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Mechanism of dynamic nuclear polarization in high magnetic fields
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Solid-state NMR signal enhancements of about two orders of magnii@-400 have been
observed in dynamic nuclear polarizati@NP) experiments performed at high magnetic fieddr)

and low temperatur€l0 K) using the nitroxide radical 4-amino TEMPO as the source of electron
polarization. Since the breadth of the 4-amino TEMPO EPR spectrum is large compared to the
nuclear Larmor frequency, it has been assumed that thermal miXiM) is the dominate
mechanism by which polarization is transferred from electron to nuclear spins. However, theoretical
explanations of TM generally assume a homogeneously broadened EPR line and, since the 4-amino
TEMPO line @ 5 T is inhomogeneouslproadened, they do not explain the observed DNP
enhancements. Accordingly, we have developed a treatment of DNP that explicitly uses electron—
electron cross-relaxation to mediate electron—nuclear polarization transfer. The process proceeds via
spin flip—flops between pairs of electronic spin packets whose Zeeman temperatures differ from one
another. To confirm the essential features of the model we have studied the field dependence of
electron—electron double resonan@_DOR) data and DNP enhancement data. Both are well
simulated using a simple model of electron cross-relaxation in the inhomogeneously broadened
4-amino TEMPO EPR line. €001 American Institute of Physics.

[DOI: 10.1063/1.1346640

I. INTRODUCTION polarization to nuclear spins. In principle, signal enhance-
ments on the order of./vy,, corresponding to a factor of
During the last decade, the repertoire of methods to per~660 for 'H nuclei and~2600 for 3C nuclei, are obtain-
form structural studies with solid state NME@SNMR) has  able. However, two factors have impeded the application of
expanded considerably. There are now multiple methods tONP to high field, high resolution SSNMR—the absence of
measure distancésiorsion angle$,and otherwise constrain high frequency, high power microwave sources to drive the
molecular structure. Furthermore, many promising applicapolarization transfer and a dearth of understanding of the
tions of these methods have appeared. Nevertheless, whefechanism of DNP at high fields. We have addressed the
compared to solution NMR, the sensitivity of SSNMR ex- first problem with the development of high pow@r—25 W
periments is lower by two to three orders of magnitude pegyrotron microwave sources operating at 140 G3zT)
unit time. The reason for this decreased sensitivity is thatRefs. 5, 8 and 250 GHZ9 T).° In this paper, we address the
SSNMR experiments generally involve the direct detectionsecond problem with a detailed investigation of the mecha-
of low gyromagnetic ratio(y) nuclei, **C, N, *'P, etc., nism of electron-to-proton polarization transfer in the
rather than indirect detection via the more sensitidespin 4-amino-TEMPO/water/glycerol system.
as in solution NMR. To address this problem we are explor-  The DNP mechanism usually operative when a nitroxide
ing the possibility of performing dynamic nuclear polariza- radical is the polarizing agent is thermal mixiGgM),°*3
tion (DNP) experiment$* to improve the sensitivity of SS- which can be understood using a formalism in which the
NMR. For example, we have recently obtained DNPelectron—nuclear spin system is described as a set of three
SSNMR signal enhancements of up to 400 at high magnetigyteracting baths. In particular, the three baths are the elec-
field (5 T).°~" These signal enhancements could have dragron zeeman system{EZS), the electron dipolar system
matic consequences, particularly for the study of biologicakEDS), and the nuclear Zeeman systéRYS), each of which
systems where sample quantities and signal to noise are oftgf described by a spin temperatyFég. 1).*%**TM proceeds
severely limited. through a two-step process driven by off-resonance irradia-
DNP involves irradiating the EPR spectrum of either en-tjon of the allowed EPR transition that produces a large,
dogenous or exogenous electron spins at or near their Larm@pnequilibrium polarization gradient across the EPR line.
frequency, and thereby transferring the large electron spipyoduction of this gradient is equivalent to cooling the EDS
(Fig. 2. Second, a thermal contact between the EDS and
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THERMAL o SOLID FIG. 3. Diagram illustrating the process by which thermal mixing proceeds.
MIXING EFFECT (Left) A large polarization gradient across the EPR line is established by

off-center microwave irradiation, representing the difference between the
thermal equilibrium lineshape and the microwave irradiated line stege
FIG. 1. Thermodynamic model used to describe DNP in a system exhibiting=j 2 pottor. (Right) Energy-conserving ) three-spin flip—flop pro-
a single homogeneous EPR line at a low magnetic field strength. The solidaggeg involving two electronic spin§,(andS,) and one nuclear spifi)
effect is driven by direct irradiation of electron—nuclear transitions, while \hen grive the high polarization of the electron dipolar bath to the nuclear
thermal mixing is mediated by the electron dipolar syst&DS). The pa- manifold.
rametersa, B, and y are the inverse spin temperatures which describe the
populations of their respective thermodynamic baths.

_ While the theory of TM is well understood at low fields, 5 ¢ the assumption that the nuclear Larmor frequency
little is known about the details of the mechanism in the(w ) is less than the homogeneous EPR linewidihis of-
regime eqcogptered _at high fifalds_where additional factor§en” invalid, suggesting that the thermal contact between the
beco.me significant. First, the high field EP.R spectrum rarelyelectrons and the nuclei does not necessarily proceed via the
consists of a homogeneously brogdened line Whose Shaped?polar system of the electrons. As an illustration of this
governed by.electron—electron d!polar C°“p"”93- InSteadpoint, we note that at 5 T fields we observe no significant
the s_pec_tral I_me_ shapes are do'_“'”ated by grenisotropy polarization enhancement attributable to thermal mixing for
that is primarily inhomogeneous in nature. Under these Conéamples of the free radicaty-bisdiphenylenes-phenylallyl
ditions, the hypotheses of a single electron Zeeman spin te BDPA) doped into polystyrene at room and low
perature is not valid, and microwave irradiation results intemperaturé'g The BDPA EPR line(which is effectively
hole-burning rather than uniform e>§citation of th? SpeCtrum'homogeneOl.Js when the radical concentration is reasonably
A second consequence of the dominance ofgHamisotropy high) is much narrowefw/2m—20 MH2) than the*H Larmor
frequency (y/27=211MHz). As a result, the probability
Thsemal &gulibrion Microwave iradiation at o,-A of a three spin electron—electron—nuclear flip is negligibly
Ters=Teos™Tsee X Teos<<Tonen small, resulting in an extremely weak thermal contact be-
‘ tween the'H spins and the electron spins. In comparison, at
- S —\\ lower magnetic field§<1.4 T), the BDPA linewidth is on
Microwave |\ the order of the nuclear Larmor frequency and a sizable ther-
field W) || mal mixing enhancement is obsen/éd?
_\ - Nevertheless, TM is not necessarily precluded for an in-
N — homogeneously broadened EPR line. As first suggested by
g Bloembergen et al.” electron—electron cross relaxation
across an inhomogeneously broadened EPR line can render
the line effectively homogeneous over sufficiently long time
scales. In the case of rapid cross-relaxation, the entire broad-
ening, both inhomogeneous and homogeneous, of the EPR
line can be considered to form a bath characterized by a
single spin temperatur@ig. 4) and the EPR line will behave
i as if it were effectively homogeneol:2!If w,, is less than
"> the EPR broadening, this so-called electron broadening sys-
tem (EBS) would sustain a coupling to the nuclear spins and
FIG. 2. (Top) Population diagram of a homogeneously broadened spin-l/?tpe DNP dynamics would closely mirror the homogeneous

EPR line. The two bands in each diagram correspond to the populationsg & H . DNP .
the upper- and lower-EPR manifolds. The broadening of each level is asl/1€ CaS€. HOWeEVeEr, since our experiments are per-

sumed to derive from electron—electron dipolar interactions. The left diaformed at both a high magnetic field strendtlesulting in
gram illustrates the thermal equilibrium condition, in which the EDS andincreased inhomogeneous contributiprend at moderate
EZS are at the same temperature as the lattice. The right diagram shows t'f‘@mperatures(leading to faster electron spin—lattice relax-

effect of microwave irradiation downfield of the center of the EPR line. The . h - ff | . h
mismatch A = we— w,,) between the Larmor frequency of the electron and ation), the assumption of fast cross-relaxation across the

the microwave frequency results in a dynamic cooling of the EDS, and4-amino-TEMPO EPR line does not necessarily hold. In this
hence a large polarization gradient within each manifold, while the Zeemazase the simple three-bath model no longer adequately de-

spin temperature remains at approximately its thermal equilibrium value .. At ; _
(Bottom) The EPR absorption spectrum which would be observed beforeScrlbes the polarization transfer dynamics. Instead, the cou

(solid trace and after(dashed tragemicrowave irradiation corresponding to p”ng between th_e ele_CtroniC and nuclear spins proceeds via
the two energy diagrams above. pairs of electronic spin packets, spaaeg apart and whose
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Thermal tions. DNP experiments based on the solid effect and thermal
Electron Contact Nuclear Zeeman mixing generally require pulses on the order of the nuclear
Broadening System T, (~seconds This gyrotron is capable of 100 W output
System v power under quasi-CW condition&0% duty cycl¢ and
B Electron Dipolar ~10 W under CW operation, with a frequency stability of
System ~2 ppm. Low power DNP was performed with the 139.5
Electron Zeemary GHz Gunn diode of the EPR spectrometeutput power 10
System mW). The Gunn diode source is injection locked by a 15.5

GHz DRO that is in turn locked to a 50 MHz crystal oscil-
lator (—150 dBc/Hz at 1 kHz offset

Microwaves

FIG. 4. Thermodynamic model used to describe thermal mixing in an inho—c Dynamic nuclear polarization NMR
mogeneously broadened EPR line with fast cross-relaxation. The model is

similar to that for a homogeneously broadened line, except the non-Zeeman DNP/NMR experiments were performed on a custom

electronic reservoir is comprised of interactions characterizing the homoge-_ _. .
neous and inhomogeneous EPR broadening. The state of the entire broa (—ESIgned 211 MHz spectromesteemploylng a heterOdyne

ening system is described by a single paramgtetl/kTegs. In this model, ~ MiXing scheme with an intermedi_ate fre.quer(d:ly'/) of 120
if the EPR linewidth is at least on the order of the nuclear Larmor frequencyMHz. All DNP data were acquired with a two-channel

then an electron—nuclear thermal contact can exist, coupling the electroffgnsmission-line probe capable of operation at temperatures

broadening systerEBS to the nuclear Zeeman systeiNzs). from 10 to 300 K. DNP is performed using either a 139.50
GHz Gunn diodg10 mW) or a 139.64 GHz gyrotrof~10
Zeeman temperatures can differ from one another. W) to drive the polarization transfer. A WR-42 waveguide

In this paper we describe the results of a number oflelivers microwaves through the length of the probe. Near
DNP, electron—electron double resonan@ DOR), and the sample, the waveguide tapers to WR-8, and the micro-
electron saturation-recovery experiments which illustrate th&vaves are launched between turns of the NMR coil. Trans-
effect of electron—electron cross-relaxation on the spin dyMmission to the sample leads to approximately 10 dB of at-
namics of the 4-amino-TEMPO system during low-powertenuation, resulting in incident powers at the sample of 1
microwave irradiation at 5 T. These experiments indicate"W for the Gunn Diode source and 1 W for the gyrotron.
that cross-relaxation plays a significant role in facilitating The microwaveQ of the static DNP probe is low@~1),
DNP, but that the assumption of a pseudo-homogeneodyhiCh limits the amplitude of the microwa, field. How-
EPR line fails under typical experimental conditions. We€Ver, the advantage of this design is that the opti@aind
therefore explicitly include the cross-relaxation process in dilling factor of the NMR system is retained since the rf
spin-temperature model of the hole-burning and polarizatiorfircuitry is unperturbed by the microwave components.
transfer dynamics, and use this model to simulate the salient 'H DNP enhancements were measured via saturation re-
features of ELDOR and DNP in the 4-amino-TEMPO sys-COVery experiments. After a long~5 m9 RF saturation

tem. pulse and a delay, the nuclear polarization is measured via
a solid echo pulse sequence {90r—90,— 7). The DNP
Il. EXPERIMENT enhancement is defined as= (I /1) — 1, wherel ,,,, and
) | o are the signal intensities with and without CW microwave
A. Sample preparation irradiation. Signal intensities were also measured with mi-

Samp]es consisted of various concentrations of the nicrowave irradiation Completely off-resonance with the EPR

troxide free radical 4-amino TEMPQ4-amino-2,2,6,6- line to control for heating effects.
tetramethyl-piperdine-1-oxyldissolved in a 60:40 glycerol/
water solution. For DNP/NMR experiments;120 ul of D. Electron paramagnetic resonance

solution was placed in a4 mm o.d. quartz tube. The
samples underwent several freeze—pump—thaw cycles to re- The CW and pulsed EPR measurements were performed

move dissolved §, which can increase the rate of electronic on a custom designed 139.50 GHz EPR spectrometer, which

and nuclear spin-lattice relaxation, and were then sealed. Thrclaas been described previouSiThe spectrometer utilizes

EPR samples were loaded into quartz capillary tubes wittﬂg%dr\;”‘;ﬁ;: g?ticggz ?’m\jvi?hlaa:?-e?? Or;e_l_n;igr;zgsgﬁi;ﬁ]d ata
o.d.’s ranging from 0.55 mm for low concentratigr:10 ' W P 9

mM) samples to 0.16 mm for concentrated samples. Th weep coil and field lock systefA.Microwave /2 pulse

. . . CIengths of~400 ns are obtained with a 10 mW Gunn diode
smaller diameter tubes are required for highly concentrate ource(Millimeter-Wave Oscillator Cd, a high-speed mi-
samples to minimize sample susceptibility effects. The EPR ’ gn-sp

samples were degassed and sealed as described above for thavave swnch(Donetsk Physmo-Techmcal _Instltute, .7 d.B
NMR samples. insertion losy and a cylindrical resonant cavity operating in

the TKy;; mode with a loaded of 500—750. A pulse pro-
grammer with 4 ns time resolutiofinterface Technology
controls the microwave switches. The software controlling
High-power DNP and ELDOR experiments utilized a the EPR spectrometer is written in the LabVIEW environ-
139.64 GHz gyrotron source, described previously byment and data is collected with a boxcar averager. Electron
Becerraet al.® which has been optimized for DNP applica- spin-lattice recovery times are measured using a saturation-

B. Microwave sources
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FIG. 5. Block diagram of the experimental set-up used for the high- S o -~ . ‘o_.
frequency ELDOR measurement. Microwaves from the 139.64 GHz gyro- < A o
tron source are switched and attenuated before entering the 139.50 GHz i v /
channel via the reflected power port on a 20 dB directional coupler. The \\o .'/
139.64 GHz channel does not affect the sensitivity 139.50 GHz EPR detec- % 10 \ o/
tion channel. (N 14

v
] -20 t t t t 4 t

recovery pulse sequence. After a long saturation pidls&0 49600 49650 49700 49750 49800 49850
ms) and a variable delay, a three-pulse stimulated-echo Field (Gauss)

pulse sequence is used to monitor the recovery of the elec- _ . _ _ _
tron magnetization FIG. 7. Experimental dat&ircles and simulation(solid trace of the mag-

netic field dependence of tHéd DNP enhancement for 40 mM 4-amino
TEMPO in a 60:40 glycerol/water frozen solution under irradiation with the
E. Electron—electron double resonance  (ELDOR) 139.50 GHz Gunn diode source-afl2 K. The echo-detected EPR spectrum
. . . . of a 1 mM 4-amino TEMPO solution is shown above the graph. The param-
Our implementation of the ELDOR experimelftig. 5) eters used in the simulations areT;u=75ms, T;p=25ms,

utilizes two fixed-frequency microwave sources: the 139.64v,/2m=20 MHz, W,,,=0.0005 MHz, andW,,=25 MHz.
GHz gyrotron for excitation and the 139.50 GHz EPR bridge
for detection. The ELDOR pulse sequence is shown in Fig
6. After 139.64 GHz microwave irradiation for a tiniefol-
lowed by a delayr, a three-pulse stimulated echo pulse se
guence samples the polarization at 139.50 GHz. The inte
sity of the stimulated echo is monitored with a boxcar
averager.

A prototype high-power(<10 W) microwave switch
(Capitol Technologies which exhibits 30 dB isolation and A. Field dependence of the DNP enhancement
<3 dB _transmiss_ion I_os_s at 139.5 GHz, controls the 139.64 Displayed in Fig. 7 is the dependence of the low power
GHz microwave irradiation from the gyrotron. The gyrotron DNP enhancement on the external magnetic field strength

source is operated CW during the entire acquisition in Orde&long with the 1 mM 4-amino-TEMPO EPR spectrum. The
to eliminate the frequency drift at the beginning of a pulse '

due t i itv heati h . th 4-amino-TEMPO line shape is clearly inhomogeneously
ue 1o gyrotron cavily heating. The microwaves then pasy ., qjened—the principal electrgrvalues, corresponding to
through a variable attenuator, which is required to avert th

ibility of d N " ts of the mi Qiifferent molecular orientations of the nitroxide with respect
possibility of- damage 1o Sensilive components ot th€ microy, y,, magnetic field, are well resolved. A triplet structure,

wave bridge due to high microwave power levels. The eXC"arising from™N hyperfine coupling, is observed on the high

tation channel couples into the detection channel via the Mg g edge of the EPR line. Despite the inhomogeneous na-
put port on a 20 dB directional coupler just outside the EPRre of the EPR line. we observe maximal DNP enhance-
probe. This implementation does not perturb the 139.5 GH‘?nents of~15 at 12 K;Nith a low powefl mW) Gunn diode

channel; the observed EPR pulse widths and echo intensities, ..\ - o <0 rce. The tripldfN hyperfine structure evi-
are unaffected by the additional channel. Although the cyIin—dent in the high field edge of the EPR spectrum is also ob-

served in the low powefl mW) DNP field dependence. At

drical resonator is tuned to 139.5 GHz in order to achieve
“maximal echo intensity, the coupling of the excitation chan-
Hjel is only ~3 dB less than the coupling of the detection
channel, assuming that the resonator exhibi3 @ ~500.

Ill. EXPERIMENTAL RESULTS

139.6 GHz J:—T——>| higher microwave powef~1 W) this hyperfine structure is
Gyrotron Pump no longer observed in the DNP field dependefdata not
| shown.
139.50 GH !
Gunn Diod: 144'>E| EI El /\ .
Probe B. Electron saturation recovery

FIG. 6. Pulse sequence for the ELDOR experiment. The sample is irradiated  Indirect evidence for electron—electron cross-relaxation

with 139.64 GHz microwaves from a gyrotron source for a timé\fter a in the 4-amino-TEMPO system is observed in electron

delay 7, the stimulated-echo is measured with the 139.50 GHz EPR bridge, PR : ;

The 139.64 GHz channel is controlled by a high-power microwave switchsaturat!on recovery experlments. . Figure 8 shows a
and the gyrotron is run CW during the entire experiment to minimize fre-Saturation-recovery curve, acquired in the center of the EPR

quency drift. line (49690 Q with saturating microwave pulse lengths of
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FIG' 8. Saturationtre(':overy EPR curves for 1 mM 4-amir!o TEMPO 3CrG. 10. Saturation-recovery EPR curves for 40 mM 4-amino TEMPO at 11
quired at a magnetic field strength of 49 690 G, corresponding to the Centg 5y 4 magnetic field strength of 49 690 G, corresponding to the center of

of the EPR spectrum, and a temperature of 11 K. Saturating microwav%e EPR spectrum. Saturating pulse lengths of 1(imangle, 10 ms(dia-
pulses of 60 mgtriangles and 10 mg(circles were employed. mond, and 60 ms(circle) were used

either 60 or 10 ms, for 1 mM 4-amino-TEMPO. Single ex- yise is on the order of the spin-lattice relaxation time. How-
ponential recovery curves are observed for both saturatingyer when the center of the EPR line is irradiated. the re-
pulse lengths with time constants approximately equal to thyery curves are invariant for much shorter saturating pulse
elect_ron_spln-latnce relaxation t|meT_(e~ 75ms). The re- lengths (=10 m9g. This suggests that, in the center of the
laxation is slightly faster, however, with the 10 ms pulse thanne  the cross-relaxation time to most of the spin packets in
with the 60 ms pulse. the line is below 10 ms, while at the low-field edge, there is
In contrast, saturation-recovery curves for 40 mMy gispersion of cross-relaxation times, up to the spin-lattice
4-amino-TEMPO, shown in Fig. 9, demonstrate a biexpoyg|axation time. This effect is even more pronounced on the

nential recovery that is sensitive to the saturating pulsqa]igh field edge of the EPR spectrufata not shown
length. For a short saturating pulég ms, two relaxation

components are observed; a fast component that can be %
tributed to cross-relaxation, and a slower component that can
be attributed to purd ;. relaxation. As the saturating pulse Perhaps the most direct observation of electron—electron
length increase$10 mg, the longer relaxation component cross-relaxation can be made using ELDOR experiments, the
begins to dominate, until, when the saturating pulse length igesults being shown in Fig. 11. The ELDOR curve measures
on the order of the spin-lattice relaxation tif@ m9, the  the attenuation of the electron spin echo at the 139.5 GHz
recovery curves become single-exponential. probe frequency resulting from a 139.64 GHz pump pulse.

The saturation-recovery curve for 40 mM 4-amino- The echo attenuation was measured as a function of the ex-
TEMPO is also sensitive to the magnetic field strength agernal magnetic field for two 4-amino-TEMPO solutions: the
demonstrated by a comparison of Figs. 9 and 10. In th&d0 mM solution, which yields substantial DNP enhance-
former saturation-recovery is monitored at the low field edgements, ad a 1 mMsolution where no DNP enhancement is
of the EPR line(49 634 G, whereas in Fig. 10 the center of observed and cross-relaxation is expected to be weak. For the
the EPR line (49690 Q is monitored. The saturation- 40 mM solution we observe significant attenuation of the
recovery curves for the low field edge of the EPR line varyelectron spin-echo following the gyrotron pump pulse indi-
substantially as a function of saturating pulse length until thecating that there is substantial cross-relaxation across the
EPR line for this concentration of 4-amino TEMPO. In con-
trast, for the 1 mM solution we observe no significant attenu-
ation at any field position, demonstrating that the effects ob-
served in the 40 mM solution are unrelated to sample heating
or other experimental artifacts. The large anisotropy in the
attenuation of the electron spin-echo across the EPR line for
the 40 mM 4-amino-TEMPO is consistent with the cross-
relaxation rate being maximal in the center of the line, where
the greatest density of spin packets resides.

. Electron—electron double resonance  (ELDOR)

e
®

Echo Intensity
FD o
-l? o

e
S

IV. SIMULATION OF THE DNP AND ELDOR DATA

0 40 80 120 160 ) ) ]
Time (ms) Simulations of the field dependence of the ELDOR at-
6o s or 40 o tenuation and DNP signal enhancement curves in the
FIG. 9. Saturation-recovery EPR curves for 40 mM 4-amino TEMPO at 11, . i~ ; _
K and a magnetic field strength of 49 634 G, corresponding to the low field4 a”?'”o TEM.PO SyStem ar.e performed. using the thermody
edge of the EPR spectrum. Saturating pulse lengths of @rimagle, 10ms ~ nhamic model illustrated in Fig. 12. The inhomogeneous EPR

(diamond, and 60 mg(circle) were used. line is split intoN bins, each of equal frequency widihy;, .
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R Pump s 1mM =1/KTgps gnd v=1/kTyzs describe the temperatures of the
electron dipolar system and the nuclear Zeeman system, re-
spectively.

Given this model, the dynamics of the spin system can
now be described by a set of rate equations characterizing the
effects of microwave saturation, electron—electron cross-
relaxation, electron—electron—nuclear cross-relaxation, and
spin-lattice relaxation. The rates of these processes are de-
rived from the off diagonal terms of the Hamiltonian cou-
pling the various baths as discussed by Provotdfowe
define a vectoM, consisting ofN+2 parameters that com-
0k / _ . . . i pletely define the state of the spin system. The fistle-

49550 49850 49750 49850 ments ofM are proportional to the electron Zeeman magne-
, tization in each of thé\ bins. The final two elements dfl
Field (Gauss) describe the magnetization of the electron dipolar and
FIG. 11. Experimental data and simulations of the ELDOR echo attenuatiofluclear Zeeman baths. The rate equations for the time depen-

as a function of magnetic field for 40 mMriangle and 1 mM(circles  dence of the different magnetizations are given by
4-amino TEMPO in 60/40 glycerol/water at11 K. A ~100 ms 139.64

GHz gyrotron pulse is used for excitation, followed by a /A9 delay and ~

detection of the stimulated electron spin-echo at 139.5 GHz. The arrows W =AM +B, (1)
labeled “Pump” and “Probe” are spaced at the frequency difference be- ~

tween the two microwave sourc€840 MH2. The 139.5 GHz echo- where the elements & andB are derived from the follow-
detected EPR spectrurithe “Probe” frequency for 1 mM 4-amino . lations:

TEMPO is shown above the graph. The parameters used to generate the IA{E)g rela :
mM simulation(dashed trageare the same as those used for Fig. 7, except d(ﬁweia|)

0.8¢

0.6¢1

0.4+

0.21

Relative Echo Amplitudes
(gyrotron on/gyrotron off)

that Wy,,,=0.1 MHz to account for the increased microwave power. The 1 — = WM WS'._W.Cr_l. + +1 — Wi
mM simulation(solid trace used the same parameters as the 40 mM simu- dt : el = ' ' i-a
lation, expect that the phenomenological bin-to-bin diffusion rate was de- i
crease by a factor of 1600\(,,=0.016 MHz). +Wiiia,
d(f wpinB) We @hin Wer @
. . . . —_ D_ _2 P l y
Each bin is characterized by an electron Zeeman spin tem- dt wloc1SEn T
peratureT; (anda;=1/KT,;) and a center frequenay,;, and d(h ) 1
has an intensityor fraction of total spinsn;, normalized so “n¥ Yy WiE

>n;=1. The fractional number of spins in each b{m;) is dt M Ni<iSh-a ¥
obtained from the intensity of the normalized 1 MM pare
4-amino-TEMPO EPR spectrum. Single parametegds

WimW:me(hweiai)

for irradiation on resonance with bin
Electron-Electron

Electron- __ Cross-Relaxation WimW: 0 otherwise,
Nuclear . B;Z.'-;
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In Eq. (2) w, is the nuclear Larmor frequency aiadis the
number of bins separating spin packeis apart. o, B°,
andy° are the thermal equilibrium values of the inverse spin
FIG. 12. Thermodynamic model used for the simulations of DNP in thetemperaturesy;, 8, andy. Wy, is a phenomenological bin-

4-amino TEMPO/water/glycerol system. Each of thebins represents an tO bin diffusion rate constanWC’ is the cross-relaxation rate
equally spaced region of the EPR spectrum. Electron—electron cros

relaxation occurs between neighboring bins and electron—electron—nucle€tween binsi- and j, Wee, is the three spin electron—
relaxation occurs between bins spacegdapart. electron—nuclear cross-relaxation rate const!&i\i{fJ is the

Lattice
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thermal contact or electron—nuclear polarization transfer The microwave saturation rate constan,, in the
rate, andW,,, is the microwave saturation rate constant. Thesimulations can be estimated %%,,= wwih(wmw), where
spin-lattice relaxation for the electron Zeeman, electron diw,,, is the microwave frequencyy, is the electronic Rabi
polar, and nuclear Zeeman baths are described/lly WS, frequency, andh(w) is the normalized shape of the bif%4
andWS. | respectively, wher@,, and T, are the electronic ~ Since the number of bins is sufficiently large, their shape can
and dipolar spin-lattice relaxation times afif], is the relax- be  considered effectively rectangular, suggesting
ation time of the nuclear spins arising from processes othen(w,)~1/wyi,. Because the ELDOR and DNP measure-
than electron—electron—nuclear relaxation. Finally,. is  ments are performed using a spectrometer that differs greatly
the average electron—electron dipolar frequeftiog notation  from a standard high-field pulsed EPR spectrometer, it is
is based on that of Hoogstraaeal >%). We now discuss the difficult to directly measurev, in either experiment. How-
important parameters in Eq¢l) and (2) and the inherent ever, reasonable estimates can be derived by extrapolating
assumptions made in deriving these relations. from the known Rabi frequencya(;/277~0.8 MHz) of the
139.5 GHz pulsed EPR spectrometer which uses the 10 mW
Gunn diode source for excitation and a cylindrical resonator
A critical parameter affecting the simulations is the num-as the coupling structure. In the ELDOR experiment, the
ber of binsN into which the spectrum is divided. In our pump field strength was estimated by accounting for the
simulations, we have typically split the 4-amino-TEMPO power of the gyrotron source and accounting for the fact that
spectrum into 400 bins of widtl,;/2m=1.8 MHz. The bin  the resonator is tuned to the probe frequefit§9.50 GH2
width is chosen to be much larger than the homogeneousather than the pump frequen¢¥39.64 GHZ. In the DNP
spin packet width(~0.25 MH2) for two reasons. First, using experiment, the microwaves are simply launched into the
the small homogeneous spin packet linewidth as the bisample from a WR-8 waveguide. Ti@ is extremely low
width would require a very large number of bins making with this configuration, and the microwave field is extremely
calculations unwieldy. Second, the exact shapes of the hanisotropic, resulting in a wide distribution of relative field
mogeneous spin packets are unknown. In particular, the longtrengths.
frequency tails of the homogeneous spin packets may extend
over many spin packets making the cross-relaxation dynam-
ics more complicated than that described by a simple modeé Electron and nuclear spin-lattice relaxation
of cross-relaxation between neighboring spin packets alone’’ P
Using a bin width much larger than the homogeneous spin  The electronic spin-lattice relaxation rate T1d) was
packet width allows us to simplify the calculations and con-assumed to be approximately constant across the 4-amino-
sider exchange between neighboring bins only. Finally, thefEMPO EPR spectrunil,, was determined to be approxi-
bin width is also chosen to be small enough such that thenately 75 ms at 12 K from experiments on low-
intensity of the 4-amino-TEMPO EPR spectrum is relativelyconcentration(1 mM) samples and long-saturation pulse

A. Frequency bin width

constant across a bin. saturation-recovery measurements on the 40 mM 4-amino-
TEMPO solution. The electron dipolar relaxation ting, £)
B. Microwave saturation is difficult to measure directly, but is typically taken to be a

2 24
Only allowed transitions are assumed to be driven by théalCtor of 13 times shorter thah.™ The observed nuclear

microwave field, as the experiments described here are ﬁpin-lattice relaxation rate (I/,) can be shown to be equal
performed using sources that generate relatively weak micro
wave fields. This permits us to neglect the effect of 1 1 1
microwave-driven electron—nuclear transitions in the simula-
tions. The microwave field is considered to perturb only the
bin with which it is on resonance, which should be a goodassuming that relaxation of the electronic system is not the
approximation as the microwave field strength in these exbottleneck in the nuclear relaxation process. In 6. Tee
periments is small compared t®y;,/v. and the homoge- is the rate constant for the polarization transfer from the EDS
neous spin packet line width is smaller than the bin width. to the NZS due to electron—electron—nuclear relaxation, and
Unlike the case of a single homogeneous line, in whichT}, is the spin-lattice relaxation time for the NZS arising
off-resonance irradiation of the EPR line drives polarizationfrom processes other than the electron—electron—nuclear
transfer by perturbing the dipolar spin temperature, we neflip—flops. Measurements of the nuclear relaxation rate at
glect the effect of microwave irradiation on the paramgter low electron concentrations can help to determine the value
This is reasonable for two reasons. First, microwave irradiaef T}, at high concentrations, although it is important to
tion within an inhomogeneous line with unresolved spinrecognize that direct electron—nuclear relaxation processes
packets will result in some spin packets being driven abovelso contribute tdr7,, .
their resonance frequency and some being driven below their In the solution of the equation of motion for the spin
resonance frequency, minimizing the net perturbatiorg.of system[Eq. (1)], the assumption is often made that the elec-
Also, the magnitude of any contribution t6 from off-  tronic system reaches a steady-state much faster than the
resonance irradiation of a narrow spin packet in the TEMPuclear system, allowing the electronic steady-state solution
line should be much less than the effect of cross-relaxation ifo be used to determine the nuclear dynamics. We have also
cross-relaxation is reasonably fast. made this assumption for the simulations of the 4-amino

()

- X
in 1n Thee
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2

TABLE |. Parameters used to simulate the ELDOR and DNP data along 1 v*h
with their method of determination. Bij =— — 63 (1-3 cog 0) (6)
4 r '
Parameter Value Method of determination
n; Normalized 1 mM TEMPO (A :J (D)0(0)S(w—w' —A)dwdw’ 7
oo L 9i(8)= | _gi(w)gj(w)a ) @)
S 720 MHz Full CW-EPR linewidth
N 400 r and 6 are coordinates of the vector between the two elec-
wpin/2m 1.8 MHz SIN-— trons with respect to the external magnetic field, gndv)
nl2m 211 MHz n?:;irgzi':?glgy external and g;(w’) are the normalized [”..g(w)dw=1] spin
; 25,26 ; .
027 20 MHz Estimate from TEMPO packet line shape¥: The fl|p—flop transition removes
concentration Zeeman energﬁwsI from one spin packet and dehvdt&;sj
Tip 25 ms Estimate T;¢/3) to the other spin packet. The difference in enefdgyA
Tie 75 ms Saturation-recovery EPR _ _ ; _ ;
Wy, (ELDOR) 01 MHz Etimate from Known h(ws .wsj)] which emerges from the cross.relaxanon
(DNP) 0.0005 MHz  power and resonatd process is taken up by the electron—electron dipolar reser-
Wy, (40 mM) 25 MHz Best fit of ELDOR and voir. Thus, cross-relaxation transitions perturb the Zeeman
(1 mM) 0.016 MHz DNP field dependencies temperatures of the two spin packets and the temperature of

the dipolar broadening system.

As mentioned earlier, in our simulations we have made
the simplifying approximation of using a bin width that is
TEMPO system. In general, the conditions for the validity ofgreater than the homogeneous spin packet linewidth. This
this assumption are difficult to derive, but for the special casllows us to consider only cross-relaxation between neigh-

of fast cross-relaxation, they are boring frequency bins. Since the homogeneous electronic
(T1e) " 1>C(Ty) 1, (4) spin p'ac_keF linewidth is much smaller than_the width of a
bin, this is likely to be a reasonable assumption. However, if
and the spin packets have a long, high frequency tail, which is
C. w2 difficult to measure in our spectrometer due to receiver ring-
(Tip) 1> n2 . (Theet Tin) 1, down, long-range processes may play a significant role.
@loc Since wy, iIs much greater than the spin packet line-

where oy, represents the magnitude of the non-Zeemarwidth, the parametew,, in the simulation does not repre-
Hamiltonian andC, is the ratio of the number of nuclear sent the rate of exchange between two homogeneous spin
spins to the number of electron spitfsFor the 40 mM  packets separated layy;,; rather, it is simply a phenomeno-
4-amino-TEMPO/water/glycerol system, we have estimatedogical spin diffusion rate constant between the spin packets
that this condition is not held sufficiently strongly to guaran-in one bin with those in the neighboring bin. We make the
tee that the electronic dynamics are unaffected by electronassumption thatVy, is constant across the spectrum, which
nuclear processdsee Table). However, we have observed is reasonable since the spin packet line shapes are approxi-
no significant differences in the calculated electronic steadymately the same across the entire EPR line, implying that the
state polarizations in the ELDOR and DNP simulations wherpverlap integral§see Eq(7)] between spin packets are also
the coupling to the nuclear spins is incorporated into theuniform across the EPR line.
simulations. Therefore, we have employed the electronic It should be noted that the fact th&l,, is constant
steady-state approximation, which reduces the number aicross the line does not imply that the observed rate of po-
free parameters in the simulations. larization diffusion will be uniform. The actual cross-
relaxation rateW;’;, depends not only oWV, but also on
the number of sping; andn;, which differ across the EPR
D. Electron—electron cross-relaxation line [see Eq.(2)], and on the magnetizatiom; and m;
|17 (wherem; =% w;«;). In the center of the EPR line, where the

As initially described by Bloembergemet a spin . oo o . .
packets that overlap in frequency space can exchange pole{p_tensny is largest, the likelihood of an electron spin being

ization via energy conserving flip—flop processes. The rate 0§pat|ally proximate to another electron spin close in fre-

cross-relaxation (%f,) between two spin-1/2 electron&;( quer:fy' Is much Ia.\(rjger than lon ;[he gdtghe of t?e “?teﬁ Tl.hls
and S,) depends on the magnitude of the flip—flop term esults in more rapid cross-relaxation in the center of the line

[Bij(S+S-’+S’S-+)] of the dipolar Hamiltonian and the than on the edge. Because this rate is difficult to predict
(M| (M|

._priori, Wy, is determined by fitting the simulations to the
spectral overlap between the two packets. For a crystallin . .
o . . _experimental ELDOR and DNP enhancement field depen-
system consisting of two coupled electrons, each displayin

3
a homogeneous EPR line with center frequenmgs and %ence datd
CEY respectively, this rate can be approximated as

1 B N .
T_:27T|Bij|zgij(A)’ 5) E. Electron—electron—nuclear relaxation
cr The electron—nuclear thermal contact is mediated by the
where electron—electron—nuclear relaxatipi..,, see Eq(2)]. In
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EPR ling. Since this reservoir couples all neighboring pairs
of spin packets, the cooling of the dipolar reservoir drives all
pairs toward an equal polarization difference.

Experimental evidence of electron—electron cross-
relaxation is, however, difficult to obtain. Unlike NMR ex-
periments, where the entire spin system can be excited with a
single pulse(and spectral diffusion processes across the en-
tire line can be directly monitorgdthe excitation bandwidth
of high-frequency EPR sources is frequently orders of mag-
nitude narrower than the spectral width of the EPR line. Be-
cause the microwave sources are of fixed frequency, and the
magnetic field sweep rate is not sufficiently fast to monitor

~—— 1 mM EPR Spectrum

~ -

[ e . . , spectral diffusion across the entire EPR line, there are lim-
49600 49650 49700 49750 49800 49850 ited options to measuring the cross-relaxation dynamics.
Field (Gauss) However, electron—electron double resonafieeDOR) and
saturation-recovery EPR experiments can provide this kind
of information.

FIG. 13. Simulations of hole-burning in the 4-amino TEMPO EPR line as a
function of the phenomenological bin-to-bin diffusion rag,. The EPR

spectrum is calculated under conditions of steady-state microwave irradiaA_ Electron—electron double resonance (ELDOR)
tion using estimated parameters for a 40 mM solution of the radical at 12 K

(see Table)l The parameters used in the simulations @fg,=49670 G, ELDOR experiments monitor the rate of cross-relaxation
T1e=75ms,T;1p=25mMS, w,J/27=20 MHz, andW,,,=0.1 MHz. The solid ; _ ; . ;
line shows the echo-detected EPR spectrum of 1 mM 4-amino TEMPO ir‘?e’[ween two fixed frequ_ency microwave sources; in this case
60:40 glycerol/water. h'e 139.5 GHz Gunn Q|ode and the 139.64 GHz gyrotron.
Since this frequency differencedl40 MH2) corresponds to
_ _ . approximately one fourth of the width of the entire EPR line,
our simulations we assume that only those spin packets thahis implementation should be a useful monitor of medium-

differ in frequency by exactly,, contribute to this three-spin range spectral diffusion across the 4-amino-TEMPO EPR

relaxation process. line. Clear evidence of electron cross relaxation is observed
in Fig. 11 for 40 mM TEMPO. However, the strong field
V. DISCUSSION dependence of the echo attenuation at the probe position due

Thermal mixing relies on a strong microwave inducedt© the pump pulse indicates that cross-relaxation is fastest in
perturbation of the EDS and good thermal contact betweef€ center of the line, where the greatest density of spin
the EDS and the NZS. These conditions are satisfied for Rackets resides. This anisotropy in the ELDOR data clearly
homogeneous EPR line where the nuclear Zeeman frequenéydicates that the cross-relaxation rate is in the intermediate
is less than the homogeneous EPR linewidth. In contrast, th€gime and is not significantly faster thanr34 or 1/T;p.

EPR spectrum of 1 mM 4-amino-TEMPO shown in Fig. 7 Using the simulation methods presented in Sec. IV, we
(top) clearly displays evidence of inhomogeneous broadenwere able to obtain reasonable fits for the ELDOR dé&tg.
ing from both electrong-anisotropy and, in the high field 11). The ELDOR simulation is produced by calculating the
region, N hyperfine coupling. As discussed earlier, electronic spin polarization at 139.5 GHz under a CW mi-
electron—electron cross-relaxation could render the EPR linerowave pulse at 139.64 GHz. The CW approximation is
effectively homogeneous on the DNP time scale providing @ppropriate since the length of the pump pule0 ms is
mechanism for thermal mixing. longer than the EPR spin-lattice relaxation ti7® mg and

Figure 13 shows a series of simulations of EPR holesince increasing the microwave pulse length did not affect
burning under a reasonably strong microwave field. Estithe experimental results. A phenomenological bin-to-bin dif-
mated values oT 1o, T;p and o, for the 4-amino-TEMPO  fusion rate W,;,) of 25 MHz was used for the simulation of
system at 12 K are used, and the phenomenological bin-tdhe 40 mM 4-amino-TEMPO ELDOR data. The parameters
bin spin diffusion rate {V,,) is varied over several orders of used in the simulation are tabulated in Table I. The small
magnitude. 139.50 GHz microwave irradiation at a magnetigliscrepancy between the 40 mM 4-amino-TEMPO experi-
field of 49670 Gauss is employed in the simulations. Formental and simulated ELDOR curves observed in the center
slow cross-relaxation rates, there is little spectral diffusionof the EPR line may arise from a number of factors. In the
and the line can be considered strictly inhomogeneous. Asimulations we have assumed a homogeneous electron spin-
the cross-relaxation rate increases, the line becomes incredsttice relaxation timeT,., while saturation-recovery EPR
ingly homogeneous, until, under very rapid cross-relaxationmeasurements df, . indicate that there is a slight anisotropy
the hole is completely delocalized, and the downfield portiorin T,.. To fit the edges of the ELDOR curve, whefg, is
of the EPR line becomes emissive. In this limit, the polariza-=somewhat longer than used in the simulations, would require
tion (p;=m, /n;) is linear across the entire line, meaning thata slower cross-relaxation rate than that used for the center of
the dipolar broadening reservoir can be described by a singlihe line. Furthermore, the gyrotron frequency is not locked
paramete. The mechanism for this effect in the simulation and a small drift in the gyrotron frequency, due to cavity
is the cooling of the electronic dipolar reservoir by asymmet-heating(see Sec. )| for example, could also lead to a dis-
ric cross-relaxatior(due to the off-center irradiation of the tortion of the ELDOR curve. Finally, the simple model for
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the cross-relaxation, in which only nearest neighbor spinwo processes can lead to recovery of the spin polarization:
packet interactions are considered, may not work as well focross-relaxation with other spin packets in the EPR line and
the edges of EPR line, where the long frequency tail of elecspin-lattice relaxation. Cross-relaxation processes will only
tron spin packets would become more important for crossaffect the recovery curves if there is communication between
relaxation than in the center of the line. . the observed spin packet and other spin packets at a rate
To check our estimate of the 40 mM 4-amino-TEMPO ¢5qter than spin-lattice relaxation, and if these other spin

Eros ds-relaxgnon trhate, \r/1ve Calcula:ed_th? 1bm':/| EI_‘DO!&; CurVepackets are at a different spin temperature from the observed
y cecreasing the phenomenological bin-to-bin &Gy spin packet. This condition will be met when the saturation

used in the 40 mM simulation by a factor of 1600. This is . . .
justified by the fact that the cross-relaxation rate is propor—pmse is not sufficiently long for cross-relaxation to proceed

tional to the square of the average dipolar coupling betweeRu"y to all coupled S.pII’IS._ . .
electronic spingsee Eq(5)], which is in turn proportional to The 1 mM solution displays pure single-exponential re-
the concentration of electrons. The simulations predict thagoVvery for a range of saturating pulse lengths and line posi
no ELDOR echo attenuation should be observed in the 1 mMions. The relaxation is slightly faster with the 10 ms pulse
solution, consistent with experimental observations. than with the 60 ms pulse. This could arise from a small
The phenomenological bin-to-bin spin diffusion rate component of the relaxation being attributed to electron
constaniW,, is related to the electron-electron dipolar cou- cross-relaxation. It is also possible that instantan&odi$-
pling (wee), which drives the electron cross-relaxation. fusion contributes to the faster relaxation for the 10 ms satu-
Abragam gives an estimate for the electron—electron dipolagation pulse data. The fact that the effect of cross-relaxation
broadening in a magnetically dilute substance in which thenay be visible in the 1 mM saturation recovery data and not

magnetic moments are distributed randomly, in the corresponding ELDOR data is not surprising, given
1 ) that ELDOR probes diffusion over a large frequency range,
“’ee:-r_ge%?’-g?’eh'\'e, (8  while the saturation-recovery experiment probes the cross-

e

_ _ _ relaxation to spins near in frequency.
whereN_ is the density of the electron spiAsThe ratewee In contrast, the relaxation dynamics of the 40 mM solu-
ts:ould be on thetord;ar ?]f ahn ulppfr boutp]d:MJb, asthisis  ion show a strong dependence both on the magnetic field
€ maximum rate at which electrons that are on—resonanc&rength and the saturating pulse length. For short saturating
with one another will undergo flip—flop transitions. For a 40 . )
pulses, we observe two relaxation components: a fast com-

mM solution, this results in a maximal rate consts, of . .
about 35 MHz consistent with our value of 25 MHz deter- PONent that can be attributed to cross-relaxation, and a
slower component that can be attributed to pUifg relax-

mined from the simulation of the ELDOR data. For the in-~"" ‘ X
homogeneously broadened 4-amino-TEMPO EPR line Omyatlon. As the saturating pulse length increases, the longer
a small fraction of the spins are on resonance which is aciélaxation component begins to dominate, until, when the
counted for in the cross-relaxation ranffj of Eq. (2) by  saturating pulse length is on the order of the spin-lattice re-
weighingW,,, by the number of sping; on resonance. The laxation time, the recovery curves become single-
electron—electron dipolar coupling also contributes to theexponential. The long pulse saturates not only the spin
electron spin-echo phase memory timg,f; however only  packet on resonance, but also the entire cross-relaxation
those spins that are on resonance will drive the phaseshannel, so that purg, relaxation is observed. This effect
memory relaxation. The electron phase-memory relaxatioms exhibited for irradiation at two line positions, 49634 G
rate constant (T/,,=250kHz) therefore provides an upper (Fig. 9), which corresponds to the low-field edge of the EPR

bound for the weighted electron-electron dipolar relaxationine, and 49 690 GFig. 10, which is approximately the first
rate constantn;Wy;,. For the center of the EPR line a rate jyoment of the EPR spectrum.

constant ofn;W,,,~ 168 kHz is obtained, consistent with the

An interesting difference between the data for the two
phase-memory rate upper bound.

magnetic field values is that the saturation-recovery curves
for the 49634 G position vary substantially as a function of
B. Saturation-recovery EPR saturating pulse length until the pulse is on the order the
spin-lattice relaxation timé~75 mg. However, under irra-

The pulsed saturation-recovery EPR experiments aISaiation at the center of the EPR line, the recovery curves

suggest that electron cross-relaxation plays an important rOIgecome invariant for much shorter saturating pulse lengths
in the spin dynamics. Saturation-recovery EPR measure-

ments monitor the rate at which a hole returns to thermaf210 ms. Th_'s sgggests that, in the 9enter of the I|ne: th?
cross-relaxation time to most of the spin packets in the line is

equilibrium after a saturation pulse, using a single micro- ) : )
wave source for excitation and detection. Both electron spinP€loW 10 ms, while at the low-field edge, there is a large

lattice relaxation and electron cross-relaxation can contribute2ng€ of cross-relaxation times, up to the spin-lattice relax-
to the relaxation. The saturation-recovery curves for the 4@tion time. This effect is even more pronounced on the high
mM solution(Figs. 9 and 1pshow large variations both as a field edge(data not shown These observations are again
function of saturating pulse length and the magnetic fieldconsistent with fast cross-relaxation in the center of the line,
position, while such effects in the 1 mM curvésSg. 8 are  while the edges the EPR line, where the spectral density is
much less pronounced. After the saturating microwave pulsenuch lower, remain partially inhomogeneous.
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C. Dynamic nuclear polarization the fits and the determination of the simulation parameters.

Both the ELDOR and the saturation-recovery EPR mea he fact that excellgnt -fl.tS are obtained for both data sets
uggest that our simplified model of the electron cross-

remen h imple picture of rely hom
T e o i oo eloation adquaely descrbes the spin cynamics of he
the DNP effect in 4-amino-TEMPO. Thus, our attempts t04—am|no—TEMPO system.
simulate the DNP and ELDOR experiments using a model i
which cross-relaxation is in the fast limit were unsuccessfulr.{/l' CONCLUSIONS
The field dependence of the DNP enhancement is calcu- We have presented a model for analyzing polarization
lated in two steps, using the formalism developed in the Sedransfer via thermal mixing at high magnetic field strengths
IV and the parameters determined from the ELDOR andwvhich accounts for electron—electron cross-relaxation within
saturation-recovery EPR datsee Table)l First the steady- an inhomogeneously broadened EPR line and have applied
state solution for the electronic system under microwave irthis model to simulate DNP and ELDOR experiments in the
radiation is determined without considering couplings to the4-amino-TEMPO system. These studies indicate that for 40
nuclear spins. This steady-state solution is then used in theM 4-amino-TEMPO, the EPR line is in the intermediate
rate equation describing the time-dependence of the nucleaross-relaxation regime, and thus the three-bath thermal mix-
magnetization in Eq(2). If we assume the initial nuclear ing model, used previously to describe low field experi-
polarization is small, then the steady-state nuclear polarizaments, does not adequately explain the polarization dynam-
tion, or DNP enhancemernrt will simply be proportional to ics of the system at high fields. Instead, electron cross-
the total electron polarization pf>=m?%n;) differences relaxation must be explicitly included to model the coupling
among all spin pairs, apart, between the electronic and nuclear spins. In this case the
§ polarization transfer proceeds via spin flip—flops between
1nWeen ss s pairs of electronic spin packets, spacegapart, whose Zee-
€N Ki;N_a NiNi+a(Pi "~ PiYa) © man temperatures can differ from one another. Both the field
dependence of the DNP enhancement and the ELDOR data
Because of the difficulty in measuring;,, and We.,, we  are accurately simulated using this model of electron cross-
determine the shape of the enhancement curve as a functioaelaxation and help to explain the dramatic enhancements
of magnetic field strength from the sum of the weightedthat have been observed previously at high magnetic fields
(nin;, 5) polarization differences and normalize this curve towith the inhomogeneously broadened 4-amino TEMPO free
the experimental data. Using the simulation parameters afadical.
Table | and a saturation parameteMgf,,=0.0005 MHz, we
obtain an excellent fit of the field dependence of the DNPACKNOWLEDGMENTS
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