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The construction and performance of a cryogenic 35 GHz pulse electron nuclear double resonance
(ENDOR) probehead for large samples is presented. The resonator is based on a rectangular TE102 cavity
in which the radio frequency (rf) B2-field is generated by a two turn saddle ENDOR coil crossing the res-
onator along the sample axis with minimal distance to the sample tube. An rf power efficiency factor is
used to define the B2-field strength per square-root of the transmitted rf power over the frequency range
2–180 MHz. The distributions of the microwave B1- and E1-field, and the rf B2-field are investigated by
electromagnetic field calculations. All dielectrics, the sample tube, and coupling elements are included
in the calculations. The application range of the probehead and the advantages of using large sample sizes
are demonstrated and discussed on a number of paramagnetic samples containing transition metal ions.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

ENDOR is an important branch of pulse electron paramagnetic
resonance (EPR) and a versatile spectroscopic tool for the determi-
nation of electronic and geometric structures of paramagnetic spe-
cies. Pulse ENDOR spectroscopy [1,2] as compared to continuous
wave (cw) ENDOR [3,4] has some advantages, the ENDOR
efficiency can be up to 100%, leading to higher ENDOR signal inten-
sities than in the cw approach [5,6], it is less dependent on the bal-
ance of relaxation rates and the spectra are measured in absorption
mode. Moreover, pulse ENDOR spectra are less susceptible to base-
line distortions, particularly if stochastic excitation is used [7–9].

Pulse ENDOR spectrometers and probeheads have been devel-
oped for a broad range of frequencies. For many applications
ENDOR in the 33–36 GHz frequency range (Q-band) is the experi-
ment of choice because of the improved nuclear Zeeman spectral
resolution, the reduced broadening and asymmetries due to
second-order effects, and the improved orientation selectivity of
the microwave (mw) pulses as compared to X-band frequencies
of about 9.6 GHz. In addition, when going to higher excitation
frequencies strong-level mixing is usually reduced, consequently,
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the ENDOR effect is enhanced and the ESEEM effect is reduced,
i.e. the impacts of cross-suppression and implicit triple [10,11]
are decreased. Compared to ENDOR at even higher frequencies,
Q-band pulse ENDOR has substantially better concentration
sensitivity.

Recently we showed that the application of loop-gap resonators
(LGR) at 35 GHz with high filling factors, matched for particular
sample sizes, lead to optimum mw B1-field strengths in the sample
area [12]. It has also been shown that strong electron spin echo
(ESE) signals are generated at 35 GHz resonance frequencies using
large sample sizes with TE011 cylindrical cavities [8,13–15]. This
feature is important for samples with low concentration of the
paramagnetic centers where the echo amplitude only slightly ex-
ceeds the noise level of the receiver. Additionally, the use of over-
sized samples at Q-band allows using the same sample tubes as at
X-band with LGR and dielectric ring (DR) resonators. This is a fur-
ther advantage, which is especially important when dealing with
very rare and precious samples or when preparation steps, such
as a gas exchange, require considerable effort.

Rectangular resonant cavities [16] as the one described in this
work have been widely used for cw ENDOR measurements
[17,18] since this technique was introduced [19] and the first com-
mercial EPR spectrometers became available [20]. Later they were
also applied for ESE experiments. As compared to the LGR and DR-
ENDOR resonators [21,22], a TE102 resonant cavity has a much low-
er pulse power efficiency, Kp(mw) (magnetic field of the mw pulse
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for a given mw power) but it allows for larger sample volumes. As
compared to the cylindrical TE011 resonant cavities, a TE102 reso-
nant cavity has a lower signal efficiency, Krs (echo intensity for a
given sample volume) however, it has a much smaller volume,
which grants a higher filling factor. The ENDOR coil in the TE102

resonant cavity reduces the loaded quality factors QL from 700 to
a suitable value between 200 and 400 in the frequency range
34–36 GHz. In contrast to the cylindrical cavity, there are no cross-
ing modes appearing over this frequency range and, in our hands, it
is easier to couple and overcouple. Practical cavity size and the
ease of construction are other advantageous properties of the
TE102 resonant cavity for pulse ENDOR applications at Q-band.
Here we show the construction and performance of a 34–36 GHz
broadband pulse ENDOR probehead equipped with a rectangular
TE102 resonant cavity suitable for large sample sizes up to a diam-
eter of 2.9 mm. This design leads to larger ESE amplitudes and im-
proved ENDOR signal intensities for a given spin concentration,
moreover, it allows the same sample to be used for 9 and 35 GHz
pulse ENDOR measurements.

2. Probehead design

The probehead is designed to allow access to sample tubes of up
to 2.9 mm diameter and to work from room to liquid helium tem-
peratures in our Q-band spectrometer [23] equipped with a contin-
uous He flow cryostat from Oxford Instruments (UK), The mw
power is directed through a WR 28 waveguide into the TE102 EN-
DOR resonant cavity. The sample tube is placed in the center of
the cavity, and is surrounded by a rf coil that generates the B2-field.
The resonance frequency of the empty cavity is higher than the
spectrometer frequency range of 34–36 GHz and is shifted by the
quartz sample tube (e = 4.2) into the operating frequency range.
Therefore, no frequency tuning is required.
Fig. 1. Schematic drawing of the lower part of the ENDOR probehead. Stainless steel
(1) and copper (2) WR 28 wave guide sections, (3) iris-coupler plate, (4) resonant
cavity block, (5) sample feed, (6) bottom cover with hole for sample tube, (7) cover
copper plate. On the lower part of the figure the directions of the different magnetic
fields are shown together with the reference frame. The inset on the right upper
side of the figure shows the wires and support that form the ENDOR coil. The whole
construct is positioned along the y-axis in the cavity block (4).
The lower part of the probehead is shown in Fig. 1 in an ex-
panded view. The TE102 ENDOR resonant cavity consists of a WR
28 wave guide section cut in an aluminum block (number 4, inner
dimensions 10.1 � 7 � 5 mm using the frame (x, y, z) shown in
Fig. 1) that is terminated on both sides. On one side the ending is
a 2 mm thick copper plate (7) and on the opposite side, a 3 mm
iris-coupler plate (3) also made of copper. Inside the cavity space
some of the edges were rounded (see Fig. 3 for the shape details
of the cavity). All three parts of the resonator (aluminum block,
cover plate and iris-coupler plate) are coated with 2 lm of silver
(Collini-Flühmann AG, 8600 Dübendorf, Switzerland) and have
the outside dimensions of the WR 28 flange. The iris-coupler plate,
whose construction is detailed in reference [12], terminates the
wave guide (2) in a 2.8 � 7.0 � 3.0 mm round-shaped groove that
has been carved in the plate. The groove is opened in the middle
to the resonator space through a 3 � 1 mm slot along the y-axis
(iris). Inside this groove, the tuning rod can move along the y-axis
allowing the iris to be remotely tuned. The bottom cover (6)
prevents mw leakage and has a hole in the middle that centers
the sample and allows the He-gas flow.

The lower section of the wave guide (2) and the cast H-bend
(MDL, type 28BE11B) that is connected to the iris-coupler plate
are made from copper. The upper part of the WR 28 wave guide
(1) is made of stainless steel coated with silver inside, it serves
as a temperature barrier and connects to the upper part of the
probehead. The sample tube is guided with a sample tube holder
through the 12 � 8 mm i.d. epoxy sample access tube (not
shown) via the sample feed, an aluminum intersection (5) with
a 8–3.2 mm diameter reduction to the cavity block (4). This
intersection guides the sample tube in the entrance of the
ENDOR cavity, allows sample exchange at all temperatures,
connects the sample access tube with the cavity block and adds
additional mechanical stability.

The broadband rf excitation [24,25] in the sample is generated
by four 0.25 mm diameter Teflon-insulated silver wires positioned
along the sample axis (y-axis) that go through the resonator form-
ing a two turn saddle ENDOR coil (the wire distances are 1.5 mm in
the x- and 3.2 mm in the z-axis, see inset in Fig. 1). The four wires
are spanned over two Teflon holders on the top and on the bottom
of the cavity block, placing the wires very close to the 2.9 mm
sample tube. In the upper part of the aluminum block, outside
the resonant cavity, the ends of the coil are connected in series
to the inner conductors of two copper coaxial cables while the out-
er conductors are connected to the aluminum block by pressing
them into the grooves carved in its upper face. To and through
the flange of the upper part of the probehead, the rf signal is con-
ducted by stainless steel semi-rigid coaxial cables. Outside the
cryostat, one of the two coaxial cables is connected to the rf supply,
the rf amplifier (model: Amplifier Research 500A100A), the other
one to a terminating 50 X/10 W load.
3. Electron spin echo and ENDOR performance

In this section we examine properties which characterize the
mw B1-field and the rf B2-field of the TE102 ENDOR resonant cavity
at room and cryogenic (20 K) temperatures. To probe the mw B1-
field, we measured the primary ESE following the Hahn sequence
(p/2-s-p-s-ESE) with nominal pulse lengths of tp/2 = 80 ns and
tp = 160 ns and a free evolution time of s = 300 ns. The primary
ESE is also used as the detection sub-sequence in the Davies EN-
DOR experiment, pmw-prf-p/2mw-s-pmw-s-ESE, where the fre-
quency of the rf pulse is varied. Davies ENDOR reflects the
influence of an rf-inversion pulse on the spin system under inves-
tigation, and therefore it serves as probe for the rf B2-field in the
TE102 cavity, just as the primary ESE serves as probe for the mw
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B1-field performance. For all the experiments described in this sec-
tion, the static magnetic field B0 was set to the maximum of the
EPR absorption line of either Pittsburgh coal at room temperature
or a solution of 63Cu(Gly)2 at 20 K. The optimum length of the rf
pulse was found to be about 8500 ns using an rf-ENDOR nutation
experiment.

The ESE and ENDOR signals were measured for three different
sample sizes. For that, cylindrical quartz tubes with lengths of
7 mm and diameters (inner diameter (i.d.) � outer diameter
(o.d.), in mm) 1.0 � 1.6, 1.5 � 1.8 and 2.5 � 2.9 were used. The
smallest quartz tube (1.0 � 1.6 mm) was placed in an outer
2.5 � 2.9 mm quartz tube to shift the resonance frequency into
the operating frequency range of our spectrometer. The same
1.0 � 1.6 mm tube was used without the outer tube to perform
the same measurements with a commercial DR-ENDOR resonator
(Bruker Biospin).

The room temperature performance of the TE102 ENDOR rectan-
gular cavity is summarized in Table 1. For all sample sizes the
loaded Q-factor was found to be in the range QL = 200–400. The
second column of the table shows that along with an increase of
the sample volume an increase of the primary ESE amplitude is ob-
served, which is expected due to an increase of the filling factor.
However, the increment is not linear with respect to the sample
volume. This comparison is better made in terms of the resonator
sensitivity factor (Krs), which defines the ratio between the maxi-
mum ESE amplitude and the sample volume. The lower sensitivity
factor of the bigger samples with respect to the 1.0 mm i.d. sample
can be attributed to the larger volume of the first, which results in
a more heterogeneous B1-field and more dielectric losses in the
sample volume. The sensitivity factors Krs for the TE102 cavity
are smaller than for the commercial dielectric ENDOR resonator
Table 1
Room temperature performance of the TE102 ENDOR resonator and dielectric ENDOR reso

Sample tube diameter (i.d. � o.d.)
[mm �mm]

mmw

[GHz]
ESE amplitude
[mV]

Sensitivity factor Krs
a

[mV/mm3]

TE102 rectangular ENDOR resonator
1.0 � 1.6 34.2 280 50
1.5 � 1.8 35.9 430 35
2.5 � 2.9 34.9 1500 42

DR-ENDOR resonator e

1.0 � 1.6 34.6 440 112

The error in the estimation of the quantities given in this table can be up to 10%.
a Krs = Echo intensity/sample volume; Kp(mw) = B1/

p
P1.

b The incident power P1 is measured at constant receiver gain and bandwidth at the m
(tp/2 = 80 ns, tp = 160 ns, s = 300 ns).

c QL is the loaded quality factor that was measured for the TE102 ENDOR cavity with a ca
�15 to �25 dB with coal samples. For the overcoupled DR-ENDOR resonator, QL was est

d The rf incident power was 500 W for the TE102 ENDOR resonator and 250 W for th
optimum rf pulse length was found to be approx. 8500 ns by a rf-ENDOR nutation expe

e Bruker Biospin Q-band EN 5107D2 resonator for pulse EPR and ENDOR operating in

Table 2
Performance of the TE102 and DR-ENDOR resonators at cryogenic temperatures. The experim
25 mM glycine in a 5:1 water/glycerol mixture, at 20 K.

Quartz tube diameter (i.d. � o.d.) [mm �mm] mmw [GHz] ESE amplitude [mV]

TE102 rectangular ENDOR resonator
1.0 � 1.6 34.35 100
1.5 � 1.8 36.01 136
2.5 � 2.9 34.51 320

DR-ENDOR resonator
1.0 � 1.6 34.78 200

a Maximum rf power according to Bruker specifications.
for all sample sizes. This means that the commercial DR shows a
better performance if the available sample amount is too small
to fill an oversized tube. If a sufficient amount of sample is avail-
able, the ESE amplitude is significantly improved by the use of lar-
ger sample tubes because of the larger amount of spin centers that
can contribute to the signal. This improvement is observed in spite
of a reduced filling factor as compared to the DR.

The mw pulse power efficiency, Kp(mw), is the ratio between the
B1-field strength of the mw pulse and the square-root of the ap-
plied mw power P1. It is therefore a measure for the efficiency of
the conversion from mw pulse power to effective B1-field strength.
The mw pulse power efficiency Kp(mw) of our resonator is approx-
imately the same for all sample sizes but significantly less than the
one of the DR-ENDOR resonator (see Table 1) and consequently
higher mw power is required to flip the electron spins. This result
underlines that the significant signal gain at given concentration in
our TE102 resonator is reached at the cost of absolute sensitivity
and mw pulse power efficiency.

The ENDOR peak amplitudes were measured at the proton Lar-
mor frequency, 51 MHz approximately. The noise level in the spec-
tra was estimated at about 66 MHz (15 MHz away from the main
ENDOR transition) and it was found to be approximately the same
for all sample sizes. Therefore, the S/N-ratios are proportional to
the ENDOR peak amplitude. The increment in ENDOR peak ampli-
tudes due to the use of larger sample sizes (last column of Table 1)
closely follows the increment found for the ESE amplitudes.

The TE102 rectangular cavity performance at T = 20 K is illus-
trated in Table 2 as a result from primary ESE and Davies ENDOR
experiments in an aqueous solution of the transition metal com-
plex bis(glycinato)copper(II) prepared with 63Cu. Cryogenic tem-
peratures allow for an increase of longitudinal and transversal
nator. The experiments were performed with a coal sample.

mw pulse power P1
b

[mW]
QL

c mw pulse efficiency
Kp(mw)

a [T/
p

W]
ENDORd

amplitude [a.u.]

790 260 11 � 10�5 4300
790 260 11 � 10�5 6600
790 260 11 � 10�5 22000

63 400 39 � 10�5 8500

aximum of the echo amplitude using a coal sample with the sequence p/2-p-s-echo

librated network analyzer (hp 8722ES) at a coupling scattering parameter (S11) from
imated by the decay time constant of the reflected excitation pulses [26].
e DR-ENDOR resonator (maximum as specified by Bruker). For both resonators the
riment.
the TE011 mode.

ents were performed with a solution of 1.125 mM bis(glycinato)copper(II) (63Cu) and

Sensitivity factor
Krs

a [mV/mm3]
rf pulse power
Pi [W]

rf pulse power efficiency
Kp(rf) [T/

p
W]

ENDOR
amplitude [a.u.]

18 500 6.2 10�5 3300
11 500 6.2 10�5 4500

9 500 6.2 10�5 10000

36 250a 8.7 10�5 6000
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relaxation times T1 and T2, respectively, and lead to a more favor-
able Boltzmann distribution of the populated spin states, i.e. an in-
crease of pulse EPR signal amplitudes.

The improvement of the ESE amplitudes by the use of larger
samples is significantly smaller for the frozen aqueous solution
at 20 K (Table 2) as compared to the ones obtained at room
temperature for the coal sample (Table 1). The higher dielectric
constant of the frozen solution results in a weaker B1-field strength
at the sample position (see electromagnetic simulations).

The rf pulse power efficiency Kp(rf) = B2/
p

Pi data collected in
Table 2 were calculated using the length of the p rf pulse deter-
mined by an rf nutation experiment. Kp(rf) in our TE102 ENDOR
resonator remains the same for all sample sizes but it is consider-
ably smaller than in the DR-ENDOR resonator. The lower Kp(rf) is
compensated by increasing the rf power through our more robust
coils, resulting in the same rf pulse lengths for both resonators.

As compared to the ENDOR signal for quartz tubes of 1.0 mm
i.d., the increase of the ENDOR signal by a factor of 1.4 for
1.5 mm i.d. sample tubes and by a factor of 3 for 2.5 mm i.d. tubes
was comparable to the increase of the ESE signal. The comparison
of the ENDOR peak amplitudes as acquired with the TE102 rectan-
gular cavity and the DR-ENDOR resonator demonstrate the good
performance of the DR-ENDOR resonator for small sample volumes
(see Table 2). The measurement with a quartz tube with
2.5 mm � 2.9 mm in diameter, however, resulted in an ENDOR
peak amplitude which is close to double compared with the DR
resonator.

Data on the rf performance of the ENDOR coil at different fre-
quencies are collected in Table 3. In the second column, the radio
frequency B2-field strengths are displayed. The values were calcu-
lated using the following expression:

B2 ¼
ffiffiffi

2
p

Urms=2pmrf An½VHz�1m�2�

where Urms was measured with a 2 turn 1 mm in diameter pick up
coil placed in a sample tube in the middle of the ENDOR cavity
resonator, mrf is the radio frequency. Here A is the area and n the
number of turns of the pick up coil. The B2-field was measured with
an incident power of 10 mW and then scaled to the actual power,
500 W; subsequently, it was divided by two to compare with the
values measured in the rotating frame using rf nutation experi-
ments. Reasonable agreement was found between the two
measurements. The B2-field of the ENDOR coil shown in Table 3
was found to have a drop of about 6% over the frequency range
mrf = 22.5–180 MHz.

In the 3rd column of Table 3 the scattering parameter S11 of the
ENDOR rf broadband system measured with a network analyzer
are displayed. Kp(rf) is given for B2-field estimations and the
available rf power.

4. Electromagnetic field simulations

The use of large samples to improve the echo amplitude results
in non-negligible electric fields in the sample volume. In spite of
this unwanted effect, the cavity resonator performs well in ENDOR
Table 3
B2-field strength, scattering parameter, S11, and rf pulse efficiency Kp(rf) of the four-
wire rf-coil in the TE102 resonator operating at 22.5–180 MHz.

mrf [MHz] B2[10�4 T] S11 [dB]a Kp(rf) [T/
p

W]

22.5 11.1 �25 5.0 10�5

45 11.0 �20 4.9 10�5

90 10.7 �14 4.8 10�5

180 10.4 �9.3 4.6 10�5

a Values measured with an Agilent RF Network analyzer 8714ES.
experiments as already described above. To better understand this
apparent contradiction, information is required about:

� The distribution of mw fields and their perturbation by the
ENDOR coil and by the dielectric properties of the quartz and
the sample.

� The distribution of the rf magnetic field.

To obtain this information, field calculations were done with
the commercial tool CST MICROWAVE STUDIO [27], which uses a
volume grid discretization and the Finite Integration Technique
(FIT). The complete structure including all coupling elements (iris,
coupling rod and transition to waveguide) was modeled by roughly
65.000 Cartesian mesh cells for the mw field calculations and by
additional 40.000 mesh cells for the calculation of the rf fields. In
the most critical parts (sample area and ENDOR coil) the resolution
was below 100 lm. All metal structures were calculated using a
surface impedance model to incorporate resistive losses. The sam-
ple area was filled in the model with a quartz tube of diameter
2.9 mm (e = 4.2) containing samples with a dielectric constant of
either e = 2.7, to model frozen aqueous solutions or e = 1 for other,
non-dielectric, samples. The value of 2.7 as an effective dielectric
constant for ice at Q-band frequencies was estimated from the ob-
served frequency shifts caused with the 2.5 � 2.9 mm quartz tube
with the aqueous sample. The ENDOR coil was modeled as four sil-
ver wires crossing the resonator space very close to the sample and
connected outside the resonator to form a loop.

The setup was analyzed by a two step procedure: first, the mod-
eled structure was excited by a chirped Gaussian pulse containing
the frequency range between 33 and 37 GHz. From the calculated
transfer function (frequency analysis of the reflected power) the
resonance frequency and the QL of the TE102 mode were obtained.
The value of m0 = 34.70 GHz found in this calculation is in excellent
agreement with the experimental values. A second run of simula-
tions on the same grid model with the same excitation, this time
using an additional field monitor at the resonance frequency,
yielded the three dimensional distribution of the electromagnetic
fields. The microwave field plots are shown in Figs. 2 and 3, where
the field intensities were normalized to an incoming microwave
power of 1 W.

Figs. 2a and b show a representation of the E1-field z-compo-
nent in a cross-section contained in the x–z plane using samples
with e = 2.7 and 1.0, respectively. The same magnitude is displayed
in Fig. 2c and d in a cross-section within the x–y plane. In the Fig-
ures it can be observed that, as expected for the mode TE102 of a
rectangular cavity, there is a large field gradient in the direction
of the x-axis (each color step stands for 10% of the field intensity),
the intensity of the electric field increases rapidly when moving
away of the center of the cavity, where its value is zero, and can at-
tain 104 V/m (65% of its maximum value) in a small outer region of
the sample volume. E1-fields in the sample region are generally to
be avoided as they eventually create heat and lead to a decrease in
QL. Although the differences in E1-field distribution in the two dif-
ferent samples are minimal, there is a slight pull-in effect of the E1-
field into the sample region of a higher dielectric constant. This ef-
fect is similar to the one produced by sample holders, which can
change the field distributions, as has been already reported for flat
sample cells [28,29].

Fig. 2c and d nicely illustrate the sine wave of the TE102 mode
inside the cavity with the maximal E1-field located at the iris.

The representation of the microwave B1-field strength distribu-
tion in three perpendicular cross-sections is displayed in Fig. 3 for
the two kinds of samples studied. The mw magnetic field, which is
directed along the y-axis, is maximal and fairly homogeneous at
the center of the cavity but decreases on going up and down along
the y-axis until it drops to almost zero at the top and bottom of the



Fig. 2. Calculation of the E1-field along the z-component in a cross-section
contained in the x–z plane; (a) sample with e = 2.7, (b) sample with e = 1.
Calculation of the E1-field along the z-component in a cross-section contained in
the x–y plane; (c) sample with e = 2.7, (d) sample with e = 1.

Fig. 3. Calculated B1-field strength distribution. Cross-section in the x–z plane with
sample e = 2.7 (a) and e = 1 (b). Cross-section in the y–z plane, e = 2.7 (c); e = 1 (d).
Cross-section in the x–y plane, e = 2.7 (e); e = 1 (f).
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cavity. Nevertheless, 50% of the sample volume is located in the re-
gion where the B1-field is within 20% of its maximum value.

As the structure is not resonant for the rf, the B2-field distribu-
tion generated by the ENDOR coil was calculated as the response to
a Gaussian excitation in the loop covering the range between 50
and 100 MHz, with a field monitor at 60 MHz. The results of the
calculations are shown in Fig. 4. In the cross-sections perpendicu-
lar to the sample axis it can be observed that the maximum inten-
sity is produced in a small region very close to the silver wires, B2

drops then to about 60% of its maximum value but is homogeneous
in the center of the sample. From Fig 4c one can appreciate that the
B2-field homogeneity is very good along the axis of the sample (y-
axis). It has to be noted that the central region, where the B2-field is
homogenous, overlaps with the area of maximal and homogenous
B1-fields. If according to Fig. 3 we calculate the area where the B1-
field irradiation is within 10% of the maximum value, we obtain an
approximate value of 10 ll. In view of the B2-field calculations,
only about 60% of the cross-section of the tube is homogenously
irradiated (within 10% of the maximum value). This result in about
6 ll of sample volume with both, strong mw pulses producing in-
tense electron spin echoes and also homogenous rf irradiation
which drives the nuclear transitions and produces the ENDOR sig-
nals. Compared to an assumedly homogeneously irradiated
1.6 mm tube with 1 mm inner diameter, this results in an approx-
imately three fold increase in contributing volume, in good agree-
ment with the ESE and ENDOR intensity results presented in the
previous section.

5. Applications

Pulsed EPR and ENDOR are widely used to determine the elec-
tronic and geometric structure of paramagnetic species, as these
techniques provide hyperfine and quadrupole couplings of nuclear
spins in the molecular environment of unpaired electrons. To dem-
onstrate the performance of the TE102 ENDOR resonant cavity for
oversized samples, we present some experimental results on



Fig. 4. (a) Vector representation of the B2-field distribution in the x–z plane. (b) B2-
field intensity distribution in the y–z and (c) in the x–y plane. The field change
between contour lines is 10%.

Fig. 5. Davies ENDOR spectra of Cu(II) 2,9,16,23-tetra-tert-butyl-29H,31H-phtha-
locyanine in sulfuric acid measured at T = 20 K at the field positions (a)
B0 = 1101 mT (g||), (b) B0 = 1209 mT (g). The sequence, p-prf-p/2-s-p-echo, used tp/

2, p = 20, 40 ns, s = 300 ns and trf = 14 ls. Inset: echo-detected EPR spectrum of the
complex using the sequence p/2-s-p-echo with tp/2 = 16 ns, tp = 32 ns and
s = 300 ns. The arrows indicate the field positions where the two ENDOR spectra
were acquired.

Fig. 6. Q-band Davies ENDOR spectra of model complex 1-Co-O2 for Mb; upper
trace: experiment performed with standard Q-band resonator and o.d. sample tube
1.6 mm, lower trace: experiment performed with the TE102 resonator and o.d.
sample tube 2.9 mm. The measuring time was the same for both spectra.
B0 = 1230 mT, mmw = 34.6 GHz.
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systems that are typical for applications on metalloproteins and
catalyst materials.

5.1. Strongly coupled nitrogen nuclei of Cu–phthalocyanine

Resolved ENDOR spectra of nuclei with low gyromagnetic ratios
nuclei such as 2H, 13C, and 14N are difficult to obtain at X-band
since the spectral region can be very cluttered. Often strongly
coupled 14N nuclei (A � 30 MHz) overlap with the proton signals
centered on ca. 15 MHz.

Fig. 5 shows the performance of the TE102 resonator to measure
the magnetic couplings of the directly coordinated nitrogens in the
complex Cu–phthalocyanine. The phthalocyanines (a synthetic
analog of the porphyrin macrocycle) and metal phthalocyanines
(MPc) are used in industry in a variety of applications ranging from
conventional dyes to catalysis, or from coatings for read/write
compact discs to anti-cancer agents. Due to their photocatalytic
activities these compounds are also applied as oxidation–reduction
catalysts. For the design of new MPc materials it is important to
evaluate the effect of the substituents of the macrocycle and the
solvents on the spin density distribution of the complex, which
influences its catalytic activity [30].

Q-band Davies ENDOR experiments are very well suited for
determining the strong hyperfine coupling of the directly coordi-
nated isoindole nitrogens since the proton signals (centered
around ca. 55 MHz) are well separated from the 14N signals. The
14N ENDOR spectra are characterized by peaks centered at approx-
imately half of the hyperfine splitting |A/2| and split by twice the
nitrogen nuclear Zeeman frequency, 2mN. Additional further
splitting results from the nuclear quadrupole interaction (of 3Q).
A further advantage of using this microwave frequency is that
the different nuclear transitions are well separated as the condition
A > 2 mN > 3Q is fulfilled, which allows a straight forward assign-
ment of the different nuclear frequencies.
5.2. Weakly coupled proton nuclei of Co-porphyrin complexes

Hemoglobin (Hb) and myoglobin (Mb) are dioxygen binding
heme proteins. In the active form, the prosthetic heme iron is in
the reduced state which is EPR silent. The electronic structure of
these proteins can be investigated by EPR after replacing the
iron(II) ion by cobalt(II). Recently dioxygen adducts of Co-Mb and
cobalt-containing model compounds for Mb and Hb were studied
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in our laboratories. The proton hyperfine couplings were examined
with the main emphasis on distal hydrogen bonding [31,32].

Due to the cross-suppression effect, which hampers the deter-
mination of shallow modulation, the proton hyperfine couplings
initially could not be detected at X-band [11,33,34]. Q-band Davies
ENDOR experiments later allowed for the detection of the com-
plete proton signals revealing the hyperfine couplings. However,
the S/N-ratio was low because of the significantly reduced sample
size (sample tube o.d. 1.6 mm) for standard Q-band resonators (see
Fig. 6). By using oversized samples (o.d. 2.9 mm) in the TE102 EN-
DOR resonator we achieved a significantly higher S/N-ratio. The in-
crease in signal intensity was crucial for the detection of the weak
and broad part of the spectrum.

The enhanced ESE signal also permitted two-dimensional
experiments within reasonable time. The 2.9 mm o.d. sample tubes
containing these valuable samples could also be used at X-band
frequencies where the satisfying filling factor easily allowed for
recording two-dimensional ESEEM spectra. In addition, the larger
sample tubes allowed for an easier preparation of the samples be-
cause the delicate dioxygen adduct formation could now be done
directly inside the Q-band sample tube.

6. Conclusions

In contrast to LGR and DR, the TE102 ENDOR cavity resonator al-
lows for Q-band ENDOR experiments with oversized 2.5 � 2.9 mm
sample tubes, as they are used for pulse EPR at 9–10 GHz frequen-
cies. Experimental tests reveal a good ESE sensitivity, high QL and
filling factor as well as a nearly constant RF pulse efficiency in
the range 22–180 MHz. Electromagnetic field calculations for the
first time give detailed information of the influence of a frozen
aqueous sample with dielectric constant e � 2.7 at 20 K and a sam-
ple with e = 1 at 290 K on the B1- and B2-field homogeneities and
the E1-field strength in the sample volume. An improvement in
the signal-to-noise ratio at given concentration of paramagnetic
centers with respect to standard 1.0 � 1.6 mm i.d. sample size res-
onators is demonstrated in the experimental spectra of two transi-
tion metal complexes.
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