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Abstract

In this communication, we report enhancements of nuclear spin polarization by dynamic nuclear polarization (DNP) in static and

spinning solids at a magnetic field strength of 9 T (250 GHz for g ¼ 2 electrons, 380 MHz for 1H). In these experiments, 1H en-

hancements of up to 170 � 50 have been observed in 1-13C-glycine dispersed in a 60:40 glycerol/water matrix at temperatures of 20 K;

in addition, we have observed significant enhancements in 15N spectra of unoriented pf1-bacteriophage. Finally, enhancements of �17

have been obtained in two-dimensional 13C–13C chemical shift correlation spectra of the amino acid U-13C, 15N-proline during magic

angle spinning (MAS), demonstrating the stability of the DNP experiment for sustained acquisition and for quantitative experiments

incorporating dipolar recoupling. In all cases, we have exploited the thermal mixing DNP mechanism with the nitroxide radical

4-amino-TEMPO as the paramagnetic dopant. These are the highest frequency DNP experiments performed to date and indicate that

significant signal enhancements can be realized using the thermal mixing mechanism even at elevated magnetic fields. In large measure,

this is due to the high microwave power output of the 250 GHz gyrotron oscillator used in these experiments.

� 2003 Elsevier Science (USA). All rights reserved.

1. Introduction

During the last decade, a considerable variety of

NMR techniques have been developed to constrain
molecular structure in the solid state. In order to obtain

site-specific resolution, these involve either uniaxial

orientation of the sample with respect to the static

magnetic field [1] or magic angle spinning (MAS) [2].

In the latter case, anisotropic dipolar and chemical

shift interactions which encode structural parameters

are modulated by the sample spinning and must be

re-introduced to yield useful information. In particular,

there is now a multiplicity of well-developed homonu-

clear and heteronuclear dipolar recoupling techniques

[3,4] useful as mixing sequences in chemical shift corre-

lation spectroscopy [5], for distance measurements [6],
and for the determination of torsion angles [7–11]. Re-

cently, a complete atomic-resolution structure deter-

mined using these techniques has been reported in the

literature [12].

In all cases, the applicability of these methods to

larger systems and those in low abundance is currently

limited by the necessity to directly observe signals of low

gyromagnetic ratio (c) nuclei, such as 13C, 15N, and 31P,
whose spectra are well-resolved. The indirect detection

of dilute spin spectra through the more sensitive 1H

spins has not yet become generally practical in the solid

state, due to strong homonuclear couplings among the

protons [13–15]. As a result, solid state NMR is less

sensitive by two or three orders of magnitude per unit

time than solution state NMR. This inherent low sen-

sitivity is a limiting factor in the application of multi-
dimensional NMR methods to biological systems.
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As a means to increase the sensitivity of these ex-
periments, we have previously employed dynamic nu-

clear polarization (DNP) to enhance NMR signals in

both static and rotating solids at 5 T [16–19]. DNP in-

volves the irradiation of a coupled electron-nuclear spin

system in the neighborhood of the electron Larmor

frequency. According to a variety of polarization

transfer mechanisms which rely on electron-nuclear

hyperfine couplings alone (e.g., solid effect), or electron
dipolar couplings in addition to hyperfine couplings to

the nuclei (e.g., thermal mixing), nuclear signal en-

hancements on the order of ce=cN (�660 for 1H nuclei

and �2600 for 13C nuclei), are possible. In general, these

experiments are conducted at low temperatures in order

to attenuate competing spin–lattice relaxation processes

which would otherwise compromise the polarization

transfer efficiency. In earlier work, we have achieved 1H
signal enhancements ranging from 50 to 400 at a mag-

netic field of 5 T. However, it is desirable to apply DNP

at higher fields (9–18 T) where NMR is commonly per-

formed.

In this communication, we present preliminary results

which illustrate the successful application of DNP at a

magnetic field of 9 T in both static and rotating solids. In

all cases, samples were dissolved or dispersed in frozen
solutions of 60% glycerol and 40% water, and the source

of electron polarization was the nitroxide radical 4-ami-

no-TEMPO. We have obtained static 1H thermal mixing

DNP enhancements of up to 170 � 50 for the amino acid

1-13C-glycine at 20 K, and an enhancement of �40 in an

unoriented sample of U-15N-pf1-bacteriophage. Further,

we have recorded two-dimensional 13C–13C chemical

shift correlation spectra of U-13C, 15N-proline in magic
angle spinning dipolar recoupling experiments at

98–100 K, with a DNP enhancement of 17.

2. Thermal mixing DNP at high fields

For systems in which the homogeneous EPR line

width approaches the magnitude of the nuclear Larmor
frequency, an energy conserving three-spin process is

operative. Here, an allowed electron–electron mutual

spin flip is accompanied by a nuclear spin flip; for the

case of a non-equilibrium polarization among the elec-

trons, this mode of relaxation can lead to the generation

of enhanced nuclear polarization, a process which is

referred to as thermal mixing. Thermal mixing is con-

ventionally treated by a spin thermodynamic formalism
in which the Hamiltonian for the coupled three-spin

system is decomposed into several quasi-invariants of

the motion, each of which has a distinct spin tempera-

ture. These are: the electron Zeeman spin reservoir (in

the rotating frame), the electron spin–spin interaction

reservoir, and the nuclear Zeeman bath. As shown by

Provotorov [20], the electron Zeeman and spin–spin

interaction reservoirs are in thermodynamic equilibrium
when microwave radiation is applied. Off-resonance ir-

radiation of the EPR line produces a non-equilibrium

polarization state that is equivalent to cooling of the

electron spin–spin interaction reservoir. This spin–spin

interaction reservoir is in thermal contact with the

nuclear Zeeman system through the aforementioned

three-spin process involving two electron spins and one

nuclear spin, and so off-resonance irradiation of the
EPR line can also produce a cooling of the nuclear

Zeeman reservoir.

Treatments based on perturbation theory or a relax-

ation approach [21,22] both require that the homoge-

neous EPR line width (d) be greater than the nuclear

Larmor frequency (xn) for the thermal mixing DNP

enhancement to be appreciable. If the enhanced nuclei

are protons in an organic solid, the polarization is re-
distributed across the sample by spin diffusion which is

fast on the time scale of the DNP experiment. In the

limit of fast spin diffusion and under the approximation

of a homogeneous electron line shape, Wind et al. [23]

have derived an expression for the dependence of the

enhancement (e) on the various experimental parame-

ters, given by Eq. (1).

e / ce

cn

N 2
e

d2

B2
1e
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� �
T1nT1e: ð1Þ

Here B1e is the microwave field strength, B0 is the static
magnetic field strength, Ne is the concentration of elec-

trons, d is the homogeneous EPR line width, and T1n and

T1e are, respectively, the nuclear and electron spin–lattice

relaxation times.

The assumptions inherent to this formulation are not

satisfied under the conditions of the experiments de-

scribed here. In particular, at high magnetic fields (e.g.,

9 T), the EPR spectra of the nitroxide radicals used as
polarizing agents in DNP experiments are inhomoge-

neously broadened by the g-anisotropy. The result is

that there cannot be a single Zeeman spin temperature

assigned to the electrons, and that equilibration of the

nuclear and electron Zeeman reservoirs does not nec-

essarily proceed through the dipolar system of the

electrons. Farrar et al. [24] have recently presented a

phenomenological interpretation of thermal mixing
DNP at high fields which relaxes these assumptions. In

the limit of a large electron concentration, this treatment

suggests that electron cross relaxation, which is fast

compared to the spin–lattice relaxation, can indirectly

mediate spin temperature equilibration, effectively ren-

dering the electron interactions homogeneous on the

time-scale of the experiment. This treatment together

with experimental data demonstrate that Eq. (1) is
qualitatively valid. Although Eq. (1) suggests an inverse

dependence of the DNP enhancement on the static

magnetic field, we have been able to compensate for this

dependence in our experiments, as follows:
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1. Far from saturation, the DNP enhancement qualita-
tively scales as B1e and so the high output power of

the 250 GHz gyrotron oscillator used in these experi-

ments results in a large enhancement.

2. Through manipulation of the sample temperature,

nuclear spin–lattice relaxation has been attenuated.

Thus, significant enhancements can be realized at

temperatures of 10–20 K. Although the MAS experi-

ments are currently conducted near 100 K, significant
signal enhancements are also observed in that regime.

3. A large radical concentration (60 mM) was used in

these experiments, with the result that electron–elec-

tron cross-relaxation is enhanced, and the thermal

mixing DNP efficiency improved accordingly.

3. 250GHz gyrotron oscillator

In all experiments presented here, the source of mi-

crowave radiation was a 250 GHz gyrotron (cyclotron

resonance maser) designed for DNP experiments [25].

This instrument is capable of sustained (72–96 h) oper-

ation at output powers of 10–15 W, which results in

approximately 3–4 W of microwave power at the sam-

ple. The output power of the gyrotron is regulated to
within 1% through a proportional control loop.

In a probe designed for static DNP experiments,

microwave power from the 250 GHz gyrotron oscillator

is coupled to the sample directly through an over-moded

circular waveguide immediately below the NMR coil; no

microwave resonant structure was used. Low tempera-

ture operation is achieved through a continuous flow of

either nitrogen or helium gas near their respective boil-
ing points. In the case of helium gas, dielectric break-

down limited the strength of 1H decoupling which could

be applied. MAS experiments were performed using a

triple-channel transmission line probe incorporating a

microwave waveguide and a 4 mm stator. Cryogenic

operation was achieved by passing the drive and bearing

nitrogen gas through a heat exchanger operating at li-

quid nitrogen temperatures. The temperature and pres-
sure of the drive and bearing gas are actively regulated

using multiple control loops implemented in software,

with the result that the temperature is stable to within

1 K and the MAS frequency to within 5 Hz for extended

operating periods. Data acquisition and processing were

accomplished using a custom-designed spectrometer and

processing software (courtesy Dr. D.J. Ruben). Further

details of the gyrotron and DNP spectrometer will be
provided in a subsequent publication.

4. DNP CP of static samples

In the case of static samples, the sample and para-

magnetic dopant were dissolved in a solution of glycerol

and water and transferred to a 4 mm quartz tube with-
out further degassing. Provided that freezing is suffi-

ciently rapid, the matrix forms a glass at the temperature

of these experiments.

Experimental data were acquired using cross-polari-

zation with continuous microwave irradiation (Fig. 1).

The electron resonance offset (vide infra) was set to

maximize the 1H thermal mixing DNP enhancement.

Accordingly, the reported enhancements are enhance-
ments of the 1H polarization detected indirectly through

the dilute spins (13C or 15N). Previous results at 5 T

demonstrate that proton polarization is homogeneously

distributed through the sample by rapid proton spin dif-

fusion on the timescale of the experiment [26]. Further, we

have observed in these studies that the directly and indi-

rectly detected 1H enhancements are identical. A repre-

sentative static spectrum of 1-13C-glycine is shown in Fig.
2. The DNP enhancement of 170 � 50 at 20 K was

achieved with a radical concentration of 80 mM, and an

enhancement of approximately 40 was also obtained in a

sample of pf1-bacteriophage doped with TEMPO at

60 mM concentration (not shown). The enhancements

obtained at 9 T from the glycine sample (Fig. 2) are almost

identical in magnitude to previous results obtained at 5 T

[16], indicating that the inverse dependence of the thermal
mixing enhancement on the static magnetic field has been

overcome under the conditions of these experiments.

In general, the DNP enhancement is strongly de-

pendent upon the position of irradiation relative to the

electron resonance. Since the gyrotron oscillator is fixed

in frequency, the static magnetic field was swept from

89,000 to 89,500 G (a Zeeman range which encloses the

entire EPR line shape) in order to maximize the en-
hancement. In Fig. 3, we show the field dependence of

the DNP enhancement in a static sample of 1-[13C]gly-

cine doped with 60 mM 4-amino-TEMPO at 90 K to-

gether with a simulated EPR spectrum at 250 GHz.

Since these spectra were acquired at a higher tempera-

ture and lower radical concentration than those in Fig.

2, the DNP enhancement is lower. On the basis of these

results, we have assigned the DNP effect observed here

Fig. 1. Cross-polarization with continuous microwave irradiation. In

all cases, the electron resonance offset was set to maximize the 1H

enhancement.
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to the thermal mixing mechanism. In particular, the

maximum DNP enhancement occurs within the EPR

line shape, a fact which is consistent with the excitation

of allowed EPR transitions and not forbidden ones.

5. DNP MAS experiments at 9 T

A variety of techniques have been successfully applied

to produce sensitivity enhancements in MAS spectra.

These are based upon indirect detection of low c nuclei
during fast MAS [13,14], improved multiple pulse de-

coupling [15], or a combination of both [27]. Thermal

mixing DNP is complementary to these methods, as the

dynamics of electron nuclear polarization transfer do

not involve any coherent manipulation of the nuclear

spins. Further, DNP can produce signal enhancements

of a few orders of magnitude. For the DNP/MAS ex-

periments presented here, the sample, consisting of U-
13C, 15N-proline in a 60% glycerol matrix doped with

60 mM TEMPO, was loaded into a 4mM sapphire rotor

while still in the liquid state and frozen in situ. In Fig. 5,

we show two-dimensional chemical shift correlation

spectra of proline taken using: (a) SPC5 homonuclear

double-quantum mixing [28] and (b) proton-driven spin

diffusion (see Fig. 4). In both cases, the DNP enhance-

ment was approximately 17, and the microwave output
power was stable to within 1%.

6. Conclusions

Using a 250 GHz gyrotron microwave source, we

have obtained signal enhancements of up to 170 � 50 at

a magnetic field strength of 9 T. These results illustrate
that it is feasible to manipulate experimental conditions

including temperature, concentration and nature of

paramagnetic dopant, and microwave power to obtain

large enhancements of nuclear spin polarization even in

elevated magnetic fields. A detailed study of these ex-

perimental parameters is currently in progress, and we

are currently constructing a 460 GHz second harmonic

gyrotron oscillator for DNP experiments at 16.5 T

Fig. 3. Dependence of the DNP enhancement (solid circles) on electron

resonance offset, superimposed on the simulated 4-amino TEMPO

EPR spectrum (solid trace). Because the gyrotron oscillator frequency

is fixed, the static magnetic field was swept in this experiment. For the

simulation of the TEMPO spectrum we employed gii and Aii values

from Budil et al. [30]; specifically, gxx ¼ 2:00860, gyy ¼ 2:00622, and

gzz ¼ 2:00233 and Axx ¼ 0:66 mT, Ayy ¼ 0:52 mT and Azz ¼ 3:54 mT.

CP

CP

e-

1H

13C/15N

TPPM TPPM

CP
CW

CP

e-

1H

13C

TPPM TPPM

SPC5

(a)

(b)

t1 t2

t1 t2

τmix

τmix

Fig. 4. Sequences for two-dimensional homonuclear chemical shift

correlation spectroscopy. Following cross polarization from 1H–13C,

the system evolves under the 13C chemical shift for a period t1. Cor-

relations are established using mixing via: (a) proton-driven spin dif-

fusion or (b) SPC5 homonuclear double-quantum mixing as described

elsewhere [28,31], and detected during t2.

Fig. 2. DNP CP spectra of static 1-13C-glycine (0.39 M) dispersed in a

60:40 water/glycerol solution containing 80 mM 4-amino TEMPO. The

spectra were recorded at 20 K with (upper trace) and without (lower

trace) microwave irradiation. A 1H DNP enhancement of 170 � 50 was

observed with �1.0 W of microwave power incident on the sample.

Eight transients were recorded. The peak at �75 ppm arises from

glycerol at natural abundance.
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(700 MHz 1H) [29]. Finally, the routine incorporation of

DNP into multidimensional correlation experiments,

and, in particular, dipolar recoupling experiments, is
now possible, and we are currently pursuing applica-

tions to the quantitative spectroscopy of biological sys-

tems.
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