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Dynamic nuclear polarization (DNP) can provide large signal enhancements in nuclear magnetic reso-
nance (NMR) by transfer of polarization from electron spins to nuclear spins. We discuss several aspects
of DNP experiments at 9.4 T (400 MHz resonant frequency for 1H, 264 GHz for electron spins in organic
radicals) in the 7–80 K temperature range, using a 30 mW, frequency-tunable microwave source and a
quasi-optical microwave bridge for polarization control and low-loss microwave transmission. In exper-
iments on frozen glycerol/water doped with nitroxide radicals, DNP signal enhancements up to a factor of
80 are observed (relative to 1H NMR signals with thermal equilibrium spin polarization). The largest sen-
sitivity enhancements are observed with a new triradical dopant, DOTOPA-TEMPO. Field modulation
with a 10 G root-mean-squared amplitude during DNP increases the nuclear spin polarizations by up
to 135%. Dependencies of 1H NMR signal amplitudes, nuclear spin relaxation times, and DNP build-up
times on the dopant and its concentration, temperature, microwave power, and modulation frequency
are reported and discussed. The benefits of low-temperature DNP can be dramatic: the 1H spin polariza-
tion is increased approximately 1000-fold at 7 K with DNP, relative to thermal polarization at 80 K.

Published by Elsevier Inc.
1. Introduction

Dynamic nuclear polarization (DNP) is a powerful method to in-
crease nuclear spin polarizations by transferring polarization from
unpaired electron spins. Because the electron spin energy splitting
is 660 times greater than that of 1H nuclei, 1H nuclear spin polar-
izations can be increased by more than a factor of 100. Similar
enhancements of nuclear magnetic resonance (NMR) signals are
then observed. Since the time required for an NMR experiment
limited by random noise depends on the square of the signal-to-
noise, a signal increase by a factor of 100 reduces the experiment
time by a factor of 10,000, all other things being equal. This time
reduction enables experiments that would be impractical
otherwise.

DNP was predicted in 1953 by Overhauser [1], and seen exper-
imentally in the same year by Carver and Slichter [2]. Since then,
many techniques have been discovered for transferring polariza-
tion from electron spins to nuclear spins. For examples, see recent
DNP reviews [3,4]. In this article, we focus on the relatively simple
technique of DNP driven by continuous microwave irradiation of
electron paramagnetic resonance (EPR) lines. For applications in
solid state NMR of organic and biochemical systems, related exper-
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iments were performed in the 1980s and 1990s by Wind et al. [5],
Singel et al. [6], and Afeworki et al. [7] at magnetic fields of 1.4 T
(40 GHz microwave frequency). DNP experiments at higher fields
have been pioneered by Griffin and coworkers, using gyrotron
microwave sources capable of providing many watts of microwave
power at frequencies of 140 GHz and above [8–11]. High-fre-
quency diode-multiplier-based sources have also become commer-
cially available, physically smaller and less expensive than a
gyrotron, with power outputs in the 10–100 mW range. Such
sources have also been used for DNP at 140 GHz [12–16].

DNP mechanisms generally become weaker at higher fields [3],
suggesting that high-field DNP experiments might not be success-
ful. However, Griffin and coworkers have shown that large solid
state NMR signal enhancements are readily obtained with the aid
of biradical dopants that improve DNP efficiencies by providing
electron spins in coupled pairs [17–19]. Coupled electron spins
are crucial for several DNP mechanisms. For the cross effect, an
inhomogeneously broadened EPR line is required, with two elec-
trons whose resonance frequencies are separated by the NMR fre-
quency [18,20,21]. This allows an energy-conserving three-spin
process in which the two electrons exchange spin states, with
the energy difference between them provided by a simultaneous
nuclear spin flip (which tends to polarize nuclear spins when the
two electrons have different initial polarizations). For a homoge-
neously broadened EPR line, with a linewidth greater than the
NMR frequency, the DNP process is described as thermal mixing
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[5]. Off-center irradiation of the EPR line creates a polarization of
the electron dipolar system, which can then be transferred to the
nuclei. Recent developments in microwave sources and biradical
dopants has led to renewed interest in high-field DNP for NMR
spectroscopy [22–30].

In this paper, we report the results of DNP experiments at 9.4 T
using a compact and relatively inexpensive (but relatively low-
power) solid state microwave source, in which we observe 1H
NMR signals from frozen glycerol/water solutions that are doped
with several nitroxide radical compounds. Glycerol/water solu-
tions are of particular interest because of their relevance to our
studies of proteins and protein complexes in frozen solutions
[31–37]. We present data regarding the dependencies of 1H NMR
signals, nuclear spin relaxation times, and DNP build-up times on
dopant, dopant concentration, temperature (7–80 K range), and
microwave power. We introduce a new triradical dopant, DOTOPA-
TEMPO, that produces the largest sensitivity enhancements in our
experiments. We also show that DNP enhancements can be in-
creased substantially by application of magnetic field modulation
during microwave irradiation, and we discuss possible mecha-
nisms for this effect. The primary conclusion of this work is that
quite large enhancements of NMR sensitivity can be achieved in
high fields with relatively low microwave powers, provided that
low temperatures are also employed. Relative to signals at 80 K
with thermal equilibrium nuclear spin polarization and taking into
account the temperature dependence of the DNP build-up time,
the sensitivity of 1H NMR measurements is increased by factors
greater than 10, 50, 180, and 400 at 80 K, 35 K, 16 K, and 7 K,
respectively, in our experiments with 30 mM DOTOPA-TEMPO as
the dopant.

2. Materials and methods

2.1. Nitroxide dopants

4-Amino-TEMPO and 4-hydroxy-TEMPO were used as pur-
chased from Sigma–Aldrich. The biradical TOTAPOL and the trirad-
ical DOTOPA-TEMPO (4-[N,N-di-(2-hydroxy-3-(TEMPO-40-oxy)-
propyl)]-amino-TEMPO) were synthesised based on the procedure
given in Song et al. for TOTAPOL [17]. Chemical structures are
shown in Fig. 1. The synthesis was modified by reacting 4-ami-
no-TEMPO and 4-(2,3-epoxypropoxy)-TEMPO in 1:1.7 ratio, rather
than a 1:1 ratio. Both the biradical and triradical were purified
Fig. 1. X-band EPR spectra and chemical structures of 4-hydroxy-TEMPO (a), TOTAPOL (
water at room temperature.
from the same synthesis by chromatography. ESI TOF mass spec-
trometry indicated a mass of 628.49 Da for the triradical, in good
agreement with the proposed structure (C33H63N4O7, theoretical
average mass = 627.87 Da). For TOTAPOL (C21H41N3O4, theoretical
average mass = 399.57 Da), the measured mass was 400.32 Da.

Differences in the electron–electron interactions for the biradi-
cal and the triradical are clearly seen in the low-field (10 GHz) EPR
spectra for 4-hydroxy-TEMPO, TOTAPOL, and DOTOPA-TEMPO
shown in Fig. 1. The low-field EPR spectra in solution are domi-
nated by hyperfine interactions with 14N nuclei. 4-hydroxy-TEMPO
shows the three lines corresponding to the three spin states of a
single 14N nucleus. If electrons exchange among the nitroxide sites
within a single molecule, the EPR lines of the biradical and trirad-
ical reflect an average over the multiple 14N sites. In the fast-ex-
change limit, this results in five EPR lines for the biradical (total
z-component of 14N spin from �2 to +2) and seven EPR lines for
the triradical (total z-component of 14N spin from �3 to +3)
[38,39]. Although the EPR spectrum of the triradical is not fully re-
solved, seven peaks in the derivative spectrum are seen (Fig. 1c).
Strong features in the derivative spectrum at the edges and in
the center are characteristic of exchange-broadened spectra
[18,38,40], as EPR lines that correspond to 14N spin states that
are the same on all nitroxide moieties (i.e., the |+1, +1, +1i,
|0, 0, 0i, and |�1, �1, �1i nuclear spin states) remain sharp in the
presence of exchange. These lines occur at the same positions as
the hyperfine-split lines of 4-hydroxy-TEMPO (Fig. 1a). Similarly,
the EPR spectrum of TOTAPOL shows three sharp lines of equal
intensity and broad, unresolved features between these lines
(Fig. 1b). This is consistent with narrow EPR lines for the |+1, +1i,
|0, 0i, and |�1, �1i 14N spin states and broad lines for other 14N
spin states [18].

Nitroxide concentrations were verified by titration with ascorbic
acid [41], monitored by the UV–visible absorption spectrum. The
UV–visible spectrum has a strong absorbance below 300 nm and
a weak absorbance at longer wavelength (peaked at 435 nm for
DOTOPA-TEMPO) that produces a yellow-orange color, both in the
solid form and in solution. Reduction with ascorbic acid attenuates
the 435 nm absorption (see Fig. S1 of Supplementary Material).
Based on titration of the 435 nm absorption, our DOTOPA-
TEMPO had 109 ± 15% of the expected radical concentration
(measured at 20 mM in 25/75 mol% glycerol/water). The titration
procedure was validated on commercial 4-hydroxy-TEMPO
(75 mM in glycerol/water). For TOTAPOL, we measured 85 ± 15%
b), and DOTOPA-TEMPO (c). All samples are 0.5 mM solutions in 95/5 vol.% ethanol/



Fig. 2. (a) Photograph of the quasi-optical microwave system, including the 264 GHz microwave source with corrugated horn (1), wire grid polarizer (2), Martin–Puplett
interferometer for polarization control (3), mirror (4), and corrugated horn with detector for EPR measurements (5). In DNP and EPR experiments the entire plate is positioned
at the base of a 9.39 T wide-bore superconducting NMR magnet, with the mirror directly below the vertical magnet bore. The mirror directs the microwave beam into a
corrugated waveguide in the bore, which transmits the beam to the bottom of the cryostat. (b) Photograph of the head of the cryostat, with the outer vacuum can and
radiation shield removed. Microwaves pass through a polyethylene window in the bottom of the vacuum can and enter the brass tube (6). The sample is attached to and
cooled by the temperature-controlled copper block (7). The sample and RF coil are at the center of the field modulation coil (8). The inset shows the glycerol/water sample,
which is contained within a translucent Teflon cup that makes a vacuum-tight seal with a copper rod, which in turn attaches to the temperature-controlled block. Thermal
contact to the copper is provided by a sapphire rod within the Teflon cup.
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of the expected radical concentration (45 mM in water). Solutions
of these nitroxides in glycerol/water were found to degrade over
periods of many days, especially at high concentrations, as indi-
cated by a weakening of the yellow-orange color. Therefore, fresh
solutions were prepared for each set of experiments. Sample vol-
umes in DNP experiments were 10 ll, with nitroxide concentra-
tions between 20 mM and 320 mM in 25/75 mol% glycerol/water.

2.2. Quasi-optical microwave system and cryostat

Fig. 2a shows the major components of our microwave system.
The microwave source (1) from Virginia Diodes, Inc. (VDI; Char-
lottesville, Virginia; see http://www.virginiadiodes.com/) operates
by multiplication of an 11 GHz signal up to the output frequency of
264 GHz, providing 30 mW of microwave power with an approxi-
mately 10 GHz tuning range. Frequency tunability is necessary be-
cause all experiments described below were performed in a
conventional wide-bore 9.4 T superconducting NMR magnet, with-
out a magnetic field sweep coil. The VDI source is compact, simple
to operate, and allows electronic switching and attenuation of the
microwave output power. It operates in the 100 Gauss fringe field
of our NMR magnet, with magnetic shielding of the fundamental
11 GHz synthesiser and the cooling fan. We have used the source
for approximately 200 h to date, with no degradation of its perfor-
mance. Unless otherwise noted, all DNP experiments were per-
formed with the maximum microwave power from the VDI
source (30 mW specified by VDI). The power output can be con-
trolled by an external analog voltage, and the VDI source can be
gated by an external TTL signal.

From the source, microwaves are transmitted through a quasi-
optical system built by Thomas Keating, Ltd. (West Sussex, United
Kingdom; http://www.terahertz.co.uk/). After passing through a
corrugated horn (gold colored1 in Fig. 2a) that transfers the funda-
mental mode of the rectangular waveguide of the VDI source to a
Gaussian beam [42], the microwaves pass through a wire grid pola-
rizer (2), and then to a Martin–Puplett interferometer (3) [43]. The
1 For interpretation of color in Fig. 2, the reader is referred to the web version of
this article.
interferometer allows polarization control by splitting the micro-
wave beam into two beams with orthogonal linear polarizations,
which are then recombined after a variable path length, set with a
micrometer adjustment. Polarization control allows us to put all of
the microwave power into the circular polarization that is absorbed
by the electron spins (see below), thereby maximizing DNP effects.
After polarization, a mirror (4) reflects the microwave beam into a
corrugated waveguide [44] that enters the NMR magnet from below
and transmits the beam vertically to the cryostat within the magnet
bore. The waveguide has an inner diameter of 13 mm. A corrugated
horn at the end of the waveguide reduces the beam diameter to
2.5 mm before it enters the cryostat.

The head of the DNP/NMR cryostat is shown in Fig. 2b. The cryo-
stat is a customized Janis SuperTran continuous flow cryostat (sim-
ilar to Janis model ST-200-NMR), in which the sample is thermally
sunk to a temperature-controlled copper block (7), which is cooled
by liquid helium, contained within a vacuum can, and surrounded
by a radiation shield. The cryostat is inserted into the bore of the
NMR magnet from above. The microwave beam crosses a high den-
sity polyethylene window (0.7 mm thick) at the bottom of the cryo-
stat, crosses a short vacuum gap (0.8 mm), and enters a brass tube
(6, 30 mm long, 3.2 mm inner diameter, 4.8 mm outer diameter)
that carries the beam through the radiation shield (not shown in
Fig. 2) to the sample. The radio-frequency (RF) coil and sample sit
just above the brass tube, with a 1.0 mm gap for electrical isolation.

The sample is contained in a Teflon cup (2.0 mm inner diameter,
3.2 mm outer diameter, 11 mm long). Microwaves pass through
the bottom of the Teflon cup (�0.7 mm thick) to reach the sample.
The sample is in contact with a sapphire rod (4 mm long) that in-
serts into the Teflon cup and is in contact with a copper cold finger,
attached to the temperature-controlled copper block. All tempera-
tures specified below are temperatures at the copper block, de-
tected with an embedded Cernox sensor and controlled by a Lake
Shore model 340 controller. Actual sample temperatures may be
somewhat higher, especially during microwave irradiation at the
lowest temperatures as discussed below. The sample is vacuum-
sealed by a tight fit of the Teflon cup around the copper cold finger
cylinder, with vacuum grease between Teflon and copper and an
outer brass ring to prevent expansion of the Teflon. The RF coil is
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Fig. 3. (a) Radio-frequency pulse sequence for 1H NMR and DNP measurements. 90�
pulse lengths were 6–8 ls, ta = 200 ls, tb = 100 ls, tc = 20 ls, and td = 14 ls. The
180� pulse was applied on alternating scans, / followed the pattern x, x, �x, �x, and
successive echo signals were co-added with the sign pattern +, �, �, +. (b) 1H NMR
solid echo signals with DNP-enhanced 1H spin polarization (d) and with thermal
equilibrium polarization (s) at 11 K. The inset shows the thermal equilibrium
signal on an expanded scale. The sample is 30 mM DOTOPA-TEMPO in 10 ll of 25/
75 mol% glycerol/water, pH 3 (0.22 M acetate buffer). The microwave frequency and
power are 264.0 GHz and 30 mW. Each echo signal is the result of four scans with
s = 12 s.
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a two-turn Helmholtz coil, machined from a copper cylinder
(7 mm long, 3.3 mm inner diameter, 6.4 mm outer diameter).
Microwaves enter the RF coil through the bottom of the Helmholtz
coil, with their propagation direction parallel to the static magnetic
field direction (i.e., perpendicular to the RF magnetic field direc-
tion). The RF circuit is tuned and matched for 1H NMR at
400.9 MHz, using a modified Polyflon variable capacitor for tuning
and a ceramic chip capacitor for matching. The tuning capacitor is
mounted on the same plate as the radiation shield. The RF coil and
sample are surrounded by a field modulation coil (8), used for lock-
in detection of EPR signals and for enhancement of DNP, as de-
scribed below.

To minimize background 1H NMR signals, the field modulation
coil support and the support for the brass tube were made from
Kel-F plastic. Remaining background signals are primarily from
the insulation and epoxy cement on the modulation coil wire.

EPR lineshapes can be measured by the absorption of micro-
waves by the sample. After passing through the sample, a fraction
of the remaining microwave beam passes through the sapphire
rod, is reflected by the copper cold finger, passes through the sample
again, and returns to the microwave quasi-optics through the corru-
gated waveguide. If the interferometric polarizer is set to produce
circular polarization, the returning circularly polarized microwaves
are reflected from the wire grid polarizer (2) into the EPR detector
(5). Thus, the micrometer settings that produce circular polarization
(right- or left-handed) can be determined by maximizing the re-
flected microwave power at the detector. The correct sense of circu-
lar polarization produces a maximum in the EPR signals, while the
incorrect sense produces a minimum. The EPR detector consists of
a corrugated horn that transfers the Gaussian beam into the funda-
mental mode of the rectangular waveguide of a diode detector (Pa-
cific Millimeter Products). A lock-in amplifier (EG&G model 7220)
provides a sinusoidal reference voltage (typically at 6100 Hz), which
is amplified (Kepco model BOP 20-20M) to provide alternating cur-
rent to the modulation coil (8), producing an oscillating field of sev-
eral Gauss parallel to the main field of the superconducting magnet.
The lock-in amplifier measures the sinusoidally modulated output
of the diode detector, which is proportional to the derivative of
the microwave absorption. For EPR measurements, the lock-in
amplifier and VDI source frequency are controlled by a LabView pro-
gram that steps the microwave frequency across the EPR line and
stores the phase-sensitive lock-in outputs at each frequency.

We emphasize that our microwave system is designed primar-
ily for DNP, not for EPR. Because the quasi-optical system has low
attenuation and does not remove reflected microwave power, dif-
ferent microwave frequencies have different interference patterns
from multiple reflections within the system. This produces peri-
odic variations in the microwave power at the EPR detector as a
function of frequency and causes oscillatory artifacts in the mea-
sured absorption derivatives in EPR spectra. Nonetheless, our sys-
tem is adequate for measuring EPR lineshapes for comparison
with the dependence of DNP effects on microwave frequency (as
in Fig. 4). EPR detection also enables an estimate of the fraction
of microwave power that passes through the sample and returns
to the detector. The measured EPR signal amplitude from a sample
within the NMR cryostat is approximately 25% of the EPR signal
amplitude from the same sample (solid 4-amino-TEMPO at room
temperature) mounted directly at the end of the corrugated horn.
This suggests that at least half (and probably significantly more
than half) of the source power reaches the sample within the cryo-
stat. This estimate is based on the fact that our EPR signals are de-
tected as the loss of microwave power (due to resonant absorption
by the sample) that reflects from the copper cold finger above the
sample. If a fraction f1 of the source power reached the sample and
a fraction f2 of the power that passes through the sample was re-
flected back to the corrugated waveguide, the EPR signals would
be reduced by the factor f1f2. Due to the geometry of our cryostat
and sample holder, we expect f2 < f1.
2.3. Measurements of DNP enhancements

NMR measurements used a Varian Infinity spectrometer con-
sole. DNP-enhanced 1H NMR signals at the lower temperatures
were so large that a 6–40 db attenuator was placed before the RF
receiver to prevent saturation of the preamplifier. For measure-
ments of the effect of field modulation on DNP, an auxiliary output
of the NMR pulse programmer was used to gate a sine wave from a
waveform generator (Wavetek model 395), which was amplified to
drive the modulation coil within the cryostat. The magnetic field
produced by the modulation coil was calibrated as 5.0 G/A by mea-
suring the frequency shift of liquid state 1H NMR at room temper-
ature as a function of current.

All solid state 1H NMR signals were acquired with the RF pulse
sequence in Fig. 3a. After a train of 90� pulses to destroy 1H spin
polarization, the polarization recovered towards thermal equilib-
rium (without microwave irradiation) or towards its DNP-enhanced
value (with microwave irradiation) during the delay s. 1H NMR sig-
nals were acquired after a pair of 90� pulses, i.e., a solid echo se-
quence. A 180� pulse before the solid echo on alternating scans,
with alternating addition and subtraction of the echo signals, helped
suppress background signals. The background signal was measured
as a function of temperature, and is subtracted from the measure-
ments discussed below. For example, the background signal was
11% of the total signal without DNP at 16 K for 10 ll of 30 mM DOT-
OPA-TEMPO, increasing to 28% at 80 K. Compared to signals with
DNP, background signals were negligible. 1H RF fields were in the
30–40 kHz range. In DNP measurements, the microwaves were ap-
plied continuously, without gating. Four scans with the RF phase cy-
cle shown in Fig. 3a were used in most measurements.



Fig. 4. (a) EPR absorption derivative spectrum of 40 mM 4-amino-TEMPO in
glycerol/water at 16 K, recorded at 9.4 T in the DNP cryostat. Small oscillations in
the absorption derivative are primarily artifacts from microwave power variations
caused by interference effects within the quasi-optical system. (b) DNP signal
enhancements as a function of microwave frequency for 20 mM DOTOPA-TEMPO at
16 K (d), 20 mM DOTOPA-TEMPO at 35 K (s), 20 mM TOTAPOL at 16 K (h), and
40 mM 4-amino-TEMPO at 16 K (�). All samples are 10 ll of 25/75 mol% glycerol/
water. Lines are drawn to guide the eye.
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1H NMR signal amplitudes, proportional to 1H spin polariza-
tions, were determined by integrating solid echo signals in the
time domain, from 0 to 50 ls. DNP enhancements can in principle
be reported relative to thermal equilibrium spin polarizations at
some fixed sample temperature (e.g., 300 K) or relative to thermal
equilibrium spin polarizations at the sample temperature at which
the DNP experiments are actually performed. We define the
enhancement nT to be the ratio of the 1H NMR signal amplitude
with DNP at sample temperature T to the equilibrium 1H NMR sig-
nal amplitude (without DNP) at sample temperature T.

The DNP build-up time TDNP was determined by fitting the inte-
grated echo signals to the form SðsÞ ¼ S0ð1� e�s=TDNP Þ. When the
signal-to-noise of an NMR measurement is limited by random
noise that is independent of signal amplitudes, as is usually the
case, the signal-to-noise achievable within a fixed experiment time
is proportional to S0T�1=2

DNP . Therefore, we investigated both the DNP
signal enhancements and the DNP build-up times in order to assess
the sensitivity enhancements that could be obtained under various
experimental conditions. Without microwaves, the same proce-
dure was used to determine the 1H spin–lattice relaxation time
T1n, including a constant offset to account for background signals
or incomplete saturation.

Additional effects on NMR sensitivity due to temperature
dependence of the quality factor Q of the RF circuitry and thermal
noise reduction at lower temperatures are negligible in our exper-
iments. The Q of the RF circuit within our cryostat increases by only
15% as the sample temperature decreases from 80 K to 16 K, be-
cause only the sample itself (and not the RF capacitors or coil) is
cooled to the indicated temperatures.
3. Results

3.1. DNP signal enhancements and build-up times

Fig. 3b compares 1H NMR solid echo signals from glycerol/water
with and without microwave irradiation at 11 K, using 30 mM
DOTOPA-TEMPO and a 264.0 GHz microwave frequency. A dra-
matic signal enhancement is observed. Fig. 4 compares the fre-
quency dependencies of DNP enhancements under various
experimental conditions with the EPR lineshape for 4-amino-TEM-
PO in frozen glycerol/water. As previously reported [12,21], the
DNP enhancement is positive on the low-frequency side of the
EPR line and negative on the high-frequency side, consistent with
a three-spin cross-effect mechanism [18,21]. Nitroxide radicals
have the property that the width of their EPR lines in frozen solu-
tions is comparable to the 1H NMR frequency, facilitating the cross
effect. For all dopants, the maximum enhancement is observed
around 264.0 GHz, and this microwave frequency was used in all
experiments described below. In our experiments, the largest
enhancements are observed with DOTOPA-TEMPO, possibly be-
cause tethering of three nitroxide moieties (rather than one or
two) increases the probability that two nearby (and hence di-
pole-coupled) electron spins will have EPR frequencies that differ
by the 1H NMR frequency, due to differences in their g-anisotropy
tensor orientations.

Fig. 5 compares DNP build-up curves with 1H saturation-recov-
ery curves for glycerol/water doped with 4-amino-TEMPO under
two different conditions. In both cases, TDNP is similar to T1n. This
behavior is expected if the dominant longitudinal relaxation mech-
anism for 1H spins is the same as the DNP mechanism, i.e., if both
mechanisms involve the same nucleus–electron couplings and
electron–electron couplings and the same spin transitions [45].
Differences between TDNP and T1n may arise from sample heating
during microwave irradiation. TDNP is an important parameter for
practical applications of DNP, because the NMR signal-to-noise
enhancement in a given experiment time (i.e., the real sensitivity
enhancement) is proportional to both the asymptotic value of the
1H spin polarization and the square-root of TDNP. Large polariza-
tions that build-up very slowly do not necessarily improve sensi-
tivity, compared with smaller polarizations that build-up quickly.

Table 1 summarizes measurements of DNP signal enhance-
ments, build-up times, and sensitivity enhancements at several
temperatures and various dopant conditions. Several aspects of
these data are worth noting: (i) at very high dopant concentra-
tions, such as 160 mM and 320 mM 4-amino-TEMPO, 1H NMR sig-
nal amplitudes decrease significantly, presumably due to large
paramagnetic shifts of NMR signals from 1H nuclei that are close
to the unpaired electron spins. Dipolar hyperfine shifts up to
200 kHz are expected at an electron-1H distance of 0.9 nm. At
100 mM electron concentration, the fraction of the sample vol-
ume that lies within a 0.9 nm radius from an electron is roughly
20%. Even at lower dopant concentrations, such as 30 mM DOTOP-
A-TEMPO, signal losses attributed to paramagnetic shifts are not
negligible, so that larger values of nT do not necessarily translate
directly into larger 1H NMR signals; (ii) biradical and triradical do-
pants produce both larger DNP-enhanced signals and shorter
build-up times, relative to 4-amino-TEMPO. The sensitivity
enhancement at a given temperature (i.e., the quantity nT

� T�1=2
DNP ) can be more strongly affected by the reduction in TDNP,

at similar total electron spin concentrations; (iii) although TDNP

increases with decreasing temperature, the DNP sensitivity
enhancement still improves at lower temperatures because of
the larger nT values; (iv) when normalized to thermal equilibrium
signals at 80 K, the DNP-enhanced signals at lower temperatures
are enormous. For example, signals with 30 mM DOTOPA-TEMPO
are larger than thermal equilibrium signals at 80 K by factors of



Fig. 5. Build-up of 1H spin polarization after saturation with DNP (h) and without DNP (d) for 160 mM 4-amino-TEMPO at 35 K (a) and 40 mM 4-amino-TEMPO at 16 K (b).
Lines are fits to exponential recovery curves, with an offset from zero to account for background signal or imperfect saturation. Time constants are 2.4 ± 0.2 s with DNP and
3.5 ± 0.8 s without DNP in panel a, and 126 ± 6 s with DNP and 115 ± 30 s without DNP in panel b.

Table 1
Summary of 1H DNP measurements on glycerol/water with various nitroxide dopants. Uncertainties in DNP signal enhancements are roughly ±30%, estimated from repeated
measurements on several samples and attributed to variations in microwave alignment. Uncertainties in TDNP values are ±10% or less, unless otherwise noted.

Temperature (K) Dopant Dopant
concentrationa (mM)

DNP signal
enhancementb

DNP-enhanced
signalc (arb. units)

TDNP (s) DNP-enhanced
signal � (TDNP)�1/2

Ratio of DNP-enhanced
signals with and without
field modulationd

80 DOTOPA-TEMPO 20 12� 18 2.7 ± 0.7 11 n.d.
DOTOPA-TEMPO 30 10� 17 1.4 14 n.d.
TOTAPOL 20 6� 12 8.3 4.1 n.d.
4-Amino-TEMPO 40 11� 12 50 ± 15 1.8 n.d.
4-Amino-TEMPO 80 13� 17 7.0 6.5 n.d.
4-Amino-TEMPO 160 15� 9.4 1.2 ± 0.2 8.5 n.d.
4-Amino-TEMPO 320 9� 3.4 <1 n.d.

35 DOTOPA-TEMPO 20 34� 114 5.6 48 1.5
DOTOPA-TEMPO 30 26� 114 2.4 73 1.2
TOTAPOL 20 11� 57 18.5 13 1.5
4-Amino-TEMPO 40 13� 33 90 ± 30 3.6 2.4
4-Amino-TEMPO 80 41� 118 14.1 31 n.d.
4-Amino-TEMPO 160 34� 65 2.4 43 1.1

16 DOTOPA-TEMPO 20 75� 578 10.6 177 1.3
DOTOPA-TEMPO 30 59� 563 4.5 265 n.d.
TOTAPOL 20 26� 333 41 52 1.5
4-Amino-TEMPO 40 29� 168 126 15 1.7
4-Amino-TEMPO 80 82� 579 27 111 n.d.
4-Amino-TEMPO 160 54� 245 3.4 133 n.d.
4-Amino-TEMPO 320 15� 57 0.8 ± 0.2 63 n.d.

7 DOTOPA-TEMPO 30 81� 1666 8.2 580 1.1
4-Amino-TEMPO 40 48� 232 >200 n.d.

a All samples are 10 ll of 25/75 mol% glycerol/water. The 30 mM DOTOPA-TEMPO sample has 0.22 M acetate buffer, pH 3.
b Ratio of 1H NMR spin echo integral with DNP to the integral without DNP, for the same sample and temperature, using 30 mW at 264.0 GHz, s = 2TDNP, and no field

modulation. For 40 mM 4-amino-TEMPO, s = 170 s.
c Spin echo integral with DNP, using 30 mW at 264.0 GHz, s = 2TDNP, and no field modulation. For 40 mM 4-amino-TEMPO, s = 170 s.
d Spin echo integral with DNP, using 30 mW at 264.0 GHz, s = 2TDNP, and 10 G rms field modulation during s, with 6 kHz modulation frequency. n.d. = not determined.
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roughly 70, 350, and 1000 at 35 K, 16 K, and 7 K, respectively. Sen-
sitivity enhancements relative to measurements at 80 K without
DNP may not be as large (depending on the paramagnetic dopant
conditions at 80 K, which determine the value of T1n), but are still
much greater than 100 at the lower temperatures. These low-
temperature results compare favorably with DNP enhancements
obtained at higher temperatures with higher microwave powers
[3,17,18,46].

3.2. Effect of field modulation during DNP

Fig. 6 shows the effect of magnetic field modulation during DNP
on the observed signal enhancements for various dopant conditions
and temperatures. In all cases, field modulation at 2–6 kHz with a
root-mean-squared (rms) amplitude of 10–40 G (28–112 MHz rms
modulation of the EPR frequency) produces significant increases in
nT. Field modulation effects are also summarized in Table 1. The
results from various samples indicate that the effect is generally
stronger at lower doping concentrations, and slightly stronger at
higher temperatures. As seen in Fig. 6b, the dependence on modula-
tion frequency does not vary strongly with microwave power level,
modulation amplitude, or temperature. The only factor that pro-
duces clear differences in the frequency dependence is the identity
of the nitroxide dopant, as seen in Fig. 6d. For the dopant concentra-
tions measured, the required modulation frequency increases as the
number of nitroxide moieties in the dopant increases. TDNP has the



Fig. 6. (a) DNP signal enhancements as a function of field modulation frequency for 20 mM TOTAPOL. Open symbols are at 35 K (left axis); closed symbols are at 16 K (right
axis). Rms modulation amplitudes are 40 G (r), 20 G (s, d), and 10 G (e, h, j). Microwave power from the source is 30 mW (r, s, d, h, j) or 12 mW (e). (b) Same data
(s, h, j, e) rescaled to 0.0 at 0 Hz and 1.0 at 6100 Hz. (c) Same as panel a, but for 20 mM DOTOPA-TEMPO with 30 mW microwave power and 10 G rms field modulation at
35 K (s, left axis) and 16 K (d, right axis). (d) Rescaled DNP signal enhancements for 20 mM DOTOPA-TEMPO (s), 20 mM TOTAPOL (h), and 40 mM 4-amino-TEMPO (e) at
35 K with 10 G rms field modulation and 30 mW microwave power. Thin lines in all panels are drawn to guide the eye. Thick line in panel d shows the simulated dependence
on modulation frequency for 40 mM 4-amino-TEMPO, with no adjustable parameters (see text).

Fig. 7. (a) Temperature dependence of DNP build-up time for 30 mM DOTOPA-
TEMPO. (b) Temperature dependence of the DNP-enhanced 1H NMR signal divided
by the square-root of TDNP, normalized to the thermal equilibrium signal at 80 K
divided by the square-root of the 1H spin–lattice relaxation time at 80 K. This plot
represents the temperature dependence of the DNP sensitivity enhancement,
relative to measurements without DNP at 80 K.
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same value with and without field modulation, to within experi-
mental error (see Fig. S2 of Supplementary Material). Thus, the
initial rate of increase of the 1H spin polarization is greater with field
modulation, but the time constant for approaching the maximum
achievable polarization is the same. As explained below, we attri-
bute this observation to an increased fractional saturation of the
total electron spin system in the presence of field modulation.

3.3. Temperature and power dependence of DNP enhancements

Fig. 7 shows the full temperature dependencies of TDNP and the
DNP sensitivity enhancement over the 7–80 K range for a single
sample with 30 mM DOTOPA-TEMPO and without field modula-
tion. Relative to 1H NMR measurements on the same sample with-
out microwave radiation at 80 K, sensitivity enhancement factors
greater than 50 are obtained at temperatures at 35 K and below.
Factors greater than 100 are obtained at temperatures at 20 K
and below. This temperature range is relevant to low-temperature
biomolecular solid state NMR experiments under magic-angle
spinning (MAS) when liquid helium is used to cool the sample [47].

Finally, we observe nearly linear dependencies of DNP signal
enhancements on microwave power at 35 K for samples doped
with 4-amino-TEMPO, TOTAPOL, and DOTOPA-TEMPO, suggesting
that a higher-power microwave source would be beneficial (see
Fig. S3 of Supplementary Material). With 30 mM DOTOPA-TEMPO
at 7 K, the signal enhancement appears to saturate above 20 mW.
This behavior may be due to sample heating at the higher micro-
wave powers, which is likely to be more pronounced at the low-
temperature limit of our cryostat. Higher microwave powers
would then be beneficial if the thermal contact between the sam-
ple and the temperature-controlled copper block in our cryostat
could be improved.

4. Discussion

4.1. Mechanism for enhancement of DNP by field modulation

Fig. 6 and Table 1 show that field modulation during microwave
irradiation increases DNP enhancements of 1H NMR signals by fac-
tors of 1.1–2.4 under our experimental conditions, depending on
temperature, dopant, and dopant concentration. The basis for this
effect is that electron spin diffusion is not rapid enough to spread



Fig. 8. Simulations of electron spin saturation within an inhomogeneously broad-
ened EPR line for various field modulation amplitudes (0.1 G rms = thick dashed
line, 5 G rms = thin solid line, 10 G rms = thick solid line, 20 G rms = thin dashed
line). The saturation value is the average over a complete modulation cycle, after
equilibration. The simulations assume a 10 kHz modulation frequency, T1e = 2 ms,
T2 = 4 ls, B1 = 0.03 G, and a spectral diffusion constant of 1017 Hz2/s.
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the microwave-induced reduction of electron spin polarization
(i.e., electron spin saturation) across the inhomogeneously broad-
ened EPR line on a time scale that is limited by the electron
spin–lattice relaxation time T1e. The microwaves therefore saturate
a small fraction of the electron spins, in a narrow frequency range
within the EPR lineshape. Field (or frequency) modulation can in-
crease this frequency range, thereby increasing the number of elec-
tron spins that participate in DNP.

To quantify the effect of field modulation on electron spin satu-
ration, we performed simulations of the evolution of electron spin
polarization within an inhomogeneously broadened EPR line (rep-
resented by 500 electron spin ‘‘packets”, spaced equally over a
430 MHz frequency range) in the presence of a fixed-frequency,
circularly-polarized microwave field with amplitude B1, sinusoidal
field modulation of the main field B0, and longitudinal and trans-
verse spin relaxation rates 1/T1e and 1/T2e. Starting with longitudi-
nal polarization of unity in each packet (representing thermal
equilibrium), the time dependence of the polarization for each
packet was determined by numerical solution of the Bloch equa-
tions, using time steps of 0.2 ls during which the value of B0 was
considered to be constant. In each time step, the rotation of the
spin polarization produced by the microwave field and the fre-
quency offset was calculated analytically and applied to each spin
packet. The longitudinal polarization of each spin packet was then
relaxed towards equilibrium and the transverse polarization was
relaxed towards zero by amounts appropriate for one time step
with the assumed values of T1e and T2e. In addition to this indepen-
dent evolution of each spin packet, spectral diffusion of electron
spin polarization was included by allowing partial exchange of lon-
gitudinal polarization between packets with adjacent EPR frequen-
cies after each time step. The spectral diffusion constant D is
defined by the relation D = kexD

2, where D is frequency spacing be-
tween the spin packets that exchange polarization at rate kex. The
electron spin system was allowed to reach a quasi-steady state in
the presence of B1 and the modulated B0 by evolving for a time per-
iod 4T1e. The simulation was then continued for one additional
field modulation cycle, during which the time-averaged longitudi-
nal polarization Sz,ave of each spin packet was calculated. The aver-
age saturation value for each packet is given by 1 � Sz,ave.

For simplicity, we use a uniform spacing of electron spin pack-
ets across the frequency region of interest. This also means that the
electron dipolar reservoir can be safely neglected. Because the sim-
ulation is symmetric, spectral diffusion produces no net change in
Zeeman energy. Zeeman energy flow from momentary asymme-
tries due to the direction of the modulation is not sufficient to per-
turb the electron dipolar system from thermal equilibrium
significantly.

DNP enhancements of 1H NMR signals through a cross-effect
mechanism at 9.4 T are expected to be proportional to the total
sum of electron spin polarization differences for spin pairs whose
EPR frequencies differ by 400 MHz [21]. As verified by the simula-
tions discussed below, electron spins that are off-resonance by
400 MHz are not perturbed significantly by microwave irradiation,
so that the relevant spin polarization differences are simply pro-
portional to the saturation of the electron spin polarizations near
resonance. Thus, we can assume that DNP enhancements are
nearly proportional to the total electron spin saturations in our
simulations.

All parameters required for these simulations can be estimated
from experiments. Our simulations use parameters appropriate for
40 mM 4-amino-TEMPO, because of the availability of the data of
Farrar et al. for 40 mM 4-amino-TEMPO at 5.0 T and 11 K [21].
For the direct spin–lattice relaxation process at high temperature,
1/T1e / B0

4T [48–50]. From the value T1e = 75 ms reported by Farrar
et al., we therefore estimate that T1e = 2 ms at 9.4 T and 35 K. For an
EPR line dominated by g-anisotropy, electron spin diffusion is
expected to weaken at higher field because the electron concentra-
tion in frequency space decreases linearly with increasing
field. Farrar et al. fit their data for 40 mM 4-amino-TEMPO with
kex = 2.5 � 107 s�1 and D = 1.8 � 106 s�1, resulting in D � 8 �
1017 Hz2/s. Assuming that the electron spin diffusion rate is pro-
portional to the square of the frequency-space concentration (i.e.,
that kex for a given value of D is inversely proportional to B2

0), we
estimate that D � 2 � 1017 Hz2/s for 40 mM 4-amino-TEMPO at
9.4 T. For T2e, we use the value of 4 ls from low-field measure-
ments [48]. Our simulations are insensitive to variations of T2e by
a factor of two above or below this value. Assuming that the micro-
wave beam passing through our RF coil (3.2 mm inner diameter)
carries 15 mW of power, we calculate the microwave B1 field to
be 0.03 G (corresponding to an 80 kHz Rabi frequency for electron
spins).

Fig. 8 shows the calculated dependence of the frequency profile
of electron spin saturation, averaged over one modulation period
as described above, on field modulation amplitude with 10 kHz
modulation. Although the saturation value for electron spins in
the center of the profile decreases when the modulation amplitude
increases, the total saturation increases. Assuming that the DNP
enhancement of 1H NMR signals is proportional to the total elec-
tron spin saturation, this accounts for the increased DNP enhance-
ment under field modulation. As shown in Fig. 6d, the simulated
frequency dependence of the DNP enhancement is in reasonable
agreement with the experimental frequency dependence, with
both showing increased DNP as the modulation frequency be-
comes comparable to 1/T1e. The simulation shows a tripling
(200% increase) of the DNP signal with rapid field modulation,
compared to the experimental increase of 135% for 4-amino-TEM-
PO at 35 K. At modulation frequencies above 2 kHz, both the calcu-
lated total electron spin saturation and the experimental DNP
enhancement become independent of modulation frequency. This
behavior reflects the fact that, once the modulation frequency
greatly exceeds 1/T1e, the average saturation of a given spin packet
depends only on the fraction of time that the spin packet is nearly
on-resonance with the microwaves.

The dependence of the simulated electron spin saturation on
the various parameters is shown in Fig. 9. Larger values of the mod-
ulation amplitude, the spectral diffusion constant, T1e, and B1 all in-
crease the total saturation. Minor variations in the frequency
dependence are observed as these parameters change. The com-
parison between the simulations and 4-amino-TEMPO data in



Fig. 9. Simulations of the total electron spin saturation within an inhomogeneously broadened EPR line as a function of the field modulation frequency, with variations in
each simulation parameter. (a) Root-mean-squared modulation amplitude equal to 5 G (�), 10 G (d), or 20 G (h). (b) Spectral diffusion constant (Hz2/s) equal to 0 (e),
0.3 � 1017 (�), 1 � 1017 (d), or 4 � 1017 (h). (c) T1e equal to 1 ms (�), 2 ms (d), or 4 ms (h). (d) B1 equal to 0.015 G (�), 0.03 G (d), or 0.06 G (h). When one parameter is
varied, the other parameters have the following values: modulation amplitude = 10 G rms, diffusion constant = 1 � 1017 Hz2/s, T1e = 2 ms, B1 = 0.03 G, and T2 = 4 ls. Simulated
saturation values are normalized so that complete saturation over a 28 G spectral region (covered by 10 G rms field modulation) corresponds to an integral of 1.0. Lines are
drawn to guide the eye.
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Fig. 6d suggests that some combination of a longer T1e, a weaker B1,
and perhaps a different spectral diffusion rate than estimated
above would produce better agreement. For TOTAPOL and
DOTOPA-TEMPO, the effect of field modulation is weaker, and fas-
ter modulation is required for the maximum effect. This is primar-
ily consistent with faster spectral diffusion, which causes both of
those effects in the simulations in Fig. 9b. Faster spectral diffusion
in TOTAPOL and DOTOPA-TEMPO solutions is certainly plausible,
as these solutions contain groups of two or three strongly coupled
spins, which may accelerate spectral diffusion.

Overall, the agreement between simulations and the experi-
mental data is satisfactory, considering uncertainties in the estima-
tion of the relevant parameters from lower-field experiments. The
simulations indicate that the dependence on modulation frequency
primarily reflects the T1e value, while the size of the effect on DNP
enhancements depends on B1, T1e, spectral diffusion, and the mod-
ulation amplitude (but not on T2e).

The benefit of field and/or frequency modulation in DNP exper-
iments has been observed previously at lower fields and lower
temperatures. However, the mechanisms used to explain the effect
do not seem to apply in our case: (1) a frequency modulation
enhancement was seen at 2.5 T and 0.3 K in the context of DNP
for polarized particle physics targets [51,52]. The explanation by
Kisselev [51] relies on changes of microwave propagation in the
sample due to interaction of the microwaves with the electron spin
resonance. However, primarily because our sample is only 3 mm
thick, rather than 50 cm as in Kisselev’s experiments, we expect
this effect to be negligible in our experiments; (2) in studies of
microwave-induced optical nuclear spin polarization in molecular
crystals by Schmidt, Wenckebach, and coworkers, the effect of both
field and frequency modulation was studied at 0.3 T and 2.7 T over
the 1.2–1.4 K temperature range [53–55]. By applying simulta-
neous in-phase field and frequency modulation, Wenckebach
et al. showed that different mechanisms were operating at the
two magnetic fields [55]. In the first mechanism (at low-fields),
field or frequency modulation enhances total nuclear spin polariza-
tions by overcoming a limit imposed by slow nuclear spin diffu-
sion. In our experiments, the relatively high concentrations of
nitroxide dopants suggests that nuclear spin diffusion is not a lim-
iting factor. In the second mechanism (at higher fields), DNP is lim-
ited by the poor efficiency of electron spin–lattice relaxation
through phonon scattering (sometimes called a phonon bottle-
neck). Since our experiments are performed on glycerol/water
glasses, rather than single crystals, we expect the phonon lifetime
to be on the order of 100 ps [56], rather than the 0.14 ls estimated
from the single-crystal experiments [54]. The shorter phonon life-
time makes it unlikely that a phonon bottleneck limits DNP
enhancements in our experiments.

4.2. Additional implications and future prospects

It is informative to consider the microwave power absorbed by
electron spins under experimental conditions similar to ours. Gi-
ven a sample volume of 10 ll, an electron spin concentration of
40 mM, T1e � 2 ms, and B0 = 9.4 T, the power required to maintain
the electron spins in a fully saturated state would be approxi-
mately 20 mW. According to the simulations described above, we
are saturating less than 10% of the spins, up to roughly 70% satura-
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tion, implying approximately 1 mW power consumption. In princi-
ple, the DNP enhancements of 1H NMR signals could be increased
by placing the sample in a cavity or resonator that boosts the B1

field within the sample. Since the power consumed in saturating
the electron spins represents about 3% of the input microwave
power in our experiments, such a cavity could not have a quality
factor (Q) greater than 30. Nonetheless, even a cavity with Q < 10
might result in significant improvements.

Building on the earlier demonstrations by Griffin and coworkers
that biradical dopants are advantageous for high-field DNP [17,18],
data presented above show that a triradical dopant can provide lar-
ger DNP enhancements and more rapid DNP build-up rates under
our experimental conditions. Dopants containing four or more nitr-
oxide moieties [39,57] may provide further improvements,
although we have not yet tested this possibility.

We attribute the DNP enhancements in our experiments to the
cross effect, rather than thermal mixing, because the inhomoge-
neous EPR linewidth, due to g-anisotropy, is approximately twice
the 1H NMR frequency (see Fig. 4), while the homogeneous EPR
linewidth is roughly one order of magnitude less than the 1H
NMR frequency. The DNP build-up rate under the cross effect
should be proportional to the square of the electron–electron di-
pole–dipole coupling, partially explaining the greater build-up
rates observed with biradical and triradical dopants.

The VDI microwave source used in our experiments provides
only 30 mW at 264 GHz, but is compact, relatively inexpensive,
and (in our experience to date) reliable. The quasi-optical system
converts the linearly polarized output of the microwave source
to a circularly polarized state, so that all of the available microwave
power can be used to saturate electron spin polarizations.
Although the resulting DNP enhancements are relatively small at
80 K, they are large at lower temperatures (see Fig. 7 and Table
1). Thus, we expect this apparatus to provide NMR sensitivity
enhancements that are sufficient to enable a variety of experi-
ments on biomolecular systems that would otherwise be impracti-
cal. As one important example, we plan to combine this microwave
system with a low-temperature MAS probe that we have recently
developed for biomolecular studies at 25 K [47]. In the context of
MAS experiments, it is worth noting that sample rotation at speeds
greater than 2 kHz produces a natural modulation of EPR frequen-
cies, through g-anisotropy, that resembles (but exceeds) the EPR
frequency variations produced by field modulation in the experi-
ments described above. DNP enhancements under MAS may be lar-
ger than those observed in our experiments on non-spinning
samples. It may prove useful to combine field or frequency modu-
lation with MAS, or to gate the microwave field in synchrony with
MAS, in order to optimize the DNP enhancements.

In addition to MAS experiments, structural studies of aligned
samples, such as integral membrane proteins and peptides in
aligned phospholipid bilayers [58], should be feasible with the
microwave apparatus and cryostat described above. This apparatus
may also be useful in magnetic resonance micro-imaging experi-
ments [59,60], where sensitivity enhancements obtained through
low-temperature DNP may permit imaging at sub-micron scales.
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