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Abstract. Pulsed high-field /high-frequency electron paramagnetic resonance (EPR)
spectroscopy is used to disentangle many kinds of different effects often obscured in con-
tinuous wave (cw) EPR spectra at lower magnetic fields/microwave frequencies. While
the high magnetic field increases the resolution of G tensors and of nuclear Larmor fre-
quencies, the high frequencies allow for higher time resolution for molecular dynamics
as well as for transient paramagnetic intermediates studied with time-resolved EPR.
Pulsed EPR methods are used for example for relaxation-time studies, and pulsed
Electron Nuclear DOuble Resonance (ENDOR) is used to resolve unresolved hyperfine
structure hidden in inhomogeneous linewidths. In the present article we introduce the
basic concepts and selected applications to structure and mobility studies on electron
transfer systems, reaction centers of photosynthesis as well as biomimetic models. The
article concludes with an introduction to stochastic EPR which makes use of another
concept for investigating resonance systems in order to increase the excitation band-
width of pulsed EPR. The limited excitation bandwidth of pulses at high frequency
is one of the main limitations which, so far, made Fourier transform methods hardly
feasible.

1 Introduction

Electron Paramagnetic Resonance (EPR) spectroscopy has been developed for
applications in various fields of physics, chemistry and biology for about 40
years. Until 10 years ago most EPR spectrometers worked at magnetic fields
of 0.34T and corresponding microwave frequencies of 9.5 GHz, measuring the
absorption of continuously irradiated microwaves (continuous wave, cw-EPR).
Nowadays, the two major trends are the development of advanced pulsed tech-
niques and the use of high magnetic fields (HF-EPR) from 3.4T/95 GHz up
to 12.8 T/360 GHz or even higher. In particular, pulsed EPR at high magnetic
fields offers various advantages in investigating for example protein structure
and dynamics. However, at high fields the concomitant increase in microwave
frequencies imposes strong technical limitations on the possibility of using pulsed
techniques. Nevertheless, in the last years the number of pulsed spectrometers at
3.4T/95 GHz and 5 T /140 GHz has been rapidly increasing and pulsed spectrom-
eters at 7T/180 GHz, 10 T/280 GHz and 12.8 T/360 GHz are currently being de-
veloped. Generally, there is no hard criterion for defining which magnetic field
fulfills the condition for being ‘high field’. It depends very much on sample and
application. High-field EPR is used for increase in spectral resolution, increase
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in sensitivity for small samples, information on molecular motion at shorter time
scales, and the accessibility of large zero-field fine-structure splittings.

EPR is usually applied to systems containing only one or two electron spins.
Their resonance lines are often inhomogeneously broadened. The questions and
also the reasons for using pulsed instead of cw-EPR are different compared to
Nuclear Magnetic Resonance (NMR), although the theoretical treatment is sim-
ilar. Pulsed high-field /high-frequency EPR is mainly used to measure relaxation
times, which gives insight in the dynamics of the spin carrying site and its
surroundings. Another goal is to measure hyperfine couplings of nuclei using
Electron Nuclear DOuble Resonance (ENDOR) or Electron Spin Echo Envelope
Modulation (ESEEM), which gives insight in the structure of the spin environ-
ment. Depending on experimental conditions, pulsed methods may provide a
sensitivity advantage, sometimes due to underlying theoretical principles, some-
times due to technical reasons. For NMR pulsed techniques are standard by now
and are applied to systems containing many nuclear spins which are somehow
coupled but nevertheless distinguishable by their chemical shift or gyromag-
netic moment. Sophisticated multidimensional pulsed methods often allow, for
example, the measurement of selected couplings and distances. Even though in
solid-state NMR, the spectra of disordered samples might be inhomogeneously
broadened by anisotropic interactions, Magic Angle Spinning (MAS) and special
pulse sequences allow spectral resolution to a high degree. In NMR it has been
demonstrated how advanced pulsed techniques, compared to cw-techniques, can
enormously increase information content and sensitivity. In contrast, the thou-
sandfold higher EPR frequencies lead to technical complications which restrict
the feasibility of these sophisticated pulse methods.

2 Interactions measured by EPR

EPR spectra are sensitive to many different static and dynamic magnetic inter-
actions. Furthermore, most interactions depend on the orientation of the para-
magnetic centers with respect to the magnetic field and are, therefore, described
by anisotropic interaction tensors. Only for systems which are fast tumbling
in solution and thereby exhibit only averaged interactions, or for single crys-
tals, one observes single narrow resonance lines. However, most of the samples
are measured in disordered states (frozen solutions or powders) and, therefore,
exhibit inhomogeneous line broadening due to overlap of different orientations
and anisotropic interactions. Additional inhomogeneous line broadening occurs
due to unresolved electron spin - nuclear spin interactions (hyperfine structure).
Modulation of magnetic interactions which may be caused by spatial fluctua-
tions, thereby modulating anisotropic magnetic interactions, leads to relaxation
effects. The transversal T5 relaxation is related to the intrinsic width of a reso-
nance line, the homogeneous line broadening. Often it is a hard task to disen-
tangle all the different effects visible in EPR spectra and to relate them with
information on structure and dynamics.
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However, these effects scale differently with magnetic field strength which
leads to the strategy of multifrequency EPR and Zeeman magnetoselection. With
magnetoselection one selects specific orientations of molecules by resolving their
different resonance frequencies due to anisotropic Zeeman interaction even in
disordered samples. Furthermore, with the aid of pulsed EPR, it is possible to
disentangle homogeneous and inhomogeneous broadening and thereby to gain
information on dynamics from the relaxation behavior. Double resonance meth-
ods such as ENDOR allow to measure hyperfine interactions even when they are
unresolved in inhomogeneously broadened EPR spectra.

One has to distinguish single spin (S = 1/2), high spin (S > 1) and many
electron systems (two or more weakly coupled S = 1/2 spins). For S = 1/2 spin
systems the most important interactions are the electron Zeeman and the hyper-
fine interactions. For the other two cases one has to consider also exchange and
dipolar coupling. In the following we give a short introduction to the magnetic
interactions of S = 1/2 spin systems and refer to standard EPR text books, such
as [1,2], for further reading.

2.1 Electron Zeeman and hyperfine interactions

The Hamiltonian H for the EPR relevant splittings of a S = 1/2 system in a
static magnetic vector field By is given by

H = 'UBB()G ZS Ak, +alsok)Ika (1)

where pup is the Bohr magneton, G is the anisotropic G tensor, S the electron
spin operator, I the spin operator of nuclear spin k, A; its anisotropic hyperfine
interaction tensor and aiso is its isotropic Fermi contact interaction. The G
tensor contains the g value for the free electron, g., and contributions from the
spin-orbit coupling of not completely quenched angular momentum. Because
the quenching of angular momentum is related to the electric field the spin
carrying molecule is exposed to in its environment, the G tensor is anisotropic
and contains information on geometric and electronic structure in an integrated
form. Therefore, for quantitative interpretations of measured G tensors it is often
necessary to use complex quantum chemical calculations. Contrary to this, the
hyperfine splittings can be directly linked to electronic structure. The isotropic
coupling aisor is given by (87/3) g gnpin |¥(r%)|? and, therefore, proportional
to the probablhty of finding the electron with wave function ¥ at the position
rg of nucleus k. A’ contains the dipolar interaction of electron and nuclear spms

By measuring the angular dependence of the interaction energy related to A ,
which is given by

Ho 3cosla—1
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with pe, p, the magnetic moments of electron and nuclear spins, one can, for
instance, determine distance and orientation of hydrogen bonds of quinone anion
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Fig. 1. Hydrogen bond to the oxygen of a quinone anion radical
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radicals in various environments (Fig. 1, see Sect. 5.2). This technique can also be
successfully applied to proteins with paramagnetic centers such as Cu atoms, for
which complementary NMR studies are blind up to 5 A around the paramagnetic
center.

Diagonalizing (1) by first order perturbation theory and neglecting the nu-
clear Zeeman term one obtains the following orientation dependent g and A,

values
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For technical reasons in EPR one keeps the frequency of the irradiating mi-

crowaves fixed and varies instead the By value. The resonance fields are given
by

BYES
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Here mj, is the magnetic quantum number of nuclear spin k. The five EPR
hyperfine transitions of a spin system with S = 1/2 and four equivalent nuclei
with I = 1/2 are shown in Figs. 2a and b. While in EPR one measures the
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Fig. 2. EPR and ENDOR resonance transitions in a system of one electron with S =
1/2 and four equivalent nuclei with I = 1/2. Amg = £1 selects the EPR transitions,
Amyp = +1 selects the ENDOR  transitions. (a) energy levels. (b) EPR and ENDOR
spectra
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electron spin transitions, in ENDOR one monitors the nuclear spin transitions,
excited by an additionally applied radiofrequency (rf) field, via its influence on
the EPR amplitude. While the number of EPR resonance lines doubles for each
additional non-equivalent nucleus, the number of ENDOR lines increases only
additively by two. Also for equivalent nuclei, in ENDOR the number of resonance
lines is significantly reduced (Fig. 2b). This leads to the resolution advantage of
ENDOR for hyperfine structure which in EPR produces overlapping resonance
lines.

2.2 High-field EPR

As already discussed above, the spectra of disordered samples consist of the over-
lapping resonance lines of different molecular orientations. Only when the shift in
resonance for different molecular orientations is larger than the linewidth of the
individual lines, it is resolved in the spectra. When the linewidth contribution
due to unresolved hyperfine structure, AByg, is dominant resolution is enhanced
at higher magnetic fields/microwave frequencies. This is because the hyperfine
splitting is independent of By while the g resolution scales with By. This is
shown for a quinone anion radical by spectral simulations at different magnetic
fields/microwave frequencies, see Fig. 3a. At 3.4 T/95 GHz the principal values of
the G tensor are well resolved and, by performing additional ENDOR, ESEEM
or relaxation time measurement at these resonance fields, one selects only those
molecules with their respective principal axis of the G tensor oriented along By.
The ‘high field’ condition to be fulfilled for good magnetoselection is therefore

Ag

Yiso

At higher fields, resolution is also enhanced for nuclear Larmor frequencies.
Therefore, high-field ENDOR is often applied to study systems which contain

By > AByy - (5)
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Fig. 3. EPR on disordered samples of quinone anion radicals. (a) spectral simulations
at different magnetic fields/microwave frequencies. The arrows at the bottom spec-
trum indicate the orientations which dominantly contribute to the EPR absorption at
the respective resonance positions. (b) structure of a quinone anion radical with the
principal axes of the G tensor and its principal values
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different sorts of nuclei. At lower fields, the ENDOR spectra, centered at the
nuclear Larmor frequency of the respective nucleus, are overlapping while at
higher fields they are well separated.

3 Pulsed EPR

There are several ways to investigate a spin system by EPR. With continuous
wave (cw) EPR one measures the response of continuously irradiated microwaves
while sweeping the magnetic field. This is equivalent to the sweep of the mi-
crowave frequency at fixed By. On resonance, the microwave energy is partially
absorbed. Another possibility is to excite the spin system with a single pulse and
to monitor the response. One observes a rotating magnetization and its decay
due to dephasing of the individual spins (T3 relaxation) and due to relaxation to
thermal equilibrium (77 relaxation). This is called Free Induction Decay (FID).
The Fourier transform of the FID signal is equivalent to the cw-EPR spectrum.
Using more than one pulse, because of the non-linearity of spin systems, electron
spin echo (ESE) phenomena appear. Pulsed Fourier transform methods offer the
advantage of higher sensitivity. Moreover, sophisticated methods using several
pulses help to disentangle the various interaction parameters hidden in cw-EPR
spectra. This leads to the field of multidimensional magnetic resonance. Par-
ticularly interesting is the combination of high magnetic fields/high microwave
frequencies with its high G and high time resolution and pulsed methods. How-
ever, the high frequency also leads to limitations of microwave technology and
restriction to very basic (field swept) pulsed methods. Some of these field swept
methods we introduce in the following. A third method for investigating a spin
system by subjecting it to a broadband noise excitation, we will introduce in
Sect. 6. For further reading we refer to standard text books [1] for the basic
principles and to [3,4] for a thorough treatment of more sophisticated methods.

3.1 Motion of spins in magnetic fields

Generally, the motion of spins in magnetic fields is described with the Liouville
equation for the density matrix. The observed magnetization (M) is given by the
expectation value of —guBS . Restricting oneself to non-coupled spin systems,
however, the Bloch equations are a good approximation for many purposes:

— I (B« M), — ==
o 5 (B x M) T, (6a)
dMy guB My

==—(BxM), — — b
dM,.  gup My — M

=>=—(BxM),
o = (Bx M), + T (6¢)

The torque of the magnetization in the magnetic field acts on the spin angular
momentum which is related to the magnetization by the gyromagnetic factor
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gup- The z component of B is the static magnetic field By, the z and y compo-
nents contain the magnetic component of the circular polarized microwave field
with frequency wy, i.e. B = (B coswit, By sinwit, By). The Bloch equations may
be used to illustrate the different physical meanings of the two relaxation times:
The magnetization of the z component decays with the spin-lattice relaxation
time T3 to its thermal equilibrium value, (0,0, Mp). This process is connected
with energy transfer from or to the lattice. The decay of the transversal compo-
nents is governed by Ty = (1/T4 + 1/2T1)~!. The processes responsible for T4
lead to a dephasing of individual spin packets and do not transfer any energy
from the spin states to the lattice.

Without microwave, the magnetization precesses about By with the Larmor
frequency wg = gupBg. A microwave field has maximum effect on M when w,
is equal to the Larmor frequency wq. In order to treat the effect of the microwave
field, it is convenient to work in a coordinate system rotating with the microwave
frequency wy about By. In this reference frame B is stationary along the ot
axis. The magnetization rotates about an effective magnetic field

Wy — W

Beff = yrotBl + z BO (7)

wo
and, therefore, on resonance (w1 = wy) it rotates about the y,o axis. A microwave
pulse with duration 7, flips the magnetization of resonant spins with flip angle

a(rp) = gupBi 7p . (8)

3.2 FIDs, spin echoes and field swept methods

Following a 7/2 pulse, the magnetization is rotating in the Z,otyrot plane with
wo — w1. In NMR it thereby induces a current in the receiver rf coils, in EPR
the coil is replaced by a microwave resonator. However, due to static inhomo-
geneities of By and stochastic fluctuations of local magnetic fields, individual
spin packets have different Larmor frequencies. They dephase, thereby reducing
the magnetization.

So far, we have assumed that the microwave pulses have the same effect on
all the spins in the sample. This is the prerequisite for performing Fourier trans-
form EPR where a single excitation shot has to contain all spectral information.
However, not all spins are on resonance and whether our assumption is true or
not depends on the excitation bandwidth of the pulses. Figures 4a and c¢ depict
the Trot, Yrot and z component of the magnetization of an EPR spin ensemble off
resonance with wg —w; = 10 MHz, following 10 ns and 80 ns pulses, respectively.
The pulses have different By, and according to (8) the flip angle is 7/2. While
the 10 ns pulse flips the magnetization almost totally to the x,otyrot plane, the
80ns pulse flips only a small fraction of the magnetization. Figures 4b and d
show the bandwidth of the two pulses. Their FWHM bandwidths are 100 and
12.25 MHz (3.6 and 0.5 mT), respectively. It is evident that the spins 10 MHz off
resonance are not fully excited by the 80ns pulse. This is generally the prob-
lem in high-field/high-frequency EPR. The /2 pulse lengths e.g. at 95 GHz are
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Fig. 4. Magnetization (left) after 77/2 pulses in the frame rotating with w; and pulse
excitation bandwidth (spectral density, right). The dashed line is M., the solid line
M, , the dotted line M,, . The spins are 10 MHz off resonance, T1 = T5 = 0.3 us.
(a, b) 7=10mns, B; = 0.89mT. (c, d) 7 = 80ns, By = 0.11 mT. The distortions in ¢
during the first 80 ns are caused by the long microwave pulse

generally longer than 40ns, often about 80ns and even longer'. EPR spectra
of typical organic radicals with resolved G tensors are often broader than 5 or
10mT (140 or 280 MHz). Therefore, Fourier transform EPR is not possible for
these samples. Nevertheless, pulsed methods allow to burn holes in the resonance
lines and, by sweeping By, one can scan step by step the response to the pulses
for all spins in the sample. Some of the field swept pulsed methods are shown in
Fig. 5.

A second pulse with flip angle 7, following the first /2 pulse at time 7, refo-
cuses the magnetization to the electron spin echo (ESE) at time 27 (Fig. 5a). In
field swept methods the echo intensity is integrated for each magnetic field step.
The integrated echo intensity over the magnetic field is basically equivalent to
the absorption cw-EPR spectrum. Compared to cw-EPR spectra, ESE detected
EPR spectra are insensitive to phase distortions and saturation effects. However,
only the spins subject to the same static perturbations before and after the 7
pulse refocus, while stochastic perturbations lead to an echo decay with relax-
ation time T5. Therefore, using different 7 it is possible to probe Ty (Fig. 5b).
The lineshapes of ESE detected spectra depends on 7 when T, varies over the
spectrum (see Sect. 5.1). Additionally, the echo decay might be modulated due

! Freed and coworkers at Cornell have started to use high power extended interaction
oscillators (EIO) at 95 GHz which allow them to use much shorter pulse lengths.
However, the costs of EIOs at such high frequencies are very high (private commu-
nication). Before EIOs have been also used at 140 GHz [5]
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Fig. 5. Frequently used methods for pulsed high-field EPR. The measured magneti-
zation is shown by bold line. The relevant part is integrated as indicated by the two
vertical lines. (a) Electron-Spin-Echo (ESE) detected EPR. The integrated echo in-
tensity is monitored over a magnetic field sweep. (b) Measurement of two-pulse echo
decay. The echo intensity decays with relaxation time 75 and might be modulated
due to hyperfine structure (ESEEM). (c¢) Davies ENDOR. (d) Time-resolved EPR
(TREPR)

to hyperfine structure. This leads to Electron Spin Echo Envelope Modulation
(ESEEM). ENDOR can be measured in cw as well as in pulsed mode. Because
pulsed ENDOR has some technical advantages, it is mainly used in high-field
EPR. Figure 5¢ shows the Davies ENDOR pulse sequence. The first 7 pulse in-
verts the electron spin magnetization. This inversion is partially destroyed when
the second rf pulse is resonant with a nuclear spin transition. The following spin
echo sequence probes the resulting magnetization, which is monitored during
the sweep of the frequency of the rf pulse. Time-resolved EPR (TREPR) shown
in Figure 5d is not a pulsed method, but it needs, nevertheless, very high time
resolution less than 50 ns. This is normally also provided by pulsed EPR spec-
trometers. In this experiment one probes the absorption of cw-microwave by
transient paramagnetic intermediates generated after photo excitation. If relax-
ation times are slow enough, the transient states can be probed also by a spin
echo sequence.

4 Instrumentation

The basic setup of an EPR spectrometer is straight forward. One needs a magnet,
a transmitter, which provides the microwave field, pulsed and cw, a microwave
resonator and a receiver, which has to have the required time resolution. The
optimum setup depends on the desired application and purpose. In recent years,
a lot of different high-field /high-frequency spectrometers have been developed,
pulsed as well as cw. The spectrometers vary in frequency, in time resolution,
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in sensitivity and in microwave output power, which determines the 7/2 pulse
length. A good overview on pulsed high-field EPR instrumentation and sensitiv-
ity consideration is given in [6,7].

The sensitivity depends mainly on the resonator design and construction
and on the noise figure of the detector. The most sensitive setups use cylindrical
cavities as resonators and heterodyne detection. They use microwave mixers
which convert the high-frequency signal to an intermediate frequency between
0.5 and 10 GHz. Sensitivity is limited by the noise figure of the microwave mixer
(typically 9dB at 95 GHz), the amplitude and phase noise of the microwave
source which is transmitted to the detector via the local and signal arms of
the microwave bridge. Furthermore, sensitivity scales linearly with the quality
factor @ of the resonator (typically @ = 2000 at 95 GHz for cylindrical cavities),
and quadratically with the filling and conversion factors. For pulsed EPR, the
conversion factor ¢ becomes more important than the filling factor, because it
gives the ratio of incident microwave power to the magnetic field strength of the
microwave at the center of the resonator, ¢ = Bi/+/Q Pnyw. Therefore, the higher
the conversion factor, the shorter the pulse lengths 7, (see (8)) for the available
microwave power. This is crucial for samples with short 75 relaxation times. In
an ESE experiment (Fig. 5a) the delay time 7 between the two pulses cannot be
too short because otherwise the echo at 27 overlaps with the second pulse or is
buried in the spectrometer dead time after the second pulse (typically 10 — 50 ns
at 95 GHz). On the other hand, for high sensitivity of pulsed EPR 27 should be
shorter than T5. For this reason it is very important to provide high microwave
power output. At 95 GHz, typical output powers are between 4-200 mW. The
shortest /2 pulse lengths are about 40 ns. As mentioned above, the excitation
bandwidth of these pulses is not sufficient for most samples and, consequently,
it is often not possible to perform Fourier transform high-field EPR.

On the one hand, when going to higher fields/frequencies the filling and con-
version factors increase leading to higher sensitivity for small samples such as
single crystals. However, there are many technical problems related with high mi-
crowave frequencies, for instance output power and noise figures of the microwave
components, and the theoretical sensitivity increase can hardly be realized. Fur-
thermore, the losses in standard rectangular waveguides become enormous and
one has to use quasioptical setups instead. A cylindrical cavity at 95 GHz has
a diameter of only 3mm. The sample diameter is about 0.2mm for aqueous
and 0.8 mm for samples with low dielectric absorption. These values scale with
wavelength, and at very high frequencies one has to use Fabry-Perot resonators
instead of single-mode cavities, or even no resonators at all. In such cases the con-
version factor drastically reduces and pulsed experiments become much more dif-
ficult to perform. The mechanical complications, related to the short wavelength,
induce further noise by vibrations, particularly of the microwave coupling. This
is a very sensitive component because it matches resonator impedance to the
waveguide impedance. It has to be variable because resonator impedance may
change with sample and temperature.
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Pulsed ENDOR setups need additional rf coils in order to apply the rf 7 pulse.
The Larmor frequency of protons in 3.4 T /95 GHz spectrometers is 140 MHz. The
main problems are penetration depth through the resonator walls which, there-
fore, have to be slotted, matching of the rf circuit in order to allow high power
pulses over a bandwidth of at least 20 MHz, mechanical and heating problems.
The latter two points make pulsed ENDOR at high fields more feasible than
cw-ENDOR.

5 Applications to photosynthetic reaction centers and
model systems

Photosynthetic reaction centers in cell membranes consist of a protein back-
bone and embedded cofactors. During the primary steps of photosynthesis after
photo excitation of chlorophyll electron donors (P), an electron is transfered
over a chain of cofactors which leads to charge separated states and, thereby, to
trans-membrane potentials. Thus, light energy is converted with high quantum
yield, first to electric and afterwards to chemical energy. EPR has been used
since long in the investigation of structure and dynamics of photosynthetic re-
action centers of bacteria and green plants. It was, for example, applied to the
doublet radical of the primary electron donor PT* of the bacterial reaction cen-
ter of Rhodobacter sphaeroides, to doublet radicals of the two quinone acceptors,

A, Qp°, and to the intermediate radical pair state during electron transfer,
PT*Q,°. Of special interest is the geometric structure, i.e. the orientation and
distance of the cofactors with respect to each other and to the membrane, their
dynamics in their respective binding pocket, and its relation to electron transfer
characteristics. For an exhaustive overview of EPR work related to photosyn-
thetic reaction centers we refer to [8]. In the following we want to illustrate the
application of relaxation time and ENDOR measurements to determine struc-
ture and dynamics of Q,° in the binding pocket of bacterial reaction centers,
as well as the application of time-resolved EPR to structural studies of model
systems for photosynthetic electron transfer.

5.1 Mbolecular motion studied by relaxation-time measurements

The 2D spectrum in Fig. 6a shows the echo decay, measured by the pulse se-
quence in Fig. 5b, with different pulse separation times 7 and magnetic field
values [9]. Because the echo decay has different time constants at different mag-
netic field positions, 1D spectra at different pulse spacing times 7 have different
line shapes (Fig. 6b, compare solid and dotted lines). Because at 3.4 T the high-
field condition (5) is fulfilled for Q~°, the different echo decays can be assigned
to specific molecular orientations. In the figure the resonance positions for the
orientations along the principal axes of the G tensor are indicated. Magnetose-
lection works well for the g, and g,, orientation while intermediate orientations
overlap at the g,, field position. The echo decays are mono exponential, with
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the transversal relaxation time T as time constant (see Sect. 3). The T values
extracted from the 2D spectrum are shown in Fig. 6c.

The transversal relaxation (75 processes) is caused by stochastic modulation
of resonance frequencies. Two quantities characterize the relaxation: (i) the time
scale of the stochastic process, and (ii) the depth of the frequency modulation.
Under certain conditions, a stochastic process is described with a correlation
function G(7), which is the probability of finding the system at time ¢ = 7 in the
same state as at time ¢ = 0. For Markov processes, G(7) decays exponentially
with the correlation time constant 7,- which is a measure for the time scale of the
modulation. The mathematical treatment of relaxation processes for the case of
fast motion, i.e. 7,-' > modulation depth in frequency units, was described by
Redfield [10] and covered in most EPR books (see e.g. [1]). For slower motions
the treatment becomes more difficult. The treatment of anisotropic small-angle
fluctuations and its relation to ESE-detected EPR spectra was discussed in [11-
14].

It is assumed that the Q4 is subject to small-angle fluctuations in its binding
pocket. The depth of the modulation of the resonance frequency depends, there-
fore, on the amplitude of the fluctuations and on the functional relationship of
fluctuation angle and resonance frequency.

In the case of Q,°, the modulation in resonance frequency is caused by the
dependence of the effective g value on molecular orientation. The relaxation is
described in the fast-motion regime [9] and T3 is related to the rms average
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Fig. 6. Study of molecular motion of Q,* in its biding pocket of the photosynthetic
reaction center of Rhodobacter sphaeroides at 120 K with ESE detected EPR [9]. a: 2D
spectrum wversus By and 7 (see Fig. 5b). b: 1D spectrum for 7 = 300ns (solid) and
7 =900ns (dotted). c: T> relaxation time versus Bp as extracted from a.
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fluctuation amplitude, (4g%), by

1Ty = ppr.Bg (6g°) . (9)

Because of magnetoselection the dependence of 7T, on resonance position re-
veals fluctuation amplitudes for different molecular orientations. Because of the
quadratic dependence of 1/T5 on By, the resolution for motional anisotropies
is increased at higher fields. One can simulate spectra such as in Fig. 6¢ and
thereby relate them with motional anisotropy of the Qa acceptor and with char-
acteristics of the binding pocket in the protein. It was shown that, because at
120K T5 is largest at the g,, field position, Q4 is fluctuating around the =z
axis [9]. Of special interest are motional anisotropies due to H-bonding [9], the
comparison of different models for anisotropic motion and the comparison of the
motional anisotropies of the two different quinone acceptors, Q,°* and Qz° [15].
Furthermore, studying the temperature dependence reveals changes of motional
modes and changes in H-bond lengths [15].

5.2 Hydrogen bonding studied by ENDOR

The three ENDOR spectra of Q,° shown in Fig. 7 have been measured using
the Davies ENDOR pulse scheme from Fig. 5¢c. Three different EPR resonance
positions have been selected corresponding to the molecular orientations of the
principal axes of the G tensor [16]. By means of this magnetoselection, it is
possible to determine the isotropic values and the principal values of hyperfine
tensors and their orientation with respect to the G tensor. By comparing the
results with ENDOR on quinone radicals in different environments [16] and
measurements at different magnetic fields/frequencies, it was possible to assign
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Fig.7. ENDOR spectra of quinone anion radical @, in the binding pocket of the
photosynthetic reaction center of Rhodobacter sphaeroides. The picture is adapted from
[16]. The ENDOR spectra are measured at the three different EPR resonance fields
indicated by the arrows in Fig. 3 (bottom). From spectra simulations (dotted lines)
the hyperfine couplings (indicated by arrows) could be deduced. They are related to
hydrogen bonds of the quinone to amino acid residues of its binding pocket
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the ENDOR lines indicated by arrows in Fig. 7 to a strong H-bonded proton.
Using (2), it was possible to suggest the partners involved in the H-bond as well
as their distance.

5.3 Electron transfer and spin dynamics studied by TREPR

Time-resolved EPR (TREPR) is used to observe states immediately after their
creation in chemical reactions or after photo excitation (see [18,19]). Generally,
these states are not in thermal equilibrium but spin polarized, i.e. the population
of the states does not reflect Boltzmann distribution. The EPR intensity depends
on both transition probability and population difference. Therefore, resonance
intensities on spin polarized systems may be drastically enhanced and appear in
absorption as well as in emission.

TREPR was successfully applied to study paramagnetic intermediates of the
photosynthetic photo cycle, such as the PT*Q,*® state. In contrast to freely dif-
fusing radicals in solution, the two radicals of this radical pair have fixed distance
and orientation. The dipolar and exchange coupling are small compared to the
differences in local magnetic fields (G tensors), and the radicals are, therefore,
weakly coupled. One observes the resonance lines of the individual radicals split
by the dipolar coupling. In this case, the spectra can be well described using a
static correlated coupled radical pair (CCRP) model [20]. The higher the mag-
netic field and microwave frequency, the more the spectrum is determined by the
anisotropic G tensors and the higher is the accuracy with which distance and
orientation of the radical-pair partners can be determined.

In Fig. 8 TREPR experiments on the radical pairs of biomimetic model
systems for photosynthetic electron transfer are shown [17]. The system consists
of a porphyrin electron donor which, after photo excitation, transfers one electron
to the quinone acceptor covalently linked to the porphyrin by a cyclohexylene
bridge. After the porphyrin is photo-excited to its singlet state, inter-system-
crossing populates the triplet state from which electron transfer takes place, i.e.

PQ — P°'Q - PTQ - P™Q* - PQ. (10)

By varying donors and acceptors and investigating longer chain systems (for the
porphyrin-quinone type systems up to two porphyrins and two quinones) one
can study spin dynamics and the conditions for highly efficient electron transfer
[21-23]. The spectra have been obtained by measuring the absorption of cw-
microwave after the laser pulse (see Fig. 5d). It is also possible to detect the
transient magnetization using ESE detected EPR, sometimes even with higher
sensitivity [24].

The spectra of the dyad system in Fig. 8b at 0.34T could be qualitatively
simulated using the CCRP approach (Fig. 8c). However, the simulation of the
TREPR spectrum at 3.4 T shows large differences to the experimental spectrum.
From this it could be shown that, in contrast to the radical-pair in the natural
photosystem, the radical-pair partners in the model system are strongly coupled
to a triplet state. Moreover, the spectral characteristics are due to spin lattice
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Fig. 8. TREPR on radical pairs P**Q™° of a model system for photosynthetic elec-
tron transfer [17]. (a) structure of the porphyrin (P)- cyclohexylene bridge- quinone
(Q) system. The molecular flexibility indicated was suggested from the TREPR re-
sults. (b) TREPR spectra in frozen solution (ethanol/toluene) 2us after the laser
pulse. (c) simulations as weakly coupled correlated radical pair (small exchange inter-
action Jpathrmez). (d) simulation as strongly coupled radical pair with orientation
dependent T relaxation

(T1) relaxation effects combined with fast electron recombination [17]. The re-
laxation effects are associated to anisotropic small-angle fluctuations and intra
molecular flexibility. This model led to the simulations shown in Fig. 8d. It could
be concluded that the life time of the charge separated state, i.e. the quantity
which has to be optimized for artificial photosynthesis with high quantum yield,
is limited by these small-angle fluctuations and concomitant relaxation effects.

6 Fourier-transform EPR using broad-band stochastic
excitation

One of the main problems of high-field EPR is the lack of sufficient microwave
power. Therefore, the excitation bandwidth of the pulses is often too small for
conventional Fourier-transform EPR (see Sect. 3.2). We now present an alter-
native method for investigating linear and non-linear responses of spin systems.
The bandwidth of microwave irradiation is increased by using broad-band noise
sources. Noise can be generated by fast stochastic or pseudostochastic phase
switching of the microwave irradiation. The stochastic resonance method was
introduced to NMR in 1970 by Ernst [25] and Kaiser [26] who have shown that
the sensitivity is the same as that of pulsed magnetic resonance, while the re-
quired power is reduced by the ratio of pulse length and spin lattice relaxation
time. The spectral information is obtained by cross-correlating the excitation
with the response of the spin system. This is theoretically equivalent to disper-
sive infrared spectroscopy in Michelson type interferometers.

Figure 9a shows the first 200 ns of a pseudostochastic phase switching se-
quence used for stochastic high-field /high-frequency EPR [27]. The FWHM spec-
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Fig. 9. Fourier-transform EPR at 3.4 T/95 GHz on the nitronyle-nitroxide radical [27]
using broad-band stochastic excitation. (a): First 200 ns of a 1 us long pseudostochastic
excitation sequence x(t). The phase of the microwave is modulated according to this
sequence. The FWHM bandwidth is 250 MHz (b): Response y(t) of the spin system
(solid: in phase, dashed: out-of-phase component). (c¢): cross-correlation of = and y, x*y.
The first 5ns have been reconstructed using linear prediction. (d): Fourier transform
of x x y. The dashed line is equivalent to the absorption spectrum of the two coupled
nitrogens, the solid line is equivalent to the dispersion spectrum

tral bandwidth of this sequence is 250 MHz, similar to the bandwidth of a 4 ns
pulse. While by using a single pulse the whole excitation energy has to be con-
centrated at once, by using the pseudostochastic excitation the excitation energy
is spread over time. Thereby the required peak power is reduced as discussed
by Ernst and Kaiser (approximately, the time average of the power must be the
same). As an example of stochastic EPR, the response of a nitronyle-nitroxide
molecule to the applied pseudostochastic sequence is shown in Fig. 9b. It was
digitized, and the cross-correlation with the excitation, shown in Fig. 9c, was
performed by computer. The cross -correlation is equivalent to the FID, and its
Fourier transformation, shown in Fig. 9d, is equivalent to the EPR spectrum.
Using quadrature detection, the spectra are obtained in absorption as well as in
dispersion (dotted and solid lines).

Although a highly esthetic and intellectually stimulating approach, the exper-
imental realization of stochastic EPR is difficult. In contrast to standard pulsed
EPR, many problems are created by the simultaneous excitation and detection.
Therefore, it is necessary to decouple excitation and detection modes using bi-
modal resonators. Furthermore, for samples with relaxation times shorter than
100 us, the currently available microwave power of 5dBm is still below opti-
mum. However, so far it could be shown, that although technically difficult due
to the high time resolution required, the experimental bandwidth corresponds
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to that of the excitation and that the sensitivity is equal to the theoretically
expected sensitivity. Based on the obtained results it could be estimated under
which conditions the particularly interesting two dimensional (2D) high-field
Fourier-transform EPR experiments are feasible [27]. These types of measure-
ments, known as COSY type experiments in NMR, could for example reveal spin
couplings in two-spin systems such as radical pairs. The stochastic approach to
multidimensional NMR was discussed and realized by Bliimich and Ziessow (see
[28,29]).

7 Conclusion

Pulsed high-field EPR is used now in many areas of spectroscopy in biology,
chemistry and physics. One rapidly growing field of application is the study of
structure and dynamics of proteins and (bio)organic molecules. A small selec-
tion of it has been presented in this article. Even when EPR methods may be
not so generally applicable and have to be designed for the respective project,
the obtained information is extremely valuable and complementary to X-ray
crystallography and NMR. Different from X-ray crystallography, with EPR one
can probe the molecular complexes in their functional states and environments,
and studies of their dynamic behavior are also possible. Furthermore, the envi-
ronment of paramagnetic centers is probed in a more direct way and it is even
possible to investigate cofactors of electron transfer systems ‘in action’. Contrary
to NMR, in EPR cw and pulsed methods will continue to coexist. In concluding
it is fair to state that time-resolved and pulsed multifrequency EPR — in partic-
ular at high magnetic fields — has matured over recent years to present protein
X-ray crystallographers and protein NMR, spectroscopists with a powerful new
ally for determining structure and dynamics of large biosystems.
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