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Abstract Optically Detected Magnetic Resonance (ODMR)

is a double resonance technique which combines optical

measurements (fluorescence, phosphorescence, absorption)

with electron spin resonance spectroscopy. After the first

triplet-state ODMR experiments in zero magnetic field repor-

ted in 1968 by Schmidt and van der Waals, the number of

double resonance studies on excited triplet states grew rapidly.

Photosynthesis has proven to be a fruitful field of application

due to the intrinsic possibility of forming photo-induced pig-

ment triplet states in many sites of the photosynthetic

apparatus. The basic principles of this technique are described

and examples of application in Photosynthesis are reported.

Keywords ODMR � Triplet state � FDMR � ADMR �
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Abbreviations

ODMR Optically detected magnetic resonance

FDMR Fluorescence detected magnetic resonance

ADMR Absorption detected magnetic resonance

Chl Chlorophyll

MIF Microwave-induced fluorescence

T–S Triplet minus singlet

ODMR of triplet states

Optically Detected Magnetic Resonance (ODMR) is a

double resonance technique which combines optical mea-

surements (fluorescence, phosphorescence, absorption) with

electron spin resonance spectroscopy. In the study biological

samples, ODMR spectroscopy is mainly applied to triplet

states, in the absence of external magnetic fields (the so-

called zero field-ODMR or ZF-ODMR spectroscopy).

Electronic triplet states can be seen as intrinsic molecular

‘‘spin probes’’ for a system, because they carry electronic

paramagnetism and are endogenous probes of molecular

structure and molecular interactions with the environment.

As we will see, magnetic resonance transitions between the

spin sublevels of a triplet state produce, under the right

experimental conditions, changes in the optical properties of

the system. Changes in phosphorescence (PDMR), fluores-

cence (FDMR), and absorption (ADMR) are often easily

observed.

The first triplet state ODMR measurements of organic

molecules were done in 1967, independently by Kwiram

(1967), Schmidt et al. (1967), and Sharnhoff (1967), by

adding a phosphorescence detecting system to a traditional

X-band EPR spectrometer. The ODMR, in a high magnetic

field while being suitable for the detection of well-oriented

triplet states in single crystals, is far from ideal in the case

of randomly oriented systems and thus, in particular, is not

suitable for proteins which are usually not available in a

single crystal form. The anisotropy of the interactions for

randomly oriented systems leads to EPR spectra which are

typically spread over 1,000 Gauss, with a considerable loss

of sensitivity. In ODMR performed in zero-field, the main

factor controlling the line-width is the inhomogenous

broadening, caused by the differences in the local envi-

ronment of the paramagnetic species, which leads to much

higher resolution of the transition frequencies compared

with EPR.

The first ZF-ODMR experiments have been reported in

1968 (Schmidt and van der Waals 1968) and the field of

double resonance of the excited triplet states has grown
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rapidly since then (Clarke 1982). A fruitful field of appli-

cation has proven to be Photosynthesis. An important

contribution to this field has been given by Hoff, especially

in improving the ADMR technique (for a review, see Hoff

1996).

In this article, the physics of the triplet state will be first

introduced, and then the basic principles of the ZF-ODMR

spectroscopy will be discussed. At the end of the article,

some representative examples of the applications in Pho-

tosynthesis will also be discussed.

Triplet state

A triplet state is an electronic state in which two electrons

in different molecular orbitals have parallel spins, as shown

in Fig. 1. The name ‘‘triplet’’ reflects the fact that there are

three triplet sublevels. These sublevels are degenerate only

for spherical molecular symmetry. For reduced symmetry,

the three-fold degeneracy is removed, even in the absence

of an applied magnetic field.

Electronic triplet states in molecules are rarely ground

electronic states; instead, in chemical and biological sys-

tems, they are often present as states which can be

populated thermally, by photo-excitation, or, in some cases,

by chemical reactions, starting from singlet states. In Fig. 2,

the Jablonski diagram, illustrating the relevant molecular

electronic states and their population and decay routes, is

shown. The ground state of a typical organic molecule is a

singlet state, and absorption of light leads to excited singlet

states. The unpairing of the electron spins is possible only if

there is some degree of ‘‘spin-orbit coupling,’’ in which the

magnetic field arising from the orbital motion of the two

electrons interacts with the spin magnetic moments. If this

happens, then the molecule undergoes intersystem crossing

(ISC) and becomes a triplet state. The atomic spin–orbit

coupling is proportional to the nuclear charge. Often, in

organic molecules, only light atoms (C, N, O) contribute to

the molecular structure, thus the spin–orbit interaction is

weak, and the ISC process is slow.

After an excited molecule crosses into a triplet state, it

may remain there a long time because the de-excitation is

spin-forbidden. The triplet state may decay to the ground

singlet state with (phosphorescence) or without emission of

radiation. The energy of the lowest triplet state, To, is

usually lower than that of the first excited singlet state, S1,

due to the exchange interaction (the physical meaning is

that, on average, the two electrons are farther apart in the

triplet state than in the singlet state, hence the Coulombic

repulsion is less intense and the state energy is lower).

Zero field splitting parameters

Together with the possibility of populating the triplet state

by light absorption, the other element which is relevant for

performing ODMR spectroscopy, is the paramagnetism

associated with the triplet states. Those molecular triplet

states, for which the spin–orbit coupling, i.e., the interac-

tion between the spin angular momentum and the orbital

angular momentum of the electron is not large, have an

energy splitting of the three sublevels. Since there is a

magnetic dipole moment associated with the spin angular

momentum of each electron, the splitting is due to the

magnetic dipole–dipole interaction between the two

unpaired spins. The interaction is described by the spin

hamiltonian Hss which depends on the molecular symmetry

and average distance vector r between the spins:

ĤSS ¼
3

4

g2b2l0

4p
ŝ1ŝ2

r3
� ðŝ1rÞðŝ2rÞ

r5

� �

in which g is the electronic g-value, b is the electronic Bohr

magneton, s1
^

and s2
^

are the spin angular moments of the two

electrons, and r is the distance between the two electrons.

By defining the total spin angular momentum S
_

¼
s
_

1 þ s
_

2; and a dipolar interaction tensor D, whose matrix
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Fig. 1 Molecular orbitals of ground, excited singlet (S = 0), and

triplet (S = 1) states. HOMO: highest-occupied molecular orbital;

LUMO: lowest-unoccupied molecular orbital. Arrows indicate elec-

trons with up/down spin. ISC: inter-system crossing
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Fig. 2 Jablonski diagram showing the processes by which a mole-

cule, on absorption of energy in the form of electromagnetic radiation,

can return to the ground state
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elements are averages over the spatial coordinates of the

distance vector r between the two electrons, since they are

not localized in space but are moving within the orbitals,

we may write Hss in the following form:

ĤSS ¼ S
_

DS
_

¼ �XS
_

X
2 � YS

_

X
2 � ZS

_

X
2

In fact the tensor may be made diagonal by a

transformation in a proper coordinate system in the

molecule. This special coordinate system is called the

‘‘principal axes system,’’ giving the principal values X, Y,

Z, which are the energies of the three triplet sublevels in

zero field. Because X ? Y ? Z = 0 (the trace of the

tensor is zero), the energies may be written in terms of two

parameters, D and E, called zero field splitting (ZFS)

parameters (see Fig. 3):

D ¼ � 3

2
Z

E ¼ � 1

2
ðX � YÞ

by convention jDj � 3jEj

These parameters represent averages over the spatial

coordinates of the distance vector of the two unpaired

electrons:

D ¼ 3

4

g2b2lo

4p
r2 � 3z2

r5

� �

E ¼ 3

4

g2b2lo

4p
x2 � y2

r5

� �

D and E reflect the structural information, that is the spatial

distribution of the electrons and, consequently, the sym-

metry and structure of the molecule carrying the triplet

state. D is sensitive to the asymmetry (extension) of elec-

tronic distribution along the Z axis, while E reflects the

distribution in the X,Y plane and thus is a measure of the

deviation of the axial distribution about the Z-axis. The

ZFS parameters are fingerprints of the molecular species

and are also influenced by the electronic distortions intro-

duced by the molecular environment.

The triplet states which are important in photosynthesis

belong mainly to chlorophyll (Chl) and carotenoid (Car)

molecules. In large aromatic molecules such as Chls, the

electronic triplet state is a 3(pp*) state, and the electronic

distribution is flattened along the Z axis and extended in the

XY plane. D is positive (the z component of r is on the

average much smaller than |r|) and, due to the symmetry in

the plane, E is small. On the contrary for a rod-like mol-

ecule, such as a Car, D is negative because z is comparable

to r (see Fig. 3).

The ZFS parameters of a triplet state give information

about the molecular structure. Moreover, the local envi-

ronment may induce a change in the D and/or E

parameters, by producing a change in the electronic dis-

tribution. For instance, in the case of aromatic molecules,

an increase of the polarizability of the local environment

produces a more diffuse triplet state, with a consequent

reduction of the D and E values. The ZFS parameters are

also sensitive to electric fields.

Zero field transitions

Since there is a magnetic dipole transition moment between

any pair of the triplet sublevels, it is possible to exchange

energy with an electromagnetic field and induce a transfer

of population from one level to another. All the three

transitions of a triplet state are allowed and are induced by

application of a resonant electromagnetic field, at fre-

quencies corresponding to 2|E|, |D| ? |E|, |D| - |E|,

energies (see Fig. 3). It is possible to determine the value

Z
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X Y

z<<|r|: D>0

X

Y

Z

2|E| 1/3|D|

|D|+|E| 0

-2/3|D|

Energy
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Fig. 3 Molecular structure of

chlorophyll a and b-carotene

with the directions of the zero-

field splitting axes. For Chl a,

the in-plane X–Y axes are

shown, the Z axis is

perpendicular to the porphyrin

plane. For b-carotene, only the

long Z axis is shown. In the box,

the energy levels of the triplet

spin sublevels are indicated

together with the three possible

transitions, corresponding to

(|D| ± |E|)/h and 2|E|/h
frequencies. D, E: zero field

splitting parameters
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of the ZFS parameters with high accuracy by ZF-ODMR

spectroscopy. The transitions concerning organic mole-

cules fall, in most cases, in the microwaves range (0.01–

10 cm-1).

The transitions from the singlet excited state to the three

triplet sublevels (px, py, pz) and the decay rates from the

three triplet sublevels to the ground singlet state (kx, ky, kz),

have, in general, different probabilities, because they

depend on the spin–orbit coupling which is an anisotropic

process (see Fig. 4), and are determined by the molecular

symmetry.

The sublevel populations (Nx, Ny, Nz), which are pro-

portional to the ratio pi/ki (i = x, y, z), are often effectively

equalized by spin–lattice relaxation (w), a process which

contrasts the microwave-induced transition by reporting

the spin populations at Boltzmann equilibrium. Due to this

process, at temperatures as low as 5–10 K, it becomes

often impossible to observe the transitions because of the

little difference in populations at the Boltzmann equilib-

rium. However, at pumped liquid helium temperatures

(1.2–2.1 K) the spin–lattice relaxation is blocked and the

populations can achieve a state of spin alignment (polari-

zation) which depends on the symmetry of each sublevel.

The population difference between two levels (DN) allows

to perform the magnetic spectroscopy, the intensity of the

transition being proportional to DN. In principle, ESR

spectroscopy of triplet states in zero field is possible but it

is notably difficult experimentally because one must detect

directly the absorption of the microwaves swept, but spu-

rious microwaves reflections cannot be avoided. On the

contrary, ZF-ODMR is very suitable for the scope, as it

will be explained in the next section.

The basic principle of ODMR spectroscopy

The principle of the ODMR technique may be easily

illustrated by considering the example shown in Fig. 5, in

which the triplet state of a molecule is populated under

illumination. Under continuous illumination, a steady state

population of the three sublevels will be generated. In the

particular case of the example considered, the population

rates are similar for all the sublevels (px = py = pz) while

the decay rates are: kx,ky � kz. As a consequence the

steady state populations of the three sublevels will be:

Nz � Nx,Ny. Application of a resonant microwave field

between a couple of sublevels will lead to a redistribution

of their populations, because a new steady state will be

generated by the presence of the microwave field. If, for

instance, we switch on a microwave field of frequency

corresponding to that of a transition between the Y and Z

levels, the field will transfer population from the more

populated and slowly decaying Z level to the much less

populated, fast decaying Y level. This transferred popula-

tion will quickly decay to the ground state leading to an

increase of phosphorescence, if the triplet Y state decays

with radiation. Moreover in the new steady state, estab-

lished by the presence of the resonant microwave field, the

singlet ground state population will be enhanced while the

global triplet state population (NT = Nx ? Ny ? Nz) will

be decreased. This will induce an increase in fluorescence,

an enhanced singlet ground state absorption, and a decrease

in triplet–triplet absorption.

This is the basic principle of the ODMR technique. In

fact, during an ODMR experiment, the sample is continu-

ously illuminated at liquid helium temperature and

irradiated by microwaves at a frequency m not far from one

of the resonance frequencies. The frequency m is slowly

scanned while the phosphorescence, the fluorescence or the

absorption of the sample is being monitored. When m
approaches the resonance frequency, the phosphorescence

(PDMR), the fluorescence (FDMR) or the absorption

(ADMR), will be enhanced or diminished depending on the

relative values of the populating and decaying rates.

Once the ZFS parameters are known, it is possible to

investigate the intensity dependence of the ODMR transi-

tions on the detection wavelength. The sample is irradiated

with microwaves at one resonance frequency, and the

photo-detector output is monitored as a function of the

probe beam wavelength. In this way, the microwave-

induced phosphorescence (MIP), the microwave-induced

fluorescence (MIF) or the microwave-induced absorption

(MIA or triplet-minus-singlet = T - S) spectra can be

kx
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kz

w

w

w

px

py

pz

u

u
u k

p
KNN ≅

Fig. 4 Scheme of triplet sublevels with populating rates: px, py, pz,

and decay rates: kx, ky, kz. The term, w, indicates the spin–lattice

relaxation rate. Circles correspond to the population of the three

sublevels, as determined by the ratio of the populating and decay rates

(by neglecting the term, w). Nu represents the population of the u-

level in steady state conditions of illumination. When w = 0, Nu

depends on the ratio pu/ku and is proportional to the N (the whole

population of the molecules in triplet and singlet states) and K (the

rate constant for the triplet by the process: S0 ? S1 ? T)
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detected. Usually, the microwaves are ON–OFF-amplitude

modulated, and the detector output is demodulated via a

phase-sensitive lock-in amplifier. This allows to reach

sensitivities as high as DI/I = 10-7.

In complex systems, the T–S spectrum of the molecule

carrying the triplet state provides information also on the

interactions involving the molecule itself and other mole-

cules in the surroundings. In fact, the interactions of a

particular molecule with the molecules in its environment

may change when the electronic state of the molecule is

converted from singlet to triplet. The T–S spectrum will

reflect these changes in terms of spectral shifts and/or

change of absorption intensity of the interacting molecules.

An important version of ADMR spectroscopy is Linear-

dichroic ADMR spectroscopy, which allows to determine

the direction of the magnetic transition moments with

respect to the optical transition moments. This often gives

precise structural information on complex molecular sys-

tems. The details of this version of ADMR technique may

be found in Hoff (1989).

Basic instrumentation

The basic apparatus required for ODMR in zero field is not

expensive; however, it is not commercial. The essential

equipment is composed of the following:

a) an optical excitation source (lamp or continuous laser

beam)

b) an optical detector (photomultiplier or photodiode)

c) a microwave sweep oscillator with a coaxial transmis-

sion line to couple the output with the helix inside the

helium cryostat. The helix is a broad-band resonator

which allows to sweep the microwave with almost

constant power. The sample cell must be optically

accessible either between turns in the helix or axially

by means of a pipe. Microwaves are amplitude

modulated to enhance the sensitivity, via demodulation

by means of a lock-in amplifier (not used for slow-

decaying triplet states).

d) a cryostat, with optical and microwave access, pumped

to reach the temperature of superfluid liquid helium,

under 2.1 K. At this temperature, the bubbles associ-

ated with the boiling of the liquid helium disappear,

and scattering is completely suppressed.

e) a PC interfaced to the set-up for recording and

handling of the data

Some differences in the assembly are necessary for

FDMR and PDMR, in particular to collect the emission and

to get rid of the scattering, due to the excitation. A 90�
configuration between the excitation beam and the direc-

tion of the detection of the emission is suggested.

A simple basic scheme of the set-up, optimized for

photosynthesis research, is shown in Fig. 6. Further details

can be found in Hoff (1996).

Advantages and limitations of ZF-ODMR

Compared to conventional EPR, ODMR is a quite sensitive

technique. This is due to the fact that the energies of optical

quanta (detected by ODMR) are much higher than the

energies of microwaves quanta (detected by EPR), and thus

enhances the sensitivity of the detector (the quantum-up

conversion factor is about 105). Moreover, the lines are much

narrower, because the anisotropy is not associated with an

applied magnetic field. A unique feature of ODMR is the

possibility to probe the resonance at different wavelengths,

which may help to distinguish among different triplet states

present in a sample, and which allows to correlate the optical
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Fig. 5 Scheme illustrating the

principle of ODMR

spectroscopy. Change of the

steady state populations of the

singlet ground state and the

triplet sublevels induced by the

application of a resonant

microwave (Mw) field,

indicated by a thick arrow in the

right panel. Details are found in

the text
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and magnetic properties of the system. In particular, low

temperature T–S spectra are much more accurate than those

detected by conventional flash spectroscopy.

On the other hand, limitations arise from the need to

operate at low temperature. The application at physiolog-

ical temperatures is precluded except for crystals.

For triplet state transitions which do not saturate at low

microwave power, the use of high power often induces

microwave reflections and artifacts in the detection; how-

ever, saturation is required, for instance, to get the correct

T–S spectra.

A limit of ODMR with respect to EPR is that it is

restricted to triplet states, while radicals are not detectable.

ODMR in photosynthesis

All biological materials contain molecules such that their

triplet states can be used as important probes of their

molecular structure, of their structural environment, of

their binding sites etc. All proteins contain as naturally

occurring potential triplet probes their aromatic amino

acids (phenylalanine, tryptophan, and tyrosine) which can

be studied by ODMR (Maki 1995). Aromatic residues

close to active sites of enzymes may be sensitive to sub-

strate or dye binding. In other cases, the triplet states of

endogenous cofactors, in biological systems, are potential

tools for studying the dynamics and the function of the

macromolecules (Clarke 1982).

The application of ODMR in photosynthesis research

has been particularly fruitful since the first report by

Gouterman et al. (1972) on the biologically important

porphyrin molecule (for reviews, see: Hoff 1982, 1989,

1996; Giacometti et al. 2007).

Chlorophyll, bacteriochlorophyll, and carotenoid triplet

states can be populated in the light-harvesting complexes

of all the photosynthetic species, especially during light-

induced stress conditions. These states have been studied

by ODMR in many systems (for some examples, see:

Carbonera et al. 1992a, b, 1996, 2001, 2002; Santabarbara

et al. 2003, 2005, 2007; Santabarbara and Carbonera 2005;

Bordignon et al. 2002; Van der Vos et al. 1991; Aust et al.

1990, 1991; Psencik et al. 1994; Ullrich et al. 1989;

Lampoura et al. 2002; Di Valentin et al. 2008).

Moreover, triplet states, in photosynthetic membranes,

may be generated on the primary donors (P) of photosyn-

thetic reaction centers, by radical recombination, under

conditions blocking the forward electron by removal, or

chemical reduction, of the secondary acceptors:

Antenna�!light
Antenna�PA1A�2 �!AntennaP�A1A�2 �!

\3ps1

PþA�1 A�2
� �

$x 3 PþA�1 A�2
� �

! 3PA1A�2

The interactions between the primary donors and the other

cofactors present in the reaction centers, have been largely

investigated by ODMR, in different organisms (Aust et al.

1990; Angerhofer et al. 1994; Bordignon et al. 2002;

Carbonera et al. 1994, 1997, 2002; Giacometti et al. 2007;

Hoff 1982, 1989, 1996; Santabarbara et al. 2003, 2007;

Ullrich et al. 1987; Witt et al. 2002, 2003; Krabben et al.

2000). Recently, site-directed mutants of photosynthetic

bacteria and green algae have been studied by ODMR,

N2 diuqil ,
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pmup

edoidotohP
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Fig. 6 Basic block scheme of

the ODMR set-up. Only the

absorption detection line is

shown. Fluorescence detection

is obtained with a 90�
arrangement of the detection

line with respect to the

excitation line
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giving new insights about the effect of the protein envi-

ronment on the electronic properties of the cofactors in

close vicinity of the primary donor (Vrieze et al. 1996a, b;

Witt et al. 2002, 2003; Krabben et al. 2000).

An important aspect of the application of ODMR in

photosynthesis is that the technique can be used to study

energy transfer and trapping processes in intact systems,

such as large particles or even thylakoids, chloroplasts, and

leaves, due to the high sensitivity and selectivity of the

technique (Bordignon et al. 2002; Psencik et al. 1994;

Santabarbara et al. 2003, 2007).

In the next sections some examples of application in

photosynthesis, representative of the capabilities of the

technique, are reported.

ODMR of carotenoid and chlorophyll triplet states

Carotenoid and Chlorophylls triplet states in photosynthe-

sis are easily detected by ODMR. Carotenoids are present

in all the photosynthetic systems where they have the dual

functions of light-harvesting and photo-protection (Frank

and Cogdell 1996). In fact, they absorb energy in the blue–

green region and transfer the electronic excitation to

chlorophylls with high efficiency. Moreover, their low-

lying triplet state becomes populated by triplet–triplet

energy transfer from chlorophyll triplets, thus preventing

the formation of singlet oxygen and possible damage of the

photosystems, as shown in the scheme reported in Fig. 7.

Carotenoid triplet formation has been detected in intact

systems as well as in isolated light-harvesting complexes

and reaction centers. Because the carotenoids are neither

fluorescent nor phosphorescent species, it is not possible to

perform (P)FDMR spectroscopy of carotenoids triplet

states by monitoring their direct emission. However,

FDMR spectra can be obtained by detection of the chlo-

rophyll emission, while microwave resonant transitions are

induced between a couple of spin sublevels of the carot-

enoid triplet state. The observed three FDMR transitions

(|D| ? |E|, |D| - |E|, and 2|E|) corresponding to a change of

emission upon resonant microwave field application are

due to the energy-transfer processes connecting the pig-

ments. According to the scheme of Fig. 7, it can be

demonstrated, by solving the differential equations for the

triplet state populations in the absence and in the presence

of the resonant microwave field (Carbonera et al. 1992a, b;

Van der Vos et al. 1991), that, for instance, a decrease in

the carotenoid triplet population induced by a resonant

microwave field causes, in turn, an increase in the Chl

singlet population and therefore of the fluorescence

intensity.

The same FDMR pattern of transitions (2|E| � |D| ?

|E| [ |D| - |E|) has been reported for carotenoid triplet

states occurring in several antenna complexes of plants,

algae, and bacteria (Angerhofer et al. 1996; Aust et al.

1991; Ullrich et al. 1989; Van der Vos et al. 1991;

Carbonera et al. 1992a, b).

As an example, the ODMR spectra of carotenoids in

peridinin–chlorophyll a–proteins (PCPs) will be discussed

in some details in the next section.

Carotenoids are efficient quenchers of Chl triplets;

however, it has been reported that small amounts of

unquenched Chl triplet states are also formed in chloro-

plasts under illumination. It has been suggested that these

Chl triplet states are related to the process of photo-inhi-

bition (Santabarbara et al. 2003). ODMR is the most

suitable technique to investigate the origin of the different

triplet populations of Chl because of its high sensitivity and

because it makes it possible to correlate the magnetic

properties of the triplets under investigation to the optical

properties of the system. A second example of application

of ODMR, the study of the Chl triplet states populated in

the thylakoid membranes of the green alga Chlamydo-

monas reinhardtii, will also be presented.

Peridinin–chlorophyll a–proteins (PCPs)

The peridinin–chlorophyll a–proteins are the peripheral

light-harvesting complexes of the microalgae Dinoflagel-

lates. The structure of the main form of PCP isolated from

Amphidinium carterae has been determined by X-ray dif-

fraction (Hofmann et al. 1996). Each monomer consists of

two domains where the pigments occur in two clusters,

each containing one Chl a and four carotenoid (peridinin)

molecules related by a local twofold symmetry axis. The

                 lhC raC

F

S0

S1

11Ag

21Ag

11Bu

CSI

13Bu
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3Σ g

T1
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Fig. 7 Pathways of singlet and triplet energy transfer between

chlorophyll and carotenoid molecules in photosynthesis. The Car

triplet state can be populated from the Chl triplet excited state, via

triplet–triplet energy transfer. Singlet oxygen production by the

interaction of the excited Chl triplet state and ground-state oxygen is

also shown. Because of singlet–singlet and triplet–triplet energy

transfer, it is possible to monitor the ODMR spectra of non-

fluorescing carotenoids on the Chl emission. Key: S0, ground state;

S1, first singlet excited state; T1, first triplet excited state; A,

absorption; F, fluorescence; ISC, inter-system crossing
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closest distances between pigments, belonging to the two

different clusters, are greater than those within a single

cluster. Intra-cluster distances are in the range 4–11 Å, and

the conjugated regions of all peridinins are in van der

Waals contact with the chlorophyll molecule. More

recently the X-ray structure of another form of PCP, the so-

called high-salt PCP, has been resolved. In Fig. 8, the

pigment arrangement in the two proteins is compared.

In these complexes, peridinin triplet states are formed by

energy transfer from the Chl triplet states, as proved by the

three FDMR transitions, assigned, on the basis of the ZFS

parameters, to the peridinin triplet state, detected by

monitoring the Chl a fluorescence changes (at about

680 nm). The FDMR spectra are shown for the two PCP

proteins in Fig. 8 (Carbonera et al. 1996, Di Valentin et al.

2008, and references therein). No chlorophyll triplet states

have been detected, demonstrating a 100% efficiency of

triplet quenching by peridinins.

After the three transitions have been determined, the

change in the absorption, induced by the microwaves, at

different wavelengths can be probed by setting the micro-

wave field at a frequency corresponding to one of the

transitions and sweeping the detection wavelength. In this

way, the T–S spectra are detected. For the two PCP com-

plexes, the well-resolved T–S spectra detected at the

maximum of the 2|E| transitions, are shown in Fig. 8. The

positive bands in the range 450–550 nm, correspond to

triplet–triplet absorption bands of the peridinin, while the

negative bands correspond to singlet–singlet absorption

bleaching. It is interesting to note that there are negative

and positive bands also in the region between 650 and

700 nm. These bands are in the spectral region where only

Chl a molecules in these proteins absorb. Therefore they

correspond to the Chl a band shifts induced by the change

of the electronic state of the peridinin molecule. The

intensity of the Chl a bleaching in the T–S spectra of the
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Fig. 8 Structures of the pigments associated with the monomeric

basic unit of the PCP complexes from A. carterae. Left: main form

PCP (MFPCP), right: high-salt PCP (HSPCP). Structure taken from

coordinates 1PPR and 2C9E deposited in the Brookhaven Protein

Data Bank. The molecular structure of peridinin is also reported. Left

panel: FDMR spectra of peridinin triplet state in PCP (top traces) and

high-salt PCP (bottom traces), at 1.8 K. Detection wavelength:

680 nm; modulation frequency: 323 Hz, Mw power 1 W. 10 scans.

Right panel: T–S spectra of MFPCP (thin line) and HSPCP (thick
line) detected at the 2|E| transition frequency. Spectra have been

rescaled for better comparison. Line corresponding to DI/I = 0 is

shown. Modulation frequency: 323 Hz, microwave power: 1 W,

T = 1.8 K. DI/I % DA. Figure based on the data from Di Valentin

et al. 2008
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carotenoids is proportional to the triplet–triplet transfer

efficiency (Angerhofer et al. 1996). It is clearly seen that in

the high-salt PCP complex, two spectrally distinct forms of

Chl a interact with the carotenoids carrying the triplet

states.

Chlorophyll triplet states detection in thylakoids

Illumination of thylakoids of both plant and algae at low

temperatures leads to the formation of several chlorophyll

and carotenoid triplet populations which can be detected by

ODMR (Santabarbara et al. 2002, 2005, 2007; Santabar-

bara and Carbonera 2005). The technique is unique in

allowing the assignment of specific triplet populations in an

intact environment, such as large membrane preparations.

The analysis of the FDMR spectra of thylakoids has

revealed the presence of carotenoid as well as chlorophyll

triplet states, belonging to Photosystems I and II. In Fig. 9,

the spectra relative to the |D| ? |E| and |D| - |E| transitions

of the chlorophyll triplet states in thylakoids of Chla-

mydomonas r. detected at multiple wavelengths are

reported. The 2|E| transitions were too week to be detected,

as usually observed for Chl triplet states (data from Sant-

abarbara et al. 2007). On the basis of the decomposition of

the spectra by Gaussian components, the MIF spectra

associated to each triplet population can be reconstructed

(not shown). Thus it is possible to assign the triplet com-

ponents to specific regions of the photosynthetic membrane

(see Table 1). The Chl triplets, which are formed under

non-reducing redox conditions when the recombination

triplet state of the primary donors are undetectable, have

been suggested to be involved in the photo-inhibitory

damage of Photosystem II (Santabarbara et al. 2003, 2005,

2007; Santabarbara and Carbonera 2005).

After reduction of the secondary acceptors by sodium

dithionite, followed by few minutes of illumination at room

temperature, the recombination triplet states, TP680 and
TP700, belonging to the two reaction centers, appear as

new components in the FDMR spectra of thylakoids (see

Fig. 10, based on data from Santabarbara et al. 2007).

Vredenberg and Duysens quantified, in 1963, the process of

fluorescence yield of the antenna depending on the fraction

of open/closed reaction centers. Their scheme explains why

it is possible to observe the FDMR spectra of the recom-

bination triplet states localized in the reaction centers via

emission of the antenna chlorophylls, the primary donor

being connected to the antenna chlorophylls via singlet–

singlet energy transfer.

Fig. 9 (Top) Fluorescence emission spectra of C. reinhardtii thylak-

oids at 4.5 K. Excitation wavelength 435 nm. (Bottom) Gaussian

deconvolution of the FDMR spectra of C. reinhardtii thylakoids, in

the |D| - |E| and |D| ? |E| chlorophyll resonance transition range,

detected at different emission wavelengths as indicated. Experimental

conditions: temperature: 1.7 K; microwave power: 600 mW; modu-

lation frequency, 33 Hz. Figure based on the data from Santabarbara

et al. 2007
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By selecting the frequency of the microwaves at

992 MHz, corresponding to the specific resonance of
TP680, the associated T–S spectrum of TP680 in thylakoids

can be detected. It shows its main negative peak at 685 nm,

red-shifted with respect to earlier reports on isolated

reaction centers (Van der Vos et al. 1992; Carbonera et al.

1994). A weak signal, of opposite sign, at approximately

675 nm is also present. The 685-nm peak indicates that, at

cryogenic temperatures, the triplet is indeed located not in

P680, but on the long-wavelength absorbing chlorophyll

present in the reaction center of Photosystem II. From the

absence of a clear structure in the 680-nm absorption

region, this long-wavelength absorbing state does not

appear to be strongly coupled to P680, though it must be

associated with one of the ‘‘inner core’’ pigments recently

identified in the Photosystem II crystallographic structure.

If the frequency of the microwaves is set at 940 MHz,

the T–S spectrum of P700 can be selectively recorded (see

Fig. 10). It presents several bands, which can be interpreted

in terms of the interactions between P700 and the other Chl

molecules close to it, in the reaction centers. These inter-

actions give rise to excitonic band splittings and

redistribution of dipole oscillator strengths, which are

perturbed upon TP700 formation. This leads to a change of

the intensity of the absorption bands and band shifts, which

are observed in the T–S spectrum. It should be noted that

such complex structure of the T–S spectrum is not

Table 1 Parameters of global Gaussian decomposition of FDMR spectra of thylakoids of Chlamidomonas r. monitored at multiple emission

wavelengths

Triplet |D| - |E| (MHz) |D| ? |E| (MHz) FWHM (MHz) |D| (cm-1) |E| (cm-1) Assignment

TPSI1 714.7 945.9 18.2 0.0277 0.0039 3P700
TPSI2 727.9 958.3 17.5 0.0281 0.0038 3P700
TPSI3 704.1 975.1 18.5 0.0280 0.0045 PSI core or outer antenna
TPSII1 730.0 967.6 18.0 0.0287 0.0039 PSII core antenna
TPSII2 740.5 973.5 18.0 0.0286 0.0039 PSII core antenna/PSII outer antenna
TPSII3 766.0 989.1 10.3 0.0293 0.0037 PSII core antenna
TPSII4 720.5 991.0 14.7 0.0285 0.0045 3P680

From Santabarbara et al. 2007
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Fig. 10 (Top) FDMR of Chl triplets of thylakoids from C. reinhardtii
reduced by 20 mM sodium-dithionite and preilluminated for 4 min at

room temperature. Experimental conditions: temperature: 1.7 K;

microwave power: 600 mW; modulation frequency: 33 Hz, emission

wavelength as indicated. (Bottom) T–S spectra of TP700 and TP680 in

the Chl Qy absorption region, detected in C. reinhardtii thylakoids

reduced by 20 mM sodium-dithionite and preilluminated for 4 min at

room temperature. The microwave resonance frequency was set near

the maxima in the |D| ? |E| transitions, at 940 MHz for TP700 and

992 MHz for TP680, as indicated by the arrows in the FDMR

spectrum above. Experimental conditions: temperature 1.8 K, micro-

wave power: 600 mW; modulation frequency: 33 Hz, optical

resolution: 0.5 nm, scan rate: 0.1 nm/s. Figure based on the data

from Santabarbara et al. 2007
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observed in the case of the P680, indicating that the exci-

tonic coupling within the PSII reaction centre is much

weaker than in the reaction center of PS I.

This study on thylakoids describes well the potentiality

of ODMR technique, whose sensitivity and selectivity

allow to determine the spectroscopic properties of specific

pigments and cofactors in an intact molecular environment,

which is not altered by the biochemical manipulation and

isolation procedures of the protein complexes.

Conclusions and prospects

ODMR is a powerful tool for investigating triplet states in

photosynthesis. Although triplet states are not directly

involved in the main path of photosynthesis, they can be

seen as molecular probes to get information on the struc-

ture and interactions of specific pigments in the protein

complexes.

The accurate measure of ZFS parameters by ODMR will

acquire more importance in the future, when reliable cal-

culations of ZFS parameters by means of modern

computational methods will be available, and the effect of

the protein environments on the ZFS parameters will be

estimated.

The possibility to apply mutagenesis techniques to

photosynthetic protein complexes has thrown open further

possibilities for future applications of ODMR in photo-

synthesis, in particular, for the study the interactions of the

triplet probes with the protein environment, both in reac-

tion centers and in light-harvesting complexes.

Further developments of ODMR methods could include

CD (circular-dichroism), Raman, and photoacoustic

detection of the magnetic resonance.
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