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Abstract

EPR spectra at 250 MHz for a single crystal of lithium phthalocyanine (LiPc) in the absence of oxygen and for a deoxygenated
aqueous solution of a Nycomed triarylmethyl (trityl-CDj3) radical were obtained at scan rates between 1.3 x 10% and 3.4 x 10° G/s.
These scan rates are rapid relative to the reciprocals of the electron spin relaxation times (LiPc: 77 = 3.5 us and 75 = 2.5 ps; trityl:
71 = 12ps and T, = 11.5ps) and cause characteristic oscillations in the direct-detected absorption spectra. For a given scan rate,
shorter values of 7> and increased inhomogeneous broadening cause less deep oscillations that damp out more quickly than for
longer 7>. There is excellent agreement between experimental and calculated lineshapes and signal amplitudes as a function of
radiofrequency magnetic field (B;) and scan rate. When B is adjusted for maximum signal amplitude as a function of scan rate,
signal intensity for constant number of scans is enhanced by up to a factor of three relative to slow scans. The number of scans that
can be averaged in a defined period of time is proportional to the scan rate, which further enhances signal amplitude per unit time.
Longer relaxation times cause the maximum signal intensity to occur at slower scan rates. These experiments provide the first

systematic characterization of direct-detected rapid-scan EPR signals.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Early in the development of NMR transient effects,
called “wiggles,” were observed after the magnetic field
passed through resonance in a time that was short relative
to 71 and 75 [1,2]. Since inhomogeneity over the sample
causes the oscillations to damp out more rapidly, this
effect was used in CW NMR to guide shimming the
magnetic field to maximum homogeneity. It was shown
that the undistorted NMR lineshapes could be recovered
from rapid-scan spectra by deconvolution using either a
standard experimental spectrum [3-5] or a computed
spectrum [6-8]. This technique was called “Correlation
NMR Spectroscopy,” or “Rapid-Scan Fourier Trans-
form NMR Spectroscopy.” Rapid-scan NMR achieved
almost as high a signal-to-noise, per unit time, for proton
spectra of simple organic molecules in fluid solution as
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could be achieved by pulsed FT-NMR. For example,
with 77 equal to 1s and a full spectral scan in four 77,
correlation spectroscopy was only 35% less sensitive than
a pulsed FT experiment acquired with a period of three 7
[9]. Rapid scan looked very promising for NMR in the
early 1970s, but was soon eclipsed by FT-NMR due to the
wide range of pulse sequences that became available [9].

Traditionally most EPR spectra are run in the linear-
response slow-scan regime, in which the signal lineshape
is not sensitive to spin relaxation times unless partially
power saturated. At the other extreme are pulse exper-
iments in which the microwaves cause large changes in
the orientation of the net magnetization vector and
produce spin responses that are strongly dependent on
relaxation times. In between these two extremes there is
a variety of non-linear responses that are collectively
called ‘““passage effects.” Bloch first described passage
effects for NMR signals [10]. The initial observation of
adiabatic rapid passage EPR by Portis [11] was followed
by papers by Weger [12], Hyde [13,14], and Mailer [15],
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among others, that demonstrated the importance of
passage effects in EPR spectra. Since the observed sig-
nals depend upon the relative values of magnetic field
sweep rate (dBy/d¢), relaxation times (77, 7»), microwave
or RF magnetic field B;, and magnetic field modulation
frequency (wy) and amplitude (By), terminology
evolved to identify particular regimes [12,15,16]. The
term “‘rapid” refers to the regime in which
B1/[(dBy/de)(T; T2)™°] < 1 [12], which is the regime in
which the studies reported here were performed.

Most prior studies of EPR passage effects were per-
formed using phase-sensitive detection at the magnetic
field modulation frequency. The phase relationship be-
tween the EPR signal and the modulation is central, for
example, to the technique of saturation transfer EPR
[17,18]. By contrast, the spectra reported in this paper
were obtained by direct detection at the resonance fre-
quency, as is used in pulsed EPR. By using direct de-
tection the EPR absorption signal is obtained, instead of
the traditional first-derivative signal. In an imaging ex-
periment the magnetic field gradient broadens the EPR
signal. The amplitude of the absorption signal decreases
proportional to the signal width, whereas the amplitude
of the first derivative signal decreases proportional to
the square of the signal width. Thus, for constant noise,
the degradation of signal-to-noise with increasing gra-
dient is less when the absorption signal is detected than
when the first-derivative is detected. This potential ad-
vantage for imaging experiments provides a strong in-
centive for developing methodology to record EPR
absorption signals. Also, most prior studies of rapid
passage signals were performed in the regime called
“adiabatic” where the signal is partially saturated and
the scans are characterized by (wmHm/yB3) <1 or
(dBy/dt)/(yB3) < 1[12]. Most of the signals reported in
this study were recorded under non-adiabatic conditions
where there is little or no saturation of the signal.

The true slow-scan EPR or NMR lineshape is ob-
served when
dB,

o < (B, (1)

where 6B, is the relaxation-determined linewidth ex-
pressed in magnetic field units [2]. If magnetic field
modulation is large relative to linewidth, it is possible to
pass through a line very rapidly. For example, for a 1 G
peak-to-peak modulation amplitude at 100kHz the
magnetic field at the point of maximum slope of the
sinusoidal scan changes at the rate m x 10°G/s
(2n x scan frequency x peak-to-peak scan width/2). If
we define

o=l )

then oscillations in the signal response are seen if
a'>T, > 1 [2]. Rengen et al. [19] considered the rates of

magnetic field scan at which passage effects and detector
filter bandwidth effects would distort a rapid-scan EPR
signal. The “wiggles” (oscillations) following a rapid-
scan EPR signal were observed by Czoch et al. [20].

The experiments reported in this paper were per-
formed at 250 MHz because of our interest in develop-
ing methods for in vivo spectroscopy and imaging and
the need to exploit approaches for enhancing signal in-
tensity at these low frequencies. The trityl radical and
LiPc were selected for study because of their potential
for use in in vivo oximetry [21,22]. For samples with
long relaxation times, as are observed for these species in
the absence of oxygen, rapid-scan spectra are predicted
to have enhanced intensities compared with slow-scan
spectra. To define parameters that optimize rapid-scan
signals, spectra were obtained as a function of scan rate
and B; and compared with simulations.

2. Experimental methods
2.1. Samples

Lithium phthalocyanine (LiPc) prepared electro-
chemically following the literature procedures [23,24]
was provided by Prof. Swartz, Dartmouth University.
Well-shaped needles were selected, placed in 4 mm O.D.
quartz tubes, evacuated overnight on a high vacuum
line, and the tubes were flame sealed. Solutions (0.2 mM)
of Nycomed trityl-CD3 (methyl tris(8-carboxy-2,2,6,6-
tetramethyl (d3)-benzo[1,2-d:4,5-d’|bis(1,3)dithiol-4-yl)-
tri potassium salt) [22] in water in 4mm O.D. quartz
tubes were bubbled extensively with N, gas to remove
oxygen and then flame sealed.

2.2. Spectroscopy

Spectra at 250 MHz were obtained on a locally de-
signed and constructed spectrometer [25] with a 40cm
diameter air-core magnet and a Bruker Elexsys E540
console. Rapid magnetic field scans were generated with
the modulation driver in the Bruker console and 7-in.
diameter Helmholtz coils. The scan widths were cali-
brated using the peak-to-peak separations of LiPc sig-
nals in slow scans recorded with phase sensitive
detection. Scan frequencies were between 1 and 50 kHz
and scan widths were 0.4-2.0 G. Scans are labeled with
the maximum rate, which occurs at the center of the
scan. Since the magnetic field scans are sinusoidal,
the rates decrease toward the extremes of the scans. The
3dB cut-off of the high-pass filter in the amplification
stage of the signal channel in the bridge was decreased
from 677 [25] to 16 Hz to decrease the impact of the filter
on spectra obtained at scan frequencies below 5kHz.
Low-pass filters in the bridge signal channel can be se-
lected to have either 1 or 5SMHz 3dB bandwidth. The
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1 MHz bandwidth was used for scans with maximum
rates less than about 5 x 10* G/s, and the 5 MHz band-
width was needed for faster scans. The incident power
on the resonator at 0 dB is 43 mW. Rapid-scan data were
acquired in quadrature using the pulse signal pathway in
the bridge [25] and digitized with the Bruker Speclet.
Acquisition of quadrature data permitted optimization
of signal phasing by post-processing. Signal amplitude
was defined as the amplitude above the baseline, and
does not include oscillations that go below the baseline.

The data shown in the figures of this paper were
obtained with a 5-turn helical resonator constructed
from no. 16 copper wire with an internal diameter of
about 4.3 mm, a wire-wound shield that is about 28 mm
in diameter and 25 mm high, and series-capacitive cou-
pling of the resonator to the transmission line. The
resonating capacitor is a copper disk approximately
12mm in diameter, positioned approximately 0.15mm
from the end of the shield by a Teflon spacer with a hole,
which is concentric with the capacitor disk and about
10mm in diameter. One end of the resonator coil is
connected to the same end of the shield and the other
end to the capacitor disk. The Q of this resonator,
measured with an HP 8753D network analyzer, was
about 160. With the sample in the resonator, the reso-
nant frequency was 252 MHz for the LiPc sample and
250 MHz for the aqueous trityl-CD3; sample. To test the
impact of resonator Q on the rapid-scan lineshapes
representative data were recorded with two other reso-
nators. The Q of a tellurium—copper loop-gap resonator
with a 26 mm loop was reduced to 280 with conducting
plastic film. The other resonator consisted of two 6-turn
4.3-mm helical loops of no. 14 copper wire. The loops
were in parallel, in a reentrant configuration, and the
parallel combination was resonated with a homemade
capacitor with Teflon dielectric. The Q of this resonator
was reduced to 65 by placing a 3kQ, 1/8 watt resistor in
parallel with the coils. This resonator was used with and
without a 0.001 in. thick brass-foil shield. This resonator
could be used without the shield because of its reentrant
construction, but was subject to excessive pick-up and
hand-waving effects.

2.3. Simulation of rapid-scan spectra

Simulations were performed by numerical integration
of the rotating-frame representation of the Bloch equa-
tions including magnetic field scan as shown in the ex-
pressions in Eq. (3) [26]

dM, —M,

rrala (Aw + Qn, cos(wnt))M,,

2
dmM, M,
= (Aw + Qy cos(wnt) )My — — — yBI M, (3)

dt T
. My oo M

dt - ]wl ,V 14V T 9

where 7y, the electron magnetogyric ratio is
1.7608 x 107 rad s~' G™!; Aw = wy — w is the offset of a
spin packet from the center of the scan in angular fre-
quency; Q,, is the amplitude of the field scan in angular
units and equals 0.5 yB,,, where By, is the peak-to-peak
scan amplitude in gauss; vy, is the scan frequency in Hz;
oy, = 2mvy, 1s the angular scan frequency; and B is the
RF magnetic field in gauss (peak-to-peak). The time
evolution of the magnetization for a spin packet was
evaluated using fourth-order Runge—Kutta numerical
integration [27] performed at 20,000 to 40,000 points per
field scan cycle. For the relaxation times of the LiPc and
trityl-CDj3 samples, calculation for 8 cycles was sufficient
to reach a steady-state signal. Simulations were calcu-
lated with a program written in Compaq Visual Fortran
6.5. A typical calculation for a trityl-CD; signal took
about 5s on a 3.0 GHz Pentium 4 PC.

For a single spin-packet the simulated signal at slow
scan rates is a Lorentzian with 7>-determined linewidth.
The experimental lineshapes at scan rates that are too
slow to exhibit oscillations are not purely Lorentzian
because of magnetic field inhomogeneity over the finite
dimensions of the sample and unresolved nuclear hy-
perfine splittings (trityl) or incomplete exchange nar-
rowing (LiPc). The lineshapes were modeled as the sum
of contributions from multiple 7>-determined spin
packets with differing offsets from the center of the sig-
nal. The weightings of the spin packets in the distribu-
tion were calculated using an approximation for a Voigt
function Eq.(4) [28],

dr; \?
Wgti—F/ 1+<broad)]

+ (1 — F)exp —0.693< dr ) , (4)

broad

where Wgt; is the weighting for the ith spin packet, F is
the fraction Lorentzian for the distribution, broad is the
half-width at half height of the distribution, and dx; is the
offset for the ith spin packet. Spin packets were spaced at
equal intervals in magnetic field extending for six times
broad. The parameters F and broad were adjusted to fit
the spectra obtained at a scan rate of 1.3 x 10° G/s, where
oscillations were not observed. For LiP¢ broad =3 mG
and F = 0.05, consistent with the nearly Lorentzian ex-
perimental lineshape. For trityl-CD; broad =14.5mG
and F = 0.15, consistent with an experimental lineshape
intermediate between Gaussian and Lorentzian. The *C
sidebands for the trityl-CDj; signal were included with a
hyperfine splitting of 0.166 G and intensity of each
sideband of 0.033 (6 equivalent carbons) relative to the
center (I =0) line. To produce a smooth lineshape,
contributions from 15 or 45 spin packets were summed
for LiPc or trityl-CDs, respectively.

Due to the triggering of the Speclet digitizer, the
timing of the first point in the experimental array is at an
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arbitrary (but reproducible) point in the sinusoidal scan
cycle. The experimental and calculated shapes were
overlaid by manually aligning the peaks in the experi-
mental and calculated arrays. The cosine relationship
between time and magnetic field in the calculated array
was used to convert the axes for the experimental and
calculated data that are linear in time to a scale that is
linear in gauss.

The Q for a resonator is defined as w/BW, where BW is
the 3 dB bandwidth of the resonator. At 250 MHz a Q of
160 corresponds to BW ~1.6 MHz which has a significant
impact on the rapid-scan lineshapes for the LiPc or trityl-
CD; signals at scan rates greater than about 5 x 10* G/s.
To match the experimental data filtering of the simulated
signal was performed in the time-domain by convolution
or in the Fourier domain as a multiplication. The requi-
site filter functions in the two domains are:

f(t) = exp(—tnvy/Q) or
Flo) = 1 —iwQ/mvg N
1 + 0?Q%/(mvy)
where the independent variables in the two domains are
t or w, respectively, and v, is the resonant frequency.
The filtering in the signal channel of the bridge was
approximated as a simple RC circuit and the corre-
sponding functions in the two domains are:
f(#) = exp(—2nbwidth) or

1 —iw/(2nbwidth)
Flow) = - 5
1 + w?/(2nbwidth)

(5)

(6)

where bwidth is the 3dB bandwidth of the filter. Fil-
tering in the time or frequency domain gave the same
lineshapes. In the simulations resonator Q and the 3dB
bandwidth of the filter in the bridge were fixed at the
measured values.

At higher scan rates, small adjustments in scan widths
were made to match the period of the oscillations after
passage through the signals. The period of these oscil-
lations is more sensitive to scan rate than the precision
with which we can measure the peak-to-peak linewidths
in the slow-scan modulation amplitude calibrations. 7}
was fixed at the value measured by inversion recovery:
12 us for trityl-CD3 [29] and 3.5us for LiPc. 7> was
adjusted to fit the decay of the oscillations and the re-
sulting values were in good agreement with time con-
stants measured by two-pulse spin echo: 11.5us for
trityl-CDj3 [29] and 2.5 ps for LiPc.

3. Results
3.1. LiPc

The traditional slow-scan phase-sensitive detected
spectrum of LiPc is a single line with first derivative

peak-to-peak linewidth of 26 mG. This linewidth is in
good agreement with the spin packet linewidth expected
for 7, = 2.5us measured by two-pulse spin-echo. The
approximately Lorentzian lineshape also is consistent
with the assignment of the linewidth as relaxation de-
termined. This linewidth is so narrow that if spectra are
recorded with the traditional 100 kHz magnetic field
modulation and phase sensitive detection at the modu-
lation frequency, modulation sidebands cause broaden-
ing of the line. Therefore, the slow-scan CW spectra
were recorded with 5kHz magnetic field modulation.
The first integral of the derivative CW spectrum
(Fig. 1B) has a full width at half-height of 44 mG. The
ratio of the full width at half-height of the absorption

A
3.3x10° G/s
1.0x10° G/s VA/\/\/W
3.2x10* G/s JM\/\’\
6.6x10° G/s
1.3x10% G/s A
I T [ ' | ' I ' |
-1.0 -0.5 0.0 0.5 1.0
B
slow scan
5 kHz modulation frequency

I T I T I T I T |
89.0 89.5 90.0 90.5 91.0
magnetic field (gauss)

Fig. 1. EPR spectra of LiPc at about 252 MHz. (A) Rapid-scan spectra
obtained at the scan rates shown. The x-axis is the offset from reso-
nance (in gauss) and the spectral widths of the traces are the scan
widths. The direction of the field scan was left-to-right in each trace.
The number of scans for each scan rate was selected to give a total
signal acquisition time of 84s. The y-axis scales are arbitrary. The
values of By, selected to be a factor of two below the values that gave
the maximum signal intensity, were: 4.6 x 102G at 3.3 x 10° G/s,
26x1072Gat1.0x 10° G/s, 1.8 x 102G at 3.2 x 10* G/s, 1.15 x 1072
at 6.6 x 10° G/s, and 4.6 x 1073 G at 1.3 x 10° G/s. Simulated spectra
calculated using numerical integration of the Bloch equations (Eq. (3))
and the parameters given in the text are shown as dashed lines, over-
laid on the experimental data. (B) First integral of conventional slow-
scan spectrum obtained with 5 kHz modulation frequency, modulation
amplitude of 10mG, B; = 4.6 x 1073 G, 84s scan, 252.07 MHz.
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spectrum to the first derivative peak-to-peak linewidth
(44/26 = 1.7) is consistent with expectations for a Lo-
rentzian line [30].

Rapid-scan spectra at 252 MHz of LiPc are shown in
Fig. 1A for a range of more than 100 in field scan rate.
Spectra are labeled with the scan rate at the center of the
scan, which is the resonant field for LiPc. The scan rate
slows towards the extremes of the scans. At a scan rate
of 1.3 x 10% G/s the rapid-scan signal is superimposable
on the first-integral of the conventional phase-sensitive-
detected CW signal (Fig. 1B). Simulation of the first-
derivative signal (Fig. 1B) or of the rapid-scan signals
required inclusion of a small inhomogeneous broaden-
ing. Inhomogeneous broadening was included in the
rapid-scan simulation by summing the contributions
from spin packets that differed in offset from the center
of the signal. As the scan rate is increased, an oscillation
appears on the trailing edge of the signal. When the scan
is rapid relative to 7> the net magnetization does not
relax during the time that the spin is in resonance. As the
signal is traversed, a significant component of magneti-
zation is created in the x—p plane. This component
precesses in the x—y plane and a signal analogous to an
FID is detected. However, unlike a pulse experiment
that creates and detects an FID at constant magnetic
field, the magnetic field is constantly changing in the
rapid-scan experiment, which changes the precession
frequency. As the field moves off resonance, the offset
between the magnetic field and the resonant field in-
creases and the interval between the peaks of the oscil-
lation decreases (Fig. 1A). The amplitude of the
oscillation increases as the scan rate increases. For a
magnetic field scan rate of 6.6 x 10°G/s the value of
a = ydBy/dt (Eq. (2)) is 1.16 x 10'! and a'/?>T; = 0.85.
Thus, the onset of oscillations at this scan rate is con-
sistent with the expectation that they will be observed
when a'/?T> > 1 [2]. The oscillations on the left side of
the scan at 3.3 x 10° G/s (Fig. 1A) are due to the pre-
vious traverse of the signal.

At the faster scan rates the magnetic field has moved
further from resonance during the time that the oscil-
lation persists, so when the signal is displayed on a
magnetic field axis (as in Fig. 1A) the signal is broad-
ened. The broadening of the signal increases with in-
creasing scan rate. For the five scan rates shown in
Fig. 1A the full widths at half height for the signals are:
44mG (1.3 x 10* G/s), 62mG (6.6 x 10° G/s), 100mG
(3.2 x 10*G/s), 148mG (1.0 x 10° G/s), and 260mG
(3.3 x 10° G/s). Thus, although the broadening is modest
at relatively low scan rates, it becomes very large at
higher scan rates. The changes in lineshape as a function
of scan rate agree well with the simulations (Fig. 1A).

If the RF power (and therefore Bj) is held constant at
a value that is well below saturation at a scan rate of
1.3 x 103 G/s and the scan rate is increased, the ampli-
tude of the rapid-scan signal decreases (Fig. 2) because

3 — @

S 24 ®

2

]

£

©

5

c

=3

w

(9]

=

AR
0 T IIIIIII| T IIIIIII| T IIIIIIIl
1000 10000 100000 1000000

magnetic field scan rate (G/s)

Fig. 2. Relative intensities for the LiPc signal at the center of the scan
as a function of scan rate at constant RF B, of 6.5 x 1073 G (#) and at
the B; that gave the maximum signal amplitude (@®). The number of
scans was held constant. The relative signal amplitudes were scaled to
1.0 for the signal at constant By of 6.5 x 1073 G collected at the scan
rate of 1.3 x 10> G/s (scan width of 0.42G and scan frequency of
1kHz). The solid lines connect points that were calculated by nu-
merical integration of the Bloch equations (Eq. (3)) using the param-
eters for LiPc and the experimental scan widths and frequencies.

the total energy deposited in the spin system decreases
with increasing scan rate. However, if the RF B at each
scan rate is increased to produce the maximum signal
amplitude, then the amplitude at higher scan rates is
about 60% larger than at 1.3 x 103 G/s. There is excellent
agreement between the experimental and calculated
signal amplitudes for the two cases-constant B| and B
selected for maximum intensity (Fig. 2). The signal in-
tensities in Fig. 2 are for constant number of scans.
When the increase in number of scans that can be ac-
quired per unit time at faster scan rates is taken into
account, the signal enhancement with increasing scan
rate is much greater. For example, provided that the
digitizer can respond to every trigger, a scan rate of
10kHz and scan width of 1.0G (3.1 x 10* G/s) would
acquire 10 times as many scans per unit time as a scan
rate of 1kHz and scan width of 1.0G (3.1 x 103 G/s).
The RF B; required to produce the maximum signal
amplitude as scan rate is increased is shown in Fig. 3.
Based upon the comparison between calculated B and
the power incident on the resonator that was required to
give the maximum experimental signal amplitude,
By = (5.5+£0.5)/P(watt) for the helical coil resonator.

The spectra shown in Fig. 1A were obtained at B
that is a factor of two less than the values that gave
maximum signal amplitude. At these By values the signal
amplitude is about 75% of the maximum value and the
linewidths are within a few percent of the values
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Fig. 3. Radiofrequency magnetic field (B;) required to obtain the
maximum signal amplitude for LiPc at the center of the scan as a
function of scan rate. Data are shown for two replicate data sets (®).
The solid line connects points that were calculated by numerical in-
tegration of the Bloch equations using the parameters for LiPc and the
experimental scan widths and frequencies.

observed in the regime where signal increases linearly
with B|. At the B; that gave the maximum signal am-
plitude the linewidths were about 20% greater than in
the linear response regime.

3.2. Trityl-CDs

The slow-scan phase-sensitive detected spectrum of
trityl-CDj3 in water (Fig. 4B) has a major peak plus two
13C sidebands that are assigned to six equivalent car-
bons on the three aryl rings [22]. The splitting between
the two sidebands is 0.166 G. In the first-derivative dis-
play the peak-to-peak width of the center line is 24 mG
which is substantially broader than the 6.0mG spin
packet width predicted for 7, = 11.5ps [29]. The addi-
tional broadening is attributed to unresolved deuterium
and 3C hyperfine splitting and to magnetic field inho-
mogeneity over the dimensions of the sample. The first
integral of the CW spectrum shown in Fig. 4B has a full
width at half height of 34 mG. The ratio of the full width
at half-height of the absorption spectrum to the first
derivative peak-to-peak linewidth (34/24=1.4) is con-
sistent with a lineshape intermediate between Lorentzian
and Gaussian [30] due to the inhomogeneous broaden-
ing of the relaxation-determined lineshape.

Rapid-scan spectra at 250 MHz for trityl-CDj are
shown in Fig. 4A. At a scan rate of 1.3 x 103 G/s the
rapid-scan spectrum is indistinguishable from the first
integral of the slow-scan spectrum (Fig. 4B). The changes
in the lineshape for the trityl-CDj; signal as a function of
scan rate are similar to what was observed for LiPc, but

A
3.4x105 G/s
1.0x10° G/s J\/\M
3.2x10% G/s / \ r\
6.3x103 G/s //\\
1.3x10° G/s
I T I ' I ' I T I
-1.0 -0.5 0.0 0.5 1.0
B
slow scan
5 kHz modulation frequency
[ ' [ T [ ' [ ' [
88.0 88.5 89.0 89.5 90.0

magnetic field (gauss)

Fig. 4. EPR spectra of trityl-CD; at about 250 MHz. (A) Rapid-scan
spectra obtained at the scan rates shown beside the traces. The x-axis is
the offset from resonance (in gauss) and the widths of the traces are the
scan widths. The direction of the field scan was left-to-right in each
trace. For each scan rate the number of scans was selected to give a
total signal acquisition time of 84 s. The y-axis scales are arbitrary. The
values of By, selected to be a factor of two below the value that gave
the maximum signal intensity, were: 3.3 x 102G at 3.4 x10° G/s,
1.9%x102G at 1.0x 10°Gf/s, 1.3x 1072 G at 3.2 x 10* G/s, 7.3 x 1073
G at 6.3 x 10> G/s, and 4.6 x 1073 G at 1.3 x 103 G/s. Simulated spectra
calculated using numerical integration of the Bloch equations (Eq. (3))
and the parameters given in the text are shown as dashed lines, over-
laid on the experimental data. (B) First integral of conventional slow-
scan spectrum obtained with 5 kHz modulation frequency, modulation
amplitude of 10mG, B; = 2.0 x 1073 G, 845 scan, 249.55 MHz.

with significant differences. At each of the scan rates
examined the oscillations were deeper for trityl-CDj than
for LiPc because of the longer 7> for trityl-CD;
(T, = 11.5ps) than for LiPc (75 = 2.5 us). The inhomo-
geneous broadening of the trityl-CDjs signal by unre-
solved hyperfine splittings and magnetic field
inhomogeneity resulted in observation of fewer cycles of
the oscillations than would be observed for a single
spin-packet with the same 75. The inhomogeneous
broadening of the rapid-scan signal was included in the
simulation by summing contributions from spin packets
that differed in offset from the center of the signal. As
seen for the LiPc signal, the lines broaden as the scan rate
increases. The full widths at half height for the signals at



J.W. Stoner et al. | Journal of Magnetic Resonance 170 (2004) 127135 133

the five scan rates shown in Fig. 4A are: 34mG
(1.3 x 10°G/s), 43mG (6.3 x 10°G/s), 84mG (3.2 x
10*G/s), 143mG (1.0 x 10°G/s), and 245mG (3.4 x
10° G/s). At scan rates greater than about 1 x 10* G/s the
broadening is so large that the 1*C hyperfine lines are not
readily resolved from the central line.

Resonator Q significantly impacted the damping of
the oscillations in signal amplitude at the fastest scan
rates. The data shown in Fig. 4A were obtained in a
resonator with O = 160. Fewer cycles of the oscillations
were observed in a resonator with Q = 280 and more
cycles were observed in a resonator with QO = 65. In
addition to the effect of resonator Q, simulation of the
spectra required an inhomogeneous broadening contri-
bution that increased with increasing scan rate. For the
resonators that were examined, the magnitude of the
additional inhomogeneity increased as the penetration
of the swept field decreased. Also, the additional inho-
mogeneity was greater when a brass shield surrounded
the resonator than when no shield was present. These
observations suggest that the inhomogeneity is due to

3.4x10° G/s 1.0x10° s

1.7x10% s

1.0x10% G/s

3.2x10* G/s

3.3x10% s
6.3x103 G/s 2.5x10%s
1.3x10° G/s 5.0x10% s

time (sec.)

Fig. 5. Time traces of the trityl-CD; rapid-scan signal at about
250 MHz. These five traces are the same data as shown in Fig. 4A, but
displayed on the original axis that is linear in time. The time interval for
each scan rate is shown at the right of the trace. The number of scans
was selected to give a total signal acquisition time of 84s. The y-axis
scales are arbitrary. Simulated spectra calculated using numerical in-
tegration of the Bloch equations (Eq. (3)) and the parameters given in
the text are shown as dashed lines, overlaid on the experimental data.

eddy currents induced in the resonator assemblies by the
oscillating fields, which add components to the magnetic
field that are non-uniform over the sample. These effects
were observed for the trityl-CD3 sample, but not for the
LiPc sample. There are two factors that make the eddy
current-induced inhomogeneity more conspicuous for
trityl-CDj3 than for LiPc. (1) The trityl-CD3 sample ex-
tends over a much larger region of space than the tiny
LiPc crystal so magnetic field inhomogeneities have a
greater impact. (2) The relaxation times for the trityl-
CDs signal are longer than for LiPc so the oscillations
are expected to damp out more slowly for trityl-CDj,
which makes them more sensitive to other factors that
contribute to decay of the oscillations.

The trityl-CDj signals at the same scan rates and scan
widths as in Fig. 4A are shown in Fig. 5 using the ori-
ginal data acquisition axis that is linear in time. The
labeling highlights the fact that the time for a half-cycle
of the field scan decreases as the scan rate increases. The
T; for trityl-CDj3 in H,O is 12 us [29]. The time required
for the z-axis spin magnetization to fully relax between
times that the magnetic field transverses resonance for
the signal is approximately 577, or 60 ps, although much
of the magnetization has relaxed within 37}, or 36 ps.
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Fig. 6. Relative intensities for the trityl-CDj signal at the center of the
scan as a function of scan rate at a constant RF B of 4.6 x 1073 G (A)
and at the B; that gave the maximum signal amplitude (#). The relative
signal amplitudes were scaled to 1.0 for the signal at constant B; of
4.6 x 1073 G collected at the scan rate of 1.3 x 10* G/s (scan width of
0.42 G and scan frequency of 1 kHz). Data from three replicate sets are
shown. The solid lines connect points that were calculated by numerical
integration of the Bloch equations (Eq. (3)) using the parameters for
trityl-CDj3 and the experimental scan widths and frequencies. The cal-
culated line for B; adjusted to maximize signal is not a smooth curve
because scan rates were varied by changing both scan frequency and scan
width. At the fastest scan rates, the scan times were short enough that the
magnetization does not relax fully between scans through the signal and
the signal amplitude depends on scan frequency as well as on scan rate.
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Fig. 7. Radiofrequency magnetic field (B;) required to obtain the
maximum signal amplitude for trityl-CDj at the center of the scan as a
function of scan rate. Data are shown for three replicate data sets (H).
The solid lines connect points that were calculated by numerical in-
tegration of the Bloch equations (Eq. (3)) using the parameters for
trityl-CDj3 and the experimental scan widths and frequencies. The
calculated line is not a smooth curve because scan rates were varied by
changing both scan frequency and scan width. At the fastest scan rates,
the scan times were short enough that the magnetization does not relax
fully between scans through the signal. When this occurs the B; re-
quired for maximum signal amplitude depends on scan frequency as
well as on scan rate.

For the scan rates and widths used in these studies, the
z-axis magnetization does not fully relax between suc-
cessive traverses of the signal for scan rates faster than
about 3.2 x 10* G/s. When relaxation is not complete,
the steady-state signal amplitude for the same scan rate
is strongly dependent on scan width, because that de-
termines the fraction of the scan time that the signal is
on resonance, and on B; because that determines the
energy deposited in the spin system during each traverse.
Because data were collected at various combinations of
scan width and scan frequency, the data in Figs. 6 and 7
are not smooth functions of scan rate. The points that
were used to generate the solid lines in Figs. 6 and 7 were
calculated for the experimental scan widths and fre-
quencies so the calculated lines also are not smooth
functions of scan rate.

The relative signal amplitudes of the trityl-CD; signal
as a function of scan rate are shown in Fig. 6. At a
constant By of 4.6 x 1073 G the signal intensity decreases
as the scan rate increases above about 3 x 103 G/s due to
decreasing energy deposition in the signal. This B; is
only a factor of two below that required for maximum
signal amplitude at the slowest scans studied, so the
initial change in signal amplitude with increasing scan
rate is relatively small. The peak intensity as a function
of scan rate occurs at much lower scan rate for the trityl-
CDs signal (Fig. 6) than for the LiPc signal (Fig. 2)

because of the longer relaxation times for trityl-CD;
than for LiPc. The calculations of signal intensities as a
function of scan rate were performed for combinations
of scan width and scan frequency similar to ones used in
the experiments. For the same scan rate substantially
higher values of relative signal intensity are predicted for
wider scans with lower scan frequency because of the
smaller fraction of time that the signal is on resonance.
Because of the shorter relaxation times for LiPc than for
trityl-CDj3, the RF B; values required to obtain the
maximum signal amplitude are higher for LiPc (Fig. 3)
than for trityl-CDj (Fig. 7).

The spectra shown in Fig. 4A were obtained at B
values that are a factor of two less than the values for
maximum signal amplitude. At these B; values the signal
amplitude is about 85% of the maximum value and the
linewidths are within experimental uncertainty of the
ones observed in the regime where signal increases
linearly with B;. At the B that gave the maximum signal
amplitude, the linewidths were about 10% greater than
in the linear response regime. Thus, just as in slow scans,
there is a trade-off between higher signal amplitude and
line broadening as RF B is increased.

4. Discussion

The spectra shown in Figs. 1A and 4A demonstrate
the impact of rapid scans on the EPR lineshapes for
signals centered in the scans. A signal that is offset from
the center would be subject to a slower scan rate and the
oscillations would be less deep. The x-axes in the plots
of signal amplitude and B; required to achieve maxi-
mum signal amplitude (Figs. 2, 3, 6, and 7) refer to the
scan rate as the field traverses the resonance condition.
For a signal at the center of the scan the scan rate is
maximum and the amplitude, lineshape, and B; for
maximum amplitude depend only on the product of
scan frequency x scans width, provided that the spins
relax fully between the times that the magnetic field
passes through resonance. At positions in the scan other
than the center the sinusoidal magnetic field scans cause
the relationship between time and magnetic field to de-
pend on scan width and scan frequency, independently,
rather than simply on the product of the two variables.
Thus, for the scans at 3.3 x 10° G/s which were obtained
with 50kHz scan frequency and 2.1 G scan width the
oscillations in the extremes of the scans are different
than would be obtained for a scan rate of 3.3 x 10° G/s
at 25kHz with a scan width of 4.2 G even though the
shapes and intensities in the centers of the scans would
be superimposable.

To provide perspective on the rapid-scan experi-
ments, the calculated curves in Figs. 6 and 7 extend to
slower scan rates than were experimentally accessible
with the spectrometer used. For the relaxation times of
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trityl-CD3 the signal amplitude at constant Bj, the
maximum signal amplitude as a function of RF By, and
the By required to achieve the maximum signal ampli-
tude are independent of scan rate at rates less than about
100 G/s. These are the characteristics of the slow-scan
regime. The maximum amplitude of the trityl signal was
observed at a scan rate of about 2 x 10*G/s and the
signal amplitude was about a factor of three greater than
in the slow-scan regime. At this scan rate the broadening
of the line is less than a factor of two, which suggests
that it will be possible to deconvolute the distortion and
restore the undistorted lineshapes, as has been done in
NMR [6]. The plots in Figs. 2 and 6 illustrate the en-
hancement in signal amplitude that can be achieved at
constant numbers of scans when operating at B; near
that which gives the maximum signal amplitude. In the
same amount of time, many more averages can be per-
formed at the faster scan rate, which provides the op-
portunity for substantial enhancement in digitally
accumulated signal amplitude per unit time.

For EPR imaging rapid-scan experiments may have
two major advantages compared with pulsed experi-
ments. The rapid decay of the FID in the presence of a
magnetic field gradient limits EPR imaging gradients to
very small values [31]. With small magnetic field gradi-
ents across the sample the long relaxation times char-
acteristic of the trityl radicals result in electron spin
echoes that are very broad, which provides a substantial
challenge for imaging based on echoes. The rapid-scan
spectra may avoid both of these problems while still
permitting rapid signal acquisition and require sub-
stantially less source power than the pulse experiments.
Rapid scans also may be useful for species for which 73
is too short to observe echoes or FIDs.
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