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ABSTRACT
A time-resolved electron paramagnetic resonance (TREPR) method with 40 ns time resolution and a high sensitivity suitable for the detection
of short-lived radicals under thermal equilibrium is developed. The key is the introduction of a new detection technique named ultrawide
single sideband phase sensitive detection (U-PSD) to the conventional continuous-wave EPR, which remarkably enhanced the sensitivity
for the detection of broadband transient signals compared with the direct detection protocol. By repeatedly triggering a transient kinetic
event f (t) (e.g., by laser flash photolysis) under a 100 kHz magnetic field modulation with precise phase control, this technique can build an
ultrawide single sideband modulated signal. After single sideband demodulation, the flicker noise-suppressed signal f (t) with wide bandwidth
is recovered. A U-PSD TREPR spectrometer prototype has been built, which integrated timing sequence control, laser flash excitation, data
acquisition systems, and the U-PSD algorithm with a conventional continuous-wave EPR. It exhibited excellent performance in monitoring a
model transient radical system, laser flash photolysis of benzophenone in isopropanol. Both the intense chemically induced dynamic electron
polarization signals and the much weaker thermal equilibrium EPR signals of the generated acetone ketyl radical and benzophenone ketyl
radical were clearly observed within a wide timescale ranging from sub-microsecond to milliseconds. This prototype validated the feasibility
of the U-PSD technique and demonstrated its superior performance in studying complex photochemical systems containing various transient
radicals, which complements the established TREPR techniques and provides a powerful tool for deep mechanistic understandings, such as
in photoredox catalysis and artificial photosynthesis.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0143480

I. INTRODUCTION

Time-resolved electron paramagnetic resonance (TREPR) is
a powerful technique that enables direct observation and tracking
of short-lived (transient) open shell species, such as free radicals
and triplet excited states.1–3 TREPR has been widely applied in the
studies of spin dynamics,4,5 radical chemistry,6,7 material science,8,9

and biochemistry.10,11 Time resolution and sensitivity are crucial
factors that determine the power of this technique. Currently, there
are two major types of TREPR methods, i.e., direct detection (DD)
continuous-wave (CW) TREPR6,12 and pulsed-microwave Fourier
transform (FT) EPR,11 able to reach cavity bandwidth-limited time
resolution (50 and 10 ns, respectively). In principle, both DD CW-
TREPR and FT-EPR methods are based on the direct detection
technique, which brings about inherently low sensitivity, especially
in the time domain where flicker noise is dominant (above a few

microseconds). As a result, DD CW-TREPR and FT-EPR are mainly
used to detect intense signals, such as free radicals with chem-
ically induced dynamic electron spin polarization (CIDEP),13,14

and they have gained limited utility in tracing short-lived radi-
cals under thermal equilibrium (i.e., Boltzmann population of the
spin state).

Phase sensitive detection (PSD) has been proven a powerful
technique that can dramatically improve the sensitivity of steady-
state (SS) CW-EPR.15 However, the inadequate response time
(200 μs for a typical commercially available spectrometer) limited
the application of the PSD technique in TREPR to enhance the sen-
sitivity. In the past decades, some techniques had been developed
to tackle this problem, including high-frequency phase sensitive
detection (HF-PSD) EPR16–18 and broadband phase-sensitive detec-
tion (B-PSD) EPR.19 HF-PSD EPR enhanced the time resolution to
1–2 μs by increasing the field modulation frequency to an upper
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limit of 1–2 MHz, albeit with compromised sensitivity due to lim-
ited modulation amplitude. The B-PSD EPR technique broke the
limitation of time resolution by PSD response time and field mod-
ulation frequency, which applied a high-pass filter together with
a random phase averaging method under 200 kHz field modula-
tion instead of a traditional lock-in amplifier. However, distortions
were observed in the first few microseconds of signal due to miss-
ing frequency components caused by the high-pass filter, severely
limiting the practical time resolution of this method. To date, a
TREPR detection method with both cavity-limited time resolution
(10–50 ns) and high sensitivity has been challenging but greatly
sought after. The desired TREPR technique would enable radical
chemists to address mechanistic challenges that cannot be tack-
led with the more commonly used transient UV-Vis absorption
spectroscopy.

Herein, we report a new technique, referred to as ultrawide sin-
gle sideband phase-sensitive detection (U-PSD), as well as its appli-
cation in TREPR. It is important to note that the term “ultrawide”
emphasizes a crucial characteristic of this technique, which is the
absence of practical signal bandwidth limitations imposed by the
modulation frequency. This sets it apart from the B-PSD technique
proposed by de Jager. The spectrometer based on this technique is
able to trace transient EPR signals with both high time resolution
(down to 40 ns) and satisfactory sensitivity (enabling the detection of
transient radicals with spins following the Boltzmann distribution)
over a wide timescale (from hundreds of nanoseconds to millisec-
onds). This feature makes it suitable for the study of transient radical

species with a wide range of lifetimes, which is a typical scenario
in radical chemistry. The instrumentation has minimum hardware
requirements compared with a conventional CW-EPR, which com-
plements the existing TREPR techniques and provides a powerful
tool for radical chemistry research.

II. THE PRINCIPLE OF ULTRAWIDE SINGLE SIDEBAND
PHASE-SENSITIVE DETECTION
A. Basic principle

The desired time-resolved detection method with both high
time resolution and high sensitivity over a wide time window should
exhibit wide bandwidth and, most importantly, excellent flicker
noise (1/f noise) suppression ability. However, clean separation of
broadband weak signals from the 1/f noise is rather challenging, and
such techniques remain elusive [Fig. 1(a)].

Application of the traditional PSD technique to pick out sig-
nals with an ultrawide bandwidth (from DC to a frequency much
higher than the modulation frequency applied) from the 1/f noise
does not actually work.6 Based on the principles of PSD, field mod-
ulation (at the frequency of ωmod) shifts the signal of interest out
of the 1/f noise region to a less noisy higher frequency domain.
For signals with a narrow bandwidth (e.g., steady state signal),
clean separation of the target signal from 1/f noise can be achieved.
However, for broadband signals, the situation is different. For
instance, a fast-evolving signal f(t) can be expressed by its Fourier
form,

FIG. 1. The principle of the ultrawide single sideband phase sensitive detection (U-PSD). (a) Step signal, (b) aliasing image mixing with both sidebands resulted by field
modulation, (c) signal after an aliasing image-rejection procedure, (d) ultrawide single sideband signal after FFT high-pass filter, and (e) the recovered signal by U-PSD.
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f (t) =
1

2π∫
+∞

−∞

a(ω)ei[ωt+φ(ω)]dω, (1)

which includes various frequency components (ω) with an ultrawide
distribution. Field modulation-based EPR detection results in ampli-
tude modulation of the signal, and an ultrawide double sideband
signal distributed around ωmod is obtained with severe overlapping
in the frequency domain [Fig. 1(b)]: not only does the lower side-
band signal overlap with the 1/f noise in low frequency region but
also its aliasing image mixes with both sidebands. In this case, a
clean upper sideband could neither be isolated by simply apply-
ing a high-pass filter as is commonly used in telecommunications,
nor by a Hartley single sideband modulator as the baseband sig-
nal (target transient signal to be detected in this scenario) alone is
not available.

We envisioned achieving efficient 1/f noise suppression for
EPR signals with ultrawide bandwidth by single sideband PSD as fol-
lows: Upon field modulation at the frequency ωmod (e.g., 100 kHz),
the upper sideband carrying all information of the target signal
can be shifted out of the 1/f noise region. The aliasing lower side-
band image is then removed from the upper sideband by an aliasing
image-rejection procedure [Fig. 1(c)], affording a clean upper side-
band. Afterward, the 1/f noise and the remaining lower sideband
signal can be filtered out by an FFT high-pass filter, yielding an ultra-
wide single sideband (UWSSB) signal [Fig. 1(d)]. Single sideband
demodulation is then applied to recover the 1/f noise-suppressed
broadband EPR signal with high fidelity [Fig. 1(e)].

The key point in this detection method is eliminating the
aliasing-image of the lower sideband, which was not achieved by
the established B-PSD method. This is done by repeatedly gener-
ating the evolving radical signal f (t) while manipulating the filed
modulation phase (Fig. 2). The first kinetic event is triggered by
laser pulse k while the field modulation is applied with an initial
phase of φmod. The following event is triggered by a pulse (k + 1)

with a precisely controlled delay to ensure a π/2 shift on the field
modulation phase. Two sets of modulated signals k and (k + 1) are
then generated, which consist of the same frequency components
but with different initial phases. Compared with those in signal k
[Fig. 2(a)], all components in signal (k + 1) shift their phase by π/2
except the aliasing-image, which has a phase shift of −π/2. After
applying a Hilbert transformation to signal (k + 1), all its frequency
components shift their phase by −π/2. As a result, the lower and
upper sidebands become the same as those in signal k, while the
aliasing-image part has a −π phase shift to generate its inversed
image [Fig. 2(b)]. The summation of signal k and Hilbert trans-
formed signal (k + 1) eliminates the overlapping lower sideband
image to afford an aliasing image-free modulation signal [Fig. 2(c)].
This is followed by an FFT high-pass filter to remove the frequency
components below ωmod, leading to a clean UWSSB modulation
signal.

B. Mathematics
The essential reconstruction of UWSSB signal from conven-

tional field modulation-based EPR relies on repeatable kinetic events
while precisely manipulating the initial phase of modulation as illus-
trated in Fig. 2. When a kinetic event is triggered by a laser pulse
k and has an initial modulation phase of φmod,k, the modulated
transient signal sampled from microwave bridge can be expressed
as

Sk(t) = f (t) × bF′(B0) cos (ωmodt + φmod,k) +N1/ f ,k(t), (2)

where f (t) is the target transient signal, F′(B0) is the first-order
derivative of the EPR absorption spectrum of the target radical
at field strength B0, b is the amplitude of field modulation, and
N1/ f ,k(t) denotes 1/f noise. According to formula (1), we obtain the
discreate form of the microwave bridge signal,

Sk(t) =∑ ai cos (ωit + φi) × bF′(B0) cos (ωmodt + φmod,k) +N1/ f ,k(t)

=∑

1
2

aibF′(B0) cos [(ωmod + ωi)t + (φmod,k + φi)]

+∑

1
2

aibF′(B0) cos [(ωmod − ωi)t + (φmod,k − φi)]ωi≤ωmod

+∑

1
2

aibF′(B0) cos [(ωi − ωmod)t + (φi − φmod,k)]ωi>ωmod
+N1/ f ,k(t), (3)

in which the first part represents the desired upper sideband signal, the second part corresponds to a part of the lower sideband with frequency
components of the target signal (ωi) below ωmod, and the third one denotes the aliasing lower sideband image. The second kinetic event was
triggered by the following pulse (k + 1), such that the initial phase shifts to φmod,k + π/2, then the output signal become

Sk+1(t) =∑ ai cos (ωit + φi) × bF′(B0) cos (ωmodt + φmod,k + π/2) +N1/ f ,k+1(t)

=∑

1
2

aibF′(B0) cos [(ωmod + ωi)t + (φmod,k + φi + π/2)]

+∑

1
2

aibF′(B0) cos [(ωmod − ωi)t + (φmod,k − φi + π/2)]ωi≤ωmod

+∑

1
2

aibF′(B0) cos [(ωi − ωmod)t + (φi − φmod,k −
π
2
)]

ωi>ωmod

+N1/ f ,k+1(t). (4)
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FIG. 2. Aliasing-image rejection via phase manipulations. (a) Modulated transient signal (k), (b) Hilbert transformed signal (k+1) with inversed aliasing-image signal, and (c)
an aliasing image-free modulated signal.

A subsequent Hilbert transformation results in

Ŝk+1(t) =∑
1
2

aibF′(B0) cos [(ωmod + ωi)t + (φmod,k + φi)]

+∑

1
2

aibF′(B0) cos [(ωmod − ωi)t

+ (φmod,k − φi)]ωi≤ωmod

+∑

1
2

aibF′(B0) cos [(ωi − ωmod)t

+ (φi − φmod,k − π)]ωi>ωmod
+ N̂1/ f ,k+1(t). (5)

The sum of Sk(t) and Ŝk+1(t) is

Sk(t) + Ŝk+1(t) =∑ aibF′(B0) cos [(ωmod + ωi)t

+ (φmod,k + φi)] +∑ aibF′(B0)

× cos [(ωmod − ωi)t + (φmod,k − φi)]ωi≤ωmod

+N1/ f ,k+1(t) + N̂1/ f ,k+1(t), (6)

in which the aliasing lower sideband image has been removed.

The desired upper sideband and lower frequency components,
especially the 1/f noise, can be readily separable by using an FFT
high-pass filter. As a consequence, the ultrawide single side band
modulation signal now is fully reconstructed,

SUWSSB(t) =∑ aibF′(B0) cos [(ωmod + ωi)t + (φmod,k + φi)]. (7)

Following single sideband demodulation is then performed to
recover the target transient signal f (t), which can be realized via
either phase shifting method20 or a modified lock-in detector that
uses broadband averaging instead of a low-pass filter, as proposed
by de Jager and van Wijk.19

It is worth noting that, if the modulation amplitude is increased
with respect to the linewidth (i.e., over-modulation), higher order
harmonics are created as well. Under this circumstance, the U-PSD
is still able to cleanly recover the target signal because the higher
harmonics will be easily canceled by an averaging procedure while
varying the initial phase of field modulation. In principle, this unique
feature can eliminate broadband interferences as well, such as strong
impulsive RF noise from electronic devices or laser pulses (see the
supplementary materialfor detailed discussions).
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C. Simulation
In order to verify the validity of the EPR detection princi-

ple described above, LabVIEW-based computer simulations were
carried out to examine the fidelity of the method for recovering sig-
nals with ultrawide bandwidth and to test its ability in 1/f noise
suppression.

1. Recovery of signals with ultrawide bandwidth
An imagined unit step signal, which has infinite bandwidth, was

selected as the target. To recover this type of signal using a PSD-
based method, clean separation of the aliasing-image is essential.

A gated sine wave signal was chosen to simulate a unit step
signal modulated with a 100 kHz sine wave function. Data in a
10 ms time period were acquired under 20 and 200 MSPS sampling
rates, respectively. As shown in Fig. 3(a), in both cases, the U-PSD
method is competent for recovering the step signal without notice-
able distortions. Only when zooming in 1000 times, damping oscil-
lations were observed. These distortions are caused by the Nyquist
frequency-limited bandwidth, as the bandwidth of a step signal is
infinite. This is consistent with decreasing trends both in amplitude
and period of the damped oscillation while increasing the sam-
pling rate [Fig. 3(b)]. These results clearly demonstrate the superior
fidelity of our U-PSD protocol for recovering signals with ultrawide
bandwidth.

2. 1/f noise suppression
Imagined EPR signals (a single Gaussian peak, 2σ = 1 mT)

evolving rapidly (exponential rise or decay) within different time
frames (10 μs, 10 ms, and 1000 ms) were chosen as the target sig-
nal to be detected. The ability of the present detection protocol to
recover both the evolution kinetics of the signal and the peak shape
was tested.

The output signal of the microwave bridge was generated by
simulating a 100 kHz field modulation (amplitude = 0.5 mT) with
appropriate sampling rates (200 MSPS for 10 μs period, 2 MSPS for
10 and 1000 ms periods), and increasing levels of 1/f noise (NL)
were added to test the performance of 1/f noise suppression under
different timescales. Two sets of data were acquired for each kinetic
event with a π/2 modulation phase shift, and the target signal was
recovered by the U-PSD algorithm described above. To obtain the
evolution kinetics of the radical, the data were acquired under a fixed
field strength (B0), and decimations by averaging neighboring data
points were performed to achieve a suitable time resolution for each
kinetic curve. To acquire time-resolved EPR spectrum, a field scan

was performed during data acquisition, and the intensity of the EPR
signal at different field strengths was obtained by integration within
the corresponding time range.

The simulation results showed that our U-PSD method is
competent for the detection of transient EPR signals in differ-
ent timescales. Under a fast kinetic regime [Fig. 4(a)], the present
method matches the performance of the direct detection method,
which recovers the kinetic trace with a high time resolution as well
as well-resolved transient first-order differential EPR spectra. To
our delight, under intermediate and slow kinetic regimes [up to
1000 ms, Figs. 4(b) and 4(c)] where the 1/f noise dominates and the
DD-TREPR fails,6 the present method is also able to recover EPR sig-
nals with high fidelity and sensitivity. This indicated that the present
method exhibits outstanding 1/f noise suppression performance as
anticipated.

III. U-PSD TREPR INSTRUMENTATION
To further demonstrate the feasibility of our U-PSD method,

the realization of the TREPR instrumentation based on this tech-
nique has been conducted in our laboratory. The instrumental
design was based on a commercial SS CW-EPR spectrometer (Mag-
nettech MS5000) with the integration of sample delivery & excita-
tion systems, and a U-PSD module, which includes additional units
for data acquisition, timing sequence control, and U-PSD algorithm.

Figure 5 shows the block diagram of the experimental setup
for our U-PSD TREPR system. The magnet and microwave sys-
tems of the commercial spectrometer were used without modifi-
cation (shown in the blue dashed rectangle). Essential hardware
modifications have been made and can be described as follows:

(1) The coupling iris of the TE102 rectangular cavity resonator
was modified to ensure successful critical coupling at low Q
conditions (i.e., Q = 500–1000).

(2) Sample delivery system was designed to facilitate through-
axis photoexcitation. A sample tube (i.d. = 2.0 mm) and a
coaxial quartz fiber optic (o.d. = 1.9 mm) were used, which
leaves a 10 mm light pathlength through the cavity. The sam-
ple tube is isolated from the atmosphere by a tube Dewar, and
temperature control was realized using a liquid nitrogen tem-
perature controller. A PTFE micro piston pump or a syringe
pump was used to make the sample solution flow through
the sample tube, which avoids rapid sample depletion and
unwanted product accumulation.

FIG. 3. The fidelity of the U-PSD examined with a unit step function under various sampling rates. (a) The recovered step signals by the U-PSD method at a sampling rate of
20 and 200 MSPS and (b) damping oscillations observed when zooming in 1000 times at the corner of the step signal.
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FIG. 4. The 1/f noise suppression ability of the U-PSD algorithm within different timescales verified by simulations. Exponential rise or decay signals and kinetic spectra in
the timescales of (a) 10 μs, (b) 10 ms, and (c) 1 s.

FIG. 5. Block diagram for the U-PSD TREPR system.
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(3) Sample excitation was done by a DPSS Nd:YAG laser with
a repetition rate of 0–100 Hz, and the third harmonic at
355 nm wavelength was used. Given the long excitation path-
length (10 mm) along the sample tube, the pulse energy
required in our system is less than 5 mJ/pulse, which is an
order of magnitude lower than the commonly used flat cell
and perpendicular beam excitation system.6 Coupling of the
laser beam into fiber optic is crucial for efficient sample exci-
tation. To guarantee the excitation efficiency, a parallel beam
coming out of the fiber optic is desired. Therefore, one end
of the quartz fiber optic was fabricated into a convex sur-
face with a radius of curvature of 10 mm. Together with the
beam expander and coupling lens, a satisfactory near-parallel
excitation beam was obtained.

(4) The data acquisition system was modified to allow for direct
readout of signals from the microwave bridge, field modu-
lation unit, hall sensor, and instrumental system clock. Data
acquisition was accomplished with a PCIe-based 2 channel
250 MSPS 16-bit high speed ADC card. To fully use the
dynamic range of the ADC module, a band-pass filter of
50 kHz–10 MHz and a preamplifier with a 350 MHz
bandwidth were used.

(5) A Stanford DG645 digital delay generator provided the trig-
ger signals both for the laser and the data acquisition system.
A signal generator was used to convert a 600 kHz clock sig-
nal (on board sampling clock from MS5000) to a 10 MHz
time base for the delay generator and the data acquisition
module. As system clocks have been synchronized between
the EPR instrument, data acquisition system, and delay gen-
erator, the phase shift between adjacent kinetic events was
realized by the laser pulse delay setting to 10 (n + 1/4) μs,
where the integer value n is adjusted to adapt the repetition
rate of the laser pulse. In case higher harmonics or other
electromagnetic interferences are present, averaging among
different groups of kinetic events while varying the initial
phase of field modulation is required (see the supplementary
material for detailed discussion).

The key algorithm and system control were realized with the
LabVIEW software. Because the bandwidth of the system is deter-
mined by the cavity (∼5–10 MHz at Q = 500–1000), software down
sampling (averaging) of the initial 250 MSPS data flow to 25 MSPS
was conducted before further processing to gain higher vertical res-
olution. Phase correction is also required to calibrate the phase
shift produced by the band-pass filter, and the calibration curve
was obtained with a Tektronix DSO64 oscilloscope and a signal
generator.

IV. RESULTS AND DISCUSSION
A. Performance of U-PSD TREPR in a model
radical reaction

The laser flash photolysis (LFP) of benzophenone (BP) in iso-
propyl alcohol (IPA) was selected as a testing ground to assess the
performance of the developed U-PSD TREPR instrument. It has
been established that, upon laser pulse excitation, the excited state
of BP abstracts a hydrogen atom immediately from the C–H bond
of IPA, which generates two radicals: a reactive and fast decaying

IPA radical, and a relatively stable and slowly decaying benzhy-
drol radical (Fig. 6).21 Previous DD TREPR studies on this system
merely observed the intense CIDEP signals of two radicals, while the
much less intense spin-equilibrium state signals of the IPA radical
and the benzhydrol radical were not observable.22,23 Our aim was to
observe both the CIDEP and the thermal-equilibrium state signals
of the two radicals, as well as trace their evolution with a high time
resolution.

Using our U-PSD TREPR instrument, a typical first-order dif-
ferential CIDEP spectrum was obtained by performing a field scan
and applying an integration width of 1 μs directly after the laser
pulse [Fig. 6(b), gate: 0–1 μs]. Signals corresponding to both the
IPA radical (●) and the benzhydrol radical (▲) were observed. The
IPA radical showed emission peaks in the low field region and
absorption peaks in the high field region, while the central peak
was not clearly visible, which agreed with the reported transient
spectrum.22 To our delight, the spectrum was clearly resolved to
show the hyperfine couplings in both radicals. The evolution of
the signal of the IPA radical [the peak marked with ∗ in Fig. 6(b)]
can be traced at a fixed field strength, and its CIDEP dynam-
ics were followed with sufficiently high time resolution [∼40 ns,
Fig. 6(c)]. Acquisition under different MW powers verified the
CIDEP nature of this signal, as the frequency of the Rabi (or Tor-
rey) oscillation is proportional to the square root of the applied
MW power.

The high sensitivity of the acquired data allowed us to take
a closer look into the tailing part of the signal where the CIDEP
dynamics ended [Fig. 6(d)]. It appeared that, after the rapidly
evolving CIDEP dynamics (0–5 μs), we were able to observe that
the IPA radical underwent a slower decay process, which was not
clearly observed in previous TREPR studies of the same system. We
assigned this to the chemical decay of IPA radical with a Boltz-
mann distribution of spin state. A full transient EPR spectrum
acquired at the post-CIDEP period (gate: 5–40 μs) confirmed this
assignment, which showed characteristic peaks of the IPA radical
under thermal equilibrium [Fig. 6(e), including the central peak
invisible in the CIDEP spectrum, marked with #].24 Notably, the
EPR signals at this stage were far less intense than the CIDEP
signals, and the observation time window exceeded the applicable
one of the DD TREPR, but the present U-PSD TREPR instrument
still worked well. Moreover, the kinetics of the chemical decay of
IPA radical can be nicely followed within a wider time window
[3–120 μs, Fig. 6(f)]. The fast kinetic spectra of the CIDEP signals
[Fig. 6(g), left panel] clearly demonstrate the superior time resolu-
tion of this spectrometer, and the time response is well consistent
with the risetime (∼40 ns) determined by the microwave photo-
conductivity (TRMC) experiment (see the supplementary material
for details). Furthermore, in the post-CIDEP stage, transient spectra
reflecting the chemical decay process can be easily acquired as well
[Fig. 6(g), right panel], which is rather useful for mechanistic study
in radical chemistry.

We further examined the signals of more stable benzhydrol
radicals at the center region of the acquired transient EPR spec-
trum (Fig. 7). It was found that at early delay times (0–1 μs),
the CIDEP signal of this radical dominated [Fig. 7(a)], and later,
it returned to thermal equilibrium and exhibited a normal EPR
spectrum [Fig. 7(b)], which is well consistent with the simulated
spectrum [Fig. 7(c)] based on the literature reported hyperfine
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FIG. 6. Study on the Photolysis of BP in IPA by U-PSD TREPR. (a) Testing system of benzophenone (BP) in isopropyl alcohol (IPA), (b) the CIDEP spectra of the IPA
radical (●) and the benzhydrol radical (▲) acquired with a gate of 0–1 μs, (c) CIDEP dynamics by monitoring the designated peak (∗) at 10 and 40 mW microwave power,
respectively, (d) zoomed kinetic trace in (c) at 10 mW microwave power showing both the CIDEP kinetics and chemical decay of the IPA radical, (e) the characteristic spectra
of the IPA radical and BP radical under thermal equilibrium spin state acquired with a gate of 5–40 μs, (f) zoomed kinetic trace in (c) at 10 mW microwave power showing
the chemical decay of IPA radical in the timescale of 120 μs, and (g) the evolution of the CIDEP spectra (left panel) and the corresponding thermal equilibrium spectra in the
post-CIDEP stage (right panel) of a specific set of peaks.

coupling parameters obtained from steady-state measurements.25

The CIDEP dynamics of this radical can also be traced by monitor-
ing the designated peak [marked with ∗ in Fig. 7(a)], in which the
Rabi oscillation was clearly visible [Fig. 7(d)]. The instrument was
able to trace the long-term evolution of this radical, and kinetic pro-
files at different peak positions [marked with @ and # in Fig. 7(a)]
provided consistent kinetic information, which indicated that the
chemical decay of this radical required a few milliseconds and was
much slower than the IPA radical [Fig. 7(e)].

Overall, by employing the LFP of BP in IPA as a model, the
capacity of the U-PSD TREPR instrument in the detection of tran-
sient radicals has been demonstrated. The model system contains
radical species with distinct evolution kinetics covering a rather
wide timescale (fast CIDEP dynamics within microseconds, inter-
mediate decay within hundreds of microseconds, and slow decay
within milliseconds). The present instrument was proven compe-
tent for obtaining both the transient EPR spectra and kinetic traces
of those radicals within a wide time window. Importantly, only one
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FIG. 7. Transient EPR spectra and kinetic traces of benzhydrol radical. (a) The CIDEP spectrum of BP radical in the first microsecond, (b) the thermal equilibrium spectrum
of BP radical with a gate of 100–1000 μs, (c) the simulated spectrum, (d) the CIDEP dynamics of the BP radical, and (e) long-term evolution of the BP radical monitored at
the designated peaks @ and #.

kinetic acquisition run is required to generate kinetic traces with
various time windows and time resolutions [i.e., Figs. 6(c), 6(d), 6(f),
7(d), and 7(e)], showcasing the advantage of the U-PSD method in
detecting EPR signals with an ultrawide bandwidth.

B. Discussions
The U-PSD TREPR technique developed in our current

research demonstrated significantly improved sensitivity compared
to traditional DD TREPR. We observed that none of the previ-
ously reported DD TREPR studies on the same model reaction
system produced well resolved EPR spectra in the much less intense
thermal equilibrium spin state. Our own comparison of the direct
detection approach, using identical hardware configurations, fur-
ther confirmed that it only yielded CIDEP spectra, with the EPR
signal in the post-CIDEP stage being invisible due to high levels of
noise. A quantitative evaluation revealed that the U-PSD method
increased the signal-to-noise ratio (SNR) over the DD method by
factors of 1.5, 25, and 100 within the timescales of 1, 40, and
1000 μs, respectively. (see the supplementary material for detailed
information).

Another advantage of the U-PSD TREPR is its high spectral
resolution. Traditional TREPR methods typically provide time-
resolved integrated spectra due to their direct detection nature. In
contrast, our method can generate first-order derivative differential
EPR spectra with a high time resolution, which is extremely use-
ful for characterizing the structure of transient radical species [e.g.,
Figs. 6(b), 6(e), 7(a), and 7(b)]. This task is quite challenging for
traditional DD TREPR methods. To the best of our knowledge, the
transient spectrum with hyperfine structural characteristics of the
photogenerated BP radical under a thermal equilibrium spin state
has not been reported in previous TREPR studies.26,27

It is worth mentioning that having the microwave frequency
locked precisely to the resonance frequency of the resonator is

crucial for long-time acquisitions. This is a rather challenging tech-
nical requirement for DD TREPR because the highly effective alter-
nating current automatic frequency control (AC-AFC) used in SS
CW-EPR is not applicable in transient detections, and a less stable
DC-AFC has to be used. On the contrary, the present U-PSD TREPR
is fully compatible with AC-AFC, which is clearly demonstrated by
the above long-time kinetic acquisitions [in a duration of ∼100 min,
fig. 7(e), especially in the case where peaks with narrow linewidths
should be followed. While we must admit that the AC-AFC tech-
nique is not perfect. Although AC-AFC is the most commonly used
technique in EPR, to some extent, it tends to distort the absorption
signal with the dispersion component due to the inherent limita-
tion of the frequency lock mechanism, especially when saturation
of the microwave absorption occurs. This issue might be solved by
increasing the time constant of the lock-in detection for the AC-AFC
feedback, which can be considered when designing a new U-PSD
based TREPR system in the future.

V. CONCLUSION
In conclusion, this study validated the feasibility of the U-PSD

technique and demonstrated the superior performance of the
TREPR instrument prototype based on this technique in studying
complex chemical systems containing various transient radicals:

(1) The U-PSD method enables the successful extraction of weak
signals with ultrawide bandwidth from extremely noisy envi-
ronments containing massive 1/f noise. The demonstration
system performed well within a detection time window of
∼5 ms (which could be further extended) under a high time
resolution (∼40 ns, cavity-limited). These combined features
allow for the tracing of weak signals of fast-evolving radi-
cals under thermal equilibrium, which is rather difficult with
previous TREPR techniques.
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(2) The U-PSD method affords better spectral resolution com-
pared with DD TREPR, owing to the differential nature of
the PSD-based technique. This represents a unique advan-
tage in providing more detailed structural information on
short-lived radical species, which is particularly beneficial for
the study of complex radical reactions.

(3) The TREPR spectrometer based on the U-PSD technique
requires minimum hardware modifications on a conven-
tional CW-EPR, leaving the microwave system and the field
scan/modulation system untouched. Therefore, it enables an
advanced TREPR technique at a reasonable cost.

SUPPLEMENTARY MATERIAL

Details of the U-PSD TREPR setup, data acquisition, and post-
processing, as well as performance tests.
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