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A proton dynamic nuclear polarization (DNP) NMR signal
enhancement (e) close to thermal equilibrium, e 5 0.89, has been
obtained at high field (B0 5 5 T, nepr 5 139.5 GHz) using 15 mM
trityl radical in a 40:60 water/glycerol frozen solution at 11 K. The
electron-nuclear polarization transfer is performed in the nuclear
rotating frame with microwave irradiation during a nuclear spin-
lock pulse. The growth of the signal enhancement is governed by
the rotating frame nuclear spin–lattice relaxation time (T1r), which
s four orders of magnitude shorter than the nuclear spin–lattice
elaxation time (T1n). Due to the rapid polarization transfer in the
uclear rotating frame the experiment can be recycled at a rate of
/T1r and is not limited by the much slower lab frame nuclear
pin–lattice relaxation rate (1/T1n). The increased repetition rate

allowed in the nuclear rotating frame provides an effective en-
hancement per unit time1/2 of et 5 197. The nuclear rotating
frame-DNP experiment does not require high microwave power;
significant signal enhancements were obtained with a low-power
(20 mW) Gunn diode microwave source and no microwave reso-
nant structure. The symmetric trityl radical used as the polariza-
tion source is water-soluble and has a narrow EPR linewidth of 10
G at 139.5 GHz making it an ideal polarization source for high-
field DNP/NMR studies of biological systems. © 2000 Academic Press

INTRODUCTION

Nuclear magnetic resonance (NMR) is a relatively inse
tive spectroscopic technique due to the small nuclear Ze
energy splitting, which results in a correspondingly small
clear spin polarization at thermal equilibrium. The techniqu
dynamic nuclear polarization (DNP) (1, 2) can significantly
mprove the sensitivity of NMR spectroscopy by transfer
he large electron spin polarization to the nuclear spin sys
he DNP enhancement is proportional to the ratio of
lectron and nuclear gyromagnetic ratios (ge/gn) and, in prin-

ciple, enhancements of two to three orders of magnitud
obtainable.

The electron-nuclear polarization transfer is driven by
crowave irradiation at or near the electron Larmor freque
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The overall DNP enhancement depends on the details o
polarization transfer pathway. There are three well-establ
DNP mechanisms for polarization transfer: the Overha
effect (3, 4), the solid effect (5, 6), and the thermal mixin
effect (5–7). The Overhauser effect is a relaxation-driven p
cess that occurs when the electron-nuclear interaction is
dependent (i.e., due to motional effects) on the EPR time
(ve

21). Microwave saturation of the EPR line followed
electron-nuclear cross-relaxation results in an exchang
energy\(ve 6 vn), where ve and vn are the electron an
nuclear Larmor frequencies, with the lattice giving rise to
enhanced nuclear polarization. The overall enhancemen
pends on the relative strengths of the scalar and dipolar
tron-nuclear interactions and the microwave power.

For systems with time-independent electron-nuclear
interactions, such as frozen solutions or solids, signal enh
ments can be obtained from the solid effect and thermal m
DNP mechanisms. In the solid effect, the electron spin sy
is irradiated at a frequencyv 5 (ve 6 vn). Driving these
transitions, in which an electron and nuclear spin are sim
neously flipped, results in a population redistribution am
the electron-nuclear sublevels and an enhanced nuclear
ization. The efficiency of the solid effect depends on
transition probabilities of the otherwise forbidden elect
nuclear transitions (W6) that are allowed due to the mixing
nuclear eigenstates by nonsecular terms of the electron-n
hyperfine interaction. In contrast, thermal mixing arises w
the electron–electron dipolar bath, cooled by microwave
diation, establishes thermal contact with the nuclear Zee
bath. This takes place when the characteristic electronic
nance linewidth (d) is on the order of or larger thanvn.
Microwave irradiation off the center of the EPR line (at
quency v) results in energy\(ve 2 v) being absorbed o
emitted by the electronic dipolar bath, changing its spin
perature (8, 9). This perturbation of the electron dipolar b
creates a nonequilibrium polarization gradient across the
line. Electron–electron cross-relaxation between spins in
EPR line with difference in energyv n 5 (vS1 2 vS2) can then
drive a nuclear spin flip in an energy-conserving three-
05.
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135HF-DNP IN THE NUCLEAR ROTATING FRAME
process and polarize the nuclear Zeeman system. The
ciency of the thermal mixing mechanism therefore depend
both the size of the polarization gradient established by
microwave irradiation and the “thermal contact” (Ween) be-
ween the electron dipolar and nuclear Zeeman baths,
ediated by nonsecular terms of the electron-nuclear hyp

nteraction. For thermal mixing both the forbidden (W6) and
the allowed (W0) transitions are driven and contribute to
DNP enhancement. The different couplings between the
ferent spin baths and their respective couplings to the lattic
summarized in Fig. 1. We have recently obtained large s
enhancements in magic-angle spinning solid-state NMR
NMR) spectra of15N-alanine-labeled T4-lysozyme and13C-
arginine in frozen aqueous solutions of 40:60 water/glyc
with the free radical 4-amino TEMPO as the source of elec
polarization (10). The mechanism of enhancement is prima
due to the “direct” thermal mixing effect in which the allow
(W0) electronic transitions are driven.

Although thermal mixing provides large enhancementse ;
102) it requires long polarization transfer times (on the orde
the spin–lattice relaxation time,T1n). This has motivated us
consider pulsed (either RF or microwave) polarization tran
techniques for DNP, which might be more efficient than
CW DNP methods. Three such pulsed DNP techniques
clear orientation via electron spin locking (NOVEL) (11–15),
integrated solid effect (ISE) (16, 17), and nuclear rotatin
frame-DNP (NRF-DNP) (18, 19) have been demonstrated p
viously. NOVEL is a pulsed DNP technique in which a H
mann–Hahn match is achieved between the electron sp
the rotating frame and the nuclear spins in the lab frame

geB1e 5 gnB0, [1]

FIG. 1. Schematic representation of the different electron and nuclea
aths and their couplings to each other and the lattice.W1e, WD, andW1n are

he electron Zeeman, electron dipolar, and nuclear Zeeman spin–lattice
tion rates, respectively. The cross-relaxation rates between the electr
uclear Zeeman baths are proportional toW6, the forbidden electron-nucle

transition rates (6). The cross-relaxation rates between the electron Ze
and dipolar baths are proportional toW0, the allowed electron-nuclear tran-
ion rate (6). The cross-relaxation rates between the electron dipola
uclear Zeeman baths are proportional toWeen, the electron-nuclear therm
oupling (6).
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where ge and gn are, respectively, the electron and nuc
gyromagnetic ratios,B1e is the microwave field strength, a
B0 is the static applied field strength. NOVEL1H signal en-
hancements of;13 have been obtained at 1.2 K for a sin
crystal of silicon doped with boron acceptors (11). Similarly,
proton enhancements of;280 and;210 were obtained
room temperature using excited triplet states of a single cr
of fluorene-h10 (Fl-h10) doped with acridine-d9 (Ac-d9) (13) and
a single crystal of naphthalene doped with pentacene12),
respectively. In addition, large NOVEL1H enhancements
1300 have been obtained at 1.3 K with excited triplet stat
4,49-dibromophenylether crystals doped with 4,49-dichloro-

enzophenone (14, 15). A variant of the NOVEL techniqu
he integrated solid effect, has also been used to obtain
atic room temperature1H enhancements of 5500 using-

ited triplet states of a naphthalene crystal doped with p
ene (16) and enhancements of 1000 using a single cryst
-silicon doped with boron (17). The ISE uses CW microwa

rradiation and a fast magnetic field sweep through the e
PR line thereby rotating the electronic spins adiabati

hrough the Hartmann–Hahn match condition (see Eq. [1
While the NOVEL and ISE polarization transfer techniq

esult in large enhancements for specific systems, they a
enerally applicable and have certain practical limitation
articular, extremely high-power microwave pulses (B1e) are

required at high NMR fields/frequencies to satisfy the H
mann–Hahn match for the NOVEL experiment. Furtherm
very long nuclear spin–lattice relaxation times were require
the above experiments limiting the effective enhancemen
unit time. A more generally applicable and easier to implem
polarization transfer technique was originally demonstrate
Bloembergen and Sorokin for a single crystal of CsBr in w
transverse Cs magnetization was built up by cooling the
133Cs spins in the rotating frame with a133Cs spin-lock pulse
while simultaneously irradiating the abundant79Br spins with
an RF field of frequencyv 5 vBr 6 gCsB1

Cs (20). Wind and
co-workers applied this nuclear rotating frame techniqu
electron-nuclear spin systems at low field (B0 5 1.4 T,nepr 5
40 GHz) and obtained a proton enhancement of 0.4 f
low-volatile bituminous coal sample by using microwave i
diation during a proton spin-lock pulse (18, 19). In these nu
lear rotating frame-DNP experiments, the thermal mixing
olid effects are performed in the nuclear rotating frame w
he transition probabilities are greatly enhanced, resultin
ore efficient polarization transfer from the electron spin

em to the nuclear spin system with short electronic/nu
rradiation times. Furthermore, no Hartmann–Hahn matc
ondition is required, which is often difficult to achieve
lectron-nuclear spin systems due to the large mismat
yromagnetic ratios.
We have obtained a high-frequency (139.5 GHz) NRF-D

1H single-shot enhancement (e) of 0.89, compared to therm
equilibrium, for a frozen solution of 15 mM trityl radic
(21, 22) in 40:60 water/glycerol at 11 K. The polarizati
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136 FARRAR ET AL.
transfer is very rapid in the nuclear rotating frame, requi
electron-nuclear irradiation times of 100 ms or less. The
larization transfer is governed by the nuclear rotating fr
spin–lattice relaxation time (T1r 5 27 ms) and the experime
an therefore be repeated withT1r and is not limited by the la

frame spin–lattice relaxation time (T1n), typically many min-
utes at 10 K. The increased repetition rate allowed by
NRF-DNP experiment translates to a real-time signal enha
ment ofe t ; 197, wheree t is the ratio of the signal-to-noi
per unit time1/2 with and without microwave irradiation. F-

ally, the symmetric trityl radical is an ideal polarization ag
or pulsed DNP studies since it is water-soluble and h
arrow EPR linewidth of 10 G at a field of 5 T.

EXPERIMENTAL

Sample preparation. The non-nitroxide free radical used
these studies is a symmetric trityl radical (MW5 1115),
shown in Fig. 2, and is a proprietary compound of Nyco
Innovation AB (Malmo, Sweden) (21, 22). Optimal NRF-DNP
enhancements were obtained with a 15 mM sample of the
radical prepared in a 40:60 water/glycerol solution. A sec
sample was prepared with 0.56 M 1,2-13C-glycine and 15 mM
trityl radical in 40:60 water/glycerol. The samples for
NRF-DNP experiments were loaded into 4-mm quartz
tubes (Wilmad) and degassed and sealed. Samples for
experiments were prepared in 0.55-mm (OD) synthetic q
(suprasil) capillary tubes (Wilmad) and degassed and se

High-frequency EPR spectroscopy.The 15 mM trityl EPR
spectrum was acquired in the echo detected EPR (ED-
mode using a 139.5-GHz heterodyne spectrometer with p
sensitive detection designed and fabricated in this labor
(23, 24). The sample tubes were inserted in a cylindrical T011

resonator and a steady flow of cold helium gas over the c
provided sample cooling during the experiments. The ED-
spectra were acquired with a three-pulse, stimulated-echo
sequence. Typicalp/2 pulse lengths of 350 ns and interpu

elays of 500 ns were employed. The microwave power a
ample was;50 mW corresponding to a field of;0.25 G

Experiments were recycled with a repetition rate of 200
The external magnetic field was swept over a 100-G ran
1.0 G/s.

FIG. 2. Structure of the symmetric trityl radical (MW5 1115) used in th
NRF-DNP experiments.
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Nuclear rotating frame-dynamic nuclear polarization.All
of the DNP experiments were performed in a static NMR p
modified to allow microwave irradiation of the sample
discussed previously (23). The 139.5-GHz microwaves for t
experiment were obtained from a Gunn diode (;20 mW outpu
power) delivering 1–5 mW of power to the sample. No mic
wave resonant structure is implemented in the probe use
these experiments, resulting in a low quality factor (Q) for the
microwave circuit of approximately unity. TheQ of the RF
circuit is not perturbed by the waveguide and proton RF fi
of ;125 kHz were obtained for thep/2 pulse. Two differen
pulse sequences, depicted in Fig. 3, were used in the NRF
experiment in order to estimate the contributions to the D
enhancement from the thermal mixing and the solid e
mechanisms. Experiments were performed with either (A)
crowave presaturation followed by a nuclear spin-lock or
simultaneous microwave and RF irradiation. As discusse
more detail in the Discussion, the enhancement obtained
the presaturation experiment can only be due to thermal m
since the solid effect requires simultaneous microwave an
irradiation to drive the forbidden transitions in which an e
tron and nuclear spin are simultaneously flipped. The sin
shot NRF-DNP enhancement over thermal equilibrium is
termined from a comparison of the integrated solvent pr
signal detected with a solid-echo pulse sequence (Soff) and the
signal detected with microwave irradiation and a nuclear s
lock (Son). Finally, a 13C-enhanced NRF-DNP-CP spectr
was obtained using simultaneous1H spin-lock and microwav
pulses followed by a1H–13C cross-polarization pulse seque
(see Fig. 4).

DNP IN THE NUCLEAR ROTATING FRAME

As mentioned in the introduction and discussed by W
(19), the efficiency of both the thermal mixing and the s

ffects depends on the mixing of nuclear eigenstates d

FIG. 3. NRF-DNP pulse sequences for (A) microwave presaturation
lowed by a nuclear spin-lock and (B) simultaneous microwave and RF
diation. The NRF-DNP enhancements are determined from a compariso
the lab frame signal obtained with a solid-echo pulse sequence and no
wave irradiation or nuclear spin-lock.
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137HF-DNP IN THE NUCLEAR ROTATING FRAME
nonsecular terms of the electron-nuclear hyperfine (dip
interaction. The degree of eigenstate mixing between a s
electron-nuclear spin pair is determined by the dipolar mi
coefficients in the nuclear lab (qL) and rotating (qR) frames
which are given by

qL 5 2
3

4

gegn\

v n
lab

1

r 3 sin u cosu exp~2if! [2a]

qR 5
1

4

gegn\

v n
rot

1

r 3 ~1 2 3 cos2u !, [2b]

where ge and gn are the electron and nuclear gyromagn
ratios, \ is Planck’s constant,vn is the nuclear Larmor fre-
quency in either the lab or rotating frame,r is the electron

uclear interspin distance, andu and f are the polar coord
nates that specify the orientation of the dipole vector in
lab/rotating frame. The efficiency of the solid effect is dep
dent on the forbidden transition probability (W6), which is
much greater in the nuclear rotating frame due to the sm
energy level splittings and hence greater mixing of nuc
eigenstates (qR @ qL). The forbidden transition probability
given by

W6
R 5 2puqRu 2g e

2B1e
2 g~ve 2 v 6 vn!, [3]

FIG. 4. (A) NRF-DNP-CP13C SSNMR pulse sequence used in which
lectronic polarization is transferred to proton spins by 50-ms micro

rradiation during a nuclear spin-lock pulse. The1H polarization is the
transferred to13C spins by Hartmann–Hahn matching of 1.2-ms spin-
pulses applied to13C and1H spins followed by CW decoupling of1H spins and
detection of the13C signal. (B) The enhancement is obtained from a com-
ison with the signal acquired with a standard CP pulse sequence w
simultaneous microwave and nuclear spin-lock pulses.
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whereg(v) is the normalized EPR lineshape function andB1e

is the strength of the microwave field. The efficiency of
thermal mixing mechanism is dependent on both the pola
tion gradient across the EPR line established by the off-
nance microwave irradiation and the thermal coupling (Ween)
between the nuclear Zeeman bath and the electron dipolar
The polarization transfer dynamics in the trityl/water/glyc
system can be described using a modified version (25, 26) of
the spin temperature treatment used to describe DNP a
magnetic fields (2, 7, 9). Solving the equations for the nucle
polarization under steady-state conditions and assuming
the initial nuclear polarization is small, an expression for
field/frequency dependence of the thermal mixing DNP
hancement,e(vmw), can be obtained (25, 26) and is approxi-

ated by

e~vmw!}Ween O
i

wi@ p~v i; vmw! 2 p~v i 1 vn; vmw!#, [4]

where

Ween5 4uqRu 2
v n

2T2ee

1 1 v n
2T2ee

2 E
2`

1`

dv
g~v! g~v 2 vn!

g~0!
, [5]

wi is a weighting factor,p(v i; vmw) is the electron polarizatio
at frequencyv i created by microwave irradiation at freque
vmw, vn is the nuclear Zeeman frequency, andT2ee is the
ontribution to the electron spin–spin relaxation time du
lectron flip–flop processes. The thermal contact (Ween) is

again much greater in the nuclear rotating frame than in th
frame due to the greater mixing (qR) of nuclear eigenstates a
the greater probability of an energy conserving electron–
tron-nuclear flip–flop, given by the overlap integral of Eq.

RESULTS

Shown in Fig. 5 is the 139.5-GHz ED-EPR spectrum o
mM trityl radical in a 40:60 water/glycerol frozen solution
10 K. The EPR line is predominately homogeneously br
ened and has a width of;10 G. A slight asymmetry in th
ED-EPR lineshape is evident and may arise from a very s
g-anisotropy. An electron spin–lattice relaxation time ofT1e 5
40 ms was determined for 1.5 mM trityl radical in 40
water/glycerol at 10 K using a saturation recovery spin e
pulse sequence. Due to difficulty in degassing and sealin
small 0.5-mm EPR quartz capillary tubesT1e is expected to b
longer in the 4.0-mm quartz EPR sample tubes used fo
DNP experiments.

Displayed in Fig. 6 is the magnetic field dependence o
NRF-DNP enhancement obtained (A) with microwave pres
ration or (B) with simultaneous RF/microwave irradiation (
Fig. 3). A 100-ms electron-nuclear contact time was use
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138 FARRAR ET AL.
the enhancements obtained with the low-power (1–5 mW a
sample) Gunn diode microwave source. The single-shot N
DNP proton signal represents an enhancement factor (e) of
0.89 compared to the thermal equilibrium signal, wheree 5
Son/Soff, Son is the signal acquired with microwave irradiat
during a nuclear spin-lock pulse, andSoff is the signal acquire

ith a solid echo pulse sequence and no microwave irradi
r nuclear spin-lock.
The time constant for the build-up of the NRF-DNP

ancement (te) was determined by monitoring the signal-
hancement as a function of the microwave/spin-lock p
length. Thete of 21.6 ms is approximately equal to the nuc
otating frame spin–lattice relaxation time (T1r 5 27.4ms). In

the lab frame the nuclear spin–lattice relaxation rate (1/T1n) is
typically faster than the thermal coupling between the elec
nuclear spin systems and the nuclear polarization grow
therefore governed byT1n. In analogy to the lab frame therm

ixing experiment the polarization transfer in the nuc
otating frame is governed byT1r, indicating that the therm

coupling (Ween) is slower than 1/T1r. However, due to th
much faster approach to steady-state polarization, the ro
frame experiment can be repeated with a recycle delay oT1r

rather than the much longerT1n of 1056 s at 11 K. Th
ncreased repetition rate of the NRF-DNP experiment tr
ates into a signal acquisition time weighted enhancemene t)
of 197, where

e t 5
~S9on/T1r

1/ 2!

~S9off/T1n
1/2!

, [6]

S9on is the enhanced signal obtained with an electron-nu
contact time of 1.3T1r, andS9off is the signal obtained witho
microwaves with a recycle delay of 1.3T1n (27). While the
optimal NRF-DNP enhancement is obtained at low temp
ture, the NMR experiment performed without microwave
performed optimally at higher temperatures whereT1n is not
unreasonably long. A more reasonable calculation of the N

FIG. 5. A 139.5-GHz echo detected-EPR spectrum of 15 mM trityl rad
in 40:60 water/glycerol at 11.4 K. A three-pulse, stimulated-echo puls
quence was used to acquire the spectrum.
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DNP enhancement would therefore compare the NRF-
signal intensity observed at 11 K with the NMR signal inten
obtained without DNP at room temperature. An NRF-D
enhancement per unit time1/2 of ;90 is still obtained assumin
a T1n ; 1 s for a solid at room temperature and a decre
signal intensity at room temperature of;15, due to the Boltz
mann factor.

In order to estimate the electron dipolar bath relaxation
(T1D) a microwave presaturation experiment (Fig. 3A),
which the delay between the microwave presaturation p
and the nuclear spin-lock RF pulse is incremented, was
formed. The NRF-DNP1H signal enhancement was found
decay with increasing delay time with an exponential t
constant of 61 ms. For a homogeneously broadened EPR
the NRF-DNP enhancement will decay with the electron d
lar bath spin–lattice relaxation timeT1D (see Fig. 1). For cas
of inhomogeneously broadened lines the relaxation behav
more complicated and will also involve the electron sp
lattice relaxation timeT1e. The narrow EPR line observed
the high-frequency ED-EPR spectrum and evidence from
uration recovery electron spin-echo experiments (data
shown) suggests that the 15 mM trityl radical EPR sign
predominately homogeneously broadened and henceT1D ; 61
ms.

Displayed in Fig. 7 is the NRF-DNP-CP13C solid-state
NMR spectrum of 0.56 M 1,2-13C-glycine and 15 mM trity
radical in 40:60 water/glycerol at 25 K. The electronic po
ization is transferred to proton spins by 50-ms microw
irradiation applied during a nuclear spin-lock pulse. The1H
polarization is then transferred to13C spins by Hartmann–Hah
matching of 1.2-ms spin-lock pulses applied to13C and 1H
spins followed by CW decoupling of1H spins and detection
the 13C signal. The enhancement ofe ; 60 was determine
from a comparison of the13C signal obtained with (Fig. 4A
and without (Fig. 4B) microwave irradiation and an ini
nuclear spin-lock. A 1-s recycle delay was used for b
experiments.

l
e-

FIG. 6. NRF-DNP signal enhancement measured at 11.3 K as a fun
of the static magnetic field strength with microwave saturation of the EPR
either before (open triangles) or during (solid circles) the nuclear spin
pulse.
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139HF-DNP IN THE NUCLEAR ROTATING FRAME
DISCUSSION

Thermal mixing requires that the EPR linewidth,d, be
greater than the nuclear Larmor frequency,vn, so that cross
relaxation between two electron spins in the EPR line
frequencies that differ byvn can drive a nuclear spin flip in a

nergy-conserving process, thereby polarizing the nuclear
an bath. For the symmetric trityl radical in the nuclear

rame of referencevn 5 211 MHz @ d 5 28 MHz and ther
is no thermal contact (Ween) between the electron dipolar a
the nuclear Zeeman baths. However, by transforming to
nuclear rotating frame with a nuclear spin-lock pulse seque
strong thermal contact can be reestablished between the
tron dipolar and the nuclear Zeeman baths withvn

rot , d. In the
nuclear rotating frame the “forbidden” transition probabili
driven in the solid effect are also significantly greater. In o
to determine the contributions from the solid effect and the
mixing to the overall NRF-DNP enhancement, two differ
experiments were performed: microwave presaturation
lowed by a nuclear spin-lock (Fig. 3A) and simultane
microwave and RF irradiation (Fig. 3B). The NRF-DNP
hancement obtained with microwave presaturation can on
due to thermal mixing since the solid effect involves a sim
taneous electron-nuclear flip–flop and would require sim
neous microwave and RF irradiation to drive these forbid
transitions (W6). During microwave presaturation, only t
allowed transitions (W0) are driven sinceW6 is very small in
the nuclear lab frame andvmw Þ uve 6 vn

labu, wherevmw is the
microwave irradiation frequency. The cooling of the elec
dipolar bath during microwave presaturation, however,
later be transferred to the nuclear Zeeman bath by establ
strong electron-nuclear thermal contact (Ween) in the nuclea
rotating frame via a nuclear spin-lock. From Fig. 6 it is c
that at least 50% of the NRF-DNP enhancement arises fro

FIG. 7. NRF-DNP-CP13C solid-state NMR spectra of 0.56 M 1,2-13C-
lycine and 15 mM trityl radical in 40:60 water/glycerol at 25 K. The spe
ere acquired with (solid trace) and without (dashed trace) 50-ms micro

rradiation and a proton spin-lock pulse. Both spectra were acquired w
ecycle delay of 1 s. The magnetic field strength of 49,774 G was set max
he negative NRF-DNP enhancement which is;60.
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direct thermal mixing mechanism. The increased enhance
observed for simultaneous microwave and RF irradiatio
most likely due to the absence of the leakage of the ele
spin polarization to the lattice (T1D) that occurs during th
nuclear spin-lock for the microwave presaturation experim

The single-shot1H signal enhancement ofe 5 0.89 for 15
M trityl radical is considerably less than the factor ofe ; 35

obtained with the 20-mW Gunn diode and no microw
cavity for the lab frame thermal mixing experiment perform
with 25 mM 4-amino TEMPO (a nitroxide free radical)
40:60 water glycerol (26, 28). When the EPR linewidth
greater than the nuclear Larmor frequency, as is the case
nuclear rotating frame (vn

rot ! d), both forbidden transition
W1 (negative enhancement) andW2 (positive enhancemen
are driven simultaneously giving rise to approximately e
positive and negative enhancements that offset each othe
limit the overall DNP enhancement. This is known as
unresolved solid effect since the two forbidden transitions
not well resolved in frequency and the field dependence o
enhancement will follow the first derivative of the EPR li
shape. The size of the thermal mixing DNP enhanceme
also somewhat limited due to the small polarization differe
between electron spin packetsvn

rot apart (see Eq. [4]). So whi
the thermal contact or probability of driving an electro
electron-nuclear spin flip–flop (Ween) is greatly enhanced in th
nuclear rotating frame (see Eq. [5]), this is offset by the s
polarization difference available to drive the energy-cons
ing electron–electron-nuclear spin flip–flop process.

The NRF-DNP experiment does, however, compare fa
ably with the lab frame thermal mixing experiment (b
performed with the low-power Gunn diode and no microw
resonant cavity) when compared on a signal-to-noise pe
time1/2 basis: erot/T1r

1/ 2 5 4.4 for 15 mM trityl radical an
e lab/T1n

1/2 5 1.7 for 25 mM 4-amino TEMPO radical (T1n ; 230
s). In addition, the NRF-DNP experiment has a signifi
advantage over the lab frame DNP experiment in tha
NRF-DNP enhancement is not strongly dependent on the
magnetic field strength and significant DNP enhancem
should be obtainable at even higher fields (.5 T). The therma
mixing enhancement relies on both a strong perturbation o
electron dipolar bath and strong thermal contact betwee
electron dipolar and nuclear Zeeman baths. The CW
experiment performed with the inhomogeneously broad
(d ; 250 G) 4-amino TEMPO EPR line relies on the elect
electron cross-relaxation rate across the EPR line (1/Tcr) being
faster than the electron spin–lattice relaxation rate (1T1e)
(25, 26). Only for sufficiently rapid electron–electron cro
relaxation will the microwave irradiation significantly pertu
the electron dipolar bath and establish a large polariz
gradient across the inhomogeneous EPR line. At higher
the CW DNP enhancement will be significantly attenuated
to the greater spectral dispersion and hence decreased
relaxation rate. Microwave irradiation under these condit
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results in hole burning rather than uniform excitation of
EPR line. In contrast, the trityl radical EPR line is predo
nately homogeneously broadened and the linewidth is
expected to increase significantly at higher fields. The N
DNP enhancement therefore does not rely on electron–ele
cross-relaxation (Tcr) to establish a large polarization gradi
across the EPR line. Furthermore, the electron-nuclear th
contact (Ween) in the nuclear rotating frame is essentially in-

endent of the applied static field: the nuclear Larmor
uency (vn

rot), the mixing coefficient (qR), and the overla
integral are all effectively independent ofB0 (see Eq. [5]). An
additional advantage of the rotating frame experiment is
T1r for the water/glycerol protons is not expected to decr
as rapidly with increasing temperature asT1n (29) and henc
he NRF-DNP enhancement should not be as severely a
ted at higher temperatures, due to more rapid leaka
olarization back to the lattice, as the lab frame experim
Finally, a significant advantage of the NRF-DNP experim

s that the recycle delay can be made very short (on the
f T1r), thereby reducing considerably the signal acquis

times. NRF-DNP therefore allows one to take advantage o
increased sensitivity available at low temperatures wit
suffering the increased acquisition times typically impose
low temperatures by the very long nuclear spin–lattice re
ation times (T1n). For example, in Fig. 7 we show the13C
NRF-DNP-CP spectrum of a 0.56 M 1,2-13C-glycine sampl
acquired at 25 K. An enhancement of 60 is obtained fro
comparison of experiments performed with (Fig. 4A)
without (Fig. 4B) microwaves using a recycle delay of 1
Finally, we note that the enhancements discussed in this
were obtained with a low-power (;20 mW) Gunn diode m
crowave source that provides only 1–5 mW at the sample.
low-power microwave sources have the advantages tha
are very stable, easy to operate, and readily available.
possible, however, that larger NRF-DNP signal enhancem
could be obtained with a high-power (1–10 W) gyrotron
crowave source. The short electron-nuclear irradiation
(10–100 ms) required for the NRF-DNP experiment is ide
suited to use with the high-power gyrotron.

SUMMARY

A 1H solvent DNP/NMR single-shot signal enhancemen
0.89 relative to thermal equilibrium has been obtained at
frequency (n epr 5 139.5 GHz/B0 5 5 T) in the nuclea
rotating frame with 15 mM trityl radical in 40:60 water/gly
erol solvent at 11 K. The rapid polarization transfer of
nuclear rotating frame-DNP experiment considerably red
signal acquisition times at low temperatures where lab fr
spin–lattice relaxation times (T1n) are typically very long. Th
NRF-DNP experiment represents an increase in the sign
noise of approximately 200 compared to thermal equilibr
when calculated as a function of the signal-to-noise per
time1/2. The NRF-DNP enhancement is similar to that achie
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with the nuclear lab frame DNP experiment performed
4-amino TEMPO; however, while the lab frame DNP enha
ment is severely attenuated at higher fields, significant N
DNP signal enhancements should still be obtained at si
cantly higher fields than 5 T. Finally, the NRF-DN
experiment does not require high microwave power; signifi
signal enhancements were obtained with a low-power G
diode microwave source and no microwave resonant stru
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