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We describe a frequency tunable Q-band cavity (34 GHz) designed for CW and pulse Electron Paramag-
netic Resonance (EPR) as well as Electron Nuclear Double Resonance (ENDOR) and Electron Electron Dou-
ble Resonance (ELDOR) experiments. The TEqy;; cylindrical resonator is machined either from brass or
from graphite (which is subsequently gold plated), to improve the penetration of the 100 kHz field mod-
ulation signal. The (self-supporting) ENDOR coil consists of four 0.8 mm silver posts at 2.67 mm distance
from the cavity center axis, penetrating through the plunger heads. It is very robust and immune to
mechanical vibrations. The coil is electrically shielded to enable CW ENDOR experiments with high RF
power (500 W). The top plunger of the cavity is movable and allows a frequency tuning of +2 GHz. In
our setup the standard operation frequency is 34.0 GHz. The microwaves are coupled into the resonator
through an iris in the cylinder wall and matching is accomplished by a sliding short in the coupling wave-
guide. Optical excitation of the sample is enabled through slits in the cavity wall (transmission ~60%).
The resonator accepts 3 mm o.d. sample tubes. This leads to a favorable sensitivity especially for pulse
EPR experiments of low concentration biological samples. The probehead dimensions are compatible
with that of Bruker flexline Q-band resonators and it fits perfectly into an Oxford CF935 Helium flow
cryostat (4-300K). It is demonstrated that, due to the relatively large active sample volume (20-
30 pl), the described resonator has superior concentration sensitivity as compared to commercial pulse
Q-band resonators. The quality factor (Q;) of the resonator can be varied between 2600 (critical coupling)
and 1300 (over-coupling). The shortest achieved 7t/2-pulse durations are 20 ns using a 3 W microwave
amplifier. ENDOR (RF) n-pulses of 20 us ('H @ 51 MHz) were obtained for a 300 W amplifier and 7 us
using a 2500 W amplifier. Selected applications of the resonator are presented.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Resonators which are designed to operate at X-band (9 GHz) fre-
quencies are usually of a type which does not allow frequency tun-

Electron paramagnetic resonance (EPR) spectroscopy is an
important analytical tool in a variety of different research fields
from chemistry, physics, and materials science to biological and
medical research. An essential part of the EPR spectrometer is
the microwave resonator, which accommodates the sample to be
investigated and which determines the critical experimental
parameters such as the sensitivity and time resolution.

For the most common EPR frequency band (X-band, ca. 9.5 GHz)
a large variety of dedicated commercial microwave resonators are
available [1], which have been optimized for different purposes
like maximum sensitivity, small sample size, or highest time reso-
lution (largest bandwidth).
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ing. For CW EPR the rectangular TEo, cavity serves as standard
since it combines a reasonable filling factor with a relatively high
quality factor (Q). In addition, it is not very susceptible to samples
with dielectric losses. Also it can be easily combined with a cold fin-
ger cryostat which greatly simplifies sample loading. For specific
applications like pulse EPR and (pulse) Electron Nuclear Double Res-
onance (ENDOR) the convenient TE;q, cavity design usually has be
abandoned due to the additional requirements of large bandwidth
and the need to accommodate an RF coil. For these applications ded-
icated resonators have been developed [2-9]. Since X-band sources
(Gunn oscillators and Klystrons) are usually tunable over arelatively
wide range the need for cavity tunability is not very high.

For many applications, in particular for biological systems, a
multi-frequency approach is required in order to unravel complex
spectra. This includes EPR experiments at Q-band (35 GHz), W-
band (94 GHz) and even higher frequencies (120, 240 up to
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275 GHz). At Q-band frequencies (35 GHz) the cylindrical TEgq;
cavity is the most frequently used resonator for multiple applica-
tions including pulse EPR and ENDOR [1]. This is because the rela-
tively large size of the cavity body makes it easier to machine than
scaled down versions of e.g. a TEqq, cavity. Also it is quite straight
forward to vary the resonance frequency by moving one or both
plungers in and out. This is an important feature since at 35 GHz
the usual microwave sources (Gunn oscillators) are not tunable
over a wide range while in contrast the frequency shifts of the res-
onator upon inserting the sample can be appreciable. To combine a
tunable TEq;; cylindrical resonator with field modulation, rf coils
(ENDOR) and optical excitation capabilities is quite challenging.
Only a few groups have reported attempts in this direction. Already
in the 70ties the group of Feher and Isaacson used a Q-band ENDOR
resonator optimized for CW-ENDOR [Isaacson and Feher, private
communication]. Also the Hoffman group [10] have successfully
utilized a CW/pulse ENDOR Q-band resonator. Sienkiewicz et al.
[11] described the first tunable Q-band ENDOR resonator. The
groups of Schweiger and Jeschke have developed several special-
ized Q-band resonators e.g. for CW and pulse EPR [12], large micro-
wave excitation pulse EPR and CW EPR [13] as well as large sample
access pulse EPR and ENDOR [14]. Recently, also a tunable Q-band
resonator was described optimized for ESE-ENDOR [15].

Our group specializes in pulse EPRand ENDOR at X- and Q-band on
metalloproteins and radical proteins including photo excited systems
[16-20]. Especially for Q-band pulse ENDOR measurements a cavity
with a good filling factor and high ENDOR efficiency is required. The
original Bruker ER 5106 QT low temperature Q-band resonator with
ENDOR option did not fulfill these requirements as it was originally
designed for CW EPR/ENDOR. Its successor, the dielectric model
EN5107 is very efficient in microwave and RF power conversion but,
at the same time, has a limited sample access (1.6 mm diameter).
Since werequired a CW/pulse ENDOR resonator compatible in sample
access to the standard CW Q-band resonator (3 mm) we decided to
develop and built a general purpose Q-band CW/pulse EPR/JENDOR
resonator allowing optical access and large sample sizes. As will be
shown, our improved resonator has several features which are partic-
ularly useful for pulse EPR/ENDOR on metalloproteins and (bio)radi-
cals. The internal 2 turn ENDOR coil is extremely robust and can be
used in CW ENDOR up to 500 W and in Pulse ENDOR up to 2.5 kW rf
power. In addition, the resonator has good CW EPR properties (1 mT
modulation at 100 kHz) and a generous light access (3 mm spot,
~60% transmission). The 3 mm sample tube access affords high sensi-
tivity for biological samples at low concentrations. The same sample
tubes can be used with high sensitivity also for 9.5 GHz standard fre-
quency EPR spectrometers. This allows measuring one and the same
sample tube at 9.5 GHz and at 34 GHz EPR, which is often an impor-
tant requirement for investigating biological systems.'

2. Technical description

The cavity body used in pulse EPR/ENDOR experiments was
constructed as a cylinder (0.5 mm wall thickness) of 11.0 mm inner
diameter from iron free brass. The height of the cylindrical cavity
on resonance (34 GHz) is 9.0 mm (determined with a Wilmad high
precision 3 mm o.d. (2.0 mm i.d.) quartz sample tube inserted).
This ensures a high conversion of incident microwave power to
microwave field amplitude inside the cavity. The modular design
of the resonator allows easy exchange of different resonator bodies
(Fig. 1a, see below). For pulse EPR experiments it is important to
obtain a resonance bandwidth of more than 20 MHz. Therefore
the brass cylinder was not gold coated and the Iris for coupling

1 The same (sealed) quartz 3 mm o.d. tube can also be used in our EPR setup at
244 GHz [21] in a non-resonant sample holder.

Fig. 1. (a) Exploded view of the Q-band TEy;; ENDOR resonator probehead; (1)
Upper cover; (2) ENDOR posts; (3) upper (movable) plunger; (4) resonator body
with iris on the right (flattened) side; (5) lower (fixed) plunger; (6) RF contact plate;
(7) coax clamps; (8) drive bar for sliding short; (9) RF coax line; (10) modulation coil
body; (11) coupling wave guide; (12) sliding short. (b) Photo of the disassembled
resonator showing the parts in panel (a). The input and output coax lines are
connected to the ENDOR coil and the modulation coils are mounted to the resonator
body. (c) Photo of the resonator body with modulation coil attached (using the
black caps). The upper and lower plunger, detailing also the silver posts making up
the RF coil as well as the MACOR contact plate (white). In addition a “naked”
resonator body with slits (12 cuts of 0.3 mm, 0.5 mm apart giving a 3 mm wide 60%
optical access) is shown.

the microwave from the waveguide into the cavity was slightly en-
larged (2.5 x 0.5 mm slot, see Fig. 1, part (4)) in order to lower the
quality factor Q of the resonator. For continuous wave (CW) EPR/
ENDOR measurements the Q of the resonator should be as high
as possible (loaded quality factor, Q; = 2600) and a large field mod-
ulation amplitude should be achieved (1 mT). For this application a
second resonator body was built from high density graphite. The
cylinder (Fig. 1, part (4)) was polished and gold coated from the in-
side using electro plating. The graphite body allows a 100 kHz skin
depth of 5.8 mm (at room temperature) while the wall thickness
was not more than 1.5 mm. Therefore, the modulation field pro-
duced by the external coils was virtually undamped. Later in the
development process a third “multi-purpose” (CW and pulse
EPR) body was constructed from iron-free brass with three deep
slots (0.2 mm) in order to suppress the Eddy-currents generated
by the modulation coils. Also in this resonator (Q; = 1300-2600),
the modulation field was virtually undamped. This body, however,
does not contain an optical window.

Both plungers (Fig. 1, parts (3) and (5)) were made from iron-
free brass. In the plunger heads a 3.2 mm hole for the sample tubes
was machined as well as 0.8 mm holes for the four silver ENDOR
posts (Fig. 1, part (2)) which were electrically insulated from the
plunger by 0.1 mm PEEK (polyether ether ketone) sealing tubes.
The upper plunger was movable to allow for frequency tuning.
The lower plunger was fixed to the resonator and contained the
contact plate for connecting the ENDOR posts to the RF line. The
RF power was delivered to the ENDOR coil through 2.8 mm semi-
rigid coax lines which were firmly clamped to the resonator assem-
bly and soldered to the contact plate. The resonator body itself was
attached to the Ka-band (WR28) coupling waveguide (Fig. 1, part
(11)). The iris was machined into the flattened side of the cavity
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body thereby reducing the thickness of the cavity wall to less than
0.1 mm at the side of the iris. A sliding short (Fig. 1, part (12)) was
used at the end of the waveguide to facilitate variable matching of
the microwave coupling to the resonator for fixed iris dimensions.
The movable plunger as well as the sliding short were operated
through lever mechanisms at the top flange of the Oxford instru-
ments CF935 cryostat insert which allows tuning of the resonance
frequency and the microwave coupling between room temperature
and 4 K. In Fig. 1 the overall assembly of the resonator is presented.

2.1. The tuning and coupling mechanisms

The movable top plunger (3) is attached to the upper mounting
body (1) which in turn is connected to the inner support tube made
from G10/FR4 (glass fiber reinforced epoxy, not shown) and ensures
thermal insulation when the resonator is cooled to 4 K. The plunger
is sliding along two rods fixed in the cavity body (4). The guidance of
the plunger was sufficiently accurate to prevent touching the inner
cylinder wall, which would create unwanted resonance modes.
The G10/FR4 sample rod slides inside the inner support tube and
passes the top flange of the insert, which connects to the cryostat
through several O-rings (not shown). The inner support tube and
the attached top plunger are driven by a stainless steel lever at the
top of the insert. The coupling waveguide (1 1) was constructed from
a piece of solid silver WR28 guide shaped into an offset-bend (ca.
5 mm offset). The short sidewall of the guide was machined out to
accommodate the resonator cylinder side wall containing the iris.
The sliding short was made from a rectangular iron-free brass plug
(12) containing a choke to prevent microwave leakage. The short
is driven by a bar (8) guided through a hole in the lower mounting
body (7) containing a cross bar made from waveguide material on
which the short plug was attached. The coupling drive bar was oper-
ated through a similar lever from the top of the resonator support in-
sert as used for the tuning mechanism.

2.2. RF coil

The RF coil (2) was made from four 0.8 mm solid silver posts sup-
ported at the upper end by an epoxy mounting plate with the proper
electrical cross connections. The geometry of the posts follows a pseu-
do Helmholtz geometry (see Table 1). The posts are passing through
the four holes in the top and bottom plunger and are guided through
inserts made from PEEK pressed inside the hollow plunger heads (not
shown). This way electrical contact or sparking to the plungers under
high power ENDOR operation is prevented. The lower ends of the
posts are not soldered but inserted into four contact bushes pressed
into a PCB plate which is attached to the PEEK insert in the bottom
plunger. While the top plunger can move freely along the ENDOR
posts the bottom plunger is fixed and provides the anchoring point
of the ENDOR coil. The input and output coax lines are made from

Table 1

Technical parameters for the Q-band TEy;; CW/pulse ENDOR resonator.
MW frequency 32-36 GHz RF frequency 1-400 MHz
Cavity diameter 11 mm ENDOR geometry 2.7 x 4.6 mm ?
Q; (empty 3 mm tube) 1300-2600 Coil inductivity 0.5 uH

Modulation coil 30 turns Sample tube diameter 3 mm
Bmod (100 kHz) 1mT Sample height 9 mm
(r/2) pulse (3 W) 20 ns n-pulse RF, 'H, 300 W ~20 us

2 The distance between two ENDOR posts forming one single loop coil is 4.6 mm.
The distance between the two single loops is 2.7 mm (for an ideal Helmholtz case,
these distances would have a ratio of 2:1). i.e. the holes in the plunger for the
ENDOR posts are at the edges of a rectangle, with 4.6 mm (long side) and 2.7 mm
(short side). The sample bore is in the center of this rectangle.

3.6 mm semi-rigid cable RG-402/4 (silver plated copper inner and
outer conductor). The lower parts of the coax lines are made from flex-
ible semi-rigid cable (Sucoform 141) to allow for the 10 mm (radius)
bends. The RF coax lines are clamped between the intermediate and
lower mounting plate (7) and soldered to the contact plate. In the
standard configuration of the RF coil the output coax line is termi-
nated with a 50 Q load. For low frequencies (<30 MHz) a configura-
tion where the output coax line is shorted (at the RF coil) gives
higher ENDOR efficiency, while for higher frequencies the terminated
configuration provides a better impedance matching. In order to
achieve good thermal insulation, from a position about 5 cm above
the resonator up to the top of the resonator support insert, a different
RF coax line is used (silver plated beryllium inner conductor, stainless
steel outer conductor). For the same distance a thermal insulating
microwave waveguide from stainless steel was used, whose inner
walls were coated with gold (a few micrometers thick) for high micro-
wave conductivity. Thereby a very good overall thermal insulation of
the whole setup was obtained allowing operation of the resonator at
4 K inside the cryostat for many hours without having condensed
water on the top of the resonator support outside the cryostat.

2.3. Field modulation

The field modulation coils were positioned outside the resonator.
The coils were wound inside two PVC bodies (10) adapted to the
shape of the resonator cylinder. In the original design the cavity body
was constructed from iron-free brass. In this case the penetration of
the modulation field is significantly reduced by the skin depth of
brass. For pulse EPR/ENDOR experiments the field modulation capa-
bility is however not essential and the modulation coils were only
occasionally used to find the EPR signal prior to subsequent ad-
vanced pulse measurements. For CW EPR/ENDOR experiments the
field modulation performance is important, and therefore we con-
structed a special version of the resonator made from high density
graphite [SGL Carbon Group, Grade R8340] which was electro-plated
with 10-15 pm of gold. The advantage of graphite as cavity material
is that the conductivity (specific resistance 1200 pQ cm)is sufficient
to enable electro-plating but is low enough to prevent damping of
the modulation field. The skin depth of a 100 kHz signal is about
5.5 mm while the cavity wall is 1.5 mm thick. This compares to a skin
depth of 0.4 mm at 100 kHz for brass. In addition, high density
graphite is easy to machine and even allows the application of screw
holes into the body. An additional cavity body (without optical ac-
cess) from iron-free brass was built for improved field modulation
by applying deep cuts 75% through the cylinder to suppress Eddy-
currents. This strategy also allowed for large field modulation ampli-
tudes (1.7 mT at 100 kHz).

2.4. Light access

In order to allow for optical excitation of the sample in combi-
nation with EPR/ENDOR, 12 slits of 0.3 mm width (3 mm long) at
0.2 mm distance were machined into the resonator body as shown
in Fig. 1c. This provided optical transmission of ~60% while the Q
value of the resonator was not reduced. This procedure was ap-
plied for both the brass and the graphite body. Due to the robust
construction of the resonator, light energy in excess of 200 mJ at
355 nm (20 ns, 10 Hz, 3 mm spot) could be applied.

3. Performance of the resonator

The resonator was designed to be used with the Bruker Elexsys
E680 Q-band FT EPR spectrometer, which in the basic version
provides 3 W microwave power. Under these conditions, the short-
est 7/2 pulse duration in the overcoupled resonator (Q; = 1600)



240 E. Reijerse et al./Journal of Magnetic Resonance 214 (2012) 237-243

was determined as approximately 20 ns using a coal sample at
room temperature. This is obtained from the observed spin nuta-
tions at the respective mw power as shown in Fig. 2.

The bandwidth of the resonator was determined experimentally
by observing the reflection of a test pulse from the resonator as a
function of the position of the short using the method described
in [22]. The voltage decay trace of the reflected pulse (see
Fig. S1) was fitted with an exponential providing the ringing time
(TR). From this the bandwidth of the resonator can be calculated
as BW = 1/(nTR). From the reflected voltage during the test pulse
(positive of negative) the coupling parameter p of the resonator
was determined. p>1 (positive reflection) indicates under-
coupling while 8> 1 (positive reflection) indicates over-coupling.
The variation of the bandwidth and coupling parameter with the
position of the short is depicted in Fig. 3. Obviously, by increasing
the size of the coupling iris, the bandwidth of the resonator can be
increased further, but this will be at the expense of power conver-
sion and sensitivity. It is clear that the ringing time of the resonator
will affect the dead-time of the spectrometer. The actual dead-time
of the pulse experiment will also depend on the noise floor of the
detection system and the incident power on the resonator. In prac-

EPR nutations
34 GHz
T=295K

7 dB 156 ns |

Reflected voltage [a.u.]

0 200 400 600 800 1000
EPR pulse duration [ns]

Fig. 2. EPR nutation experiments at room temperature performed on a coal sample.
Experimental conditions: Field: 1211.3 mT, MW frequency: 33.9750 GHz, MW
power: 0dB=3W. Pulse sequence (7 dB): (variable pulse)-10 ps-m/2 (48 ns)-t
(600 ns)-m (88 ns)-t (600 ns)-echo; (0dB): same sequence but m/2=24ns,
T =48 ns.
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Fig. 3. Bandwidth and coupling parameter of the TEq;; Q-band resonator as a
function of the position of the sliding short with respect to the center of the iris
hole. The coupling parameter 8 is equal to the voltage standing wave ratio (VSWR)
in case of over-coupling and 1/VSWR in case of under-coupling. For critical coupling
B=VSWR=1.

tice, for the Bruker Elexsys E580 system we observed a shortest
time 7 in a two-pulse echo experiment of around 300 ns.

The field modulation depth inside the resonator was deter-
mined from the “overmodulation” distortion effect on the line-
shape of 2,2-diphenyl-1-picryl-hydrazyl (DPPH). Even with the
standard configuration (1.5 mm solid brass resonator body) a field
modulation of 0.45 mT at 10 kHz could be achieved (see Fig. S2a).
In a similar experiment on a brass resonator with 3 slots 0.2 mm
wide (no optical window) as well as the graphite resonator a larger
modulation amplitude was reached at 100 kHz (e.g. 1.7 mT, see
Fig. S2b).

The microwave field distribution inside the resonator was
probed using a Li:LiF crystallite [23] (resonating at g = 2) serving
as point sample. For every position of the sample along the long
axis of the resonator the nutation pattern of the free induction de-
cay as a function of the length of a 3 W resonant microwave pulse
was detected. In Fig. S3 the microwave nutation frequency (ob-
tained by FFT) is plotted as a function of the sample position. The
maximum field (21 MHz, 0.75 mT) corresponds to a 7/2 pulse of
12 ns. Obviously, this time is significantly shorter than the /2
pulse-length determined on the coal sample (18 ns) in Fig. 2. This
difference can be explained by the inhomogeneity of the B, field
along the z-axis which is inherent to the TEq;; resonator. Fig. S3
also shows the profile of the RF field at 51.5 MHz, 250 W inside
the resonator. This was obtained using a calibrated pickup coil
(1 mm diameter) which was moved along the resonator axis while
the RF coil was excited at 51.5 MHz. The maximum field in the
rotating frame was 0.5 mT (21 kHz for 'TH NMR) which corresponds
to a RF m/2-pulse of 24 ps in agreement with the nuclear nutation
experiment (see below) shown in Fig. 4.

The ENDOR performance of the resonator was tested using a
sample of 0.1% bisdiphenylene-p-phenyl allyl (BDPA) in polysty-
rene at room temperature. Fig. 4 shows the RF nutation traces re-
corded using a Davies ENDOR experiment [24] with variable length
of the RF pulse which was tuned to the high frequency 'H ENDOR
signal at 55 MHz (Fig. 4, inset). In this experiment the ENDOR coil
was terminated in 50 Q. Depending on the used RF amplifier, the
nge pulse length varies between 23 pus (300W) and 7 ps
(2500 W). Table 1 summarizes the key specifications of our Q-band
TEo11 EPR/ENDOR resonator.

BDPA 2 [Pulse | nutations
; ) Z |ENDOR
H-nutations g
[\
@ x
2 3
= =z
£ w
5 25. us . | i |
@ : 40 50 60
8 ENDOR frequency [MHz]
=
L

T
0 20 40 60 80 100

RF pulse duration [us]

Fig. 4. ENDOR nutation experiment, using the full power (300 W) from an ENI A300
amplifier on BisDiphenylene-B-Phenyl Allyl (BDPA) at room temperature and using
the Davies ENDOR sequence: (7)mw=Ti(7)/2mw—T-(7)mw—T7-€cho; (7)mw = 160 ns,
Tis=103 ps, =1 ps. Other experimental conditions: T= 100K, Field: 1214.0 mT,
MW frequency: 34.0639 GHz, RF frequency: 54.5 MHz, Inset: Davies ENDOR
experiment on BDPA at room temperature using an ENI A300 RF amplifier and an
RF pulse length of 20 ps. The ENDOR coil was terminated in 50 Q. (7),w = 168 ns,
Tir=20 ps, T=500 ns.
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The spin concentration sensitivity that can be reached with our
resonator as compared to that of the dielectric Bruker resonator
(EN5107-D2) was estimated using a sample of 0.1% BDPA in poly-
styrene powder (determined as approximately 0.75 mM in spins).
A two pulse echo sequence was applied at room temperature with
trj2 =40 ns and 7 =300 ns. The repetition rate was 1 ms. Both res-
onators were tuned to the same frequency (33.4 GHz) and coupled
critically (Q = 2000 for TEg;; vs Q =1100 for the dielectric resona-
tor). The sample was loaded in a 1.6 mm (0.d.) x 1.0 mm (i.d.)
quartz tube for the dielectric resonator and a 3.0 mm
(0.d.) x 2.0 mm (i.d.) tube for the TEy;; resonator. Assuming the
same effective height the sample volume is approximately four
times larger in our resonator. In the Bruker resonator the signal
to noise ratio of the single shot integrated echo intensity was 60.
Taking into account the linewidth of 0.8 mT one can estimate a
spin concentration sensitivity of approximately 15 puM/mT (single
shot echo) at room temperature. In our TEq;; resonator the single
shot S/N was 210, i.e. 3.5 times higher. This would result in a 10
times shorter measuring time. Taking into account only the differ-
ence in volume and quality factor, a S/N improvement of a factor
7.3 would be expected. The “missing” factor of 2.1 is due to the
better filling factor of the Bruker resonator. Hence, in practice,
the large volume of the TEy;; resonator overcompensates its poorer
filling factor.

4. Applications

The resonator has been constructed and used continuously in
our laboratory over the last decade for different Q-band EPR and
ENDOR experiments both in CW and pulse mode. This is illustrated
below by several examples on radicals, triplet states and transition
metal centers in biological system.

4.1. Radicals

A large number of different radicals and radical ions, in partic-
ular in biological samples have been studied using the Q-band res-
onator. This provided a better g tensor resolution and increased
orientation selection in related ENDOR experiments. Interesting
applications are found among quinone radical ions [25-31], for
which for example the hydrogen bond geometry was studied in
deuterated solvents using ?H CW and pulse ENDOR in frozen solu-
tions at 80K [25,26,29]. The linewidths in these experiments
(~80 kHz) was sufficiently small to allow resolution of both the
electron-nuclear hyperfine and the nuclear quadrupole tensors of
the ?H nuclei. Together with DFT calculations [26,32] these data
provided detailed insight into strength and geometry of the H-
bonds.

4.2. Photoexcited triplet states

The detection of light-induced radical pairs and triplet states by
EPR and ENDOR represents a particular challenge due to the fre-
quently encountered short life times. Several examples have been
studied with the resonator described [30,33-36]. Fig. 5 shows the
Q-band field-swept echo-detected EPR and 'H Davies ENDOR spec-
tra of a photoexcited triplet state. Light excitation was done in situ
using a pulsed YAG laser in combination with an optical parametric
oscillator (OPO), delivering 8 ns pulses of 5 mJ at 630 nm. The sam-
ple was illuminated in the resonator placed inside the EPR cryostat
through the resonator slits/windows. The system chosen here is
the triplet state of a carotenoid, peridinin in the Peridinin-Chloro-
phyll-Protein (PCP) antenna of the dinoflagellate Amphidium carte-
rae [33]. The spin-polarized EPR spectrum results from fast triplet—
triplet transfer from excited chlorophyll to peridinin, which in vivo

FSE EPR 7
Q-Band YTI 11
T=80K 1 Xq

m 4—|—p >

Zy Y1

ESE intensity, a.u.

114 116 118 120 122 124  B,[T]

Davies ENDOR 3Car

Q-Band RFPCP
T=80K 20
19° 15

ENDOR intensity, a.u.

20 15 -10 -5 0 5 10 15 20

OAc

[}
Peridinin X

Fig. 5. (a) Time resolved Q-band field-swept echo-detected EPR and (b) 'H Davies
ENDOR spectra of the spinpolarized triplet state of the carotenoid peridinin (c) in
the Peridinin-Chlorophyll Protein (PCP) antenna of Amphidinium carterae generated
with a short laser flash (~10 ns duration); the delay after flash was 500 ns, the rf
pulse length 6 ps (at 1500 W) and the mw pulse lengths 200, 40, 80 ns; for further
details see [33].

serves to quench harmful chlorophyll triplet states that might oc-
cur in the process of photosynthetic light harvesting. The decay of
the carotenoid triplet takes places in a few microseconds. The short
triplet life time represents a challenge for ENDOR detection of the
hyperfine couplings and the spin density distribution. In Fig. 5 it is
shown that such experiments are feasible. Using the designed rf
coils in combination with a high power rf amplifier (4 kW pulsed,
2.5 kW CW, Amplifier Research model 2500L) allows rf 7-pulses of
6 us length, sufficient for the detection of "H ENDOR of many short
lived triplet states as those of carotenoids. Furthermore, stochastic
ENDOR detection was used to diminish RF-dependent temperature
artifacts in the spectrum [37]; the changing background signals
after triplet state relaxation were subtracted. Fig. 5b shows the
resulting 'H Davies ENDOR spectrum at a single-crystal like posi-
tion (Zy;) in the EPR (Fig. 5a), determined by the dominant zero field
splitting of the triplet state. Thirteen hyperfine coupling constants
- including signs - could be obtained by similar orientation depen-
dent ENDOR experiments. The 'H hfcs were assigned to molecular
positions via a comparison with DFT calculations. This led to the
first determination of the complete spin density distribution of a
carotenoid triplet state; for details see [33].

4.3. Metalloproteins

The developed Q-band resonator was also successfully em-
ployed in the study of several paramagnetic metalloproteins, see
e.g. [18,20,38-41]. Fig. 6 shows a field-swept echo-detected EPR
spectrum of the oxygen evolving complex (S, state) in photosys-
tem II of oxygenic photosynthesis (membrane fragments, spinach).
The detected so-called “multiline signal” stems from a tetranuclear
manganese/calcium cluster (Mn4OsCa) found in oxygenic photo-
synthesis, the locus of light-induced water oxidation in Nature.
Electron spin coupling in the cluster leads to a ground state with
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Fig. 6. Q-band field-swept echo-detected EPR (top) and >°Mn Davies ENDOR
(bottom) performed on the S, state of the water oxidizing complex of photosystem
(PS) II (BBY particles, spinach) at T = 4.5 K. The ENDOR spectrum is simulated using
four >>Mn hyperfine couplings Mn; to Mny (color coded). The simulation of the EPR
multiline signal (top) was obtained by using all four hfcs (see text and [20]).
Experimental conditions: Temperature 4.5 K, microwave frequency = 33.85 GHz,
magnetic field=1260 mT. RF pulse=5ps using a 100 W RF amplifier. Fig-
ure reprinted with permission form J. Am. Chem. Soc. 129 (2007) 13421-13435,
copyright 2007 Americal Chemical Society.

an effective spin S = 2 leading to over 20 EPR lines due to coupling
with the >>Mn (I = 5/2) nuclei.

The lower panel shows the >>Mn ENDOR spectrum (Davies EN-
DOR sequence) at Q-band that could be simulated with four >*>Mn
hyperfine tensors, showing that all four manganese nuclei are cou-
pled and contribute almost equally to the EPR and ENDOR spectra.
The analysis and further work [42-44] led to an assignment of the
spin and oxidation states and a spin coupling model of the manga-
nese cluster. The >>Mn ENDOR spectra were recorded using the sto-
chastic acquisition mode in order to avoid heat induced baseline
fluctuations [37].

The Q-band EPR/ENDOR resonator was also used in the study of
the emzyme hydrogenase and related models [18,19,38,39,45-49].
For example, the H-cluster of [FeFe] hydrogenase was enriched in
57Fe and analyzed using Davies (triple) ENDOR and >’Fe HYSCORE.
The simulations allowed the determination of all six °’Fe hyperfine
tensors (and their relative signs). This led to a solid model of the
electronic structure of this important type of hydrogenase
[18,38,45].

Although the bandwidth of the current resonator is limited to
30 MHz, this proved sufficient for successful ELDOR-detected
NMR studies, for example to detect the ®'Ni hyperfine coupling
parameters in [NiFe] hydrogenase [50]. It was demonstrated that
especially for large hyperfine interactions this method has superior
sensitivity over ENDOR. The analysis of the spectra by computer
simulations yielded both the principal components of the hfc ten-
sor and its orientation (i.e. Euler angles) with respect to the princi-
pal axes of the g-tensor, whose orientation is known from single
crystal EPR experiments [51].

5. Conclusions and outlook

The developed general purpose frequency tunable Q-band TEg;
ENDOR resonator described in this paper combines a large sample
volume with high sensitivity and efficient pulse and CW ENDOR

performance. The four fold increase in sample volume as compared
to the commercial Bruker dielectric resonator, more than compen-
sates the less favorable power conversion factor of this resonator.
Furthermore, the availability of the large sample volume (3.0 mm
o.d.) facilitates the study of “precious” biological samples simulta-
neously at X- and Q-band frequencies with satisfactory sensitiv-
ity.> The robust design of the ENDOR coil allows high power RF
pulses (2500 Watts) and CW RF irradiation (500 W). The sample
can be irradiated inside the resonator during EPR/ENDOR measure-
ments at low temperature with a laser pulse energy up to 200 m]
(20 ns, 10 Hz) at 355 nm without problems. The dimensions of the
probehead, i.e. resonator with glass fiber reinforced epoxy support,
microwave waveguide and RF connections are fully compatible with
an Oxford instruments CF935 helium flow cryostat (4-300 K) and
can for example be directly connected to a Bruker Elexsys series
Q-band FT EPR spectrometer. The described examples in which the
probehead was employed in the study of organic radicals, photoex-
ited triplet states and multinuclear transition metal complexes using
steady-state and time resolved EPR, pulse EPR, ESEEM and HYSCORE,
ENDOR and ELDOR-detected NMR spectroscopy are only a brief
selection of the successful studies conducted with this resonator. It
is clear that due to the passive coupling scheme using a sliding short,
the bandwidth range of the current resonator is rather limited mak-
ing it less suitable for PELDOR and high power pulse experiments. To
alleviate this limitation, we are currently exploring the introduction
of a physical coupling element (e.g. a conducting sphere) while
maintaining the simplicity and robustness of the present design. A
first account of this work will be published shortly (Savitsky, Grishin,
Rakhmatullin, Reijerse, and Lubitz, 2012, in preparation).

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jmr.2011.11.011.
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