1P+ F-  Nb

1P+ F-  Na

Subtle difference in the radical pair evolution

Polenova & McDermott (1999) J. Phys. Chem. B, 103, 535-548.

Radical pair
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Level-crossings (LCs) & 
Level anti-crossings 

(LAC)
Denis V. Sosnovsky et al., J. Chem. 
Phys. 144, 144202 (2016). 

TSM

DR & DD
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Daniel Gräsing et al., Scientific Reports 7, 12111 (2017).

The solid-state photo-CIDNP effect: Field-dependence
R. sphaeroides WT

Denis V. Sosnovsky et al., J. Chem. Phys. 150, 094105 (2019). 

• Enhancement curve is very broad
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Level-cossings & anti-crossings 

Denis V. Sosnovsky et al., J. Chem. Phys. 150, 094105 (2019). 



Photocycle in quinone-blocked RCs R26

hn

Ground state

P

F

Excited state

P*

F
P+

F-

Singlet state

P+

F-

Donor triplet

P3

F

3 ps

20 ns

Intersystem
crossing

1 ns

WT:  100 ns
R26:  100 µs 

Triplet state

Radical pair

DR = “cyclic reactions”: 
Closs 1975 , Goldstein & Boxer 1987, McDermott et al. 1998.

Differential 
relaxation
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Singlet-triplet
inter-conversion



   

                          Factor ~80

     

                          Factor ~800

     

                          Factor ~10000

      Factor ~20000

                         
17.6 T
750 MHz

     

9.4 T                          
400 MHz

     

4.7 T                          
200 MHz

2.4 T                          
100 MHz

     

dark
light

The solid-state photo-CIDNP effect
R. sphaeroides R26 S. Surendran Thamarath (2012) JACS 134, 5921.

TSM & DD: negative

DR: positive
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2.4 T
100 MHz
No decoupling

     

1.4 T                          
60 MHz
No decoupling

     

     

dark
light

The solid-state photo-CIDNP effect
R. sphaeroides R26 S. Surendran Thamarath (2012) JACS 134, 5921.

   

                          Factor ~20000

     

                          Factor ~80000

     

                          

TSM & DD: negative

DR: positive

59
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Photo-CIDNP MAS NMR as analytical method

Bela Bode et al. (2013) “The solid-state photo-CIDNP effect and its analytical
application”, In: Hyperpolarization methods in NMR spectroscopy (Lars Kuhn, ed.) 
Springer, pp. 105-121 (Review).

13C-13C photo-CIDNP DARR & INADEQUATE → chemical-shift assignment → electronic ground-state structure.

Time-resolved 13C-photo-CIDNP intensites → related to RPM → isotropic hyperfine interactions.
Steady-state 13C-photo-CIDNP intensies → related to TSM → electron-spin density in pz orbitals.
Steady-state low-field 13C-photo-CIDNP intensies → related to DR → electron-spin density in 3P state.

13C photo-CIDNP DIPSHIFT → local dynamics (Marcus theory vs polaron theory)

„Spin-torch“ experiments → chemical shifts of surrounding groups → tuning effects

Photo-CIDNP MRI using selective CIDNP agents → images as fluorescence microscopy → diagnostics
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Flavin protein: Photo-CIDNP effect observed in phototropin

dark

light

difference

500 MHz 1H freq. (11.7 Tesla), 
Liquid-state NMR,
[u-13C17]-FMN reconstituted LOV2 C540A

2005
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Flavin protein: experimental field-dependence

Phototropin LOV1-C57S

2.4 T, 100 MHz

4.7 T, 200 MHz

9.4 T, 400 MHz

1.4 T, 60 MHz
(no decoupling)

Collaboration T. Kottke

Xiaojie Wang (王孝杰), Smitha Surendran Thamarath, A. Alia, 
Bela E. Bode, Jörg Matysik (誉宫) Acta Phys. Chem. Sin. 32, 
399-404 (2016).

S. Surendran Thamarath et al. (2010) JACS 132, 15542–15543. 
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Flavin proteins: Magnetic-field dependence

Aureochrome-LOV-C287SPhototropin-LOV1-C57S

Liquid-state 1H, 13C and 15N NMR

Collaboration with Alexandra Yurkovskaya and Konstantin Ivanov (Novosibirsk)
and Tilman Kottke (Bielefeld) 

Yonghong Ding et al., Scientific Reports (2019) 9, 18436.
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Flavin proteins: Magnetic-field dependence
Anisotropic interactions Isotropic interactions

Sosnovsky D. et al. (2016)

1H

13C

15N

Liquid-state 1H, 13C and 15N NMR

Collaboration with Alexandra Yurkovskaya and Konstantin Ivanov (Novosibirsk)
and Tilman Kottke (Bielefeld) 

Yonghong Ding et al., Scientific Reports (2019) 9, 18436.
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Flavin proteins: Magnetic-field dependence

Yonghong Ding et al., Scientific Reports (2020) 10, 18658.

• C450A mutant of phototropin 1-LOV2 from Avena sativa (AsPHOT1-LOV2-C450A) Weber (Freiburg)
• C57S mutant of phototropin-LOV1 from Chlamydomonas reinhardtii (CrPHOT-LOV1-C57S) Kottke (Bielefeld)
• C287S mutant aureochrome1a-LOV from Phaeodactylum tricornutum (PtAUREO1a-LOV-C287S) Kottke (Bielefeld)
• C71S mutant of 4511 from Methylobacterium radiotolerans (Mr4511-C71S) Losi (Parma) & Gärtner (Leipzig)
• W322F mutant of animal-like cryptochrome from Chlamydomonas reinhardtii (CraCRY-W322F) Kottke (Bielefeld) & Mittag (Jena)
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Flavin proteins: 
Magnetic-field 
dependence

Liquid-state NMR for 1H and 15N

Collaboration with Alexandra Yurkovskaya 
and Konstantin Ivanov, Novosibirsk

Yonghong Ding et al., 
Scientific Reports (2020) 10, 18658.

1H 15N 6 Å

11 Å

9 Å

11 Å

17 Å

No tryptophan,
But tyrosine?

Distance
(Don-Acc)



A B C

(A & B) Yonghong Ding et al., Scientific Reports (2020) 10, 18658.

The 1H solid-state photo-CIDNP effect

(C) Federico De Biasi et al., JACS (2023) 145, 14874.
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The 1H solid-state photo-CIDNP effect: towards “CIDNP juice”
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The future

• High-field 1H photo-CIDNP MAS NMR on in-vitro samples (e.g., for structure determination of proteins)

• Low-field 1H photo-CIDNP MRI on in-vivo samples (e.g., as alternative to fluorescence microscopy)
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Hyperfine interaction: Definitions

A = (3cos2q -1)T + aiso
B = 3sinq cosq T
T = anisotropic hfi
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TSM: The “fictitious spin” picture 
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Fictitious electron spin S with Zeeman frequency of DW instead of two electrons at W1 and W2. Hamiltonian of the 
S-T0 subsystem:

H =  DW SZ  +  wIIZ  +  AZZ SZIZ  + BZX SZIX  + BZY SZIY  + d Sx

A = (3cos2q -1)T + aiso
B = 3sinq cosq T
T = anisotropic hfi
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