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a b s t r a c t

We describe the synthesis of new nitroxide-based biradical, triradical, and tetraradical compounds and
the evaluation of their performance as paramagnetic dopants in dynamic nuclear polarization (DNP)
experiments in solid state nuclear magnetic resonance (NMR) spectroscopy with magic-angle spinning
(MAS). Under our experimental conditions, which include temperatures in the 25–30 K range, a 9.4 T
magnetic field, MAS frequencies of 6.2–6.8 kHz, and microwave irradiation at 264.0 GHz from a
800 mW extended interaction oscillator source, the most effective compounds are triradicals that are
related to the previously-described compound DOTOPA-TEMPO (see Thurber et al., 2010), but have
improved solubility in glycerol/water solvent near neutral pH. Using these compounds at 30 mM total
nitroxide concentration, we observe DNP enhancement factors of 92–128 for cross-polarized 13C NMR
signals from 15N,13C-labeled melittin in partially protonated glycerol/water, and build-up times of
2.6–3.8 s for 1H spin polarizations. Net sensitivity enhancements with biradical and tetraradical dopants,
taking into account absolute 13C NMR signal amplitudes and build-up times, are approximately 2–4 times
lower than with the best triradicals.

Published by Elsevier Inc.
1. Introduction

Dynamic nuclear polarization (DNP), an effect in which irradia-
tion of electron paramagnetic resonance (EPR) transitions with
microwaves leads to enhanced polarizations of nuclear spins
[1,2], has become a promising avenue for enhancement of nuclear
magnetic resonance (NMR) signals in a variety of contexts. For
solid state NMR experiments at low temperatures, Griffin and
coworkers have shown that DNP can occur with high efficiency
in high magnetic fields when samples of interest are paramagnet-
ically doped with nitroxide-based radicals, principally through the
cross-effect DNP mechanism [3,4]. Cross-effect DNP depends on
energy-conserving three-spin transitions, in which oppositely
polarized, coupled pairs of electron spins whose EPR frequencies
differ by the NMR frequency exchange spin states simultaneously
with a nuclear spin flip. The dependence of cross-effect DNP on
the existence of pairs of coupled electron spins motivated Griffin
and coworkers to develop nitroxide biradical compounds, such as
TOTAPOL [5–7], for DNP-enhanced solid state NMR. Additional
biradical compounds with different solubility properties, geome-
tries, and EPR properties have been introduced subsequently [8–
16]. Biradicals are now widely used in solid state NMR experiments
on organic, biological, and inorganic systems [17–26].

In the course of our own DNP experiments, we discovered a tri-
radical compound called DOTOPA-TEMPO (henceforth abbreviated
as DOTOPA) that produces large DNP enhancements of 1H NMR
signals and 1H–13C cross-polarized 13C NMR signals under our
experimental conditions [27–30], namely at temperatures below
30 K, in a 9.4 T magnetic field, in frozen glycerol/water solutions,
with relatively low microwave powers, and both with and without
magic-angle spinning (MAS). Under these specific conditions, with
equal nitroxide concentrations, DOTOPA-doped samples exhibited
both larger NMR signals and more rapid build-up of these signals
than did TOTAPOL-doped samples [29].

In this paper, we report the synthesis of a variety of DOTOPA-
based triradical compounds with improved solubility near neutral
pH, along with the results of DNP measurements using these com-
pounds. We also compare the performance of DOTOPA-based com-
pounds with several related biradical and tetraradical compounds.
Of the 11 compounds tested, the DOTOPA-based compounds
provide the largest absolute enhancements of cross-polarized 13C
NMR sensitivity under our experimental conditions.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmr.2014.05.002&domain=pdf
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2. Materials and methods

Syntheses of oligoradicals, starting with 1,3-dibromo-2-
propanol, 4-hydroxy-TEMPO, and 1,4-dibromo-2,3-butanediol
are summarized in Schemes 1–3, respectively. 4-Amino-TEMPO,
4-hydroxy-TEMPO, 1,3-dibromo-2-propanol, and 1,3-butadiene
were purchased from Sigma–Aldrich. 4-(2,3-Epoxypropoxy)-
TEMPO, TOTAPOL, and DOTOPA were synthesized as previously
described [29]. In all, three biradicals (TOTAPOL, TOTAPOL-NH
and Butanediol-2TEMPO), six triradicals (DOTOPA, DOTOPA-Etha-
nol, DOTOPA-NH, DOTOPA-4OH, DOTOPA-3OH-Methoxy, and
Butanediol-Propanol-3TEMPO) and two tetraradicals (Butanediol-
2Propanol-4TEMPO and 3Propanol-4TEMPO) were prepared and
tested. Oligoradicals were purified by silica gel chromatography
(130–270 mesh, 60 Å pore size, Sigma–Aldrich). Chemical struc-
tures and the absence of reduction of nitroxides were verified by
electrospray-ionization/time-of-flight mass spectrometry (Waters
Micromass LCT Premier mass spectrometer). IUPAC nomenclature
for these compounds and additional details of their syntheses are
given in Supplementary Information.

As shown in Scheme 2, DOTOPA-4OH was prepared with two
different synthetic approaches. EPR and DNP results presented
below correspond to the approach labeled f. The approach labeled
e, in which erbium (III) triflate was used to catalyze the hydrolysis
of epoxide rings [31], produced a higher yield. However, the DNP
efficiency for DOTOPA-4OH produced by approach e was found
to be lower, and the EPR spectrum showed a less pronounced mul-
tiplet structure. We tentatively attribute these differences in mag-
netic resonance properties to differences in stereochemistry,
leading to differences in conformational distributions.

For electron paramagnetic resonance (EPR) measurements, oli-
goradicals were dissolved in acetonitrile at concentrations of
0.5 mM. Measurements were performed at room temperature,
using a Bruker Elexsys X-band EPR spectrometer and dielectric ring
Scheme 1. (a) 4-Amino-TEMPO (2.2 eq) in 0.25 N NaOH (2.0 eq) at room temperature
0.25 N NaOH (1.0 eq) at RT overnight (60% yield, C23H46N4O4

2*, m/z 443.3). (c) 4-(2,3-epo
(85% yield, C35H68N5O7

3*, m/z 671.5). (d) 4-(2,3-epoxypropoxy)-TEMPO (1.1 eq), lithium pe
(2,3-epoxypropoxy)-TEMPO (2.2 eq), lithium perchlorate (2.1 eq) in CH3CN at RT overni
resonator. Spectra were recorded with 1 G field modulation at
100 kHz, a 10 G/s field sweep rate, and 0.16 mW microwave power.

For solid state NMR measurements, oligoradicals were first dis-
solved in perdeuterated dimethyl sulfoxide (d6-DMSO) at high con-
centration (230–690 mM). Extinction coefficients in DMSO at the
nitroxide radical absorption peak (440–460 nm) were determined
by titration with ascorbic acid, monitored by the UV–visible
absorption, and found to be 11 cm�1 M�1 (based on nitroxide con-
centration) [29,32]. The 26-residue peptide melittin [33–36] was
synthesized and purified by standard Fmoc solid-phase synthesis
and reverse-phase HPLC methods, with uniform 15N,13C-labeling
of Pro14, Ala15, Leu16, and Ile17. (The isotopically labeled peptide
is henceforth called PALI-melittin.) Solutions of PALI-melittin at
5 mM were prepared in partially deuterated glycerol/water, using
perdeuterated, 13C-depleted glycerol, D2O, and H2O in a 57:33:10
volume ratio, buffered with 25 mM phosphate at pH 7.4. Oligorad-
icals were added to achieve final nitroxide concentrations of
30 mM (i.e., dopant concentrations of 15 mM, 10 mM, or 7.5 mM
for biradicals, triradicals, or tetraradicals, respectively). Small
quantities of D2O were added as required to maintain equal 1H
concentrations in all samples.

NMR measurements were performed at 9.39 T (400.9 MHz and
100.8 MHz 1H and 13C NMR frequencies, respectively), using a Bru-
ker Avance III spectrometer and the home-built, low-temperature
DNP MAS NMR probe described previously [27,37]. The quasi-opti-
cal system for transmission and circular polarization of microwave
irradiation was as previously described [27,29], except that an
extended interaction oscillator (EIO) (Communications & Power
Industries, Inc.), with output power of approximately 0.8 W at
264.0 GHz, was used as the microwave source. Microwaves were
transmitted from the EIO to the quasi-optical polarizing system
through a threaded aluminum tube (13 mm inner diameter,
0.5 mm thread pitch, 94 cm length). Sample temperatures were
determined from spin–lattice relaxation times of 79Br in KBr
(RT) overnight (85% yield, C21H42N4O3
2*, m/z 399.3). (b) 2-bromoethanol (1.0 eq) in

xypropoxy)-TEMPO (1.2 eq), lithium perchlorate (1.0 eq) in CH3CN at RT overnight
rchlorate (1.0 eq) in CH3CN at RT overnight (5% yield, C33H64N5O6

3*, m/z 627.4). (e) 4-
ght (80% yield, C45H86N6O9

4*, m/z 855.5).



Scheme 2. (a) Epichlorohydrin (25 eq), tetrabutylammonium hydrogen sulfate (0.136 g, 4 mol%) in 50% w/w aqueous NaOH (10 ml) at RT overnight. (b) 4-amino-TEMPO
(1.1 eq), lithium perchlorate (1.0 eq) in CH3CN at RT overnight (80% yield, C21H41N3O4

2*, m/z 400.3). (c) 4-amino-TEMPO (0.5 eq), lithium perchlorate (1.0 eq) in CH3CN at RT
overnight (85% yield, C33H63N4O7

3*, m/z 628.4). (d) epichlorohydrin (25.0 eq), tetrabutylammonium hydrogen sulfate (2.0 eq) in 50% NaOH (10 ml) at RT overnight (85% yield,
C39H71N4O9

3*, m/z 740.5). (e) erbium (III) triflate (1.1 eq) in H2O:CH3CN (1:1) at 55–60 �C for 7 days (80% yield, C39H75N4O11
3* m/z 776.4). (f) CH3OH:1 N KOH (1:1) at 55–60 �C

for 7 days (40% yield, C40H77N4O11
3* m/z 790.6. Under this condition, DOTOPA-4OH could be isolated with a yield of 40%).

Scheme 3. (a) 4-Amino-TEMPO (2.2 eq) in 0.25 N NaOH (2.0 eq) at RT overnight (85% yield, C22H44N4O4
2*, m/z 429.3). (b) 4-(2,3-epoxypropoxy)-TEMPO (1.1 eq), lithium

perchlorate (1.0 eq) in CH3CN at RT overnight (15% yield, C34H66N5O7
3*, m/z 657.5). (c) 4-(2,3-epoxypropoxy)-TEMPO (2.2 eq), lithium perchlorate (2.0 eq) in CH3CN at RT

overnight (40% yield, C46H88N6O10
4* , m/z 885.6).
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contained in a glass capsule placed in the MAS rotor along with the
sample [38]. For 1H NMR measurements, the nuclear spin polariza-
tion was first destroyed with several (3–5) 90� pulses. After the
polarization build-up delay, the NMR signal was detected with a
single 20� pulse to avoid saturating the receiver pre-amplifier of
the spectrometer. The peak intensity of the Fourier transform
was used as the measure of the 1H signal strength, to reduce the
effect of background 1H NMR signals. For cross-polarized 13C
NMR measurements, an 800 ls contact time and 40 kHz 13C
radio-frequency field strength were used, with two dummy scans
to establish a steady state before signal acquisition with 70 kHz
1H decoupling with two-pulse phase modulation [39]. The integral
of the aliphatic region of the 13C spectrum was used as the measure
of cross-polarized 13C signal strength. DNP build-up times (sDNP)
were determined from the dependence of cross-polarized 13C sig-
nals on the polarization build-up delay after saturation with three
1H 90� pulses separated by 10 ms. 13C and 1H NMR signal strengths
reported in Table 1 are corrected for small differences in the mea-
surement temperatures (assuming a 1/T dependence of the signals)
and in the recycle delay or polarization build-up times relative to
sDNP. DNP enhancements of cross-polarized 13C (eC) and 1H (eH)
NMR signals in Table 1 are ratios of signal strengths with and
without microwave irradiation.

After low-temperature DNP measurements, samples were
unloaded from MAS rotors at room temperature and subjected to
ultracentrifugation (270,000g, 60 min) to pellet any aggregated
dopant. Optical absorption spectra (Fig. S1) were recorded with a
NanoDrop 1000 spectrophotometer. The intensity of the nitroxide
absorption peak at 460 nm was used to estimate concentrations of
soluble dopant, after subtraction of background absorption due to
PALI-melittin and DMSO. Three dopants were found to have solu-
bilities below the target value of 30 mM nitroxide, namely 3Propa-
nol-4TEMPO, Butanediol-2Propanol-4TEMPO, and DOTOPA.
3. Results

3.1. EPR spectroscopy of oligoradicals

Fig. 1 shows derivative-mode EPR spectra of all oligoradicals in
acetonitrile (except DOTOPA, for which EPR spectra are shown in
Fig. 2d). Ideally, the spectrum of a rapidly tumbling, flexible oligo-
radical containing n nitroxide moieties in isotropic solution should
be a multiplet of 2n + 1 equally spaced lines, with splittings of A/n,
Table 1
Summary of DNP measurements on paramagnetically doped, PALI-melittin solutions in
concentrations are 30 mM. DNP enhancements of cross-polarized 13C (eC) and 1H (eH) NM
total aliphatic signal areas. 1H signals are the peak intensities in the spectra. 1H NMR and
estimated from optical absorption spectra of solutions after ultracentrifugation to remove

Oligoradical dopant eC(±5%) 13C signal (±25%;
arb. units)

sDNP

(±15%; s)

13C signal/
ffiffiffiffiffiffi

sDN
p

(±25%)

DOTOPA-Ethanol 102 2.9 3.8 1.48
DOTOPA-NH 128 2.3 3.1 1.29
DOTOPA-4OH 92 1.6 2.6 0.99
DOTOPA 100 2.0 4.5 0.92
DOTOPA-3OH-

Methoxy
94 1.6 3.7 0.83

3Propanol-4TEMPO 51 2.4 9.6 0.78
Butanediol-Propanol-

3TEMPO
50 1.0 2.6 0.59

TOTAPOL-NH 63 1.5 7.4 0.55
Butanediol-

2Propanol-
4TEMPO

49 1.1 4.2 0.53

TOTAPOL 46 0.7 3.7 0.38
Butanediol-2TEMPO 66 0.8 3.9 0.38
and with relative area ratios of 1:2:3:2:1 for biradicals,
1:3:6:7:6:3:1 for triradicals, and 1:4:10:16:19:16:10:4:1 for tetra-
radicals. This prediction assumes that the electron spin on each
nitroxide has hyperfine coupling A to the unpolarized spin-1 14N
nucleus of that nitroxide, and that electron spins exchange very
rapidly through collisions among nitroxide moieties, causing each
electron spin to experience a net hyperfine field equal to the aver-
age of the n hyperfine fields. Ideal derivative spectra are shown in
Fig. 2a.

In practice, the limit of very rapid exchange is not usually
achieved. Fluctuations of hyperfine fields associated with exchange
then contribute to the transverse relaxation times of the electron
spins, and hence to the EPR linewidths. Multiplet components aris-
ing from oligoradicals in which all 14N nuclei have the same spin
state (i.e., mj = 1, mj = 0, or mj = �1 for all j, where mj is the 14N spin
quantum number for the jth nitroxide) do not have hyperfine fluc-
tuations and are not broadened. These three lines remain pro-
nounced in the derivative spectra, while other lines are
broadened and attenuated to varying degrees, as is apparent in
Fig. 1. Fig. 2b shows simulated EPR spectra for a triradical in which
effects of intermediate exchange are modeled by an additional
linewidth contribution for each multiplet component equal to
½ðm1 �maveÞ2 þ ðm2 �maveÞ2 þ ðm3 �maveÞ2�ð3C=2Þ, where mave ¼
ðm1 þm2 þm3Þ=3. This model assumes random exchange among
nitroxides and an EPR linewidth proportional to the mean squared
hyperfine field fluctuation. Comparison of Fig. 2b with Fig. 1 shows
that this model adequately explains variations among the EPR
spectra of triradicals. Further support comes from the dependence
of the EPR spectrum of DOTOPA on solvent, as shown in Fig. 2c and
d. The greater viscosity of water apparently leads to slower
exchange, and hence a larger value of C.

From a practical standpoint, results in Figs. 1 and 2 show that
EPR spectra alone are not always sufficient to prove that a triradi-
cal compound actually contains three non-reduced nitroxides, as
the spectra of triradicals can resemble spectra of monoradicals or
biradicals when exchange is not sufficiently rapid. In our hands,
mass spectrometry is a more definitive test for the absence of
reduced nitroxides in oligoradicals. Examples of mass spectra that
illustrate this point are shown in Fig. S2.

3.2. Evaluation of DNP performance

Fig. 3 shows examples of 13C and 1H NMR spectra of a doped
PALI-melittin solution in partially-protonated glycerol/water at
frozen d6-glycerol/D2O/H2O (57:33:10 ratio by volume) at pH 7.4. Total nitroxide
R signals are ratios with and without 800 mW microwave irradiation. 13C signals are

microwave frequencies are 400.9 MHz and 264.0 GHz, respectively. Solubilities are
aggregated dopants.

ffiffiffiffi

P eH

(±5%)

1H signal (±25%;
arb. units)

Temperature
(±2; K)

MAS frequency
(kHz)

Solubility

92 4.7 26 6.7 P10 mM
92 3.8 26 6.8 P10 mM
97 3.7 25 6.5 P10 mM
84 4.9 25 6.7 4 mM
79 3.3 25 6.8 P10 mM

49 4.0 29 6.7 2 mM
56 2.7 27 6.2 P10 mM

68 2.0 25 6.5 <15 mM
41 3.9 23 6.6 4 mM

44 2.2 26 6.6 P15 mM
62 2.5 26 6.6 P15 mM



Fig. 1. X-band EPR spectra of 0.5 mM solutions of the indicated nitroxide oligoradicals, synthesized according to Schemes 1–3, in acetonitrile at room temperature. Spectra
are displayed in the usual derivative mode.

Fig. 2. (a) Calculated X-band EPR lineshapes for radicals containing 1–4 nitroxide moieties, assuming fast spin exchange among all nitroxides, a 15.7 G hyperfine coupling to
the 14N nucleus in each nitroxide, and a 5 G Lorentzian linewidth (full width at half maximum) for each EPR transition. (b) Calculated lineshapes for triradicals with additional
exchange broadening characterized by the parameter C (see text), with C = 3.5 G and C = 20 G. These lineshapes illustrate the effects of intermediate rates of spin exchange
on the EPR multiplet patterns. (c and d) Experimental X-band EPR spectra of 0.5 mM solutions of DOTOPA in acetonitrile or water.
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low temperature and with MAS. In Fig. 3a, the build-up of cross-
polarized 13C NMR signals with increasing recycle delay under con-
tinuous microwave irradiation allows us to determine sDNP. Com-
parisons of spectra obtained with and without microwave
irradiation allow us to determine eC and eH. The 1H NMR spectrum
of the frozen solution contains a series of MAS sidebands because
1H nuclei in the solvent are relatively dilute, so that 1H–1H mag-
netic dipole–dipole couplings are averaged out even at MAS fre-
quencies below 7 kHz.

DNP build-up curves for all 11 oligoradicals, obtained under
similar experimental conditions, are shown in Fig. 4. With total
nitroxide concentrations of 30 mM, most oligoradicals produce val-
ues of sDNP in the 2.6–4.5 s range at sample temperatures in the
23–29 K range. Two compounds, the biradical TOTAPOL-NH and
the tetraradical 3Propanol-4TEMPO, produce significantly larger
values of sDNP, most likely due to their poor solubilities.

Results of all DNP measurements are summarized in Table 1.
Values of eC range from 46 to 128, with eH � eC as expected.
DNP-enhanced 13C NMR signals (all measured with recycle delays
approximately equal to 1.25sDNP) vary over a somewhat larger
range, by a factor of four, indicating that factors other than eC influ-
ence the 13C NMR signal strengths. Such factors may include
variations in the extent to which the oligoradicals attenuate
cross-polarized 13C MAS NMR signals in the absence of



Fig. 3. (a) Cross-polarized 13C NMR spectra of 5 mM PALI-melittin (uniformly 15N,13C-labeled at Pro14, Ala15, Leu16, and Ile17) in partially protonated glycerol/water with
10 mM DOTOPA-Ethanol at 26 K and 6.7 kHz MAS frequency. Spectra are shown as a function of the recycle delay with microwaves on, and with a recycle delay of 4.8 s with
microwaves off. Vertical scales are adjusted to account for differences in the number of scans, which was 4 or 16 for spectra with microwaves on and 128 for the spectrum
with microwaves off. (b) 1H NMR spectra of the same sample under the same conditions. Each spectrum was obtained in a single scan with a 32 s delay after saturation of 1H
spin polarization.

Fig. 4. Build-up of cross-polarized 13C NMR signals as a function of the recycle delay
for oligoradical dopants presented in Table 1. Signals are areas of aliphatic regions
of PALI-melittin spectra, as in Fig. 3a. Lines are fits to the function 1� expð�t=sDNPÞ.
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microwaves, through a combination of paramagnetic ‘‘bleaching’’
effects [40–42] and perturbation of the 1H spin polarization from
thermal equilibrium by cross-effect relaxation with non-equilib-
rium electron spin polarization differences under MAS [43].

The limited solubility of DOTOPA in glycerol/water near neutral
pH was one of our primary motivations for synthesis of the various
DOTOPA derivatives. As indicated in Table 1, DOTOPA-4OH, DOT-
OPA-3OH-Methoxy, DOTOPA-Ethanol, and DOTOPA-NH have
apparent solubilities above 10 mM at pH 7.4, leading to values of
eC similar to the value for DOTOPA and to smaller values of sDNP.
The DNP-enhanced signal-to-noise ratio for cross-polarized 13C
NMR signals acquired in a fixed measurement time is proportional
to the absolute 13C NMR signal per scan (not necessarily the value
of eC) and inversely proportional to

ffiffiffiffiffiffiffiffiffiffi

sDNP
p

. As shown in Table 1,
DOTOPA-Ethanol and DOTOPA-NH are the preferred triradical
dopants from this standpoint.
Under the specific conditions of our experiments, and with
identical total nitroxide concentrations, DOTOPA-based triradicals
yield larger values of eC and better net 13C NMR sensitivities than
do biradicals, including TOTAPOL, TOTAPOL-NH, and Butanediol-
2TEMPO. Tetraradicals offer no advantages over triradicals.

3.3. Dependences on MAS frequency and temperature

To test the performance of triradical dopants under other exper-
imental conditions, experiments were performed on a frozen solu-
tion of uniformly 15N,13C-labeled L-proline and L-alanine (50 mM
each) in partially deuterated glycerol/water (same composition
as in PALI-melittin solutions) containing 10 mM DOTOPA-Ethanol.
13C NMR spectra are shown in Fig. 5 and results are summarized in
Table 2. No significant differences were observed in DNP enhance-
ments of 13C NMR signals from L-proline, L-alanine, and glycerol. As
expected [43], DNP enhancements and build-up rates under MAS
are much greater than in the absence of MAS and are largest at rel-
atively low MAS frequencies. Enhancements are reduced at higher
temperatures, presumably due to reduced electron spin–lattice
relaxation times, but are still significant above 80 K even though
our experiments use only 0.8 W of microwave power.
4. Discussion

Since the original development of biradical dopants for DNP in
solid state NMR [5–7], a variety of nitroxide-based biradicals have
been described, with differences in DNP performance attributable
to differences in electron–electron distance, electron spin–lattice
relaxation time (T1e), relative orientation of nitroxide groups, solu-
bility, or other properties [8–16]. The optimal choice of dopant cer-
tainly depends on the nature of the sample under investigation and
may also depend on measurement conditions such as temperature,
magnetic field strength, microwave power, and MAS frequency.
Under the specific conditions of our experiments, we find that tri-
radical dopants derived from DOTOPA provide larger net DNP
enhancements of cross-polarized 13C MAS NMR signals than the
biradicals listed in Table 1, at least for soluble peptides such as
melittin.

It should be noted that melittin contains a large fraction of
methyl-bearing residues (13 residues out of 26) and exists primar-
ily as a tetramer under our experimental conditions [36]. Thus, the
observed DNP enhancements for PALI-melittin (largest eC = 128)
may be affected by the intrinsic 1H spin–lattice relaxation rate



Fig. 5. Cross-polarized 13C NMR spectra of uniformly 15N,13C-labeled L-proline and L-alanine in partially protonated glycerol/water with 10 mM DOTOPA-Ethanol. Vertical
scales in all spectra are directly comparable, except that spectra recorded without microwave irradiation (red) are scaled up by a factor of 8 relative to spectra recorded with
microwave irradiation (blue), and all spectra recorded above 60 K are additionally scaled up by a factor of 4. (a) Dependence on MAS frequency, with temperatures in the 17–
22 K range. (b) Dependence on temperature, with MAS frequencies in the 6.55–6.70 kHz range. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 2
Summary of DNP measurements on a solution of uniformly 15N,13C-labeled L-proline and L-alanine (50 mM each) in frozen d6-glycerol/D2O/H2O (57:33:10 ratio by volume) at pH
7.4, containing 10 mM DOTOPA-Ethanol.

MAS frequency (kHz) Temperature (K) eC
13C signal (arb. units) sDNP (s) 13C signal/

ffiffiffiffiffiffiffiffiffiffi

sDNP
p

eH
1H signal (arb. units)

0.00 21 20 1.0 31 0.19 – –
2.20 17 155 4.6 7.3 1.72 – –
4.10 20 128 3.2 6.6 1.25 – –
6.60 22 102 2.1 6.0 0.85 – –
6.70 18 107 1.9 6.2 0.77 95 4.8
6.60 33 98 1.4 6.2 0.58 92 3.7
6.60 64 43 0.39 5.0 0.18 44 1.2
6.55 82 35 0.27 5.2 0.12 33 0.85
6.70 104 17 0.12 4.3 0.06 15 0.35

104 W.-M. Yau et al. / Journal of Magnetic Resonance 244 (2014) 98–106
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[37] within the melittin tetramer. Larger enhancements may be
observed in frozen solutions of small molecules, monomeric pep-
tides, or proteins with a lower density of methyl groups. It should
also be noted that the EIO microwave source used in the current
experiments produces DNP enhancements that are up to 7.5 times
larger than the enhancement reported previously for PALI-melittin
when a 30 mW microwave source was used [27].

Several factors may affect the relative DNP enhancements from
dopants that contain different numbers of nitroxide groups. First,
increasing the number of nitroxides per molecule increases the
number of close electron–electron pairs. Numerical simulations
have suggested that only about half of randomly oriented nitroxide
biradicals are effective for cross-effect DNP [43], even when elec-
tron–electron distances do not vary, with the remaining biradicals
contributing little to the net DNP enhancement due to unfavorable
electron g-tensor orientations or other factors. When each electron
has two strongly coupled partners within a triradical, the probabil-
ity of effective cross-effect DNP is increased. The apparent inferior-
ity of tetraradicals in our experiments, relative to triradicals, may
be due to the relatively poor solubility of the tetraradicals. Addi-
tionally, electron–electron distances in the tetraradicals may be
longer than in the DOTOPA-based triradicals, reducing the intrinsic
DNP build-up rate. Second, strong cross-effect DNP occurs when
the spin polarization of one electron in a pair is saturated by micro-
wave irradiation, while the second electron remains polarized [43].
Thus, cross-effect DNP not only requires strongly coupled electron
pairs, but also requires that microwave-induced saturation not
spread rapidly among electrons by spin/spectral diffusion. We
speculate that triradicals may represent an optimal balance of
these requirements, while spectral diffusion may become more
rapid in tetraradicals. Third, the values of T1e may vary among nitr-
oxide-based dopants.

In conclusion, we find that DOTOPA-based triradical com-
pounds are efficient polarizing agents for DNP-enhanced solid state
NMR under MAS at low temperatures. The new compounds have
good solubilities near neutral pH, and will therefore be useful in
future studies of a wide variety of biomolecular systems.
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