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Abstract

EPR Spectroscopy

Findings and Impact

• Quasi-optical sample holders for Electron 
Paramagnetic Resonance (EPR) spectrometers 
currently measure one sample  

• Coupling between sample and microwave varies 
with each sample exchange and decreases 
efficiency of measurements 

• We design, 3D print, and troubleshoot two-cell 
SH to exchange samples inside the probe 

• Our sample holder integrated into spectrometer 
under temperatures of 1.6-300 K, frequency of 
240 GHz, and magnetic fields up to 12 T 

• Quantitative measurements made comparing 
two liquid TEMPO samples
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Research Objectives

• Design a sample holder that can switch between two samples 
within the probe in Onshape 

• 3D print and troubleshoot using fused deposition modeling printer 

• Implement 3D printed two-cell sample holder into HF-EPR 

• Make quantitative comparisons between two liquid TEMPO 
samples with different concentrations

Quasi-Optical Sample Holder

• Focusing quasi-optics keep microwave 
beam within specified path 

• Enhanced field modulation amplitude 
and homogeneity on the sample 

• Rooftop and parabolic mirror improve 
SNR by 6 to detect signal 

• Functions in continuous-wave, pulsed, 
and rapid-scan EPR modes [7] 

• 3D printed with exception of rooftop 
mirror, parabolic mirror, and coil 

• Limitations due to ability to only 
measure one sample at a time

• Energy differences created by interaction 
between unpaired electron spins in external 
magnetic field 

• For single unpaired electron spin (S = 1/2),  
ms= -½ or ms= +½ 

• lowest energy when aligned parallel (ms= -½) 

• highest energy when aligned antiparallel     
(ms= +½) [1]

FIG. 1. Diagram of EPR 
probe inside the 
superconducting cryogen-free 
magnet (adapted from [4])

• Characterizes magnetic moment and angular momentum of 
structures with unpaired electrons 

• Remains constant regardless of microwave frequency, making it a 
reliable fingerprint for each measured system 

• To calculate g-factor for quantitative EPR, the resonance condition 
is used as given by equation 1 [2] ：

 1 - 3 

The energy differences studied in EPR spectroscopy are predominately due to the interaction of 
unpaired electrons in the sample with a magnetic field produced by a magnet in the laboratory. This 
effect is called the Zeeman Effect. The magnetic field, B0, produces two energy levels for the 
magnetic moment,  ̅, of the electron. The unpaired electron will have a state of lowest energy when 
the moment of the electron is aligned with the magnetic field and a stage of highest energy when  ̅ 
is aligned against the magnetic field. 
 
 

 

 
 

The two states are labeled by the projection of the electron spin, ms, on the direction of the 
magnetic field. Because the electron is a spin ½ particle, the parallel state is designated as ms = -½  
and the antiparallel state is ms = +½ (Figs. 2 and 3). The energy of each orientation is the product of 
µ and B0. For an electron µ = msgeβ, where β is a conversion constant called the Bohr magneton and 
ge is the spectroscopic g-factor of the free electron and equals 2.0023192778 (≈ 2.00). Therefore, 
the energies for an electron with ms = +½ and ms = -½ are, respectively 
  

E1/2 = ½ geβB0   and (2) 
  

E-1/2 = - ½ geβB0 (3) 
 
As a result there are two energy levels for the electron in a magnetic field. 
 
 

 

 
 
 

Fig. 2: Minimum and maximum energy orientations of  ̅ with respect to the magnetic field B0 

Fig. 3: Induction of the spin state energies as a function of the magnetic field B0. 

FIG. 2. Alignment of electron’s 
magnetic moment to the field [1]

g-Factor

Derivative Spectra
• Modulation coil generates oscillating 

magnetic field, Bmod, at a few kHz to 
improve Signal-to-Noise-Ratio (SNR) 

• Converts weak signal into easily 
detectable modulated signal 

• At B0 = 0, the energy difference 
between spin states is degenerate 

• At B0 ≠ 0, two energy states E1 and E2 are 
separated by ΔE 

• At hƒ = ΔE, absorption signal detected [3] 

• Bmod modulates the x-axis which results 
in the first derivative of the absorption 
EPR signal [4]

FIG. 3. Diagram showing the interaction 
between an electron spin (S = ½) with 
an external magnetic field, B0, and the 
frequency (ƒ) of an oscillating 
electromagnetic irradiation. When the 
microwave radiation matches the gap at 
the absorption signal, the lower energy 
levels flip to a higher energy level [4]

• Two spaces 5 mm in diameter for each sample 

• Attached to end of 1 m long probe (microwave waveguide) 

• Mechanical feedthrough to switch samples 

• Sample located 9 mm under a corrugated waveguide 

• Magnet bore diameter of 60 mm 

• Mirror with diameter of 7.01 mm and height of 2.13 mm placed 
2.478 mm under the sample 

• Distance between sample and mirror must be a multiple of the 
wavelength number (1.239 mm for 240 GHz) 

• Ensures that sample sits on maximum oscillating magnetic 
component of microwave radiation [8]

FIG. 6. Proposed design for the 3D printed two-cell sample holder and modulation coil

• Modulation coil calibrated using lithium 
phthalocyanine (LiPc) crystal 

• Coil wound from Cu32 American Wire 
Gauge using 200 revolutions 

• Measured at 40 mW and 240 GHz 

• Amplitude normalized by dividing 
measurements by largest value
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Fig. 1. Illustration showing an interaction of an electron spin, S = 1/2, with
an external magnetic field, B0, and an oscillating electromagnetic irradiation
at frequency f (microwave range, GHz). If the magnitude of the external
magnetic field B0 is zero, there is no energy difference between the two spin
states mS = +1/2 and mS = −1/2, and they are degenerated. In the presence
of the external magnetic field (B0 ̸= 0), the degeneracy is lifted and the two
states E1 and E2 are separated by !E , the Zeeman splitting. By applying an
appropriate microwave at energy h f = !E matching the Zeeman splitting,
an ESR absorption signal is observed. In the typical ESR experiment, the
lock-in technique is used, the weak ESR absorption signal is encoded by a
small modulation of the external magnetic field Bmod by a modulation coil at
the frequency of a few kHz, which results in observing the first derivative of
the absorption ESR signal.

power (typically few milliwatts) using non-resonant sample
holders allowing multi-frequency ESR [36], the pulsed-ESR
spectrometers need high-power microwaves on the sample
and use resonant cavities in order to flip magnetization [19],
which restricts the operation to single-frequency excitation
only with a narrow bandwidth (less than 1 GHz). Besides
obtaining the ESR spectra, the pulsed ESR spectrometers also
provide information about the spin dynamics [19]. Histor-
ically, both mentioned methods are performed in the field
domain due to the easy sweep of the magnetic field when
compared to sweeping an excitation frequency. However, the
recent development of microwave technologies has enabled
frequency-domain magnetic resonance (FDMR) spectroscopy
with high sensitivity [29], [34], [37]–[39]. Many HF-ESR
groups have previously described systems including different
types of sample holders [34], [36], [40]–[43].

FDMR spectrometers in combination with non-resonant
sample holders allows the performance of rapid scan (RS)
ESR [30], [44], [45]. If the frequency is swept through the
resonance faster than the relaxation times of the sample,
the recorded signal is in the form of “wiggles” containing
information on the spin dynamics. The deconvolution of
the RS signal removes these wiggles, giving a non-distorted
ESR absorption spectrum, and the relaxation time T2 can be
obtained with the help of the modified Bloch equations [46].
The main advantages of RS over pulse ESR are much broader
operating range (tens of GHz) and the absence of a dead time

Fig. 2. Schematic drawing of the ESR probe with an SH located in a
cryogen-free superconducting magnet equipped with a variable temperature
insert (VTI).

(in which the detector is protected from the MW source’s high
power). Therefore, RS can theoretically measure extremely
short T2 (ns) relaxation times at any frequency within the
spectrometer’s frequency range [30], [47].

ESR has broad applications ranging from physics, over
chemistry to biology, and therefore a wide variety of sam-
ple types exist with different requirements [2], [48]. The
message of this article is to show that any spectrometer
using a sample holder without a resonator (non-resonant
sample holder) has a wide range of applications, which can
be reached by designing new sample holders. Therefore,
here we report on the concept, design, and production of
six different exchangeable non-resonant ESR sample holders
(SHs): a simple sample holder (SSH) for measuring pressed-
powder pellets; a rotator sample holder (RSH) for recording
the ESR spectra of a crystal with magnetic anisotropy; a chip
sample holder (ChSH) for measuring and testing nanodevices
under MW irradiation; a liquid sample holder (LSH) for
measuring samples in liquid form and air-sensitive samples;
a carousel sample holder (CSH) for loading up to six pressed-
powder pellets to significantly save the spectrometer time, and
finally, a vacuum sample holder (VSH), which is designed
for measurements of samples transferred from UHV systems
without air contamination.

II. EXPERIMENTAL SETUP

The SHs are designed for a sub-THz frequency rapid
scan (FRaSCAN) ESR spectrometer. Fig. 2 depicts schematic

Two-Cell Sample Holder

Calibration using LiPc Crystal

FIG. 8. The difference in linewidths of the LiPc crystal at five currents: 6, 20, 50, 75, and 93 mA

FIG. 9. The modulation coil amplitude as a function of the current. The dashed line represents 
the linear fit

Liquid TEMPO Samples

• First sample is 10 mg TEMPO dissolved in 
1 mL toluene, 2.5 mM 

• Second sample is 10 mg TEMPO 
dissolved in 10 mL toluene, 0.25 mM 

• 1.6 µL of each solution inserted into 3 mm 
long flat cell 

Zeeman Effect

FIG. 7. LiPc crystal [9]

• Measured g-factor was 2.005 compared to actual 2.0024 [9] 

• Typical error is 18 G due to variation in main field 

• Modulation coil operated at 0.3 G/mA

FIG. 10. TEMPO molecule [10] 

FIG. 11. EPR signal of 2.5 mM and 0.25 mM of TEMPO dissolved in toluene 

• Hyperfine interactions cause three peaks for 0.25 mM sample 

• Linewidth of 2.5 mM sample broader due to spin-spin relaxation 
time and hyperfine interactions 

• Average distance (r) between two spins from the concentration (n) 
calculated using equation 2 [11]:

• Difference in SNR is 6 times compared to expected 10 times 
because concentration is 10 times smaller, errors may result mostly 
from line shape but also from concentration and position variations 

• Resonance condition changes due to splitting of energy levels 

• Spin states split by exchange interaction, which alters position of 
EPR signal  

• When S1 = S2 = 1/2, energy levels split into singlet (S = 0) and triplet 
(S = 1) states 

• At low concentration (0.25 mM), TEMPO molecules spaced far apart  

• Hyperfine interactions occur between unpaired electron and 
nitrogen nucleus (S = 1)  

• Nucleus has three spin states (-1, 0, +1) 

• Splits EPR signal into three peaks [12] 

• At high concentration (2.5 mM), TEMPO molecules are spaced 
closer together 

• Electron-electron interactions occur 

• Electron has two spin states (-1/2, +1/2) 

• Three hyperfine peaks average out and broaden into single peak, 
called exchange narrowing [13]

FIG. 5. Diagram of the quasi-optical sample 
holder (adapted from [7])

High-Frequency EPR

• High-Frequency EPR (HF-EPR) 
increases spectrometer resolution 
and sensitivity to enable the study 
of high spin systems [5] 

• Operates at high frequencies 
above 100 GHz and magnetic 
fields above 3.5 T [6]

• Three peaks observed for 0.25 mM 
TEMPO compared to 2.5 mM TEMPO 
due to Heisenberg interaction 

• Reduced downtime between 
measurements by five hours 

• Improved SNR for higher accuracy 
measurements 

• Enables quantitative measurements

FIG. 12. Two-cell sample holder printed from 
polylactic acid using the Original Prusa i3 
MK3S+ 3D printer

ΔE = E1 − E2 = hf = gμBBRes

(r) = ∫
∞

0
rw(r)dr = Γ(4/3)/(4π/3)1/3 = 0.55396n−1/3

Linewidth Spin-spin 
distance

Signal-to-
Noise-Ratio

2.5 mM 1.1 mT 4 nm 2500

0.25 mM 0.549 mT 10 nm 430

(2)

(1)

TABLE. 1. The observed linewidth, spin-spin distance, and SNR for the 2.5 mM and 0.25 mM samples

FIG. 4. Enhanced signal detection via HF-EPR [5]

ms = +1/2

ms = -1/2

• Incorporate the two-cell sample holder into the quasi-optical 
sample holder 

• Conduct quantitative AsLOV2 protein measurements 

• Enable sample loading within the probe

E1 = +1/2gµBB0

∆E = hf = E1 - E2  
= gµBB0

E2 = -1/2gµBB0

ms = ±1/2

Modulated Signal

Bmod

Bres + Bmod1st derivative

EPR Absorption signal

E

B

Future Work
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B0 = BresB0 > 0B0 = 0

microwave  
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REACTIONS OF LITHIUM PHTHALOCYANINE WITH VARIOUS OXIDIZING 

AGENTS 

V. B. Zhukhovitskii, N. N. Ezhova, V. I. Krinichnyi, 
Ya. A. Letuchii, A. M. Ton'shin, K. M. Dyumaev, 
and M. L. Khidekel' 

UDC 541.124:542.943:541. 
515:547.1'13 

The synthesis of organic compounds whose partial oxidation or reduction leads to elec- 
trically conducting systems is currently of great theoretical and practical interest [i]. 
Some of the promising types of coordination compounds in this respect are phthalocyanines: 

where M = H (phthalocyanine PcH2) , and M = Li [lithium phthalocyanine (I) PcLi2]. 

Electron transfer in the solid phase in partially oxidized phthalocyanines containing 
a transition metal can be realized both through the organic ligand and through the metal- 
metal bond. It seemed to us important to study the oxidation of a phthalocyanine containing 
a lithium ion - a nontransition metal not capable of further oxidation. 

By the oxidation of (I) with various electron acceptors we calculated on obtaining 
charge-transfer complexes (CTC) possessing enhanced electric conductivity. However, the 
dark-brown product formed instantaneously in the reaction had low conductivity [like (I)]. 
The elemental analysis of the product and its spectroscopic and magnetic investigations make 
it possible to state that the stable radical (II) is formed during oxidation: 

PoLl= q- Ox -e-'PELF 
--Li+ 

(1) (II) 

where Ox is the oxidizing agent (chloranil, bromanil, tetracyanoquinodimethane, dichlorodi- 
cyano-p-benzoquinone, AgNO~,XeF2). The reaction does not occur with tetramethoxy-p-benzo- 
quinone and p-benzoquinone as Ox. 

The isolation of the Li+ ion from the initial compound was established quantitatively 
by atomic-absorption analysis of the reaction solution after oxidation. As solvent we used 
acetone, acetonitrile, and ethyl and isopropyl alcohols which had been purified by standard 
procedures. The reactions were caried out both in an atmosphere of argon and in air. 

The PcLi" which we synthesized was identical with the product in [2, 3]. The reaction 
of (I) with an equivalent amount of iodine in acetone also leads to (II) and not to PcH', 
which was apparently obtained in [2] during sublimation of (II). 

It seemed of interest to study the action of an excess of such oxidizing agents as 
halogens. In the case of their action on PcLi z in acetone the reaction product was PcH2(III). 

Branch of the Institute of Chemical Physics, Academy of Sciences of the USSR, Chernog- 
olovka. Translated from Izvestiya Akademii Nauk SSSR, Seriya Khimicheskaya, No. 12, pp. 
2694-2698, December, 1985. Original article submitted July 12, 1984. 
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