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Abstract

Photo-CIDNP (photo-chemically induced dynamic nuclear polarization) refers to
nuclear polarization created by the spin-chemical evolution of spin-correlated radi-
cal pairs (SCRPs). This phenomenon occurs in gases, liquids and solids. Based on
the solid-state photo-CIDNP effect observed under magic-angle spinning (MAS),
photo-CIDNP MAS NMR has been developed as analytical method. Here we report
the origin, the theory and the state of the art of this method.

Abbreviations

CIDEP Chemically induced dynamic electron polarization
CIDNP Chemically induced dynamic nuclear polarization
DARR Dipolar assisted rotational resonance

DD Differential decay

DIPSHIFT Dipolar chemical shift correlation

DNP Dynamic nuclear polarization

DR Differential relaxation

EPR Electron paramagnetic resonance

eT Electron transfer

INADEQUATE Incredible natural abundance double quantum transfer experiment
LC Level crossing

LAC Level anti-crossing
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LOV Light-oxygen-voltage (sensing domain)
MAS Magic angle spinning

MIE Magnetic isotope effect

mp Melting point

NMR Nuclear magnetic resonance

ONP Optical nuclear polarization

RFDR Radio-frequency driven recoupling
RPM Radical pair mechanism

SCRP Spin-correlated radical pair

TSM Three-spin mixing

1 Introduction

Chemically Induced Dynamic Nuclear Polarization (CIDNP) is a phenomenon in
spin-chemistry [1-3], which is a sub-field of chemistry dealing with the role of
spin degrees of freedom in chemical reactions. Spin-chemistry phenomena origi-
nate from the fact that many chemical reactions are electron-spin selective, i.e., they
occur at different rates for reactants in different electron spin states. The most com-
mon example of such spin selectivity is given by radical pairs, reacting at different
rates from the singlet and triplet states. In such cases, the reactivity is modulated by
inter-conversion between these states. In turn, inter-conversion can be sensitive even
to subtle effects of the nuclear spins. The effect of nuclear spins on chemical reac-
tions is typically not expected, since the energy associated with spin state changes is
extremely small, however, the unexpected discoveries of CIDNP and the magnetic
isotope effect clearly demonstrate their crucial role. One more feature of CIDNP
is that non-thermal populations of the reaction products generated in the course of
radical pair recombination give rise to strong NMR signal enhancements. Hence,
CIDNP is not only a spin-chemistry related phenomenon but it also belongs to the
family of spin hyperpolarization methods. A similar phenomenon is optical nuclear
polarization (ONP) but here a physical process involving excited triplet states occurs
rather than a chemical reaction involving radical pairs (see below).

Observation of CIDNP by liquid-state NMR was indeed an absolutely unex-
pected discovery: it took a considerable amount of time to demonstrate conclusively
that the effect was not an artifact and to explain it properly. Accounts of the early
CIDNP experiments have been reported by Joachim Bargon [4] and Robert Kaptein
[5]. In this review, we want to report the history of the solid-state photo-CIDNP
effect. CIDNP effects in solids are indeed more difficult to demonstrate for the rea-
son that high-resolution NMR detection in solids requires fast spinning of the sam-
ple at the “magic” angle, a method used to suppress rank-2 anisotropic interaction
tensors. Hence, light-irradiation, which is used to generate radical-pair intermedi-
ates, has to be performed in an arrangement, which also allows for magic-angle
spinning (MAS). A further challenge is that spin-sorting mechanism that rely on dif-
ferences in the chemical reactivity of the radical pair in its different electronic spin
states to produce photo-CIDNP effects are not expected to be operative in solids.
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This is because the radical centers, which constitute the radical pair, cannot separate
by molecular diffusion, as would be the case in liquids or solutions. For this reason,
eventually all radical pairs would recombine, regardless of the nuclear spin state and
CIDNP effects would disappear, at least in the steady-state.

Nonetheless, despite these issues, solid-state CIDNP effects have been observed
experimentally and explained theoretically. For a long time, the theoretical expla-
nation [6-9] has been based on several models, valid for different particular cases,
which make use of special assumptions about either the chemical reactivity and fate
of polarization in different reaction channels or the presence of anisotropic spin
interactions. Until recently, such a treatment has remained disconnected from the
well-established liquid-state CIDNP theory [10-15]. Our recent papers propose that
CIDNP can be regarded from a general perspective, allowing one to use essentially
the same approach for both liquids and solids. However, the solid-state case still
remains more complex due to the presence of additional interaction terms, which
average to zero in liquids. In this paper, we introduce the history of the solid-state
photo-CIDNP effect, describe applications of photo-CIDNP MAS NMR, discuss the
concepts of level crossings (LCs) and level anti-crossings (LACs) as well as provide
an outlook on possible developments and open questions in the field.

2 CIDEP, CIDNP and SCRPs in Liquid State

It might be due to the higher polarization of electrons compared to nuclei that
advances in EPR have often preceded analogous developments in NMR. EPR was
first demonstrated in 1944 by Zavoisky, a year before the first successful NMR
were presented independently by Purcell and Bloch. Similarly, the phenomenon of
chemically induced dynamic electron polarization (CIDEP) was reported before
chemically induced dynamic nuclear polarization (CIDNP). In 1963, Fessenden and
Schuler [16] reported unusual intensity patterns in the EPR signals of transient alkyl
radicals produced by radiolysis. In particular, they observed emissive polarization
from hydrogen and deuterium atoms in liquid methane solution at — 175 °C. The
cause of the signal inversion, i.e., of the non-Boltzmann distribution over spin-lev-
els, was unknown at that time, as they stated explicitly. In the same study, it was
recognized that CIDEP of hydrogen cannot be observed under solid-state conditions
as tested using frozen methane (mp — 183 °C) solutions.

In 1967, Bargon and Fischer reported CIDNP, a pattern of emissive and
enhanced absorptive lines, upon heating of organic peroxides during a 'H lig-
uid-state NMR experiment [17]. In the same year, these results were confirmed
by Ward and Lawler [18]. A year later, Cocivera reported this phenomenon in a
photochemical reaction and the term “photo-CIDNP” was coined [19]. The term
CIDNP was based on the initial interpretation in terms of an Overhauser effect
as “chemically induced DNP”, and the term CIDEP was created in analogy to
CIDNP. The classical radical-pair mechanism (RPM) as proposed in 1969 by
Kaptein and Closs independently [20, 21] allowed the thermal and light-induced
CIDNP phenomenon to be explained on the basis of spin-sorting under liquid-
state conditions: when the radical pair is in its singlet state, recombination is
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possible, while in the triplet state, recombination is impossible and the two radi-
cals separate. In a coherently evolving radical pair, nuclear spin states control the
electronic state and therefore the chemical fate. Hence, particular nuclear spin-
states are enriched in the two products, distinguished by their chemical shifts,
leading to a signal pattern which is explained by Kaptein’s sign rules [22], and
their limits were discussed [23]. With the RPM, the field of spin-chemistry was
born, stating that extremely weak nuclear Zeeman energies can kinetically control
chemical reactions having significantly higher reaction energies: that is an imper-
tinence for classical chemical-reaction theory. For the interpretation of CIDEP
spectra, this theoretic concept has been adapted and the term ‘“spin-correlated
radical pair” (SCRP) was introduced [24, 25]. Some later break-throughs were
studies in gas phase [26, 27], '°F photo-CIDNP NMR [28], usage of fluorescein
as dye [29], studies to explore organic reaction mechanisms [30-32], photo-
CIDNP-based studies of protein structures [33], time-resolved liquid-state photo-
CIDNP studies on protein folding [34], the concept of isotropic mixing by Hans-
Martin Vieth and co-workers [35-37] as well as field-cycling photo-CIDNP NMR
of liquid samples [35, 38, 39]. Examples of molecular systems, which exhibit
very strong liquid-state CIDNP effects, are given by confined SCRP, which is the
case of radicals trapped in micelles [40, 41] and, in particular, biradical systems
[42—44]. In the latter case, suitable systems can be either rigid [45, 46] or flexible
[42-44, 47] biradicals.

3 Spin-Dynamics in Photosynthetic Systems

CIDEP of SCRPs has been studied in particular on natural photosynthetic systems
(for review, see [48, 49]). One might state that, at that time, the development of EPR
methodology and the study of the light-induced steps of photosynthesis went hand
in hand [50]: After a short light pulse, emissive EPR signals occur, which decay
on the time-scale of the spin-lattice relaxation time 7. Such a flash-induced tran-
sient CIDEP signal was observed for the first time in 1975 from chloroplasts [51]. In
addition, the triplet state of the donor, which can easily build up upon illumination
at cryogenic temperatures, also shows a spin-polarized EPR spectrum [52].
Photosynthetic systems (for review, see [53]) also show strong magnetic field
effects (for review, see [54]) on formation of both triplet and radical-pair states as
observed in 1977 [55, 56]. It turned out that these effects are anisotropic, i.e., sen-
sitive to molecular orientation [57]. Hence, the electron spin dynamics of photo-
synthetic reaction center proteins was well characterized using EPR methods (for
review, see [49]). In particular, the advent of high-field EPR experiments resulted
in significantly improved spectral dispersion (for review, see [58]). The study of
the purple bacterial electron donor cofactors allowed its g-tensor [59] and the local
electron spin density distribution [60] to be resolved. The latter study allowed the
interpretation of photo-CIDNP 13C MAS NMR data [61] (see below) to be com-
pared to results obtained with another spectroscopic method for the first time. Simi-
larly, the plant RCs were explored by EPR methodology [62, 63]. The observation
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of quantum-beat oscillations by time-resolved EPR spectroscopy in 1994 [64] raised
the question of the exact mode of electron-nuclear interaction in the early steps of
photosynthetic electron transfer. There was, however, no successful NMR experi-
ment, and the role of magnetic nuclei in the spin-machinery remained unclear.

4 The First Successful Observation of the Solid-State Photo-CIDNP
Effect

In 1983, optical nuclear polarization (ONP) work on molecular crystals [65]
revealed the occurrence of radical pairs. Although in such systems, nuclear spin
polarization is usually derived from the molecular triplet state, in some cases
hydrogen-transfer in the triplet state can give rise to radical-pair formation and
subsequent CIDNP of the ground state after recombination. However, such con-
cepts have never been generalized and extended to other systems. A solid-state
photo-CIDNP effect is also possible in so called “plastic crystals” [66-68], in
which some rotational motions persist. However, this situation is very similar to
the liquid-state case: due to molecular motion, CIDNP formed upon recombina-
tion of biradicals exhibits essentially the same features of polarization formation.
In other cases, as explained in the introduction, “spin-sorting” arguments do not
hold and the possibility of CIDNP formation in solids was not evident.

Around 1980, Hoff and Kaptein tried to observe photo-CIDNP by 'H liquid-
state NMR at 360 MHz on illuminated photosynthetic reaction centers (Arnold
Hoff, Robert Kaptein, personal communications to J.M.). These experiments
were hampered by the large molecular weight of these proteins (around 100 kDa),
which was far beyond the limit for fast isotropic motion needed for liquid-state
NMR. In their 1982 review by Boxer et al. [69] is stated: “The only well-devel-
oped example of a radical-pair reaction in the solid state whose outcome can be
influenced by magnetic fields comes from photosynthetic systems”. The authors
were aiming to rationalize the anisotropic field-dependence of the triplet forma-
tion within the frame of the RPM by introducing orientation dependent interac-
tions. In 1987, Goldstein and Boxer [6] proposed a modification of the RPM that
could also occur in solid phase. If, after spin-sorting, the nuclear hyperpolariza-
tion of one branch is quenched and the nuclear hyperpolarization of the other
branch lives longer (with normal nuclear 7)), then transient nuclear hyperpo-
larization will be observable. This mechanism is called “cyclic reaction” in the
liquid-state photo-CIDNP community [13-15, 70] and “differential relaxation”
(DR) in the solid-state photo-CIDNP community. The target of Boxer and Gold-
stein’s theoretical analysis was the quinone blocked-bacterial photosynthetic reac-
tion center in which light-induced cyclic electron transfer leads to formation of a
SCRP that recombines to the donor triplet state. Spin relaxation in the triplet state
destroys the nuclear hyperpolarization of the triplet decay pathway, while the
nuclear hyperpolarization of the singlet state remains. The authors stated: “Our
analysis suggests new classes of experiments and indicates the need to reinterpret
some past experimental results”.
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Fig. 1 The first demonstration of the solid-state photo-CIDNP effect as published in 1994 by Zysmilich
and McDermott. The >N MAS NMR spectrum has been obtained from a >N enriched, quinone-depleted
and frozen sample of the isolated reaction center of the purple bacterium Rhodobacter sphaeroides under
continuous illumination with white light at 9.4T. MAS frequency was 3600 Hz, and centerbands are
marked with asterisks. Chemical shifts are given relative to an external reference of 1M 15NH4C1 in 2M
HCIL. This picture has been reproduced from [71] (Not subject to US copyright)

It was due to the progress of biological solid-state NMR by adaptation of '*C
and N magic-angle spinning NMR which allowed the nuclear spins in photo-
synthetic reaction centers to be probed. This fundamental breakthrough was
achieved by Zysmilich and McDermott in 1994 [71] demonstrating that a photo-
CIDNP effect is possible under solid-state conditions by illuminating quinone-
blocked '’N-enriched bacterial photosynthetic reaction centers from the R26
mutant strain of Rhodobacter sphaeroides (Fig. 1). Subsequently the effect was
also observed by 'C photo-CIDNP MAS NMR in bacterial reaction centers with
13C at natural abundance [72]. Originally, these first photo-CIDNP MAS NMR
results were explained by the DR mechanism [73]. The fact that acceptor sig-
nals, which can be well distinguished in I>N NMR, also occurred sparked a new
discussion of the exact origin of the polarization, and two new spin-chemical
mechanisms were proposed (Scheme 1): (1) Based on the effect of the pseudos-
ecular contribution to the hyperfine interaction on the free spin-evolution of the

@ Springer



Photo-CIDNP in Solid State

Spin-Correlated Radical Pair

Excited S State
/ Three-Spin
* Mixing (TSM)
1 .
4 oF T Singlet State | "~ _ | Triplet State
el S-T,
i 3ps i / & pe+| Interconversion / ® per

A /.CD" () \ @ O°-

\ Differential i LR

Decay (DD) Triplet State

Differential
Relaxation (DR) > P
® O

WT: 100 ns
R26: 100 us

hv 20 ns

Ground State

/ AP
® o

Scheme 1: Photocycle occurring in quinone-deactivated photosynthetic reaction centers of the purple
bacterium Rhodobacter sphaeroides wild type (WT) and the carotenoid-less mutant R26 [53, 79]. Upon
light excitation, donor dimer, the so-called special pair, is excited from its electronic ground-state (P,
green) to the first excited singlet state ('P*). Electron transfer (eT) occurs on picosecond time-scale and
forms between P and primary acceptor BPhe (®, brown) a SCRP in its pure singlet state, '[P**---® AT
The singlet SCRP has two possible chemical fates: either it recombines to form the diamagnetic ground
state or it undergoes S < T, interconversion (at high fields) to convert into the triplet state of the SCRP,
3[P**---®,*~]. The triplet-state SCRP is not allowed to directly recombine to form the electronic ground
state. Instead, it undergoes back-eT to generate a triplet state on the special pair, >P. In the WT, the life-
time of 3P is about~ 100 ns, while in the R26 mutant the time scale is extended to~100 ps due to the
lack of a carotenoid. During the photocycle, the various mechanisms producing solid-state photo-CIDNP
occur: Three-spin mixing (TSM), differential decay (DD) and differential relaxation (DR). The TSM
occurs during singlet—triplet interconversion, the DD relies on the different concentration of both spin-
states occurring during SCRP evolution, and in the DR the nuclear spin population related to the triplet
channel is relaxed, while that of the singlet channel survives

SCRP, Jeschke proposed a fully coherent transformation of nuclear coherences
to nuclear polarization called three-spin mixing (TSM) [7]. Later, a low-field
analogue of the TSM was proposed [74] and it has been demonstrated that this
“solid-state mechanism” simply relies on a sufficiently high degree of orientation,
which can also be provided by “liquid” membranes. Hence, a system can be in
a “liquid-state regime” with respect to NMR and in a “solid-state regime” with
respect to hyperfine anisotropies [75]. (2) Polenova and McDermott proposed a
mechanism relying on the difference of the decay rates of the different spin-states
of the SCRP, allowing for selective enrichment of particular nuclear spin-states,
called differential decay (DD) [8]. When it was realized that all three mechanisms
might be active in parallel, sign rules were formulated and it was stated that, in
contrast to liquid-state photo-CIDNP, for the solid-state photo-CIDNP effect, the
field-dependent maximum depends on the gyromagnetic ratio y of the observed
nucleus [9]. More recently and in-line with field-cycling MAS NMR data [76],
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Ivanov and coworkers reformulated, unified and extended the theory in terms of
level-crossings and level-anti crossings (see below) [77, 78].

5 Studies on Bacterial Photosynthetic Reaction Centers

Reaction centers of the very well characterized purple bacterium Rhodobacter
sphaeroides (for review, see [53, 79]) have provided the “gold-standard” for the
development of the method. One of the long-standing questions concerning this
reaction center is its functional asymmetry, i.e. having electron transport with 100%
selectivity into almost structurally identical branches of cofactors. In an attempt to
provide an answer, analysis by photo-CIDNP MAS NMR revealed three aspects: (1)
The chemical shifts of both bacteriochlorophylls forming the special pair donor are
readily distinguished in the electronic ground state [80, 81], (2) This asymmetry, is
presumably due to different tuning by the substituents of the macrocycles [82], (3)
the size of the orbital factors, i.e., of the orbital lobes, in the excited state are larger
towards the active branch [83], dynamics studies indicated a difference between both
halves [84]. Further studies were dedicated to several other bacteria, e.g., green-sul-
fur bacteria [85] and heliobacteria [86].

6 Studies on Photosynthetic Reaction Centers of Plants, Algae
and Diatoms

Photo-CIDNP MAS NMR on plants was reviewed recently [87]. Very briefly, both
reaction centers, called photosystems I and II, were addressed with photo-CIDNP
MAS NMR in various plants [88, 89]. Here, the question of the extremely high
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Fig.2 a The '>C solid-state photo-CIDNP effect has been observed by MAS NMR in entire plants of the
aquatic plant Spirodela oligorrhiza (duckweed) obtained under continuous illumination with white light
at 4.7 T [92]. While in the dark experiment solely signals from aliphatic carbons are detected (top), upon
illumination light-induced signals appear in the aromatic spectral range (bottom). For the experiment, b
full plants were inserted into ¢ an optically transparent MAS rotor. The tetrapyrrole cofactors were selec-
tively '*C-isotope enriched by feeding with '3C,-4-8-aminolevulinic acid and the sample was pre-reduced
with Na,S,0;
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redox potential of photosystem II was addressed suggesting a chlorophyll-histidine
complex acting as donor [90]. In photosystem I, the activities of the two branches
of cofactors were explored [91]. Photo-CIDNP MAS NMR allowed signals from
13C labels introduced into reaction centers to be detected directly from entire plants
(Fig. 2). The chemical shifts of these nuclei are very similar as those of isolated
reaction centers [92]. Recently, reaction centers of diatoms were also studied and
found to be similar to those of plant systems, especially in their electronic ground-
state structure [93]. Remarkably, all natural photosynthetic systems tested showed
the solid-state photo-CIDNP effect, while so far artificial photosynthetic systems
have failed to display similar effects. Therefore, it has been speculated whether the
occurrence of the effect correlates with efficiency [94].

7 Studies on Flavoproteins

In 2005, Weber and coworkers observed '*C photo-CIDNP by liquid-state NMR on
a so-called LOV-domain flavoprotein with the molar mass of around 15 kDa [95].
The authors identified that the SCRP is formed by the flavin and a tryptophan resi-
due. Upon illumination, the flavin forms a triplet and attracts an electron from the
aromatic amino acid, i.e., here the acceptor is photoexcited. A very similar LOV-
domain showed strong photo-CIDNP in the frozen state measured by '*C MAS
NMR [96]. Recently, a LOV domain was studied by field-cycling 'H, '*C and >N
liquid-state photo-CIDNP NMR, and the theoretical analysis revealed that the pro-
duction of hyperpolarization is based on a solid-state mechanism. The most salient
feature of this CIDNP formation in solids, which is different from that in liquids, is
that the efficiency of formation and magnetic field dependence of the CIDNP are
sensitive to the nuclear gyromagnetic ratio (see above). For this reason, the field
dependences of different nuclei, e.g., of 'H, 13C and PN, exhibit maxima at different
magnetic fields providing evidence that the origin of the nuclear hyperpolarization
is a solid-state photo-CIDNP mechanism [97]. These results also show a H solid-
state photo-CIDNP effect for the first time although it is observed by liquid-state
NMR because proteins tumble slowly and anisotropic interactions are not fully aver-
aged on the timescale of the SCRP lifetime. Hence, the boundary between liquid and
solid states blurs. Furthermore, flavoproteins allow properties of the SCRP such as
the distance between the radicals and their orientations (Fig. 3) to be customized,
opening again “new categories of experiments” [98].

8 Theory Relying on Level Crossings and Level Anti-crossings

As mentioned above, formation of CIDNP in solids is more complex than in liq-
uids, because (1) the radical centers cannot diffuse apart and (2) non-averaged
anisotropic interactions are present, which are zero in the liquid state. Conse-
quently, in order to account for experimental observations, it has become nec-
essary to propose mechanisms like DR, TSM and DD. There have been, how-
ever, some experimental observations, that have challenged the completeness
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Fig.3 a Structure model of the flavoprotein named 4511 from Methylobacterium radiotolerans
(Mr4511), a LOV domain which does not contain a tryptophan residue in its wild-type. For the photo-
CIDNP NMR experiments, the functional cysteine residue in the domain was mutated into serine
(Mr4511-C718S). In the Mr4511-C718S, one tryptophan was introduced to different positions, producing
five additional mutants which allow for formation of light-induced SCRPs having different distances
between the flavin and the introduced tryptophan ranging from~6 and~17 A. All samples were uni-
formly "N enriched. b The magnetic-field dependencies of photo-CIDNP formation detected by 'H
and '’N NMR. While at short distance (~6 A) no photo-CIDNP is detected, it occurs in the range of ~9
to~11 A. The differences observed between the two mutants having a distance of ~ 11 A suggest, in addi-
tion to a distance dependence, an orientation dependence of the donor and acceptor units. Interestingly, at
longer distance (~ 17 A) and in the cysteine-less mutant without tryptophan, same patterns occur imply-
ing that other amino acids, assumably tyrosines, take over the role of the electron donor [98]
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of the trio of mechanisms and increased the need to reduce the dependence on
numerical calculations of polarization, since such an approach is complex due to
the large number of parameters (reaction rates and magnetic interactions in the
SCRP). First, a detailed field-cycling MAS NMR study of the solid-state photo-
CIDNP effect showed an unexpected sign change of the nuclear polarization at
low fields [76]. A sign change of the solid-state photo-CIDNP effect in the diatom
Phaeodactylum tricornutum was also observed at higher magnetic fields and has
not yet been rationalized [93]. Second, sign changes related to selective '>C iso-
tope incorporation shifting the ratio between enhanced absorptive and emissive
intensities in favor of the former have been observed in reaction centers of helio-
bacteria [86, 99] and photosystem I [91]. Hence, it appears that magnetic *C iso-
topes are not “innocent” but involved into the spin-chemical machinery producing
the hyperpolarization. Effects of magnetic isotopes on chemical reaction dynam-
ics have been reported by Buchachenko, Sagdeev and Turro [100-103]. These
works report magnetic isotope effects (MIEs) in liquid-state reactions, whereas
MIE in the solid state, where anisotropic hyperfine interactions come into play,
still needs to be investigated. When MIEs in solids are understood, the next step
is to investigate the mutual effects of '*C nuclei on CIDNP formation. In liquids,
such effects are well-documented: the presence of multiple nuclei strongly modi-
fies the CIDNP field dependence and can even give rise to a change of the sign of
the polarization (violation of the CIDNP sign rules) [23]. Finally, there is a need
to explain the solid-state photo-CIDNP effect in flavoproteins in which the SCRP
is triplet born and DR and DD are difficult to implement.

The language of LCs and LACs (Fig. 4) was introduced in 1929 by von Neumann
and Wigner to connect quantum theory and thermodynamics [104] and has also

>

Fig.4 Energy level diagrams
showing the magnetic-field o,
dependence of the two spin
states I¢;) and lg;). a If the cou-
pling matrix element V;;=0, i.e.,
there is no perturbation between
both states, therefore both states
undergo Level Crossing (LC) at
the magnetic field B . b When
the Vij #0, the perturbation term B¢
V;; can mix the states l¢;) and ;
¢p;), and the LC is transformed
into a Level Anti-Crossing
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become popular in photochemistry [105]. Its application to CIDNP theory has the
advantage that the concept has already been successfully applied for the interpreta-
tion of other hyperpolarization methods such as para-hydrogen polarization (PHIP)
and optical nuclear polarization (ONP) (for review, see [106, 107]) and might evolve
into a common hyperpolarization theory.

LCs between quantum states |i) and |j) become relevant in a special case when the
initial SCRP state is a coherent state with the coherence between the states |i) and
|/) being non-zero. The most common example is given by the situation where the
SCRP is created at high magnetic field in the singlet state, whereas the eigenstates of
its spin Hamiltonian are the Zeeman states |af) and | fa) (as usual, |a) and | #) denote
the states with the quantum number mg equal to+1/2 and — 1/2, respectively).
Under such conditions, the populations of the Zeeman states are equal, but coher-
ence between them is present. This coherence evolves with time in an oscillatory
way, giving rise to reversible transitions between the singlet state and the central
triplet state. The frequency of the oscillations (hence, the rate of singlet—triplet tran-
sitions) is proportional to the splitting between the |af) and | fa) states. This splitting
is minimal (it is equal to zero) at the LCs, where the singlet—triplet transitions can
no longer occur. LCs occur in specific nuclear spin states when the electronic Ag
-term is matched to the hyperfine term: under such conditions, the singlet—triplet
transitions in the corresponding state is turned off. As a consequence, nuclear spin
sorting becomes most efficient and a maximum in the CIDNP field dependence can
be observed.

If there is a perturbation term V;;,

which can mix the states |i) and |;), the crossing
is “avoided”, being turned into a LAC. Under such conditions, coherent mixing of
the states |i) and |j) occurs, giving rise to the transfer of population between them.
Such a situation is relevant for liquid-state CIDNP formed at low magnetic fields.
For instance, the S—T, CIDNP mechanism is due to spin mixing at a LAC [1, 108,
109].

In solids, the same concept can be used to interpret the experimental observa-
tions. In particular in solids, LCs are very rare, because of the presence of various
anisotropic interactions, which can mix almost any two states. Hence, some of the
LCs, which have no effect in the isotropic case, are turned into a LAC and become
important. An example is given by the crossing between |afa, ) and |affy ), which
can be turned into a LAC by anisotropic pseudo-secular hyperfine terms, giving rise
to a feature in the CIDNP field dependence (the subscript “N” denotes the nuclear
spin state). The matching condition for the LC (consistent with the DD mechanism)
corresponds to matching of the isotropic hyperfine term and nuclear Zeeman inter-
action, i.e., it is different for the nuclei with different gyromagnetic ratios. By ana-
lyzing LACs in the SCRP, it is thus possible [77] to determine the positions of the
features in the CIDNP field dependence, and to obtain the polarization sign rules,
in the spirit of classical Kaptein’s rules [22], well-known in the case of liquid-state
CIDNP. The same method can be used [78] to analyze the most complex TSM
case, and to obtain the matching conditions as well as the sign rules. Furthermore,
other situations, like the inverted Ag-case, can be treated with this approach. Level-
crossing analysis was applied for explanation of the CIDNP field dependence for
photosynthetic reactions centers [78] (a case where the CIDNP sign change has
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been reported) and flavoproteins [97]. In the latter case, level crossing analysis con-
firmed that the magnetic fields corresponding to maximal polarization are different
for different nuclei, such as 'H, '3C and "N, implying a solid-state photo-CIDNP
mechanism.

9 Photo-CIDNP MAS NMR as an Analytical Method

Along with the elaboration of the theory, the solid-state photo-CIDNP effect has
been developed into an analytical method allowing the cofactors carrying the
SCRP and their environment to be explored (for review, see [110]). Presently,
the following parameters can be obtained: (1) The chemical shifts observed in
photo-CIDNP MAS NMR experiments refer to the electronic structure after the
photo-cycle, i.e., after recombination. So far as chemical shifts of the compounds
in the dark are known, no light-induced shifts are observed [80]. Chemical-shift
assignments can be obtained by RFDR, DARR or INADEQUATE experiments
[111, 112] in which the initial cross-polarization step is exchanged by a pulse
on the °C channel. (2) The solid-state photo-CIDNP intensities obtained under
continuous illumination are composed of up to three mechanisms (TSM, DD and
DR) and their contributions might be difficult to disentangle. In bacterial reac-
tion centers of wild type Rhodobacter sphaeroides, the DR does not occur, due
to the presence of carotenoids. Theoretical analysis explains the entirely emissive
spectral envelope by the dominance of the TSM over the DD. In the carotenoid-
free mutant R26, enhanced absorptive signals occur selectively from the donor.
The TSM intensities can be correlated to local electron spin densities in the p,
orbitals [113] within the SCRP, while DR intensities are related to the local elec-
tron spin densities in the donor triplet state allowing the electronically excited
state to be reconstructed [83]. (3) The initial solid-state photo-CIDNP intensities
obtained under nanosecond laser-flash illumination arise from spin sorting, which
is related to the isotropic hyperfine interaction and provides access to the total
local electron spin density [114, 115]. (4) Nanosecond laser-flash kinetic experi-
ments provide information about the lifetime of the radical pair, the donor triplet
state as well as the T, values of individual nuclei. In '*C isotope labelled sam-
ples, the polarization build-up dynamics by spin-diffusion can be followed as well
[116]. (5) Lineshape and linewidth, as in normal NMR, refer to local dynamics
and order. (6) Photo-CIDNP DIPSHIFT MAS NMR provides the local dipolar
field for each labelled heavy-atom position, which can act as a local reporter for
mobility [117]. (7) Photo-CIDNP spin-torch MAS NMR experiments transfer the
hyperpolarization from *C and >N nuclei into the surroundings allowing tuning
effects by the protein matrix to be studied [118].

@ Springer



J. Matysik et al.

10 Outlook

The discovery of the solid-state photo-CIDNP effect in flavoproteins was of great
relevance since these light-driven spin-machines can be manipulated more eas-
ily and are more versatile than photosynthetic systems. In particular, the posi-
tion of the electron donor can be changed to almost any position of the protein
by mutagenesis. Furthermore, these proteins can be expressed in E. coli and (at
least the amino-acid positions) can be isotope labelled straightforwardly. Such
modifications might allow the solid-state photo-CIDNP effect to be optimized for
specific magnetic field strengths. It will be possible to mimic such systems in
artificial flavoproteins. Proteins to which a surface-selective anchor is attached,
might allow biomedical imaging experiments analogous to those using fluores-
cent labels such as green fluorescent protein in optical microscopy.

Acknowledgements This article is dedicated to Prof. Klaus Mobius and Prof. Kev Salikhov on the occa-
sion of their 85th birthdays. The authors thank Prof. Art van der Est for careful reading the manuscript.
IM would like to thank the Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO) and the
Deutsche Forschungsgemeinschaft (DFG) for kind, generous and longstanding support. In particular, pre-
sent DFG Grants MA-4972/11-1, 14/1, 15/1 and 16/1 are acknowledged. KLI and AVY acknowledge
Russian Foundation for Basic Research (projects #19-29-10028 and #21-53-12023) for financial support.
J.M. thanks for discussions with Prof. Tanja Gulder (Univ. Leipzig) and Dr. Igor Schapiro (Hebr. Univ.
Jerusalem).

Funding Open Access funding enabled and organized by Projekt DEAL.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is
not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licen
ses/by/4.0/.

References

—

K.M. Salikhov, Y.N. Molin, R.Z. Sagdeev, A.L. Buchachenko, Spin Polarization and Magnetic
Effects in Radical Reactions (Elsevier, Amsterdam, 1984).

U.E. Steiner, T. Ulrich, Chem. Rev. 89, 51 (1989)

H. Hayashi, Introduction to Dynamic Spin Chemistry (World Scientific, New Jersey, 2004).

J. Bargon, Helv. Chim. Acta 89, 2082 (2006)

R. Kaptein, eMagRes 1, 418 (2007). https://doi.org/10.1002/9780470034590.emrhp0092

R.A. Goldstein, S.G. Boxer, Biophys. J. 51, 937 (1987)

G. Jeschke, J. Chem. Phys. 106, 10072 (1997)

T. Polenova, A. McDermott, J. Phys. Chem. B 103, 535 (1999)

G. Jeschke, J. Matysik, Chem. Phys. 294, 239 (2003)

R. Kaptein, J. Am. Chem. Soc. 94, 6251 (1972)

R. Kaptein, in Advances in free radical chemistry, vol. 5, ed. by G.H. Williams, (Elek Science,
London 1975), p. 319

F.J. Adrian, Res. Chem. Intermed. 3, 3 (1979)

SO VXN R LN

—_ =

._
N

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/9780470034590.emrhp0092

Photo-CIDNP in Solid State

13.

14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

217.

28.
29.
30.
31.
32.
33.
34.
35.

36.
37.

38.
39.
40.
41.
4.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.

53.
54.

P.J. Hore, R. Kaptein, NMR spectroscopy: new methods and applications, in GC Levy. (American
Chemical Society, Washington, 1982), pp. 285-318

H.D. Roth, in Encyclopedia of magnetic resonance, ed. by D.M. Grant, R.K. Harris, (John Wiley &
Sons, Chichester 1996), p. 1337

P.J. Hore, R.W. Broadhurst, Prog. NMR Spec. 25, 345 (1993)

R.W. Fessenden, R.H. Schuler, J. Chem. Phys. 39, 2147 (1963)

J. Bargon, H. Fischer, U. Johnsen, Z. Naturforsch. A 22, 1551 (1967)

H.R. Ward, R.G. Lawler, J. Am. Chem. Soc. 89, 5519 (1967)

M. Cocivera, J. Am. Chem. Soc. 90, 3261 (1968)

R. Kaptein, J.L. Oosterhoff, Chem. Phys. Lett. 4, 195 (1969)

G.L. Closs, L.E. Closs, J. Am. Chem. Soc. 91, 4549 (1969)

R. Kaptein, J. Chem. Soc. Chem. Commun. 14, 732 (1971)

K.M. Salikhov, Chem. Phys. 64, 371 (1982)

G.L. Closs, M.D.E. Forbes, J.R. Norris, J. Phys. Chem. 91, 3592 (1987)

PJ. Hore, D.A. Hunter, C.D. McKie, A.J. Hoff, Chem. Phys. Lett. 137, 495 (1987)

A.V. Yurkovskaya, R.R. Galimov, A.A. Obynochny, K.M. Salikhov, R.Z. Sagdeev, Chem. Phys.
112, 259 (1987)

A.A. Obynochny, R.Z. Sagdeev, K.M. Salikhov, S.A. Sukhenko, A.V. Yurkovskaya, Chem. Phys.
104, 415 (1986)

F. Khan, I. Kuprov, T.D. Craggs, P.J. Hore, S.E. Jackson, J. Am. Chem. Soc. 128, 10729 (2006)

Y. Okuno, S. Cavagnero, J. Phys. Chem. B 120, 715 (2016)

D.E. Sadler, J. Wendler, G. Olbrich, K. Schaffner, J. Am. Chem. Soc. 106, 2064 (1984)

H.D. Roth, Acc. Chem. Res. 20, 343 (1987)

D. Neshchadin, G. Gescheidt, J. Phys. Org. Chem. 26, 737 (2013)

R. Kaptein, Biol. Magn. Reson. 4, 145 (1982)

K.H. Mok, P.J. Hore, Methods 34, 75 (2004)

K.L. Ivanov, K. Miesel, A.V. Yurkovskaya, S.E. Korchak, A.S. Kiryutin, H.M. Vieth, Appl. Magn.
Reson. 30, 513 (2006)

K.L. Ivanov, A.V. Yurkovskaya, H.M. Vieth, J. Chem. Phys. 128, 154701 (2008)

M.S. Panov, A.N. Pravdivtsev, K.L. Ivanov, A.V. Yurkovskaya, H.M. Vieth, Appl. Magn. Reson.
45, 893 (2014)

A.V. Yurkovskaya, S. Grosse, S. Dvinskikh, O. Morozova, H.M. Vieth, J. Phys. Chem. A 103, 980
(1999)

A.N. Pravdivtsev, A.V. Yurkovskaya, K.L. Ivanov, H.M. Vieth, J. Magn. Reson. 254, 35 (2015)
I.A. Shkrob, V.F. Tarasov, E.G. Bagryanskaya, Chem. Phys. 153, 427 (1991)

J.J. Lopez, M.A.G. Carter, Yu.P. Tsentalovich, O.B. Morozova, A.V. Yurkovskaya, P.J. Hore, Pho-
tochem. Photobiol. 75, 6 (2002)

0.B. Morozova, A.V. Yurkovskaya, Y.P. Tsentalovich, R.Z. Sagdeev, T. Wu, M.D.E. Forbes, J.
Phys. Chem. A 101, 8803 (1997)

O.B. Morozova, A.V. Yurkovskaya, Y.P. Tsentalovich, H.M. Vieth, J. Phys. Chem. A 101, 399
(1997)

Y.P. Tsentalovich, O.B. Morozova, N.I. Avdievich, G.S. Ananchenko, A.V. Yurkovskaya, J.D. Ball,
M.D.E. Forbes, J. Phys. Chem. A 101, 8809 (1997)

M. Wegner, H. Fischer, S. Grosse, H.M. Vieth, A.M. Oliver, M.N. Paddon-Row, Chem. Phys. 264,
341 (2001)

I. Zhukov, N. Fishman, A. Kiryutin, N. Lukzen, M. Panov, U. Steiner, H.M. Vieth, J. Schafer, C.
Lambert, A.V. Yurkovskaya, J. Chem. Phys. 152, 10 (2020)

S. Paul, A.S. Kiryutin, J.P. Guo, K.L. Ivanov, J. Matysik, A.V. Yurkovskaya, X.J. Wang, Sci. Rep.
7,10 (2017)

A.J. Hoff, Q. Rev, Biophys. 17, 153 (1984)

W. Lubitz, F. Lendzian, R. Bittl, Acc. Chem. Res. 35, 313 (2002)

T. Aartsma, J. Matysik (eds.), Biophysical Techniques in Photosynthesis, vol. II (Springer,
Dordrecht, 2008)

R. Blankenship, A. McGuire, K. Sauer, Proc. Natl. Acad. Sci. USA 72, 4943 (1975)

R.A. Uphaus, J.R. Norris, J.J. Katz, Biochem. Biophys. Res. Commun. 61, 1057 (1974)

AJ. Hoff, J. Deisenhofer, Phys. Rep. 287, 1 (1997)

A.J. Hoff, Q. Rev, Biophys. 14, 599 (1981)

@ Springer



J. Matysik et al.

55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
. M.G. Zysmilich, A. McDermott, J. Am. Chem. Soc. 116, 8362 (1994)
72.
73.
74.
75.
76.
77.
78.
79.
80.

81.
82.

83.
84.
85.
86.
87.
88.
89.
90.

91.

A.J. Hoff, H. Rademaker, R. van Grondelle, L.N.M. Duysens, Biochim. Biophys. Acta 460, 547
1977)

R.E. Blankenship, T.J. Schaafsma, W.W. Parson, Biochim. Biophys. Acta 461, 297 (1977)

S.G. Boxer, C.E.D. Chidsey, M.G. Roelofs, Proc. Natl. Acad. Sci. USA 79, 4632 (1982)

K. Mobius, Chem. Soc. Rev. 29, 129 (2000)

R. Klette, J.T. Toerring, M. Plato, K. Mobius, B. Boenigk, W. Lubitz, J. Phys. Chem. 97, 2015
(1993)

F. Lendzian, M. Huber, R.A. Isaacson, B. Endeward, M. Plato, B. Bonigk, K. Mobius, W. Lubitz,
G. Feher, Biochim. Biophys. Acta 1183, 139 (1993)

S. Prakash, A. Alia, P. Gast, HJ.M. de Groot, G. Jeschke, J. Matysik, J. Am. Chem. Soc. 127,
14290 (2005)

A. van der Est, T.F. Prisner, R. Bittl, P. Fromme, W. Lubitz, K. Mobius, D. Stehlik, J. Phys. Chem.
B 101, 1437 (1997)

F. Lendzian, R. Bittl, A. Telfer, W. Lubitz, Biochim. Biophys. Acta 1605, 35 (2003)

G. Kothe, S. Weber, E. Ohmes, M.C. Thurnauer, J.R. Norris, J. Am. Chem. Soc. 116, 7729 (1994)
D. Stehlik, H.M. Vieth, Mol. Cryst. Liq. Cryst. 93, 83 (1983)

K. Miesel, A.V. Yurkovskaya, H.M. Vieth, Appl. Magn. Reson. 26, 51 (2004)

A.A. Obynochny, A.G. Maryasov, P.A. Purtov, K.M. Salikhov, Appl. Magn. Reson. 15, 259 (1998)
M. Panov, P. Bielytskyi, D. Grasing, A.V. Yurkovskaya, J. Matysik, Mol. Phys. 117, 2756 (2019)
S.G. Boxer, C.E.D. Chidsey, M.G. Roelofs, J. Am. Chem. Soc. 104, 2674 (1982)

G.L. Closs, J. Am. Chem. Soc. 91, 4552 (1969)

M.G. Zysmilich, A. McDermott, Proc. Natl. Acad. Sci. USA 93, 6857 (1996)

A. McDermott, M. Zysmilich, T. Polenova, Solid State Nucl. Magn. Reson. 11, 21 (1998)

G. Jeschke, B. Anger, B. Bode, J. Matysik, J. Phys. Chem. A 115, 9919 (2011)

E. Daviso, G.J. Janssen, A. Alia, G. Jeschke, J. Matysik, M. Tessari, J. Am. Chem. Soc. 133, 16754
(2011)

D. Grising, P. Bielytskyi, I.LE. Céspedes-Camacho, A. Alia, T. Marquardsen, F. Engelke, J. Maty-
sik, Sci. Rep. 7, 12111 (2017)

D.V. Sosnovsky, G. Jeschke, J. Matysik, H.M. Vieth, K.L. Ivanov, J. Chem. Phys. 144, 144202
(2016)

D.V. Sosnovsky, N. Lukzen, H.M. Vieth, G. Jeschke, D. Grising, P. Bielytskyi, J. Matysik, K.L.
Ivanov, J. Chem. Phys. 150, 094105 (2019)

C.N. Hunter, F. Daldal, M.C. Thurnauer, J.T. Beatty (eds.), The Purple Phototrophic Bacteria
(Springer, Berlin, 2009)

E.A.M. Schulten, J. Matysik, A. Alia, S. Kiihne, J. Raap, J. Lugtenburg, P. Gast, A.J. Hoff, H.J.M.
de Groot, Biochemistry 41, 8708 (2002)

S. Prakash, A. Alia, P. Gast, H.J.M. de Groot, G. Jeschke, Matysik. J. Biochem. 46, 8953 (2007)
K.B. Sai Sankar Gupta, A. Alia, HJ.M. de Groot, J. Matysik, J. Am. Chem. Soc. 135, 10382
(2013)

S.S. Thamarath, B.E. Bode, S. Prakash, K.B. Sai Sankar Gupta, A. Alia, G. Jeschke, J. Matysik, J.
Am. Chem. Soc. 134, 5921 (2012)

D. Grising, Photo-CIDNP MAS NMR—generation, transfer and application of nuclear hyperpo-
larization, Ph.D. thesis, Universitit Leipzig (2020).

E. Roy, A. Alia, P. Gast, H.J. van Gorkom, H.J.M. de Groot, G. Jeschke, J. Matysik, Biochem. Bio-
phys. Acta 1767, 610 (2007)

S.S. Thamarath, A. Alia, E. Daviso, D. Mance, J.H. Golbeck, J. Matysik, Biochem. 51, 5763
(2012)

M. Najdanova, G.J. Janssen, H.J.M. de Groot, J. Matysik, A. Alia, J. Photochem. Photobiol. B 152,
261 (2015)

J. Matysik, A. Alia, P. Gast, H.J. van Gorkom, A.J. Hoff, HJ.M. de Groot, Proc. Natl. Acad. Sci.
USA 97, 9865 (2000)

A. Alia, E. Roy, P. Gast, H.J. van Gorkom, H.J.M. de Groot, G. Jeschke, J. Matysik, J. Am. Chem.
Soc. 126, 12819 (2004)

A. Diller, E. Roy, P. Gast, H.J. van Gorkom, H.J.M. de Groot, C. Glaubitz, G. Jeschke, J. Matysik,
A. Alia, Proc. Natl. Acad. Sci. USA 104, 12843 (2007)

G.J. Janssen, P. Eschenbach, P. Kurle, B.E. Bode, J. Neugebauer, H.J.M. de Groot, J. Matysik, A.
Alia, Magn. Reson. 1, 261 (2020)

@ Springer



Photo-CIDNP in Solid State

92.
93.
94.
95.

96.
97.

98.

99.

100.

101.
102.

103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.
115.
116.

117.
118.

G.J. Janssen, P. Bielytskyi, D.G. Artiukhin, J. Neugebauer, H.J.M. de Groot, J. Matysik, A. Alia,
Sci. Rep. 8, 17853 (2018)

J.C. Zill, M. Kansy, R. Goss, A. Alia, C. Wilhelm, J. Matysik, Photosynth. Res. 140, 151 (2019)

J. Matysik, A. Diller, E. Roy, A. Alia, Photosynth. Res. 102, 427 (2009)

G. Richter, S. Weber, W. Romisch, A. Bacher, M. Fischer, W. Eisenreich, J. Am. Chem. Soc. 127,
17245 (2005)

S.S. Thamarath, J. Heberle, P. Hore, T. Kottke, J. Matysik, J. Am. Chem. Soc. 132, 15542 (2010)
Y. Ding, A. Kiryutin, A.V. Yurkovskaya, D. Sosnovsky, R.Z. Sagdeev, S. Bannister, T. Kottke, R.
Kar, I. Schapiro, K.L. Ivanov, J. Matysik, Sci. Rep. 9, 18436 (2019)

Y. Ding, A.S. Kiryutin, Z. Zhao, Q.-Z. Xu, K.-H. Zhao, P. Kurle, S. Bannister, T. Kottke, Z.R.Z.
Sagdeev, K.L. Ivanov, A.V. Yurkovskaya, J. Matysik, Sci. Rep. 10, 18658 (2020)

S.S. Thamarath, A. Alia, E. Roy, K.B. Gupta, J. Golbeck, J. Matysik, Photosynth. Res. 117, 461
(2013)

R.Z. Sagdeev, A.A. Obynochny, V.V. Pervukhin, Y.N. Molin, V.M. Moralyov, Chem. Phys. Lett.
47,292 (1977)

N.J. Turro, B. Kraeutler, Acc. Chem. Res. 13, 369 (1980)

R.Z. Sagdeev, T.V. Leshina, M.A. Kamkha, O.I. Belchenko, Y.N. Molin, A.E. Rezvukhin, Chem.
Phys. Lett. 48, 89 (1977)

A.L. Buchachenko, J. Phys. Chem. A 105, 9995 (2011)

J. von Neumann, E.P. Wigner, Phys. Z. 30, 467 (1929)

N.J. Turro, J. Scaiano, V. Ramamurthy, Principles of Molecular Photochemistry: An Introduction
(University Science Books, California, 2009).

K.L. Ivanov, A.N. Pravdivtsev, A.V. Yurkovskaya, H.M. Vieth, R. Kaptein, Prog. NMR Spectrosc.
81, 1 (2014)

0.B. Morozova, A.V. Yurkovskaya, H.M. Vieth, D.V. Sosnovsky, K.L. Ivanov, Mol. Phys. 115,
2907 (2017)

G.L. Closs, C. Doubleday, J. Am. Chem. Soc. 95, 2735 (1973)

F.J.J. de Kanter, J.A. den Hollander, A.H. Huizer, R. Kaptein, Mol. Phys. 34, 857 (1977)

B. Bode, S.S. Thamarath, K.B. Gupta, A. Alia, G. Jeschke, J. Matysik, Hyperpolarization methods,
in NMR spectroscopy. ed. by L. Kuhn (Springer, Berlin, 2013), pp. 105-121

K.B. Sai Shankar Gupta, E. Daviso, G. Jeschke, A. Alia, M. Ernst, J. Matysik, J. Magn. Reson.
246, 9 (2014)

M. Najdanova, D. Grising, A. Alia, J. Matysik, Photochem. Photobiol. 94, 69 (2018)

A. Diller, S. Prakash, A. Alia, P. Gast, J. Matysik, G. Jeschke, J. Phys. Chem. B 111, 10606 (2007)
E. Daviso, A. Alia, S. Prakash, A. Diller, P. Gast, J. Lugtenburg, J. Matysik, G. Jeschke, J. Phys.
Chem. C 113, 10269 (2009)

E. Daviso, S. Prakash, A. Alia, P. Gast, J. Neugebauer, G. Jeschke, J. Matysik, Proc. Natl. Acad.
Sci. USA 106, 22281 (2009)

K.B. Sai Sankar Gupta, Spin-torch experiments on reaction centers of Rhodobacter sphaeroides.
Ph.D. thesis, University of Leiden (2011)

D. Grising, K.M. Dziubinska-Kiihn, A. Alia, S. Zahn, J. Matysik, Sci. Rep. 9, 10528 (2019)

P. Bielytskyi, D. Grising, K.R. Mote, K.B. Sai Sankar Gupta, S. Vega, P.K. Madhu, A. Alia, J.
Matysik, J. Magn. Reson. 293, 82 (2018)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

@ Springer



	Photo-CIDNP in Solid State
	Abstract
	1 Introduction
	2 CIDEP, CIDNP and SCRPs in Liquid State
	3 Spin-Dynamics in Photosynthetic Systems
	4 The First Successful Observation of the Solid-State Photo-CIDNP Effect
	5 Studies on Bacterial Photosynthetic Reaction Centers
	6 Studies on Photosynthetic Reaction Centers of Plants, Algae and Diatoms
	7 Studies on Flavoproteins
	8 Theory Relying on Level Crossings and Level Anti-crossings
	9 Photo-CIDNP MAS NMR as an Analytical Method
	10 Outlook
	Acknowledgements 
	References




