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ABSTRACT

Electron Paramagnetic Resonance (EPR) is a powerful technique to study materials and biological samples
on an atomic scale. High-field EPR in particular enables extracting very small g-anisotropies in organic
radicals and half-filled 3d and 4f metal ions such as Mn" (3d°) or Gd" (4f”), and resolving EPR signals
from unpaired spins with very close g-values, both of which provide high-resolution details of the local
atomic environment. Before the recent commissioning of the high-homogeneity Series Connected Hybrid
magnet (SCH, superconducting + resistive) at the National High Magnetic Field Laboratory (NHMFL), the
highest-field, high-resolution EPR spectrometer available was limited to 25 T using a purely resistive
“Keck” magnet at the NHMFL. Herein, we report the first EPR experiments performed using the SCH mag-
net capable of reaching the field of 36 T, corresponding to an EPR frequency of 1 THz for g = 2. The mag-
net’s intrinsic homogeneity (25 ppm, that is 0.9 mT at 36 T over 1 cm diameter, 1 cm length cylinder) was
previously established by NMR. We characterized the magnet’s temporal stability (5 ppm, which is 0.2
mT at 36 T over one-minute, the typical acquisition time) using 2,2-diphenyl-1-picrylhydrazyl (DPPH).
This high resolution enables resolving the weak g-anisotropy of 1,3-bis(diphenylene)-2-phenylallyl
(BDPA), Ag = 2.5 x 10~ obtained from measurements at 932 GHz and 33 T. Subsequently, we recorded
EPR spectra at multiple frequencies for two Gd" complexes with potential applications as spin labels. We
demonstrated a significant reduction in line broadening in Gd[DTPA], attributed to second order zero
field splitting, and a resolution enhancement of g-tensor anisotropy for Gd[sTPATCN]-SL.

© 2023 Elsevier Inc. All rights reserved.

1. Introduction

(C, H, N, 0), where the spin-orbit interaction, which is responsible
for the phenomenon of g-anisotropy, is weak, and that anisotropy

One of the most important advantages of high-field electron
paramagnetic resonance (HFEPR) is an increased resolution [1] of
spectral features occurring due to g-factor anisotropy compared
to commercially available (X, Q, W or G-band) EPR spectrometers.
In this respect, EPR is analogous to NMR which benefits from
increased resolution at high fields which helps resolve the chemi-
cal shift anisotropy. Resolving the anisotropy of the g-tensor is of
great importance in many naturally-occurring organic radicals.
Indeed, such chemical species typically contain only light atoms
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remains unresolved at conventional (i.e., low) microwave frequen-
cies and magnetic fields. The determination of the g-anisotropy
provides unique insights into the orbital composition and thus
the nature and geometry of paramagnetic centers.

Other compounds that benefit from high fields are spin systems
with total spin numbers S > 1/2. The spin Hamiltonian for such para-
magnetic species includes a zero-field splitting (ZFS) interaction, in
addition to the electronic Zeeman term, which is equivalent to
quadrupolar interactions in Nuclear Magnetic Resonance (NMR).
This interaction is often present, albeit weak, in metal ions such as
Mn" and Gd™, both of which have half-filled shells (3d> and 4f7,
respectively) and the advantage offered by high fields is different
from the case of organic radicals described above. In the presence
of ZFS, the degeneracy of the spin projection states is lifted even
in the absence of external magnetic field, B,. The central
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single-quantum transition of species with half-integer spin states
(ms=-1/2—-mgs = +1/2) is broadened by ZFS at the second-order in
perturbation theory, as opposed to the side transitions between
states of higher |ms|, which are broadened at first order. The spectral
broadening of the central transition scales inversely with By, in con-
trast to the side transitions that experience a field-independent
broadening. The resolution improves with increasing field and the
ZFS can be used to obtain intricate structural sensitivity to the sur-
rounding ligand environment. Complexes of Gd'' that possess seven
unpaired electrons in the ground state (S = 7/2) have found applica-
tions in two main areas: as contrast agents for Magnetic Resonance
Imaging [2] and as spin labels for the study of protein conformations
[3]. The narrowing of their central transitions with increasing mag-
netic field can be dramatic, as previously reported on several differ-
ent Gd™ spin labels from Q-band EPR (34 GHz, ~1 T) to G-band
(240 GHz, ~8 T) [4]. The width of the central line in the EPR spec-
trum carries special importance in the use of Gd™ as a spin label.
Critical parameters in Double Electron-Electron Resonance (DEER)
or Pulsed Electron Double Resonance (PELDOR) experiments such
as sensitivity and modulation depth depend on it [5]. Furthermore,
the Gd™ linewidth itself can be used as a sensitive probe of dipolar
interactions with nearby spins [6,7], which has been exploited in the
recent demonstration of Time-resolved Gd-Gd Electron paramag-
netic Resonance (TiGGER) to measure triggered conformational
dynamics of an optogenetic protein upon light activation [8].

In this work, we present a new electron magnetic resonance
spectrometer based on the 36 T high-homogeneity series con-
nected hybrid (SCH) magnet commissioned at the National High
Magnetic Field Laboratory, in Tallahassee, Florida, USA [9]. In the
first section we characterize the instrument’s temporal field stabil-
ity. Following that, we present EPR spectra of both low-spin radi-
cals (as solids) and high-spin Gd" complexes (as frozen
solutions) at frequencies just below 1 THz, demonstrating the abil-
ity to resolve very small g-anisotropy and record very narrow line-
widths of the central line in Gd"™ spectra, thus demonstrating the
resolving power of the instrument. Finally, the current limits and
future improvements of the instrument are discussed.

2. Experimental
2.1. Spectrometer design

The layout and schematics of the HFEPR spectrometer based on
the recently commissioned 36 T SCH magnet [9] are shown in
Fig. 1. This magnet is composed of a superconducting outsert coil
and normal metallic conductor insert coils connected in series.
The series design was chosen to decrease ripples of the power sup-
ply thanks to the large inductance of the superconducting coil, thus
providing high temporal stability. Additionally, the coils were
designed and assembled in a way to create a high-homogeneity
field at their center: 25 ppm in the volume limited to 1 cm diam-
eter, 1 cm height, with a magnet bore diameter of 40 mm to
accommodate cryostats, shims, and probes. Finally, the magnet is
capable of fast ramp rates, up to 1 T/min from 0 to 36 T. The other
components of the EPR spectrometer are a solid-state THz source
(Virginia Diodes Inc., USA), an indium antimonide bolometer (Tho-
mas Keating Ltd., England), an in-house built transmission probe,
waveguides connecting the probe to the source, and a cryostat
(Janis, USA) to lower the sample’s temperature. The outer super-
conducting coil of the SCH magnet has a large bore which gener-
ates a significant stray field, requiring long waveguides to allow
the source and detector to be placed in reasonably low stray fields
to operate without disruption. Two separate microwave multipli-
cation chains are available for this instrument. One source’s output
is 40 mW in the 305-325 GHz range, which can be extended with
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the use of a passive tripler to produce 910-960 GHz microwaves
with 1 mW output power. The second source provides about 0.5
mW output power in the 610-640 GHz band. To transmit the
THz signal from the source to the sample and finally to the detec-
tor, a smooth wall horn in combination with a series of waveguides
and mirrors is employed. Depending on the source frequency a
rectangular transition is used to convert to a WR10 rectangular
guide, which is connected to a WR10 to circular horn (10 mm
ID). The THz signal is then transmitted via smooth wall waveguides
(10 mm ID) in straight sections. At each bend, a mirror is used to
re-direct the THz beam. Inside the probe, the beam travels down
via a vertical waveguide to the sample before being re-directed
upwards via a second waveguide using a combination of off-axis
parabolic mirrors. At the top of the probe two flat mirrors are used,
one for the input from the source and one for the output towards
the bolometer. A classic phase-sensitive detection scheme using
a lock-in amplifier is employed in order to demodulate the EPR sig-
nal generated via a modulation coil located around the sample.
Finally, a temperature control system consists of a bucket-type
cryostat which can be either filled with liquid nitrogen or liquid
helium and a strip heater located around the probe head allows
temperature to be controlled between ~ 1.5 and 170 K. The probe
is placed in a sleeve, immersed in the liquid cryogen, and is filled
with helium gas at low pressure, serving as a heat exchange.

At the highest frequencies, the sample’s dielectric absorption
has a strong influence on the signal-to-noise-ratio. The THz wave
transmission through the sample follows an exponential decay
while, in the absence of absorption, the signal strength scales lin-
early with the number of spins (or sample volume). Thus, the pre-
ferred sample geometry is a large-diameter cylinder (8.4 mm ID
Teflon cup, Fig. 1) with a small thickness to minimize the absorp-
tion while keeping the volume relatively large. We found that,
for frozen aqueous solutions, the optimal thickness was about
1 mm, which meant that the sample volume was about 50 pL. In
the case of loose powder, a Teflon cap (not shown) is used.

The NHMFL allocates magnet time on the SCH one week (4 and
a half working days) at a time, for a total of about 40 h. Therefore,
due to the limited time available on this shared magnet and the
significant operating costs, samples are selected and optimized at
lower fields (5 - 15 T) in traditional superconducting magnets.
During the SCH magnet operation, for safety reasons, no one is
allowed on the magnet platform at fields above 18 T (see Fig. 1).
We therefore typically perform preliminary experiments at an
intermediate field (11 T, or 310 GHz for g = 2) to optimize the
probe, mirrors and waveguide positions relative to the source.

2.2. Sample preparation

Several samples were employed in this work, each one prepared
to meet a specific goal. First, about 1 mg of pure DPPH
(2,2-diphenyl-1-picrylhydrazyl) solid (powder) was spread on the
bottom of a 6 mm Teflon cup. This sample was meant to produce
a very strong signal so that it could be used to characterize the
temporal stability of the spectrometer. The second sample was
BPDA (1,3-bis(diphenylene)-2-phenylallyl) encapsulated in
polystyrene at a relatively low concentration (1.7 mM) to avoid
electron spin-spin interactions. Polystyrene pieces were cut and
fitted into a Teflon cup (6 mm diameter and 5 mm tall) occupying
a volume of 130 pL. Finally, gadolinium complexes were prepared
in fully deuterated 1:1 (v/v) water-glycerol solutions. Deuteration
was employed to minimize electron-nuclear spin relaxation due
to 'H hyperfine coupling, while a low concentration was again cho-
sen (500 uM) to minimize electron spin-spin dipolar coupling. The
solutions were poured into Teflon cups with 8 mm inner diameter
and filled to 1 mm height, occupying a volume of 50 pL. Separate
samples were prepared of the Gd[sTPATCN]-SL®> and Gd[DTPA]
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Fig. 1. (Top) Photograph of the EPR spectrometer based on the SCH magnet. The main components of the spectrometer are labeled. (Bottom) schematic of the spectrometer,
sample cup geometry and 3D rendering of the home-built probe. Spectrometer specifications: field up to 36 T with a sweep rate up to 1 T/min; field homogeneity of 25 ppm
(1 cm diameter, 1 cm tall volume); temporal stability of 5 ppm (1 min time scale); available frequencies of 305-325, 610-640, and 910-960 GHz; temperature 1.5-300 K;
typical sample volume of 10 to 200 pL; and a total waveguide length of ~ 10 m. At the time of the photograph the field was at 35.1 T.

complexes [5,10] shown in Scheme 1. Gd[DTPA] was purchased
from Millipore Sigma. Gd[sTPATCN]-SL was synthesized by Mat-
thieu Starck and David Parker and is from the same batch used
in Ref. [8].

3. Results and discussion
3.1. Spectrometer characterization

In order to characterize the spectrometer from the point of view
of suitability for high-resolution EPR, we first measured the spec-

trum of a neat DPPH powder sample ( ~1 mg) at 936.00 GHz and
79 K, Fig. 2a. As previously described by Krzystek et al. [11], DPPH
reveals an underlying structure at high fields due to intrinsic g-
anisotropy, a complex sample composition involving the crystal-
lization solvent, and artifacts arising from the highly absorptive
nature of the high electron spin concentration; we did not pursue
these details in the current study, the main aim of which was sim-
ply to characterize the temporal stability of the magnet. To this
end, we recorded the EPR amplitude of the resonance at the steep-
est slope (Fig. 2a) of its derivative-shaped spectrum as a function of
time. Fig. 2b displays both the field and EPR signal strength tempo-
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Scheme 1. Structures of the Gd complexes used in this study.

ral variations. It should be noted that the magnetic field is calcu-
lated from measuring the current generated by the power supply
using a calibration curve obtained previously from NMR. We found
the accuracy of this value to be ca. + 100 mT (+3000 ppm) at 33 T.
In Fig. 2b both data sets are strongly correlated, demonstrating that
the EPR signal stability is correlated with the temporal stability of
the power supply. The temporal stability is about 5 ppm (or 0.2 mT
at 33 T) over the typical spectrum acquisition time scale (1 min).
Note that for longer acquisition times (10 mins) the temporal sta-
bility is about 10 ppm. The temporal field variation is attributed to
the magnet power supply and water-cooling regulation. Another
important parameter to consider with this spectrometer is the field
homogeneity, which had been previously measured to be 25 ppm
(or ~1 mT at 33 T) for a 1 cm diameter x 1 cm height volume
[9]. The SCH is most inhomogeneous in the XY plane (perpendicu-
lar to the direction of THz beam propagation and the applied field).
The field inhomogeneity for the disk-shaped sample (8.4 mm
diameter) is just under 25 ppm from the field map [9].

3.2. THz EPR of a low-spin (S = 1/2) system

Natural organic radicals are commonly found in coal [12], car-
bonaceous matter [13-15] and in biological matter. In the latter,
they have been associated with specific diseases [16]. Synthetic
radicals are used in many applications, most recently as polarizing
agents in Dynamic Nuclear Polarization (DNP) [17-24]. A typical
organic radical producing a narrow EPR resonance is BDPA. This
radical contains only carbons and hydrogen atoms which results
in very weak spin-orbit coupling. As a consequence, its
g-anisotropy is very weak, with g-tensor components close to the
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free electron value (~2.0023). Nonetheless, a g-anisotropy was
estimated at 140 GHz (5 T) in earlier work [25], where the follow-
ing principal values were reported: g, = 2.00263, g, = 2.00260, and

= 2.00257, for BDPA in polystyrene (1% weight concentration) at
room temperature. Thus, the g-anisotropy reported was
Ag=g,-8,=6x 107,

We carried out EPR measurements on a similar sample (1.7 mM
BDPA in polystyrene) to demonstrate the resolution capabilities of
the newly built spectrometer. The spectrum and its fit, using Easy-
Spin [26] (v5.2.35, function “pepper”, isotropic g-strain of 0.8 x 107,
Gaussian and Lorentzian linewidths of 0.2 mT) are shown in Fig. 3
for a frequency of 932.40 GHz, indicating a weak axial anisotropy
that is undetectable at lower frequencies. The g-values obtained
through the fits are: gy = 2.00265, g, = 2.00263 and g, = 2.00240,
with an uncertainty of £ 0.00001 in each component. While neither
the absolute values nor that of the average, giso = 1/3 (gx + 8y + &%),

33.256 33.26 33.264 33.268 33.272 33.276
Magnetic Field (T)

Fig. 3. EPR spectrum of BDPA in polystyrene measured at 932.40 GHz and 82 K
[solid back line]. The red dashed line is the simulated spectrum using the following
g-tensor principal values [g. g, &l = [2.00265, 2.00263, 2.00240] with an
uncertainty of + 0.00001 for each value. Note: magnetic field values were shifted
arbitrarily by —0.1955 T from the current-calibrated values to yield an average value
consistent with previous publications and DFT predictions. The simulations were
carried out with EasySpin v5.2.35 and the function “pepper”. An isotropic g-strain of
0.8 x 10 was used to reproduce the lineshape as well as a mixture of Gaussian and
Lorentzian linewidths of 0.2 mT, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 2. (a) EPR spectrum of DPPH recorded at 936.00 GHz and 79 K. (b) EPR signal amplitude at the maximum slope of the EPR spectrum (green trace) and magnetic field
variation calculated from the current supplied by the magnet power supply (blue trace) as a function of time. Note: the field value (B) set at the maximum slope of the EPR
spectrum is marked by an arrow on (a). The acquisition time was set to 0.5 sec per point. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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can be precisely determined due to the inaccuracy in reading the
magnetic field, the differences in the g-values are precise. In partic-
ular, the g-anisotropy Ag amounts to ca. 2.5 x 107, i.e,, it is about
five times larger than the one previously reported [27]. That work,
however, was performed at much lower field (5 T) with the aniso-
tropy barely visible in the spectrum. The newly determined g-ten-
sor values were compared to Density Functional Theory (DFT)
predictions carried out using ORCA 5.0.1 [28] after optimizing
the BDPA structure with the PBEh-3c approach [29]. The DFT calcu-
lations were performed using the functional PBEO [30] and def2-
TZVP [31] as a basis. The predictions, g = 2.00269, g, = 2.00263,
and g, = 2.00239 (Ag = 3 x 107%), are very close to the experimen-
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tally fitted values presented above, thereby highlighting the resolv-
ing power of the spectrometer.

BDPA is a relatively stiff molecule thanks to its conjugated bond
network. In the measured polystyrene matrix, it is believed that the
molecular geometry is likely unaffected by the soft polymer. There-
fore, the g-anisotropy is likely the same for BDPA molecules in solu-
tion. Its g-anisotropy is not only of academic interest, it also plays
an important role in the longitudinal (T,) relaxation of the electron
spin [32]. Therefore, these measurements should enable prediction
of the relaxation rates of BDPA radicals in a variety of solvents at
high fields, information that could be on interest for a range of
applications, from spin labeling to quantum information sciences.

Gd-DTPA Gd-s-TPATCN
932.40 GHz 945.36 GHz
33785 33790 33795  33.800 33900 33905 33910 33915
614.88 GHz g' 614.88 GHz
22280 22285 22200  22.295 22045 22050 22055  22.060
310.80 GHz 315.072 GHz
11260 11265 11270 11275 11200 11295 11300  11.305

Magnetic Field (T)

Fig. 4. EPR spectra of Gd[DTPA] (left column, at 80, 60 and 35 K, from top to bottom, respectively) and Gd[sTPATCN]-SL (right column at 79 K throughout, black traces) and
simulated spectra (red traces for GA[sTPATCN]-SL only). Gd[sTPATCN]-SL spectra were simulated with the same set of parameters: g = [1.9920, 1.9920, 1.9921] and
D=0.016 cm~ . An angle of 56 degrees between the g and ZFS tensors was assumed. Note (1): to ease comparisons, all spectra are plotted on the same (x-axis) scale. Note (2):
at the highest fields, the spectra are averages of 20 and 36 single scans, for Gd[DTPA] and Gd[sTPATCN]-SL, respectively. The simulations were carried out with EasySpin
v5.2.35 and the function “pepper”. An isotropic g-strain of 0.2 x 107 as well as a mixture of Gaussian and Lorentzian linewidths of 0.15 mT was used to reproduce the
lineshape. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. THz EPR of high spin (S = 7/2) systems

To study high-spin (S > 1/2) systems, we chose two coordination
complexes of gadolinium, abbreviated as Gd[DTPA] and Gd
[STPATCN]-SL (Scheme 1). In the following, we concentrate on
measuring the width of the central transition in each of these com-
plexes, evaluating both the concentration limit in a frozen aqueous
solution, and the resolution limit of the spectrometer and the SCH
magnet.

Gd|[DTPA] in frozen solution produces a single approximately
isotropic resonance at any frequency, corresponding to the central
(ms=-1/2 -ms = +1/2) transition of the S = 7/2 multiplet (Fig. 4).
The Full Width at Half Maximum (FWHM) linewidth of that transi-
tion follows the trend observed previously at lower frequencies
(36-240 GHz) [4,33], becoming narrower with increasing fre-
quency (field), demonstrating the effect of the decreasing
second-order ZFS interaction (Fig. 5 and Table 1). The linewidths
(FWHM) were extracted using single line fits with either a Gaus-
sian or Lorentzian distribution and taking into account the disper-
sion. The FWHM linewidth of GA[DTPA] at operating frequencies
and temperatures of 310.80 GHz (35 K), 614.88 GHz (60 K), and
932.40 GHz (80 K) is 3.82, 2.67, and 1.52 mT, respectively. (In order
to optimize the signal intensity, temperatures were chosen for
each complex and each frequency such that the ms = +1/2 levels
were at their maximum population difference). Fitting this reso-
nance with a single set of spin Hamiltonian parameters (g-values

11 4
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Fig. 5. Frequency dependence of the width of the central line of Gd[DTPA] (squares)
and Gd[sTPATCN]-SL (triangles) at cryogenic temperatures (up to 80 K) based on
data collected with the SCH magnet (solid symbols), and a superconducting 15 T
magnet (hollow symbols). The black dash line is a guide to the eye, while the solid
blue line represents a one over frequency function. The red dashed line represents
the limit of resolution of the SCH magnet, that is, the field homogeneity and
stability limit as calculated from NMR mapping of the magnet and sample
dimensions, while the green dash line represents the resolution of the supercon-
ducting 15 T magnet also estimated from the sample dimensions (smaller than in
the SCH magnet case) and magnet field homogeneity (20 ppm). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1

Journal of Magnetic Resonance 353 (2023) 107480

and ZFS parameters) was unsuccessful, most likely due to the pres-
ence of two different spin species whose nature is not clear. The
second species might be responsible for the low-field shoulder
observed at 932.40 GHz (Fig. 4).

Gd[sTPATCN]-SL, measured also in a frozen solution, similarly
produces a single isotropic resonance in the lower range of fre-
quencies, showing the expected narrowing of the linewidth
between 64.000 and 240.00 GHz (from 1.18 to 0.72 mT FWHM,
Fig. 4 and Table 1). However, this resonance broadens at
614.88 GHz (0.9 mT FWHM) and 945.36 GHz (1.45 mT FWHM)
compared with lower frequencies. The EPR spectra of Gd
[STPATCN]-SL also shows a structure (Fig. 4b), which we attribute
to a partly resolved g-anisotropy based on simulations. We ana-
lyzed the spectra using the following spin Hamiltonian:

~2 1

A= /3§.g.FI+D<sz 5SS+ 1)>

where f is the Bohr magneton, g represents the g-tensor, S is the

spin number (7/2), S, its z-component, and D is the axial zero-
field splitting (ZFS) tensor parameter.

We were able to fit the EPR spectra of Gd[sTPATCN]-SL at
315.072, 614.88 and 945.36 GHz using the following set of param-
eters: g = [1.9920, 1.9920, 1.9921] and D = 0.016 cm~'. The spec-
trum was fitted using EasySpin [26] v5.2.35 with the function
“pepper” using an isotropic g-strain of 0.2 x 10™* as well as Gaus-
sian and Lorentzian linewidths of 0.15 mT. An angle of 56 degrees
between the g and ZFS tensors had to be assumed to reproduce the
experimental spectrum. The agreement between experiments and
simulations is reasonable but fitting to the data accurately is chal-
lenging. Compared to Gd[DTPA] with the D and E parameters of
0.048 and 0.0013 cm™! [10], GA[STPATCN]-SL has smaller ZFS due
to a higher symmetry of its coordination sphere [5]. We interpret
the linewidth variation with frequency in the case of Gd
[STPATCN]-SL as follows: the central transition narrows with field
due to 2" order ZFS up to about 400 GHz, then the overall width
starts to increase linearly with field on account of g-anisotropy
(or g-strain) which eventually dominates at the highest fields
and frequencies. An alternative explanation is given in Fig. 5: the
narrow linewidth of the Gd[sTPATCN]-SL sample is approaching
the spectrometer’s resolution limit. We calculated this limit for
the particular sample size and shape from NMR data [9] obtained
on the SCH magnet homogeneity (0.25, 0.5 and 0.75 mT at 11, 22
and 33 T, respectively) and temporal variation (5 ppm) over the
time scale of a field sweep (=~ 1 min). The resulting minimal reso-
lution is 0.3, 0.6 and 0.9 mT for 11, 22 and 33 T. At the highest fre-
quency (945.36 GHz) an additional broadening of the resonance
line might have been caused by overmodulation, which was neces-
sary because of the very low signal-to-noise ratio.

4. Conclusions and future work

This work presents a high-resolution EPR spectrometer operat-
ing at frequencies up to 1 THz and field up to 36 T with a resolution
of about 30 ppm. This high resolution has allowed us to precisely

FWHM linewidth values in mT of Gd[DTPA] and Gd[sTPATCN]-SL in 500 uM deuterated water-glycerol solutions observed at various frequencies and cryogenic temperatures. The
resolution limit of the spectrometer based on sample size, field homogeneity and field stability, in mT, is also added for comparison.

Frequency (GHz) 64.000" 120.00* 240.00" 310.80 315.072 614.88 932.40 945.36
Gd[DTPA] 10.2 5.8 3.5 3.82 2.67 1.52

Gd[sTPATCN]-SL 1.18 0.83 0.72 0.89 0.90 1.45%
Resolution limit 0.03 0.06 0.12 0.3 0.3 0.6 0.9 0.9

" EPR spectra at 64, 120, and 240 GHz were obtained using a 15 T-based spectrometer under conditions comparable to those using the SCH-based instrument.
# The field modulation amplitude (0.5 mT) was set higher than optimal due to the very low signal-to-noise ratio.
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determine the g-anisotropy of the BDPA radical in polystyrene as
well as the g- and D-values of the gadolinium complex Gd
[STPATCN]-SL. The multi-frequency capability of the instrument
also allowed us to follow the frequency dependence of the width
of the central transition of the two Gd™ compounds, Gd[DTPA]
and Gd[sTPATCN]-SL. While for Gd[DTPA] the linewidth decreases
with increasing frequency, as it does in previously studied Gd™
compounds, the trend in Gd[sTPATCN]-SL is reversed above about
400 GHz, with the linewidth increasing with increasing frequency.
This can be attributed to the g-anisotropy influencing the line-
width for systems with intrinsically narrow linewidths, although
with a caveat that we approach the spectrometer’s resolution limit
for such narrow lines. The result that the linewidth of Gd
[STPATCN]-SL does not seem to follow the 1/B scaling above about
200 GHz, and the hint of a g anisotropy, will be important for
developing quantitative biological distance measurements based
on very high field EPR spectroscopy of proteins tagged with Gd™"
spin labels, like Time-resolved Gd-Gd Electron paramagnetic Reso-
nance (TiGGER) [8].

Although this new instrument provides exceptional resolution,
its sensitivity at near-terahertz frequencies is not entirely satisfac-
tory, mainly because of the immense length of cylindrical light-
pipes that is necessitated by the strong fringe field produced by
the magnet. Therefore, future developments will focus on slower
sweep rates to allow longer averaging times, an increase in B; field
through use of a focusing horn, which will also allow us to work
with smaller samples and enable a higher field homogeneity across
the sample which will, in turn, improve the resolution. Finally, pas-
sive ferroshims could be built, similar to the ones developed by the
NMR users of the same magnet [9], to improve the field homogene-
ity. In the long term, a quasi-optical THz beam propagation system
will be employed instead of the current simple cylindrical tubes
and mirrors. This should significantly increase the B; field at the
sample, which would provide a higher sensitivity.

5. Request for information

The National High Magnetic Field Laboratory encourages inter-
ested parties to contact the authors to learn about the process to
obtain access to this new instrument.

6. Data availability

The data presented here is available on the osf.io repository
with the following DOI: 10.17605/0SF.I0/2879X. Direct link:
https://osf.io/2879X/.
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