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Solid-state dynamic nuclear polarization (DNP) using the cross-effect relies on radical pairs whose elec-
tron spin resonance (ESR) frequencies differ by the nuclear magnetic resonance (NMR) frequency. We
measure the DNP provided by a new water-soluble verdazyl radical, verdazyl-ribose, under both
magic-angle spinning (MAS) and static sample conditions at 9.4 T, and compare it to a nitroxide radical,
4-hydroxy-TEMPO. We find that verdazyl-ribose is an effective radical for cross-effect DNP, with the best
relative results for a non-spinning sample. Under non-spinning conditions, verdazyl-ribose provides
roughly 2� larger 13C cross-polarized (CP) NMR signal than the nitroxide, with similar polarization
buildup times, at both 29 K and 76 K. With MAS at 7 kHz and 1.5 W microwave power, the verdazyl-
ribose does not provide as much DNP as the nitroxide, with the verdazyl providing less NMR signal
and a longer polarization buildup time. When the microwave power is decreased to 30 mW with 5
kHz MAS, the two types of radical are comparable, with the verdazyl-doped sample having a larger
NMR signal which compensates for its longer polarization buildup time. We also present electron spin
relaxation measurements at Q-band (1.2 T) and ESR lineshapes at 1.2 and 9.4 T. Most notably, the ver-
dazyl radical has a longer T1e than the nitroxide (9.9 ms and 1.3 ms, respectively, at 50 K and 1.2 T).
The verdazyl electron spin lineshape is significantly affected by the hyperfine coupling to four 14N nuclei,
even at 9.4 T. We also describe 3000-spin calculations to illustrate the DNP potential of possible radical
pairs: verdazyl-verdazyl, verdazyl-nitroxide, or nitroxide-nitroxide pairs. These calculations suggest that
the verdazyl radical at 9.4 T has a narrower linewidth than optimal for cross-effect DNP using verdazyl-
verdazyl pairs. Because of the hyperfine coupling contribution to the electron spin linewidth, this implies
that DNP using the verdazyl radical would improve at lower magnetic field. Another conclusion from the
calculations is that a verdazyl-nitroxide bi-radical would be expected to be slightly better for cross-effect
DNP than the nitroxide-nitroxide bi-radicals commonly used now, assuming the same spin-spin coupling
constants.

Published by Elsevier Inc.
1. Introduction

Dynamic nuclear polarization (DNP) transfers spin polarization
from unpaired electron spins to nuclear spins. This can increase the
nuclear spin polarization, which improves the sensitivity of nuclear
magnetic resonance (NMR) measurements. Crucial to DNP are rad-
ical molecules which can be doped into the sample to provide the
unpaired electron spins. The radicals used for DNP need to satisfy
several different criteria. Most importantly, the radicals need to
be efficient at polarizing the nuclear spins. There are several differ-
ent mechanisms for DNP including the cross-effect [1,2], the solid-
effect [3,4], thermal mixing [5–7], and the Overhauser effect [8,9],
which have different requirements for the radicals, especially for
the electron spin resonance (ESR) linewidth. In our case of DNP
of 1H nuclei at high magnetic field (9.4 T) with moderate strength
microwave irradiation of the solid-state sample, the cross-effect is
the dominant mechanism. Cross-effect DNP needs two electron
spins whose ESR frequencies differ by the NMR frequency [2,10].
Currently, nitroxide radicals are primarily used for cross-effect
DNP of 1H [11,12], because the large g-anisotropy of the nitroxides
allows two nitroxides with different radical orientations to have a
frequency difference equal to the 1H frequency. Although nitroxide
pairs are effective for cross-effect DNP of 1H, however they are not
as efficient as they could be because only a fraction of the possible
nitroxide pair orientations will have a frequency difference match-
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ing the NMR frequency [10]. Thus, it is useful to investigate the
DNP properties of other radicals.

In addition to efficient nuclear polarization, for our application
of DNP to biomolecules [13,14], we generally want the radicals to
be stable and soluble in water/glycerol mixtures, so the radicals
can be easily mixed into a solution with the sample of interest.
Then, the water/glycerol mixture is frozen, providing a glassy
matrix for the radicals and biomolecules during DNP measure-
ments at low temperatures.

This paper reports high field solid-state DNP experiments test-
ing a recently synthesized water-soluble verdazyl radical molecule,
verdazyl-ribose (Fig. 1) [15]. Verdazyl radicals were discovered in
1963 [16,17], and can be very stable in the solid-state and in solu-
tion. Under some conditions, verdazyl-ribose is more stable than
nitroxide radicals. For example, ascorbic acid rapidly reacts with
nitroxide radicals, but does not react significantly with the ver-
dazyl [15]. Verdazyl radicals have been used successfully for
liquid-state DNP at relatively low magnetic field (up to 1.4 T)
[18,19], but to our knowledge have not been previously used for
high magnetic field DNP. In this article, we measure solid-state
DNP using the verdazyl-ribose radical at 9.4 T, both with and with-
out MAS, and compare it to the nitroxide radical, 4-hydroxy-
TEMPO. The verdazyl-ribose radical does provide significant
cross-effect DNP. With a non-spinning sample, the sample with
verdazyl gives roughly 2� larger 13C CP NMR signal than the sam-
ple with nitroxide, and similar polarization buildup times. With 7
kHz MAS and 1.5 W microwave power at 30 K, the sample with
verdazyl provides only 60% of the signal of the nitroxide sample,
and also has a longer polarization buildup time. When the micro-
wave power is reduced to 30 mW at 5.2 kHz MAS, the DNP from
the two radicals is comparable, with the larger NMR signal from
the verdazyl sample compensating for its longer polarization
buildup time.

We also present solid-state ESR spectra of the verdazyl radical
at 1.2 T (Q-band) and 9.4 T at 50 K, and the temperature depen-
dence of ESR T1e and Tm relaxation measurements at 1.2 T. The
ESR spectra show that the electron spin has a nearly axial g-
tensor and strong anisotropic hyperfine couplings to all four 14N
nuclei in the ring of the radical molecule. Even at 9.4 T, these
hyperfine couplings have a significant effect on the ESR lineshape.
Quantum chemistry calculations suggest that the principal axis
perpendicular to the plane of the verdazyl ring has the smallest
g-value and the largest 14N hyperfine coupling. From the relaxation
measurements, the most notable result is that the verdazyl has a
significantly longer T1e than the nitroxide at 1.2 T and 50 K.

Also presented here are calculations of spin systems to estimate
the cross-effect DNP efficiency of hypothetical bi-radicals, either
verdazyl-verdazyl, nitroxide-nitroxide, or verdazyl-nitroxide pairs.
Fig. 1. (a) Structure of verdazyl-ribose. The four nitrogen atoms are labelled for
reference in Table 3 and the text. (b) Electron spin density surface shown in blue (+)
and green (�) on top of the molecular geometry from a quantum chemistry
calculation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
The polarization dynamics of 1000 three-spin systems (two elec-
tron and one nuclear spins) is simulated using the Landau-Zener
equation [20,21]. These calculations show that the ESR spectrum
of this verdazyl radical is only barely wide enough for pairs of ver-
dazyl radicals to meet the cross-effect frequency matching condi-
tion for 1H nuclei at 9.4 T. This suggests that the verdazyl radical
would be more efficient for DNP at lower magnetic field, because
the field-independent hyperfine couplings would give the radical
a larger ESR linewidth relative to the NMR frequency. The calcula-
tions also suggest that a hypothetical verdazyl-nitroxide bi-radical
should be slightly better than a nitroxide-nitroxide bi-radical, if
both bi-radicals have the same spin-spin couplings.
2. Experimental methods

The NMR experiments used the home-built ultra-low-
temperature DNP-MAS NMR probe described previously [22] and
were performed at 9.39 T (400.9 MHz and 100.8 MHz 1H and 13C
NMR frequencies) using a Bruker Avance III NMR spectrometer
console. For experiments with 30 mW of microwaves, the micro-
wave source was a diode source from Virginia Diodes, Inc.
mounted with the quasi-optical interferometer system previously
described [23]. For experiments with 1.5 W of microwaves, the
microwave source was an extended interaction oscillator (EIO)
from Communications & Power Industries, which transmits its
microwaves through a corrugated waveguide to the quasi-optical
interferometer system [24]. The 45 ml NMR samples contained
40 mM of radicals, either verdazyl-ribose or 4-hydroxy-TEMPO,
and 150 mM 15N,13C3-L-alanine in partially protonated glycerol/
water (60/30/10 volume% d8-glycerol/D2O/H2O). The radical con-
centration is determined by measuring the optical absorption
[15,25]. For the verdazyl radical, the optical absorption at the
382 nm peak in the glycerol/water solvent was 1100 cm�1 M�1.
Sample temperatures were determined from measurements of
the spin-lattice relaxation of 79Br in KBr contained in a glass cap-
sule placed in the MAS rotor along with the sample [26].

For CP 13C measurements, an 800 ls CP contact time and 40 kHz
13C radio-frequency field strength were used, with one dummy
scan to establish a steady state before NMR signal acquisition. In
all 13C NMR experiments, 75 kHz proton decoupling fields with
two-pulse phase modulation [27] were applied during detection
of free-induction decay (FID) signals. The 1H nuclear polarization
buildup times, sDNP , were measured by recovery from saturation
of the 13C CP signals, with the microwaves on. The recovery time
from saturation for 13C CP NMR was also measured with the micro-
waves off (1H T1n) at 31 K with MAS for the verdazyl dopant sam-
ple, and the time was not significantly different from the
polarization buildup time with the microwaves on.

13C CP NMR signals and DNP enhancements in Table 1 are cal-
culated from the integrals of all alanine 13C lines (CO, Ca, and Cb
signals) for measurements with MAS. Without MAS, the entire ali-
phatic region was integrated, thus including the alanine Ca and Cb
signals, and glycerol natural abundance 13C signals. The NMR sig-
nal measurements were taken with repetition delays equal to
twice the polarization buildup times. Measurement uncertainties
are listed in Table 1, dominated by the uncertainty in absolute sig-
nal size, estimated at �20% from multiple measurements on some
samples.

1.2 T (Q-band) ESR measurements used a Bruker E-580 spec-
trometer and a model ER5107D2 probe. The Q-band ESR samples
were 0.1 mM concentration of verdazyl or nitroxide in 60/40 vol-
ume% d8-glycerol/D2O. The 1.2 T ESR spectrum of Fig. 4 was taken
by integrating the full echo from a p/2-sm-p-sm-echo pulse
sequence, with a 512 ns p pulse and 5 ms sm. The microwave fre-
quency was 33.94465 GHz for the verdazyl Q-band spectrum at



Table 1
Summary of DNP measurements with MAS for verdazyl-ribose and 4-hydroxy-TEMPO nitroxide dopants. The DNP enhancement (e) is calculated as the ratio of the 13C CP NMR
signal integral with and without the microwaves. The overall DNP efficiency (R) is calculated as the 13C CP NMR signal integral with the microwaves on, divided by the square
root of the polarization buildup time, sDNP .

Microwave power Dopant Temperature (±2; K) 13C signal, microwaves on (±20%; arb. units) e (±5%) sDNP (±15%; s) R (±20%) MAS frequency (kHz)

1.5 W Verdazyl 31 294 31 16.3 73 6.7
85 64.9 25 7.45 24 6.9
105 9.8 3.5 2.7 6.0 6.9
150 2.4 1.7 1.3 2.1 7.0

Nitroxide 30 506 81 10.1 159 7.0
97 24.1 11 4.8 11.0 7.0
160 2.7 1.4 2.1 1.9 7.0

30 mW Verdazyl 22 237 14 21.1 51.6 5.2
27 140 11 17.2 33.7 5.2
44 82.5 9.3 19.6 18.6 5.4
75 24.5 6.35 11.3 7.3 5.2
97 8.1 3.55 6.6 3.2 5.3

Nitroxide 30 77 10 9.9 24.5 5.2
95 6.1 2.4 6.8 2.3 5.2
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50 K, and the magnetic field was calibrated by fitting the 50 K spec-
trum of 4-hydroxy-TEMPO (taken with microwave frequency
33.97312 GHz) to the values of Ref [28]. For the ESR relaxation
measurements, the microwave frequency was tuned in the range
between 33.89 and 33.95 GHz. The relaxation measurements were
taken at the maximum of the ESR spectra with a 16 ns p pulse and
full echo integral. The spin-lattice relaxation time, T1e, measure-
ment used a p-s1-p/2-sm-p-sm-echo pulse sequence, with 0.4 ms
sm. The phase memory relaxation time, Tm, measurement varied
the delay time, sm, between pulses in a p/2-sm-p-sm-echo pulse
sequence. The 9.4 T ESR lineshape was taken as described previ-
ously, by stepping the frequency of the 30 mW microwave source
for each data point [23]. For the 9.4 T ESR, a 10 ml sample of 10 mM
verdazyl in 60/40 volume% d8-glycerol/D2O was contained in a
Teflon cup and mounted in a static-sample, liquid He-cooled cryo-
stat (Janis SuperTran).
Fig. 2. (a) 13C CP spectra of L-alanine in frozen glycerol/water showing DNP
enhancement with MAS, and (b) without MAS, using 40 mM of verdazyl-ribose
dopant and 1.5 W of microwaves at 263.8 GHz. Spectra shown in part (a) are 16
scans each at 31 K, and in part (b) are 4 scans each at 29 K.
3. Experimental results

3.1. Dynamic nuclear polarization (DNP)

Fig. 2 shows examples of the DNP enhancement with the
verdazyl-ribose radical for 13C CP spectra with and without MAS.
The DNP results are summarized for experiments with MAS in
Table 1, and without MAS in Table 2. The DNP enhancement, e, is
measured as the ratio of the 13C CP signal integrals with micro-
waves on and off. But it is important to compare more than just
the DNP enhancement because even the NMR signal with the
microwaves off can be significantly affected by the radical dopant
[29]. A second reason that the microwave-off alanine 13C CP signals
do not follow a 1/T Boltzmann temperature dependence is dynam-
ics, especially methyl group rotation [30]. In addition, the polariza-
tion buildup time, sDNP , determines how many signal
measurements can be taken in a fixed amount of time. Thus,
because the signal-to-noise ratio increases as the square root of
the number of signal measurements averaged together, the
signal-to-noise ratio is proportional to 1=

ffiffiffiffiffiffiffiffiffiffi
sDNP

p
. To include these

factors, the overall efficiency of DNP, R, is calculated as the 13C
CP signal integral with the microwaves on, divided by

ffiffiffiffiffiffiffiffiffiffi
sDNP

p
. This

DNP efficiency value, R, is proportional to the signal-to-noise mea-
sured with DNP in a fixed amount of time.

The 40 mM of verdazyl-ribose radical does provide significant
DNP with enhancements as large as 74�. For comparison, we also
measure the DNP from the same L-alanine solution doped with 4-
hydroxy-TEMPO nitroxide, instead of verdazyl-ribose. Here, we are
comparing two single radical molecules, even though the best
cross-effect DNP is achieved with bi- or tri-radical molecules
[11,25]. If we compared the mono-radical verdazyl-ribose to bi-
or tri-radical nitroxide molecules, it would be unclear what results
to attribute to the radical characteristics, versus the difference
between single and multi-radical molecules. To summarize the
results, the verdazyl radical provides larger DNP enhancements
than the nitroxide when the sample is not spinning. With MAS,
1.5 W microwave power, and low temperature (�30 K), the ver-
dazyl has a smaller DNP efficiency, R, because of both smaller
enhancement and longer polarization buildup time. If the micro-
wave power is reduced, or the temperature is increased, the ver-
dazyl DNP with MAS becomes comparable to the nitroxide.

To discuss the results in more detail, with 6.7–7 kHz MAS, 1.5 W
microwave power, and at low temperatures, the verdazyl does not



Table 2
Summary of DNP measurements without MAS for verdazyl-ribose and 4-hydroxy-TEMPO nitroxide dopants.

Microwave power Dopant Temperature (±2; K) 13C signal, microwaves on (±20%; arb. units) e (±5%) sDNP (±15%; s) R (±20%)

1.5 W Verdazyl 29 855 74 31.9 151
76 63.1 26 16.5 15.5

Nitroxide 29 405 40 30.4 73.5
80 26.8 10 14.9 6.9

Fig. 3. (a) Nuclear polarization enhancement as a function of microwave frequency
for 40 mM verdazyl-ribose and 30 mWmicrowave power, with 5.2 kHz MAS at 22 K
(�) and without MAS at 29 K (h), normalized to maximum enhancement (14� with
MAS, 59� without MAS). Dashed line shows normalized enhancement for nitroxide
(40 mM 4-amino-TEMPO, 16 K, non-spinning) from Ref. [23]. (b) ESR lineshape at
9.4 T and 50 K (solid black line). Shown below in red is the fit from the parameters
of Table 3. Dashed line is the nitroxide ESR lineshape from Ref. [23]. (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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provide as much nuclear polarization as the nitroxide. At 30–31 K,
DNP enhancement for the verdazyl is only 40% of that for the
nitroxide, and the NMR signal is only 60%. The fact that the NMR
signal ratio is larger than the DNP enhancement ratio shows that
the nuclear polarization loss from radical doping with MAS is smal-
ler for the verdazyl than for the nitroxide. For the non-spinning
measurements at 29 K, the ratios of DNP enhancement and abso-
lute signals are within the error margin of each other. This indi-
cates that the NMR signal losses from paramagnetism that do not
depend on MAS are roughly equal for the two radicals. As a result,
the extra signal loss for the nitroxide with MAS relative to the ver-
dazyl can be attributed to MAS specific mechanisms, most likely
the cross-effect DNP depolarization that can happen with MAS,
even without microwaves [29]. So, the verdazyl has less MAS
DNP depolarization without microwaves, but the MAS DNP
enhancement with microwaves is also enough lower that the final
absolute NMR signal is lower for the sample with verdazyl than for
the sample with nitroxide. In addition, the polarization buildup
time is slower, resulting in only roughly half the value of R. At
higher temperature and 1.5 W microwave power, the two radicals
have comparable R values. Specifically, comparing the result for
the verdazyl at 150 K to the nitroxide at 160 K, the verdazyl sample
has the shorter polarization buildup time, and the absolute signals
differ by only �10%. However, at these higher temperatures, the
DNP enhancement is low for both radicals. When the microwave
power is reduced to 30 mW, with 5.2–5.4 kHz MAS, at 27 K, the
verdazyl sample has larger absolute NMR signal and longer polar-
ization buildup time, which combine to provide DNP efficiency, R,
comparable to the nitroxide sample. When the temperature is
increased to 95–97 K, with 30 mW microwave power, and 5.2–
5.3 kHz MAS, the verdazyl provides higher R, though the absolute
enhancement is low for either radical in this case.

Without MAS, the verdazyl radical is better than the nitroxide.
With 1.5 W microwave power, the NMR signal is roughly twice
as large for the verdazyl-doped sample, both at 29 K and at
76/80 K. Because the polarization buildup times are similar, the
verdazyl-doped sample also provides roughly twice the overall
DNP efficiency, R.

Fig. 3(a) shows the dependence of the DNP enhancement of the
verdazyl-doped sample on the microwave frequency with 30 mW
of microwave power, with and without MAS. The microwave fre-
quency dependence has significant asymmetry both with and
without MAS. The maximum positive DNP enhancement is larger
than the maximum negative DNP enhancement, and significant
positive enhancements occur over a broader frequency region. This
DNP asymmetry can be explained by the asymmetrical ESR line-
shape, shown in Fig. 3(b), which is discussed in more detail below.
3.2. Electron spin resonance

To investigate the properties of this verdazyl-ribose radical, we
measured the electron spin lineshape and relaxation at 1.2 T (Q-
band). Fig. 4 shows the pulsed ESR lineshape at 50 K in frozen glyc-
erol/water solution. The most prominent features are 9 peaks &
shoulders which can be attributed to the hyperfine coupling to
the four 14N nuclei in the ring of the radical. Since the 14N nucleus
is spin 1, the total 14N spin varies in integer steps from �4 to +4,
which can create 9 peaks and/or shoulders in the spectrum. Previ-
ous liquid state ESR at 0.3 T (X-band) shows that the electron spin
has significant isotropic hyperfine couplings to all four 14N nuclei
[15]. The liquid state ESR also had smaller isotropic hyperfine cou-
plings from three nearby 1H nuclei. In our 1.2 T solid-state spectra,
we do not see any additional resolved hyperfine couplings, sug-
gesting that there are not any anisotropic 1H hyperfine couplings
large enough to be resolved in this spectrum.

We also measured the ESR lineshape at 9.4 T and 50 K, shown in
Fig. 3(b). At 9.4 T, there is one large peak, with a tail extending to
lower frequencies. This measurement has the advantage of being
at the same magnetic field as the DNP measurements, and taken
with the same microwave setup, so the ESR and DNP frequency
dependence can be easily compared. However, we should note that
the high radical concentration used (10 mM), and measurement of
each point by changing the microwave frequency can cause some
distortion of the ESR lineshape.

To gain a better understanding of the ESR lineshape, we ran
quantum chemistry calculations using the Gaussian 09 program
[31]. The main calculation used the B3LYP functional and implicit
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water solvent, with the EPR-III basis set, which was designed for
the calculation of hyperfine couplings [32]. As shown in Fig. 1(b),
the unpaired electron spin is spread primarily over the four nitro-
gen atoms of the ring, with some negative spin density on the C
atom at the base of the ring. The g-factor and hyperfine coupling
results are shown in Table 3, and are consistent with previous cal-
culations for other verdazyl radical molecules [33–35]. The calcu-
lation indicated a nearly axial g-tensor with the two principal
axes in the plane of the ring having the two larger g values, while
the third axis is perpendicular to the ring plane, with the smaller g
value. The calculated 14N hyperfine couplings are also nearly axial
for all four nitrogens. There are large 14N hyperfine couplings along
the axis perpendicular to the ring plane, and very small couplings
along the other two axes. By symmetry, the four nitrogens can be
divided into two pairs. The two nitrogens bonded to the carbonyl
carbon (labelled A & B in Fig. 1a) have almost equal primary hyper-
fine couplings, which are slightly smaller than the hyperfine cou-
plings of the other two nitrogens. Comparing the principal axes
of the g-tensor and the hyperfine couplings, the principal axes per-
pendicular to the ring plane are within one degree of each other.
So, in summary, these calculations predict an axial tensor for both
the g value and the 14N hyperfine couplings, with the axis perpen-
dicular to the ring plane having both a lower g value, and large 14N
hyperfine couplings. We also ran quantum chemistry calculations
Table 3
ESR lineshape best fit parameters and results from quantum chemistry calculation. Note tha
are roughly estimated from the range of acceptable lineshape fits.

Parameter Axis (relative to ring pl

G-tensor Perpendicular
In plane
In plane

14N hyperfine couplings, MHz
Nitrogen atoms A & B (bonded to carbonyl C)

Perpendicular
In plane
In plane

14N hyperfine couplings, MHz
Nitrogen atoms C & D

Perpendicular
In plane
In plane

Line broadening
Gaussian FWHM, MHz
with other functionals and basis sets, without implicit water sol-
vent. The results were qualitatively similar, and are shown in the
Supplementary information Tables S1 & S2.

Fitting the 1.2 T ESR lineshape was done using the Easyspin pro-
gram [36]. Based on trial fitting, and the quantum chemistry calcu-
lations, the number of variables in the fit was reduced by the
following assumptions: (i) all of the 14N hyperfine couplings have
the same principal axes as the g-tensor, with the large hyperfine
coupling aligned with the small g value; (ii) the two small principal
hyperfine coupling values are equal; and (iii) the nitrogen atoms
related by symmetry have the same hyperfine couplings. In addi-
tion, the width of the main peak of the 9.4 T ESR lineshape was
used to estimate the difference between the two larger principal
g values. The 1.2 T lineshape by itself could be consistent with
the two larger g values being equal. Even with these simplifying
assumptions, a good fit to the 1.2 T ESR lineshape is obtained
(see Fig. 4). The best fit parameters found are listed in Table 3.
Using the same parameters (except for a larger line broadening),
also gives a reasonable fit to the lineshape at 9.4 T. The ESR line-
shape at 9.4 T primarily reflects the axial g-tensor, but the 14N
hyperfine couplings are large enough to still influence the line-
shape. If the lineshape was just determined by the axial g-tensor,
it would have a much sharper low-frequency edge. Instead,
because the largest hyperfine couplings are along the low g-value
axis, the low-frequency edge of the ESR line is smeared out into
a broad tail.

Fig. 5 shows ESR relaxation measurements at 1.2 T (Q-band).
Most notably, the electron spin-lattice relaxation time, T1e, of the
verdazyl-ribose radical is over 7 times longer than the T1e of 4-
hydroxy-TEMPO at 50 K. T1e of the verdazyl has a strong tempera-
ture dependence, with the T1e time increasing by almost an order
of magnitude from 50 to 25 K. In contrast, the phase memory relax-
ation time, Tm, has very little temperature dependence between 25
and 50 K, but is significantly shorter at 100 K. Compared to 4-
hydroxy-TEMPO at 50 K, the phase memory relaxation of the ver-
dazyl radical has a faster initial decay, while the later decay rate
is very similar. The cause of the fast initial echo decay is not clear,
perhaps it could be caused by some clustering of verdazyl radicals
[37,38], or perhaps by the hyperfine interaction with the four 14N
nuclei.
4. Numerical simulations of DNP

4.1. Simulation methods

Once we have some information about the solid-state ESR line-
shape and relaxation of the verdazyl-ribose radical, we can attempt
to gain some insight into its DNP by numerical simulation of cross-
t the sign of the hyperfine couplings is not determined by the experiment. Error values

ane) Best fit value Quantum chemistry calculation

2.0023 ± 0.0003 2.0021
2.00445 ± 0.0003 2.0047
2.00495 ± 0.0003 2.0051
40 ± 4 38.0, 36.8
2 ± 2 �1.2, �1.1
2 ± 2 �1.0, �1.0
53 ± 4 54.1, 51.5
4.1 ± 2 �2.8, �3.1
4.1 ± 2 �2.1, �2.4
12 (1.2 T)
24 (9.4 T)



Fig. 5. 1.2 T (Q-band) ESR relaxation: (a) electron spin-lattice relaxation, T1e, (b)
phase memory relaxation time, Tm. These relaxation curves were measured at the
maximum of the ESR lineshapes. The T1e relaxation in part (a) is only roughly single
exponential, but the fits are shown with dashed lines, and have time constants of
1.3 ms for TEMPO at 50 K, and 2.4, 9.9, and �86 ms for verdazyl-ribose at 100, 50
and 25 K, respectively.

Table 4
Standard values of parameters in simulations.

Parameter Standard value

Microwave strength, x1/2p 800 kHz
1H NMR frequency, xn/2p �400.9 MHz
Temperature, T 25 K
MAS frequency, xr/2p 7.0 kHz
Electron-electron coupling, dmax/2p 23 MHz
Hyperfine coupling, hzz,max/2p 9 MHz
T1e (verdazyl) 15 ms
T1e (nitroxide) 2 ms
Bi-radical concentration 15 mM

The verdazyl T1e is estimated by assuming that the ratio of verdazyl to nitroxide T1e
at 9.4 T is the same as measured at 1.2 T and 50 K. See Ref. [10] for justifications of
the other parameter values.
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effect DNP with MAS. In this article, we choose to simulate hypo-
thetical bi-radical molecules for several reasons, even though the
experiments are done on solutions of mono-radicals. First, the
cross-effect requires pairs of radicals, so the simulations must
include the interaction between pairs of electron spins. Thus, a
cross-effect DNP simulation of bi-radicals is not fundamentally dif-
ferent from a simulation of mono-radicals. If the radicals are ran-
domly distributed in a frozen solution of mono-radicals, there
will be a distribution of distances between neighboring electron
spins. As a result, there will be a random distribution of clusters
of interacting electron spins. As a concrete example, for a random
distribution, over 30% of electron spins would be in a cluster of 5 or
more interacting spins, even if only the nearest neighbor interac-
tion of each electron spin is kept. While simulating these larger
spin clusters should be possible, it is not clear that the added com-
plexity and required averaging over the random clustering would
pay off in greater understanding of the experiments. Therefore,
we have chosen to simplify the simulations by using pairs of radi-
cals separated by a fixed distance. Despite the simplifications in the
simulations, we hope that they offer some insight into the relative
DNP efficiency of the verdazyl radical. Beyond that, the second rea-
son we are simulating bi-radicals is to predict whether synthesiz-
ing bi-radical molecules that include verdazyl radicals is likely to
be a promising avenue for improved DNP. Previous work has
shown that molecules containing multiple radicals can signifi-
cantly improve cross-effect DNP, compared to mono-radicals
[11,25,39,40]. To help predict the benefit of molecules containing
verdazyl radicals, we simulate hypothetical molecules with two
verdazyl radicals, and with one verdazyl and one nitroxide radical,
and compare the simulated DNP to that from a bi-radical molecule
with two nitroxides.

A third motivation for simulating the cross-effect DNP using a
fixed distance between pairs of radicals is that we can use the
method of numerical calculation already described in a previous
paper [29]. For the full details, the reader should refer there, but
we will sketch the general outline here. Cross-effect DNP relies
on having two electron spins with a frequency difference between
their ESR frequencies that equals the NMR frequency. When this is
the case, the nuclear polarization can equilibrate toward the polar-
ization difference between the two electron spins, through spin
transitions that flip all three spins. Therefore, the basic unit of
the model is a three-spin group (two electron and one nuclear
spins) to represent a bi-radical molecule and one 1H nucleus close
to one of the electrons. Included in the simulation are the interac-
tions of all three spins with the large static magnetic field, which
determines two ESR frequencies (xe1 & xe2), and one NMR fre-
quency (xn). In addition, there is the dipole coupling between
the two electrons, a hyperfine coupling between the nucleus and
one of the electrons, and the microwave magnetic field at a fre-
quency close to the ESR frequencies. Unless otherwise specified,
the parameter values used in the simulations are given in Table 4.
To include intermolecular electron spin diffusion, we use 1000 of
these three-spin groups, thus each simulation has a total of 3000
spins.

In order to simulate this many spins conveniently, we do not
use a full quantummechanical calculation. As discussed previously
[10], DNP under MAS can be viewed as a series of population trans-
fers at spin energy level crossings. The ESR frequencies have a sig-
nificant dependence on the molecular orientation relative to the
magnetic field, due to anisotropy of the g-tensor and the 14N
hyperfine couplings. Thus the ESR frequencies vary as a function
of the rotor orientation in MAS, causing crossings between the dif-
ferent energy levels. The NMR frequency has a much smaller orien-
tation dependence, and the NMR frequency is taken as constant in
these calculations. The dynamics of the full quantum mechanical
system can be well approximated by using the analytical Landau-
Zener formula [20,21] to calculate the probabilities of spin transi-
tions during the level crossings. Three types of energy level cross-
ings are important for cross-effect DNP: (i) Electron-microwave
crossings, where an ESR frequency crosses the microwave fre-
quency (xm), which can flip an electron spin; (ii) Three-spin cross-
ings, where xe1 �xe2 =xn, which can flip all three spins. Only
three-spin crossings involving spins within the same biradical are
included in these simulations; (iii) Electron-electron crossings,
where two ESR frequencies are equal, which can produce a flip-
flop transition of the two electrons. Electron-electron crossings
involving electron pairs within the same biradical and electron
pairs within different biradicals that are separated by less than
45 Å are included. Additionally, effects of T1e relaxation are calcu-
lated by including partial population transfers toward a Boltzmann
distribution at each time step as previously described [10]. T2
relaxation is not necessary because the Landau-Zener formula does
not create coherences between states.



Fig. 6. (a) Calculated average nuclear spin polarization, pn;ave , and (b) time constant,
tDNP;ave, for verdazyl-verdazyl (red circles), verdazyl-nitroxide (blue diamonds), and
nitroxide-nitroxide (black squares) bi-radicals. Parameters used are given in Table 4.
Lines are drawn to guide the eye. (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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With the simplified, analytical Landau-Zener dynamics, we can
calculate the time dependences of spin polarizations for all 3000
spins as follows. First, the biradical orientations are chosen ran-
domly. Each biradical orientation consists of random orientations
of the electron g-tensors, electron-electron dipole-dipole coupling
tensor, and electron-nucleus hyperfine coupling tensor principal
axes in the MAS rotor. No correlations among the various orienta-
tion angles are used. The electron-14N hyperfine couplings are
included, with the 14N spin states randomly chosen, and kept fixed
during the calculations. (The electron-14N hyperfine couplings
effectively modify the electron g-tensor, but have no other effect.)
The positions of the biradicals are chosen randomly in a cube sized
to simulate the desired biradical concentration. These positions are
used to calculate intermolecular electron-electron couplings. Con-
figurations with electron-electron distances less than 2.5 Å are
rejected.

The simulations begin with an equilibration period of 5T1e,
without 1H hyperfine coupling. This allows the electron spins to
reach their equilibrium polarizations under MAS. Then, the 1H
hyperfine coupling is included, and the time dependence of the
nuclear spin polarizations is calculated for 100 ms starting from
two different initial conditions: (i) thermal equilibrium of the
nuclear spins at 25 K; and (ii) the nuclear spins polarized to the
thermal value for an electron spin. By considering two different ini-
tial conditions, we avoid the problem of distinguishing between a
bi-radical orientation which has no net cross-effect relaxation and
an orientation that happens to have a final steady-state nuclear
spin polarization close to the initial nuclear spin polarization.
These calculations result in two roughly exponential curves for
the nuclear spin polarization in each three-spin system. Fitting
the two curves together results in a common time constant and
steady-state nuclear spin polarization. The values for the 1000
three-spin systems in each simulation are averaged together as
in Eq. (1) to derive an average steady-state nuclear polarization,
pn;ave, and an average time constant for polarization of one close
nucleus, tDNP;ave,

pn;ave ¼
PN

k¼1
pn
tDNP

� �
kPN

k¼1
1

tDNP

� �
k

ð1aÞ

1
tDNP;ave

¼ 1
N

XN
k¼1

1
tDNP

� �
k

ð1bÞ

where the index k represents a single biradical orientation and N is
the number of orientations.

4.2. Simulation results

Fig. 6 shows pn;ave and tDNP;ave as a function of microwave fre-
quency for three different possible bi-radical molecules: molecules
with two verdazyl radicals, two nitroxide radicals, and a mixed bi-
radical with one verdazyl and one nitroxide. The calculated fre-
quency dependence for a verdazyl-verdazyl bi-radical has a posi-
tive peak in the nuclear polarization that is much larger than the
negative peak. This arises from the asymmetric ESR lineshape,
and is qualitatively consistent with the experimental results. The
cross-effect DNP is largest when the microwave frequency is on
the low-frequency tail of the ESR lineshape, roughly separated by
the NMR frequency from the peak of the ESR lineshape. In contrast,
having the microwave frequency at the peak of the ESR lineshape
provides much smaller DNP. This probably results from an ‘‘over-
saturation” regime, where the polarization of the entire ESR line
is significantly reduced by the microwaves, thus reducing the
polarization difference between electron spin pairs (see Suppl.
Fig. S4). As a result, applying the microwaves to a region of the
ESR line where there are relatively few spins is better, because it
effectively reduces the microwave saturation. Another notable
result of the simulations is that the average time constant is very
long for the verdazyl-verdazyl bi-radical. The average time con-
stant is long because only 4% of the bi-radicals have a three-spin
energy level crossing. The average time constant thus ends up
�25� larger (1/0.04) than the typical time constant for polariza-
tion in a three-spin system with a three-spin energy level crossing.
It is important to note that this is influenced by having fixed 14N
spin states in the simulations. If the 14N spins are allowed to sam-
ple all possible states, 57% of randomly oriented verdazyl-verdazyl
bi-radicals will have a three-spin energy level crossing. Therefore,
we would expect additional averaging between cross-effect active
and inactive states on a timescale determined by the 14N T1, that is
not present in these simulations. We do not know what 14N T1 is in
the verdazyl-ribose radical, or even for a nitroxide radical under
our conditions of low temperature and high magnetic field [41].
So, we have chosen to fix the 14N spin states (long 14N T1) to sim-
plify the calculations, and to illustrate that the 14N spin states help
determine whether a verdazyl-verdazyl bi-radical is active for
cross-effect DNP of 1H at 9.4 T. If 14N relaxation does occur on a
short timescale, this should not affect the average results of the
simulations. With fixed 14N spin states, the simulations have a
few verdazyl-verdazyl bi-radicals active for the cross-effect all
the time, while with 14N relaxation, more bi-radicals would be
active, but only for part of the time. The overall average simulated
DNP efficiency should remain constant.

These calculations suggest that the verdazyl radical has a line-
width at 9.4 T that is only barely wide enough for cross-effect
DNP with two verdazyl radicals. Because the magnetic-field-
independent 14N hyperfine couplings make up a significant part
of the electron linewidth even at 9.4 T, we would expect the ver-
dazyl radical to work better at magnetic fields lower than 9.4 T,



K.R. Thurber et al. / Journal of Magnetic Resonance 289 (2018) 122–131 129
because the ESR linewidth will be wider relative to the 1H NMR
frequency.

Comparing the calculations shown in Fig. 6 for the different bi-
radicals, the peak nuclear polarization is very similar for all three
types. The verdazyl-nitroxide bi-radical has a slightly higher peak
average nuclear polarization than the nitroxide-nitroxide bi-
radical, with a very similar polarization time constant. We should
emphasize that part of the similarity of the calculated values
results from using the same electron-electron dipole coupling,
and hyperfine coupling for all bi-radical types. This enables a sim-
ple comparison because only the electron lineshapes and T1e are
changing. However, in actual bi-radicals, the spin-spin couplings
will also be affected by the detailed geometrical differences
between different types of bi-radicals. The average nuclear polar-
ization and time constant of the verdazyl-nitroxide bi-radical is
not strongly affected by the longer T1e of the verdazyl radical. If
the verdazyl T1e is set equal to the nitroxide T1e of 2 ms, the peak
average nuclear polarization is 83� thermal polarization, and the
time constant is 11.6 ms, nearly equal to the values of 77� and
11.6 ms calculated with the verdazyl T1e equal to 15 ms. These cal-
culations are in the regime where the long T1e values are causing
reduced nuclear polarization because of the near saturation of all
of the electron spins. This can be seen in Fig. 7, where the calcu-
lated electron spin polarization is shown for a verdazyl-nitroxide
bi-radical with microwave irradiation at 263.95 GHz. Even on the
high frequency side of the nitroxide lineshape away from the
microwave frequency, the electron spin polarization is only �0.2
of the thermal polarization. With the minimum electron polariza-
tion at �0, the polarization difference between the two electron
spins of the bi-radical is 60.2 of thermal polarization. Since the
cross-effect DNP transfers this electron spin polarization difference
to the nuclear spin polarization, the nuclear spin polarization can-
not be very high in this case. If however, the T1e values are set 10�
shorter (1.5 ms for verdazyl, 0.2 ms for nitroxide), the peak average
nuclear polarization is calculated as 260� thermal polarization,
more than three times higher. In contrast, the polarization time
constant of 11.4 ms does not change significantly with the change
in T1e.
Fig. 7. Calculated electron spin polarization across the ESR lineshape for a verdazyl-
nitroxide bi-radical. The verdazyl polarization is shown in red, and the nitroxide
polarization in black. The microwave frequency is 263.95 GHz, and the other
parameters are given in Table 4. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
5. Discussion

These experiments demonstrate that the verdazyl-ribose radi-
cal can provide significant cross-effect DNP. Without MAS, the
verdazyl-ribose radical provides larger DNP than the 4-hydroxy-
TEMPO nitroxide. The ESR results suggest one possible reason.
For the verdazyl radical, the maximum DNP occurs when the
microwave frequency is on the low-frequency tail of the ESR line-
shape. In that region of the ESR lineshape, the ESR frequency of an
electron spin is significantly affected by its large 14N hyperfine cou-
plings. As a result, as the 14N nuclear spin states change, a partic-
ular electron spin will move in and out of resonance with the
microwave frequency. This may allow more electron spins to be
saturated, and improve the DNP. This effect is similar to modulat-
ing the magnetic field or microwave frequency, which is known to
have a beneficial effect for DNP with static samples [23]. Another
possibility is that the narrower, axial ESR lineshape of the verdazyl
is better for non-spinning DNP, compared to the broader, more
symmetric line of the nitroxide.

However, the narrower ESR lineshape of the verdazyl-ribose is
only marginally wide enough for cross-effect DNP. The verdazyl
ESR line at 9.4 T is only slightly wider than the 1H NMR frequency
of 400 MHz. Because the spread of g-values alone is not enough to
cover the NMR frequency, the verdazyl DNP is relying on the addi-
tional linewidth from the magnetic-field-independent hyperfine
couplings. As a result, at lower magnetic field, the verdazyl ESR line
will be wider relative to the NMR frequency. So, we would expect
the verdazyl cross-effect DNP to work better at fields below 9.4 T
for this reason, in addition to other magnetic field dependences
of the cross-effect [10].

With MAS, at low temperatures (�30 K), and moderate micro-
wave power (1.5 W), the verdazyl-ribose does not provide as much
nuclear polarization as the nitroxide. In addition, the polarization
buildup time is longer. There might be several reasons for this,
such as longer T1e, narrower ESR line, or weaker 1H hyperfine cou-
plings. The numerical simulations of DNP with MAS suggest that a
major factor is that the ESR line is too narrow, leaving many ver-
dazyl radical pairs without any three spin flip energy level cross-
ings during the entire MAS rotation. When the microwave power
is reduced or the temperature increased, the verdazyl radical
DNP with MAS becomes comparable to the nitroxide. This is con-
sistent with the longer T1e of the verdazyl radical making it easier
to saturate the electron spins at higher temperature or with lower
microwave power.

In this article, we have primarily compared DNP results from
two mono-radicals, to demonstrate the DNP efficiency of the ver-
dazyl mono-radical, without including the additional factor of
mono-radical versus multi-radical molecules. However, it is worth
comparing the verdazyl results to multi-radical molecules. With
MAS, multi-nitroxide dopants can provide higher signal enhance-
ment and faster polarization buildup time than the verdazyl
mono-radical. This is not surprising because the development of
bi-nitroxide molecules was important for improving the efficiency
of cross-effect DNP [11]. As a specific example, the tri-nitroxide
molecule DOTOPA-ethanol can provide a DNP enhancement of
128 with a polarization buildup time of 3.8 s, at 25 K and 6.7 kHz
MAS [24], for a similar sample in the same DNP setup as used for
the experiments in this article. Without MAS, the mono-radical
verdazyl has a more competitive DNP enhancement and polariza-
tion buildup time. For example, the 74� enhancement and 32 s
buildup time at 29 K for verdazyl from Table 1 can be compared
to a 47� enhancement and 14 s buildup time at 19 K for 10 mM
tri-nitroxide DOTOPA-4OH from Ref. [29]. However, it should be
noted that the most commonly used bi- [12] and tri-nitroxide
molecules have generally been chosen for strong DNP under MAS
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conditions, so they may not be optimal for non-spinning condi-
tions. Overall, the verdazyl-ribose mono-radical is much less effi-
cient than the best multi-nitroxide radicals under our DNP
conditions with MAS, but is comparable in DNP efficiency without
MAS.

Since cross-effect DNP requires two electron spins at different
frequencies, the verdazyl-ribose radical could be used in combina-
tion with another type of radical. This strategy of using two differ-
ent radicals has been successfully tested with a trityl and a
nitroxide radical [42]. Our numerical simulations of DNP with
MAS suggest that a verdazyl-nitroxide bi-radical would be slightly
better than a nitroxide-nitroxide bi-radical, assuming the same
spin-spin coupling constants. At this stage, we cannot say whether
the coupling constants, the electron-electron dipole coupling and
electron-1H hyperfine coupling, would be either stronger or
weaker in an actual verdazyl-nitroxide bi-radical.

The verdazyl-ribose radical is effective for cross-effect DNP
under our conditions, but it may also be useful for other DNP appli-
cations. Because this radical provides its best DNP for a non-
spinning sample, it might work well for dissolution DNP, where
the conditions are typically a non-spinning sample at �1.4 K
[43]. However, the long T1e at low temperatures may hinder the
DNP, or require a secondary dopant to shorten T1e [44]. In addition,
the verdazyl-ribose radical may be useful for solution-state DNP at
high magnetic fields. The verdazyl radical was earlier shown to be
effective at solution state DNP at low magnetic fields, and the pos-
itive signal enhancement for 13C indicates the dominance of the
scalar (contact) DNP mechanism that may continue to be effective
at high magnetic field [18,19]. Another possible application for
verdazyl-ribose is under conditions where nitroxides are not suffi-
ciently stable. For example, in vivo, nitroxides often have lifetimes
of only a few minutes [45,46]. Verdazyl radicals potentially have
broader application than the cross-effect DNP demonstrated in this
article.

In these experiments, we have shown that verdazyl-ribose can
be an effective water-soluble dopant for cross-effect DNP at high
magnetic field, both with and without MAS. The verdazyl radical
provides better DNP without MAS than a nitroxide radical, 4-
hydroxy-TEMPO, used for comparison. With MAS, the verdazyl
radical underperforms the nitroxide, at low temperatures and high
microwave power, but is comparable if the temperature is
increased or microwave power reduced. We have demonstrated
DNP with verdazyl-ribose as a mono-radical, but these results also
suggest that the verdazyl radical would be effective with two ver-
dazyls in a bi-radical molecule, or in combination with another
type of radical, such as a nitroxide. The verdazyl radical may also
be useful for other DNP applications, such as dissolution DNP or
high field solution-state DNP.
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