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Intramolecular dynamic nuclear polarization via electron-nuclear double resonance
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A fast and low power method is proposed and simulated for achieving substantial intramolecular dynamic
nuclear polarization, as high as 50% for protons and 17% for deuterons, by means of simultaneous nuclear and
allowed electronic magnetic resonance transitions.
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I. INTRODUCTION Il. ENERGY LEVELS

A hyperfine-coupled system consisting of a single elec-

Because electronic magnetic moments are orders of maggr—On spin (distant from other electron spinand anl = 1/2

nitude greater than nuclear magnetic moments, for a given . _ . .
magnetic field strength and temperature, the polarization O[Puclear spinthel =1 case to be discussed Igtér the pres-

electron spins far exceeds that of nuclear spins. Howevef"c€ of three applied magnetic fields is treated. One of the

strong nuclear spin polarization is often an important experif!€lds, B, is constant; oneB,;, is at the radio frequency

mental condition. For example, the sensitivities of many(®rf) for the NMR transition between nuclear levels of the
kinds of measurement depend upon the extent of such polafXcitéd electronic state; and onB,,,,, is at a microwave
ization (see e.g.[1—3]), and nuclear fusion rates are affected freauency () for one of the allowed EPR transitions. The
by polarization of the reacting nucl#]. Dynamic nuclear electron_lcg tensor is takeln. to be closg to isotropic so that t.he
polarization(DNP) processes enable experimenters to transSPréad in the EPR transitions associated with random orien-
fer electron spin polarization to nuclear spin systefik tation of the sites is mu_ch narrower t_han the hyperfine split-
Among its applications, DNP is employed to polarize targetstmg_s(also taken essentially isotropid=igure 1 shows, sche-
for experiments on spin-dependent scattering by fundamentdfatically, the dependence of energy levels upon the strength
particles[6], to increase the contrast in polarized neutron®f the steady magnetic fiel. The ordering in energy cd
small-angle scattering from frozen spin targets of biologicaP"dP, the nuclear levels in the ground electronic statg (
origin [7], and to increase magnetic resonance signals, e.g= — 1/2), is for the proton wittB>B.oss, WhereBcoss is
[7,8]. In this paper a method, combining electron-nuclearthe applied field a_lt which these Ievels_are closest together
double resonance and DNEENDOR-DNP is proposed for (€9, about 0.6 T in NB [10]. The ordering ot andd, the
achieving as high as 50% polarization of protons and 17% ofuclear levels in the excited electronic state,¢ +1/2), for
deuterons in far less time and with much lower microwavethe proton, is independent Bf In Fig. 1 the relative energies
power than present DNP methods. As currently used, DN the electronic Zeeman splitting (0.93 cmT* for
depends upon forbidden electron paramagnetic resonan@electronic—2-0) and the joint hyperfine-nuclear Zeeman
(EPR transitions in a target containing a low concentrationSplittings (of the order of 10° cm™* in free radicals are

of paramagnetic center®.g., NH, free radicaly each sur-  unrealistic; forB>Bgss the former energy greatly exceeds
rounded by a “sea” of polarizable nuclée.g., protons in the latter. Thee’s are coefficients of nuclear spin-state mix-
frozen ammonia here electron spin—nuclear spin magneticing; for example,|e4,q® is the population ratio oim,=
dipole interactions give rise to the nuclear spin-state mixing~1/2 to m;=+1/2 in level a and ofm=+1/2 to m;=
(small in amount responsible for the forbidden transitions. —1/2 in levelb. Ngng= (1+|£4nd?) ~“?is the normalization
The possibility of producing a significantly greater amountcoefficient for botra andb. For largeB, which is a favorable

of spin-state mixing, or interchange, in the excited electronicxperimental condition for the method explored hée? is
state by electron-nuclear double resondi®idas apparently small and approximates the fractional population of the mi-
been overlooked. Application of ENDOR would require, in nor nuclear spin-state constituent.

addition to the microwave field already dedicated to exciting The symbolsf,, fy, f., andfy will be used to designate
EPR transitions, a radio frequency magnetic figlith both  the fractional populations of the states such that f,+f

the microwave and rf fields polarized perpendicular to the+ fq=1. At temperaturdl, with kg the Boltzmann constant,
large steady magnetic fieldBecause of hyperfine interac- the thermal equilibrium values arg, ¢q/fa eq=eXd — (Ep
tions and the nuclear Zeeman effect acting together, separa-E.)/kgT], f¢eq/faeq=€Xd —(Ec—Ea)/kgT], fgeq/
tions in energy between “adjacenti.e., Am;=1) nuclear f,=exgd—(Eq—Ea)/kgT], and f,eq=1/(1+ T, eq/

spin states of the excited electronic manifold differ fromf, oo+ fceq/faeqt faeq/faed. At T=1 K, fieq=Tpeq
those of the ground electronic manifdis in NH, and ND,, ~ ~0.5, andf; ¢q~fgeq~0

[10)); these differences in splitting ensure that the rf field In Fig. 1, the levels are shown as nuclear spin-state
(employed to mix states within the excited manifoldll not ~ mixed. Such mixing is treated in detail [10]. Overlap of
induce depolarizing transitions within the ground manifold.the nuclear parts of the ground with the excited states affects
For | >1/2, quadrupole hyperfine shifts make the splittingstransition and relaxation rates. In the exposition below, the
between adjacent pairs of each electronic manifold differentoverlap between levels andd and betweei andc is char-

1050-2947/2002/6@)/04340%7)/$20.00 66 043405-1 ©2002 The American Physical Society



A. S. BRILL PHYSICAL REVIEW A 66, 043405 (2002

Total energy

(Zeeman plus hyperfine) FIG. 1. Schematic example of
the four energy levels of a
hyperfine-coupled system, con-

- sisting of a single electron spin
and anl=1/2 nuclear spin, as a
function of the strength of an ap-
plied magnetic field. Each of the
four levels is a nuclear spin-state

- mixture of |[m;=—-1/2) and |m,
=+1/2), as shown, where the's
are the mixing parameters and the
N’s are nomalization coefficients.
As B and the nuclear Zeeman in-
teraction increase, thes —0 and
the N's—1. The pair of lower
electronic Zeeman energythe
ground levels hasmg=—1/2 and
the pair of higher electronic Zee-
man energy(the excited levels
has mg=+1/2. The ordering in
energy depicted within the pairs is

Electronic — T AN T taken to be that for a proton in

%O:Irsld_ V.. _ .V _ V. NH, subject toB>B,,,ss[10].
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acterized by the parametaf (=\2,=\2.), as defined for duces down-field, i.e., negative, polarization. The four kinds

levelsa andd by of intramolecular process for nuclear spin 1/2 appear in the
, following rate equations, all first order and linear, for states
AadE|<anuclear‘dnuclear>|2 a, b, andc:
with dfa/dtzkE(l—)\Z)(fC—fa)+rE[fa'eq—fa
lanucieay  and |dpucieay Normalized +(A-M)(fe—foeq PN (fa—fqeq)]

and analogously for statdésandc. For the system of Fig. 1 Frngnd faeq fat fo—Tfoeq), (1)

_ _ 2 _
}‘ch|<anuclea|4CnucIear>|2:|<bnuclearldnuc|ear>|2 dfb/dt_rE[fb’eq fb+)\ (fc fc,eq)

E)\gd +(1_}\2)(fd_fd,eq)]+rN,gnd(fa_fa,eq
=1—\2. +fheq— fb), 2
As B increases beyonB.,..., nuclear Zeeman interaction  dfc/dt=ke(1=\?)(fa=fo)+ky(fa—fc)
becomes the dominant factor in nuclear spin quantization so Frel(1=N2)(f.—f N2(f—f 4 f
that nuclear spin-state mixinds(?) diminishes monotoni- el ( M2 faed ¥A o To.eqt Toeq
cally, and theac andbd overlaps approach 1. For lard® —felt+rnexd feeq fet faeqfa)- 3
e.g., protons in NllatB=5 T, \? is too small to have a
noticeable effect on the processes to be treated here. Because fatfptfetfyg=1, dfy/dt=—(df,/dt
+df,/dt+df./dt), i.e., the rate equation fdy, is not inde-
lIl. RATE EQUATIONS pendent of the set of equatiofi), (2), and(3).

There is a fifth process, spin diffusion, which is respon-
Also indicated in Fig. 1 are four kinds of rate process. Thesible for the propagation of intramolecular nuclear polariza-
rate constants for the four intramolecular processeskare tion into the surrounding medium. The rate of spin diffusion
andky, the EPR and NMR transition probabilities;, the  depends upon the difference between intramolecular and
electron spin-lattice relaxation rate; angl, the nuclear spin- neighboring polarization; because of the local magnetic field
lattice relaxation rate, which can be different for nuclear“barrier” from the unpaired electron magnetic dipdlé1],
spins in the ground and excited electronic states. Which althis rate is slower than the nuclear spin relaxation rate in the
lowed EPR transition is chosen is determined by the polardistant medium. Spin diffusion begins to be effective after
ization sought; the to c transition shown in this figure pro- intramolecular polarization has developed; even after the
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steady state is reached, spin diffusion has little effect upon,df /dt=keA2 (f—feo) —kn(fe—f5)
and will not be included with, the rate processes active in

Egs. (1)—(3) above. Nor does the surrounding medium, +re[foeq et Meo(fa=faeq) T Mool fo— fbeq)
which is taken to have a low concentration of unpaired elec- 2

tron spins, affect the internal electron spin. Apart from the thcelfeTeeq 1T nvexd fafaeqt 2(feeq-re)
applied magnetic fields and the “latticétonstant tempera- + = Freql- )

ture bath interactions responsible for electron and nuclear
spin relaxation, the molecule treated here is isolated.

The polarization from a static field is ufre., in the di- Becausef,+f,+fo+fy+fo+fi=1, dfs/dt is not indepen-
rection of the fieldl if the nuclearg value is positive and dent of Egs.(5)—(9).
down for a negative value. With dynamic nuclear polariza-
tion, one can choose to polarize up or down. If the latter is
chosen, Eqs(1)—(3) apply and result in population changes
in all four states, the largest ia (a decreasewith smaller The rate equation$l)—(3) can be solved to obtain the
changes in the othe(all increasel In more detail, but sim-  time courses and steady-state values of the fractional popu-
plified with \>~0, one seeks to maximize the net fractional lations f,, f,, f., andfy, and Eqgs.5)—(9) solved forf,

IV. RATE PARAMETERS

polarization throughf; . For this purpose, realistic valuesiof, ky, rg,
I'N,gnds @ndry exc are required.
p=—(fo+fa—fa—fo). (4) In order to be able to treat the kinetics of any DNP

method quantitatively, it is necessary to knaw(T,B).

enZ\r/hercliitf?:rg:séggec:xgeenn!g;gi\aecpTﬁé?gSa'rsee;:ﬁ,;%th?—|owever, apart from indirect estimateskfenter relaxation
gy ’ times in irradiated LiH 12], measurements afz at the low

EPR transitions between these states, ana tioec transition temperatures and strong fields treated in the present exposi-
starts the polarization sequence. Because the transition is %F P 9 . P P
lon have not been reported. There is useful literature on the

lowed, high microyvave power is not requir.e.d. In the gbsenc?emperature dependence rf for free radicals in magnetic
of power saturation, the net EPR transition ratekig1 fields of about 0.36 T. For this field and in the temperature

—\?)(f,—f.), the negative of which is the first term in Eq. . X .
’ . . range 5—20 Ky for methyl radicals trapped in various ma-
(1) above. Analogous the is ky, in Eq.(3) above, the NMR trices is proportional to the absolute temperature, with the

transition probabilityr ¢ andry characterize unmixed states, constant of proportionality in the range 34 to 121 ks .

2 —\2 i
ﬁzglsg?sﬁg?stlate)\ m?;ienlncluded to allow for the effects of [13]. In a recent study, the relaxation rate of the nitroxide
pin-S : 9. : . free radical tempol, doped into a diamagnetic host, was
The following f.|ve rate equations are for nuclear spin 1'found to be the same at fields of 0.34 and 3.4 T between 50
_The case tr_eated IS a deuteron vtk Beross The Ievel_s are  and 250 K, a temperature range in which the rate is closely
in (_)rder of increasing energy fromto e. Quadrupole inter- proportional toT? [14]. From 50 to 14 K, where data taken
action makes E;—Ep>Ey—E, and Ei—Ec>E.—Eq. only at B=0.34 T are presented ifil4], the dependence
Down polarization is chosen, which requires states e and ft%f rc upon T decreases with decreasinf at 14 K
E 1

be connected by the NMR rf field. re=126 s. A1 mM solution of another nitroxide free

df./dt=rf. . —fa+ 2 (f.—f N2 (F.—f radical, 4-amino TEMPO (4-amino-2,2,6,6,-tetramethyl-
2 elfaeq adfafacd Fhal e Teeq piperdine-1-oxy), dissolved in a 60:40 glycerol/water solu-
N3 (Fr—Treql+ Tngnd faeq— fat fo—Toeq), tion, hasrg~13 s! at T=10 K andB=5 T [15]. In Ref.

5 [6] the relaxation time of electron spins in irradiated ammo-
(5) niaat 1 K and 5 T is said to be “short(10 2 s),” but the
L a2f . source of this information is not mentioned. In order to dem-
dfp/dt=—kehbe(fo=Te) T Telfoeq™ o onstrate the kinetic and steady-state behavior of ENDOR-
N2 (Fg—Faed T A2u(fo—fooqt N2i(Fr—ff o0 ] DNP in the absence of tighter constraints upen the latter
> 4 peie Teean et 4 rate parameter will be given values of 1, 200, and 1000 s
+ngnd fa=faeq in the exposition below.
+2(Fp aam o)+ fo—f ©) The contribution of paramagnetic “impurities” to the re-
(fbeq— o) +fc—feeqls laxation rate of nuclear spins in solids is well understood in
. _ 2 ¢ 2 ¢ its application to systems where the operative dipolar inter-
dfc/dt=rel[fceq—fot Aca(fa=faeq +Ace(fe~ feeq) action is between electron and nuclear spins that are distant
FNZ(Fr—Froql T Tngnd Foeq— ot fo— feeq), from each othef16]. In the case at hand, however, the elec-
tron spin and nuclear spin are in the same molecule. The
(7 off-diagonal operator for the distant dipolar coupling em-
) 5 ployed in the formulation of extramolecular spin-lattice re-
dfg/dt=re[fgeq—fatNad(fa=faeq) + Apa(fo—Toeq) laxation[16] is replaced byH ix, Eq.(2) of [10], the corre-
2 B B sponding off-diagonal part of the intramolecular electron
FAca(fe= Toeal TInexd faeq futfe~feed) dipole—nuclear dipole Hamiltonian. The resulting expres-
(8) sions are
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FIG. 2. Polarization of a proton in NHas a function ofky for several values okg when(a) re=1 s, (b) re=200s?, () re
=1000s! T=1 KandB=5T.

rn=(8/3rg|Hmid?/(hwy)? for Iy=1/2 (108 iting value whenkg~10* s and ky~10° s 1. It follows
from Eq. (13) that Awsy~ke~10* s™1. Because this width

and ry=(4/3)rg|Hmid? (hwy)? for 1y=1. is comparable with the spectral puripandwidth of the
(10b radiation of microwave sources in general usee, e.g.,

. " [18]), the microwave radiation is spread out over the spin
Here, wy is the frequency for a NMR transition between packet and

adjacent nuclear levels of either the ground or excited elec-

tronic state. For_zexample, in MH and ND, at B ke=(Ke(®,u))
=5 T, ry/re<10 ¢ for both electronic states.
Once the temperature and field strength are fixed, there is =7.73X 107B2 (0( @ 0~ o) (T 5) 2

no experimental control overg, I'ygng, andryexc, but _ 12 5
there is control ofkg and ky. Consideration of the EPR =7.7310° BLw(0-5Awsp) (T's) (14
transition probabilitykg starts with the following expression
for purely monochromatic microwave radiation: or

Ke(@ ) = (188 ) 29( @~ 00 2 Blun=2.6<10 ehwgp (T2 (15

=7.73X 10218iwg(wﬂw— wy) (T2 (11 There is no problem in generating microwave fields that
produceke’s as fast as 10s™%; to Awgp~ke~10* s™* cor-

where pg is the Bohr magnetong(w . —wc) the normal-  respondsB?,~2.6x10 * T2 or (1.6x10 % G)%. In ex-
ized EPR spin-packet line shape function, andthe center  perimental terms, a microwave magnetic field of
frgquency. While there are formqlas relatlBéw to |nC|dgnt (B,Lw,max)2:3>< 10 %% T2 can be generated with 0.32W
microwave power, resonant cavity dimensions, &hdt is  of power entering a 22.5 GH¢ K band,” 0.8 T for free
more reliable to measui@’,,, directly by the method of per- radical resonangegood quality, full wavelength cavity. The
turbing sphere$17], especially when the cavity encloses a power needed decreases with decreasing cavity volume, and
Dewar tail and/or other apparatus of significant voluBg,  cavity volume per wavelength decreases with increasing mi-

will normally be 10°° T or less. With the definition crowave frequency; €.9.B(,y max>=3%10 1% T? requires
) ) ) ~0.05uW in a full wavelength cavity at 35 GHz“Q
A wsp=half-width of the spin-packet function band,” 1.25 T). Greater powers are required when larger

, _ sample volumegmore wavelengthsare needed. In very suc-
and the relatiofg(w—wc)dw=1, the average value of the oqf| experiments on electron scattering from DNP polar-
spin-packet function is estimated to be ized protons or deuterons in a 5 T constant magnetic field,

B the target material is not in a resonant cayiy; direct and
(9(0,0~ ©c))0.5R wsp. (12 intense 140GHz microwave radiation is employed to excite
The energy differenc&,—E, is lifetime broadened by ©N€ forbidden EPR transition or the other. The same configu-

the processes, acting in parallel, which populate and deplef@tion could be used to excite allowed transitions in the
the two states involved. The lifetimeand A ws, expressed =NDOR-DNP method proposed here, but much less power

in terms of rates defined aboyehere constants of the order Would be needed. _ , ,
of 1, e.g., 1-\2, multiplying them are omittedare There is also no problem with spectral resolution—being

able to excite one transitigie.g.,a to c) with only negligible
Awgp=1r~Ke+ky+re+ry. (13  microwave power within a spin packet of the othbrt¢ d).

For example, taA ws,=10* s™* corresponds an energy less

Results of simulations, described below with examples irthan 10® cm™*, more than 100 times smaller than the
Fig. 2, show that proton polarization comes close to its lim-smallest hyperfine splitting in the NHadical[10]. Anisot-
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ropy in the hyperfine splitting or the electronictensor is re=200s' T=1K B=5T

likely to have a greater effect upon spectral resolution than 0.20 T T

does spin-packet width. c ke=26x10%
Consideration oky is similar to that ofkg except for two 2 015 —

quantitative differences. First, because nuclear magnetic di- E fe= 160

poles are~10° times smaller than electronic magnetic di- & 010 kg =400s™" -

poles, the production of NMR transition rates comparable g

with EPR rates requires NMR rf fields much greater than B 005 pRPTEL

EPR microwave fields. Further, there are substantial differ- i B

ences among nuclei; e.g., the proton, with sigirr 1/2, has 0.00 , ,

nuclearg value 5.5857 and the deuteron, with spip=1, 05 15 25 35

has nuclearg value 0.85744. Also, the bandwidths of rf log,p ky

sources are generally narrower than those of microwave
sources; it suffices to take(w,; —w.) at its center[Here
0(ws— w.) is the normalized NMR spin-packet line shape
function with w. the central NMR frequencl.Choosing
again the allowed EPR transition to be betweesmndc, one
sees that the relevant NMR transition is betweeandd. It
follows that, through state, the major source of line broad-
ening of the NMR energy differendgé;— E. is the same as
that of the EPR differencE.— E,, and the same spin packet p=—(fpest fass— fass fcs9- (19
width Aws~kg applies to the NMR transition. For nucleus

j of spinl; andg valueg;, In the examples given below, the hyperfine energies of the
5 2 2 ground and excited electronic levels are taken to be those of
Kn=07(0;nBr1) " (Awsph?), (16) NH, [10]. For T=1 K and B=5 T, Fig. 2 showsp as a
function ofky, for several values okg whenrgz=1 s (a),
200 st (b) and 1000 st (c); ry is calculated from Eq.
(10a with |H ,|? averaged ovey at #=60° as in Fig. 1 of
[10]. The maximum attainablg@ is seen to be 1/2 aT
kn(proton =7.16x 1016(Br2f/Awsp)(T )2 (17a =1 KandB=5 T, at whichT andB,f, ¢4~ f} ¢q~0.5 and
feeq~faeq~0.0. Also, atB=5 T, N?~0. The fraction 1/2
and is readily arrived at by considering the steady-state equations
5 1 ) when Kg ,Ky>re>ry gng. With df,/dt=0, ke>rg,ry in
Bri (proton =1.40< 10" ~'kekyn(T 9)°. (A7 Eq. (1) requiresf,~f.. With df./dt=0 and f,~f., ky
To reach close to maximum polarizatiokg~10* s™* and >Ten in Ed. (3) requiresfy=To. With df,/dt=0, re
ky~10° s™%, in which caseB? (proton)%l 40< 10710 T2 or > Mgna in 0. (2) requiresty fa=fy eq  faeq=0.5, given
N ' rf(P ' : T=1 K, B=5 T. Under these conditions, the population of
(0.12 Gf. ENDOR spectrometer technology effectively statea undergoes a major decrease while thabaficreases
deals with the small skin depths at NMR frequencies, depth%omewhat; significant populations appear in statesd d
v_vhich severely reduce cavity wall penetration by rf magnetic,t their nuclear spins are equal and opposite. Had the al-
fields. In one example, rf fieldsf& G peak to peak have |oyed EPR transitiom to d been chosen together with tde
been produced by coils secured to the outsideXdfand 5 ¢ NMR transition, there would be a limiting positive po-

FIG. 3. Polarization of a deuteron in N2s a function ok for
several values okz whenrg=200st. T=1 K andB=5 T.

steady-state values, one immediately obtding,—=1—f, ss
—fpss—fcss. The fractional polarizatioricontinuing with
nuclear spin downis

where o?=1 for l;=1/2, 2 forlj=1, etc., as required by
l.; wmn is the nuclear magneton, and(w.;— w:.=0)
=1/Awgp. It follows that

cavity walls[19,20. larization of 1/2. Whether up or down nuclear polarization is
For the deuteron sought, in the steady state essentially half of the equilibrium
ky(deuteron=1.69x 1015(B,Zf/Awsp)(T 92 (183 g:)eig'tsron spin polarization can be transferred to the nuclear

By means analogous to those used above for the proton,
one predicts that fractional spin polarization of a deuteron in
ND, as great as 1/6 can be produced by ENDOR-DNP The
V. STEADY STATE AND KINETICS steady-state fractional polarization associated with Ejjs:

(9) is

andB? (deuteron=5.92x 10 *Skyke(T 9)2.  (18b)

Upon settingdf,/dt=df,/dt=df./dt=0 in Egs.(1)—

(3) for nuclear spin 1/2, one arrives at a set of three algebraic
equations, the solution of which gives the steady-state values
of f,, fy, andf. as functions of the rate parameters, the
overlap, and, e, fpeqs fceq: @andfyeq- Because the latter and is shown in Fig. 3 as a function kb, for several values
thermal equilibrium values depend strongly upon both theof ke whenrg=200 s'*.

temperature and magnetic field strength, so do the steady- Formulation of the time course of polarization is simpli-
state values of the four fractional populations. With thefied with little effect upon all but the end of the kinetic

net polarizatior — (f¢ sst frss— fass fasd (20
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curves by neglecting the much sloweyg terms and then
rewriting the differential equations in terms of difference
populationsx, y, andz

x=fq—f,, y=fy—f., and z=f.—f,. (21
dx/dt, dy/dt, anddz/dt are readily expressed in terms>gf
y, and z from the original rate equationd)—(3). The alge-
braic path then chosen was to exprgsdy/dt, x, anddx/dt
as functions ofz, dz/dt, d?z/dt?, and d®z/dt®. One then
arrives at the following third order linear differential equa-

tion for z
d3z/dt3+ 2(kg+kyt+ 2rE)d22/dt2
+[4rE(kg+rg)+ 3ky(kg+2rg) ]dz/dt+ 4ky (ke

+re)re(z+fp s fesd =0 (22
to which belongs the auxiliary equation
r3+2(kg+ky+2re)r?+[4rg(ke+rg)
+3kn(kg+2rg) Ir +4ky(kg+rg)rg=0. (23

Exact solutions show that, under the conditidqs=ky
>rg, the roots of Eq(22) are, to a very good approxima-
tion,

ryo=—kg+kyt arg*[kE—kegky+ kG +re(ky+reg)]Y?
and
I’3= —8kNI’E/3(2kN+ I’E), (24)

wherea=2(4ky+3rg)/3(2ky+rE).
The solution forz is

z(t)=A exprqt) + B exprot)+C exp(rat) + Dt+E.
(25)

t—oo corresponds to the steady state, which shows Ehat
=0 [from bothz(e) being finite anddz/dt(e«)=0] and
E:Z(Oc):fc,ss_fb,ss- (26)

From Egs. (21), (25, and (26), z(0)=A+B+C+E
=fceq— foeqOr
A+B+C= fc,eq_ fb,eq_(fc,ss_ fb,ss)- (27)

Proceeding in a similar manner witte/dt andd?z/dt? at
t=0, one finds

r1A+rzB+r3C:kN(fd’eq_fcveq) (28)

and

I’iA-ﬁ- I’%B-ﬁ- I’%CI — Kekn( fd,eq_ fa,eq) - 2kﬁ( fd,eq_ 1:c,eq)
_2kNrE(fd,eq_fc,eq)- (29)

After solving the three equation@7)—(29) for A, B, andC,
one obtaing(t) and its derivatives, and thet(t) andy(t).
The fractional populations at arbitrary time follow from writ-

PHYSICAL REVIEW A 66, 043405 (2002

0.7 T T T T

0.6

0.5

0.4

0.3

Fractional population

0.2

0.1

0.0

log,, (time in seconds)

FIG. 4. Time courses of the populations of the four hyperfine
states of a proton in NH The rate constants ar&:=1.0
x10*s7!, ky=1.0x10°s %, andrg=200s’ T=1K andB
=5T.

ing them in terms ok, y, andz. Note that, because the small
ry terms are not included in this kinetic analysis, a(@) is
the only difference population from the steady-state results
which is used as a boundary condition, the value$,6f),
fp(), fe(), and fy(ee) will be slightly different from
those obtained from the steady-state formulatias in the
example presented in the next paragpaph

Figure 4 shows the time courses of the populations of the
four states of a proton in Njtwhenrg=200 s ! [as in Fig.

2(b)] with kg(10* s™1) andky(10° s~ 1) chosen to result in a
steady-state polarization close to the limiting value of 1/2.
For this case, the values df(«) from the kinetic and state
formulations differ by 0.66%, those df,(e°) by 0.19%,
those off () by 0.96%, and those dfy(e°) by 1.19%.

VI. DISCUSSION

Formulation of ENDOR-mediated DNP, for an ideal sys-
tem, and simulations based upon this formulation are re-
ported above(Real systems can differ from the ideal one;
there can be several paramagnetic nuclei, not necessarily of
the same kind or in the same electronic environment, and the
electron spin can be delocalized into orbitals of several at-
oms) The proposed method is computationally demonstrated
to have the potential for producing useful nuclear polariza-
tion, approaching 50% for spin 1/2, quickly and with low
microwave power. Considerations that have arisen in the
course of this research, together with the results, call for
future research.

(1) Knowledge of electron spin-lattice relaxation times is
essential for quantification of the kinetics of any DNP
method, and the required measurements have not yet been
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carried out under appropriate conditions of very low tem-proton polarization in NKH would be 2.4% for =840 s'1

peratures and very high magnetic field strengths. (taken 4.2 times faster than at 1) Kith, as abovekg=1.0
(2) In order to realize the potential of the proposed x 10 s~ and ky=1.0x10® s 1. If, at this T and B, the
method, instrumentation with this loWwand highB capabil-  mjicrowave and rf powers were both increased by a factor of

ity needs to be modified to accommodate precisely conten, the polarization would be 5.2%. These polarizations,
trolled (with regard to both frequency and poweticrowave  \hich can be up or down, are 100 and just over 200 times
and radiofrequency fields, and simultaneous measurement gfeater than the polarizatignp) of free protons at 4.2 K and
intramolecular nuclear polarizatiofproperties of the system 1 T, the static value being 0.0243%. Corresponding increases
to be polarized may impose specific instrumentation requiregyer the static method are predicted for deuteron polarization

ments. S _ by ENDOR-DNP.
(3) Because bulk polarization is useful in many applica-

tions, once the ENDOR-DNP method is functioning, spin

;jii:]ﬁzaljt?;?\n from polarized intramolecular sites requires inves- ACKNOWLEDGMENTS
While reduced from values possible aeth K and 5 T | thank D. G. Crabb and O. Rondon-Aramayo for helpful

conditions employed above, considerable polarizations canomments on the manuscript. This research was supported
be obtained by ENDOR-DNP at higher temperatures andby the Academic Enhancement Program of the University of
weaker fields. For example, &=4.2 K andB=1 T, the Virginia.
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