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Reviews on the solid-state photo-CIDNP effect
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(Photo-) CIDNP

(Photo-)chemically induced 

dynamic nuclear polarization
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(Photo-) CIDNP

(Photo-) CIDNP is based 

on spin-correlated radical pairs (SCRPs)
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ONP

Optical nuclear polarization (ONP) is based 

on molecular triplet states
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ONP
Pentacen

Triplet state is photochemically induced in 

molecular crystal: high electron spin order.

Sample is put into a weak magnet field (mT) 

comparable with the hyperfine interaction 
(hyperfine matching). Now, polarization flows 
from the electrons to the nuclei.

In the final step, solid-state NMR is measured: 13C 

nuclear signals are enhanced due to 
polarization transfer from the electrons. Long T1 
needed.

(i) Strong lamp/laser

(ii) Stray field of NMR magnet

(iii) NMR measurement in NMR magnet

Naphthalene

Papers by Schwörer, van der Waals, Stehlik é around 1980;   nowadays NV centers
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Optical pumping

(Spin-exchange) optical pumping (SEOP) 

is based on circularly polarized light
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Optical pumping

Alfred Kastler 

* 1902 in Gebweiler, Elsass, Germany

À 1984 in Bandol, Cote d´ Azur, France

1966 Nobelpreis für Physik.

Kastler, A. (1950) J. Phys. Radium 11, 255. 
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Selection with circularily polarised light
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Optical pumping

Spin-exchange optical pumping (SEOP) 

is based on circularly polarized light

Happer, W. (1972) Rev. Mod. Phys. 44, 169. 
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The (photo-) CIDNP effect

1967

Joachim Bargon, *1939
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The (photo-) CIDNP effect

1967

Joachim Bargon, *1939
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Rob Kaptein (*1941)

University of Leiden,
Title of PhD thesis: 
ñChemically induced

dynamic nuclear
polarizationò(1971)

ñspin sortingò

1969

The Radical-Pair Mechanism (RPM)
Radical-pair 

mechanism (RPM)
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ñspin sortingò

The Radical-Pair Mechanism (RPM)
Radical-pair 

mechanism (RPM)
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EPR spectrum of R1
¶H + R2

¶ pair:

g

R2
¶

R1
¶H

M1 - ½M1 + ½

hyperfine coupling constant a

a

Spin-sorting

Reaction dynamics at high fields

M + ½

Dw = (g1 ς g2) 
bB0

 h
° ½ aH

M - ½R1
¶H

w1 

w2 

R2
¶

S­T0 S remains

Nuclear spins control reaction path
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Spin-sorting

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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The classical RPM (1969) 

- was the birth of Spin-Chemistry

- is counter-intuitive

- Hamiltonian operator:

 H  =  DW SZ  +  wI IZ  +  aiso SZIZ 
Fictitious electron spin S with Zeeman frequency of DW instead of two electrons at W1 

and W2. Hamiltonian of the S-T0 subsystem
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A review from Konstantin Ivanov (1977-2021)
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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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RPM: Kaptein & Oosterhoff (1969);  Closs & Closs (1969)
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Nanosecond 13C photo-CIDNP MAS NMR
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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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                          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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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
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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
w

dd = 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 |wI|  =  |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)·mB 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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Three-spin mixing (TSM)

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

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

Kaptein Jeschke
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Hyperfine interaction: Definitions

A = (3cos2q -1)T + aiso

B = 3sinq cosq T
T = anisotropic hfi

<aΩNb |

<aΩNa |

<bΩNa |

<bΩNb |

| aΩNa> | bΩNb>| bΩNa>| aΩNb>

+A
4

+A
4

-A
4

-A
4

A = secular part of hfi
B = pseudo-secular part of hfi
X = non-secular part of hfi

+B
4

+B
4

-B
4

-B
4

z

x

-A
2

+A
2

Nuclear 
Zeeman level

Quantization 
direction

If bΩ, local field 
2

If aΩ, local 
field 1

Nucleus in external 
magnetic field interacting 

with electron

wl

wa

wb

Frequency vectors
wl = nuclear frequency
wa, wb = effective magnetic field experienced by a nucleus 
caused by aΩ or bΩ electron spin

-B
2

+B
2

wbHF

HFwa

Schweiger & Jeschke (2001) textbook on Pulse-EPR
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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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The Shuttle MAS NMR system

Å Illumination at the desired field strength

Å Measurement at high field under MAS

Å Shuttle cycle takes tillumination + 8 sec
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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). 

Å Enhancement curve is very broad



41

Level-cossings & anti-crossings 

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



Photocycle in quinone-blocked RCs R26
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DR = ñcyclic reactionsò: 

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
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Photo-CIDNP MAS NMR as analytical method

Bela Bode et al. (2013) ñThe solid-state photo-CIDNP effect and its analytical

applicationò, In: Hyperpolarization methods in NMR spectroscopy (Lars Kuhn, ed.) 
Springer, pp. 105-121 (Review).

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

Time-resolved 13C-photo-CIDNP intensitesŸ related to RPM Ÿ isotropic hyperfine interactions.

Steady-state 13C-photo-CIDNP intensiesŸ related to TSM Ÿ electron-spin density in pz orbitals.

Steady-state low-field 13C-photo-CIDNP intensiesŸ related to DR Ÿ electron-spin density in 3P state.

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

ĂSpin-torchñ experiments Ÿ chemical shifts of surrounding groupsŸ tuning effects

Photo-CIDNP MRI using selective CIDNP agents Ÿ images as fluorescence microscopy Ÿ diagnostics
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Part 1

Part 2

Photosynthetic Reaction Centers

Flavoproteins

Part 3 Artificial electron-transfer diads
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Tree of life

Jörg Matysik, Anna Diller, Esha Roy, A. Alia, 

ñThe solid-state photo-CIDNP effectò, Photosynth. Res. 102, 427-435 (2009).

Conditions of 

Solid-state photo-CIDNP effect 

have been conserved 

over ~3Å109 years
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Part 1 Photosynthetic Reaction Centers

Analytical applications:

Purple bacterial RC 

of Rhodobacter sphaeroides.
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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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Acceptor BPhe is not specially tuned

Sai Sankar Gupta et al. (2013) JPCB 117, 3287.

Å The chemical shifts of the BPheA are normal.  

P

FB

BB

QB

Fe2+ QA

FA

BA

Car

BPheABPheB
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Electronic structure 

of the Special Pair

Relative electron 

density distribution

Daviso et al. PNAS (2009) 106, 22281.

Experiment

Å Predominantly upfield shifts: Excess of negative charge: PL
d- PM

e-

Å Asymmetric in ground state

Å PL is special 

Å Electron density is concentrated in overlapping region of special pair
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