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Solid effect in the electron spin dressed state: A new approach
for dynamic nuclear polarization

V. Weis, M. Bennati, M. Rosay, and R. G. Griffin?
MIT/Harvard Center for Magnetic Resonance, Francis Bitter Magnet Laboratory and Department
of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

(Received 3 March 2000; accepted 27 July 2000

We describe a new type of solid effect for dynamic nuclear polarizasP) that is based on
simultaneous, near resonant microwgawew) and radio frequencyrf) irradiation of a coupled
electron nuclear spin system. The interaction of the electron spin with the mw field is treated as an
electron spin dressed state. In contrast to the customary laboratory frame solid effect, it is possible
to obtain nuclear polarization with the dressed state solid eff28iSE even in the absence of
nonsecular hyperfine coupling. Efficient, selective excitation of dressed state transitions generates
nuclear polarization in the nuclear laboratory frame on a time scale of tews, afepending on the
strength of the electron—nuclear coupling, the mw and rf offset and field strength. The experiment
employs both pulsed mw and rf irradiation at a repetition rate comparaEﬂE;jtpwhereTle is the
electronic spin lattice relaxation time. The DSSE is demonstrated on a perdeuterated BDPA radical
in a protonated matrix of polystyrene. @000 American Institute of Physics.
[S0021-960600)01340-4

I. INTRODUCTION tion of forbidden electron paramagnetic resonafE®R
) o ) ) transitions and is described in the electronic laboratory
Dynamic nuclear polarizatioDNP) is a technique that  frame |ts efficiency for a given mw excitation field strength
transfers the substantial Boltzmann polarization of unpairegy proportional tOBaz. whereB, is the laboratory Zeeman
electron spins to nuclear spins thereby enhancing the nucleﬂ&d, because it relies on nonsecular hyperfine coupling
polarization by two or three orders of magnitudes in favor—Which does not scale with the Zeeman field. Although all

able cases. The sample under investigation must Contamtﬁree mechanisms—TM, OE, and the SE—lead, under the

stable or transient paramagnetic species and mw irradiation . : -
. : P 9 P correct circumstances, to substantial nuclear polarizations,
is applied at or close to the electron Larmor frequency. De-

pending on the nature of the electron—nuclear interaction they do so at a rate that is approximately proportional to

i . . . Sr‘l whereT,,, is the nuclear spin lattice relaxation time
the electron spin polarization is transferred either directly to(_lip].’ e d In ibes the build f the bulk | '
the nuclei or via an intermediate state in which the electron~' "> "at€ d€SCrbes the build up of the bulk nuciear magne-

electron magnetic dipole couplings play an important fofe. t|zat|qn WhICh is a result of an initial fast electron—ngcle_ar
In all cases. however. electron—nuclear coupIing—FermPOIa”Zat'on transfer step and subsequent nuclear spin diffu-

contact and/or magnetic dipolar coupling—is necessary tG°" dispersing the polarization throughout the sample. In
drive the transfer of electron spin polarization/coherence intdNiS Paper, however, we only consider the initial electron—
nuclear spin polarization/coherence. Currently, the two priluclear transfer stepConcurrently, in DNP experiments, it
mary applications of DNP are the production of polarizediS desirable to have long,,, typically =30 s, to suppress
targets for nuclear scattering experimérdad the enhance- leakage in the polarization process and thereby to achieve
ment of signal to noise in nuclear magnetic resonancddrge signal enhancements. This requirement leads in turn to
(NMR) experiment§.‘12 mw irradiation periods 0120 s, and to slow rates of data
In studies of solids three classes of mechanisms domi@ccumulation. This is a situation reminiscent of that which
nate the polarization transfethermal mixing(TM),* the  eXists in solid state NMRSSNMR of dilute spins—°C,
Overhauser effedtOE),°> and thesolid effect(SE).1>TM is 15N, etc.—wher€T 4, is long and prevents reasonable rates of
based on a three spin process involving flips of two electrongata acquisition. In the case of SSNMR, the problem is ad-
and one nuclear spin and requires a homogeneous EPR ligessed by utilizing polarization transfer from abundant to
or an inhomogeneous EPR line at sufficiently high radicaidilute spins—H to *3C, N, etc.—because thkH's can be
concentration to allow electron—electron cross relaxation bearranged to have a short,,. At present this transfer can be
tween individual spin packets.Overhauser DNP takes ad- accomplished in a number of ways, but usually involves
vantage of selective relaxation pathways due to a time desome form of Hartmann—Hahn cross polarizatibin par-
pendent electron—nuclear interaction modulated at thdécular, rf fields satisfying the condition,, = w5 are applied
electron Larmor frequency. The standard SE uses the excitée the abundant and dilute spins to accelerate the polarization
transfer rate and enhance the polarizafion.
dAuthor to whom correspondence should be addressed. Electronic mail: The experiments described here are a first step toward
griffin@ccnmr.mit.edu utilizing similar ideas to perform electron—nuclear polariza-
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FIG. 1. (a) Four level energy scheme for an electron
and a spin 1/2 nucleus in the laboratory frame including
L -—> > the forbidden EPR transitions for the laboratory frame
—H+> 1> solid effect. The electron Zeeman interactieRS; is
the dominant interaction. The anisotropic hyperfine in-
teractionBS,| y is responsible for the nonzero transition
forbidden probabilities on the forbidden transitiomag andm, are
transitions the quantum numbers for the electronic and nuclear
Zeeman levels with respect to the Zeeman fidlw).
Four level energy scheme for an electron and a spin 1/2
nucleus in the electron spin dressed state. At a Zeeman
— --> 14> field of 5 T and with the available mw power, the two
— H++> 1> EPR transitions aN&+A"2 are observable at fre-
(D| guencies close to the electron spin lock fieldg. The
i v remaining transitions ai, +A°"2 (NMR) and Q&
—— —-t> 35 A !L +®, (zero and double quantynare centered &b, and
-+> B> appear close to the nuclear Larmor frequengy

- H-> 12>

I«_s -

aIJ

forbidden EPR
transitions

s

0gS,+ o, + (AS,l, +BS,) QeS, + B, +AS),

tion transfers. In particular, we employ the fact that the elec- ws 1
tron spin lattice relaxation timel,., is several orders of Eau=— 7i§(
magnitudes shorter thah,,, and can be employed to accel-
erate the polarization transfer process. In addition, we apply
mw and rf fields to both the electrons and nuclear spins t?/vith
perform polarization transfer. Based on this approach we
propose a new type of SE in an electron spin dressed
staté®~% for which the presence of nonsecular hyperfine B
coupling is not required. Instead, the electron—nuclear spin :atar(_—
system is subjected to simultaneous mw and rf irradiation. ! At2o
The mw field interacts with the electron spin to create a
dressed staf®in which nuclear magnetic resonan@®¢MR)
transitions, which would be degenerate or forbidden in theThe effect of mw irradiation is best analyzed in the electron
absence of the mw field, are selectively excited. Excitation ofotating frame withH ,,= w1sSx, Wherew;s= y.Bis repre-
these transitions transfers electron spin polarization to nuclé&ents the strength of the linearly polarized mw fiefs.
in the laboratory frame as is shown in the following sections.Transformation oH,, into the diagonal frame dfi, by the
The mechanism does not depend explicitly on the ZeemaHnitary transformatior,; yields™
field and may therefore find application in high field mag-
netic resonance spectroscopy.

In the following we briefly review the theory of the labo- H = U1HmeIl
ratory frame solid effect, and then present a theoretical de-

A B
W~ E) cog Uﬁ)izsm( 78),

and np= atar( A——2w|> . (2b

scription, experimental results, and numerical simulations for = @15€0S 77) - Sx+ w1sSin(7) -[STI ™+ S71 7]

the dressed state solid effd@SSB. +wyesin(z7) [STTT+S17] (3a)
II. THEORY

A. Laboratory frame solid effect  (LFSE) with

The conventional LFSE is understood with the four level
system of an electron and a hyperfine coupled nuclear spin
(1=1/2) displayed in Fig. (g). The laboratory frame Hamil-
tonian in angular frequencies is

Hozﬁ)ssz+a)|lz+ASZ|2+BSZ|>(, (1) and

where wg and w, are the electron and nuclear Larmor fre-
guencies, respectivelyA and B represent the secular and

n=(n,—1np)/2

nonsecular hyperfine coupling. The eigenvaluesHgf are Us=ex —i(7,Sy+ 7,5°1)]. (3b)
given by’
wg 1

In Eq. (33 the first term represents the allowed EPR transi-

E =
12 tions, the secon¢zero quantumand third(double quantum

+_
272

B
ts cog 77a)+ZS|n( Na)s

(2a)
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terms describe the forbidden EPR transitions, and the polasecond step, we diagonalize the part of the total Hamiltonian
ization operators ar&*#=11+S,. In the case oB=0  which considers allowed EPR transitiondhis is a good
(»=0), only the single quantum transitions,3,w,4 (al-  approximation for the experiments described here siace
lowed EPR transitionsare observable in an EPR experi- >B andyis close to zero for a Zeeman field of §3ee Eq.
ment. The zero and double quantum transitiepg, w14 (for-  (3)]} i.e., Ho+ ﬁﬁq”\f,we“. This is achieved by the unitary
bidden EPR transitionsare not excited because of a transformatiorJ,,**

vanishing transition dipole momehsin(z)=0]. If the non- B ) N s

secular hyperfine coupling coefficieBtis nonzero, then the Uz =exf —i(8,Sv1“+ 055/17)],

forbidden transitions are weakly allowed and four EPR tran- r( —2w1s
0,=atal

sitions are observed. The probabilities for these transitions N
A+2Q0¢g

) for A+20s=0
are given by{?

and
PallowedgcCOS2( 7). Amg=*1, Am=0,

- 20)15

(4) _ _
0s=ata 205—A for 25— A=0, (6)

Pforbiddenoc S|n2( 77) AmS: + 1, Am| ==+1.
When the four level system is at thermal equilibriliFig.
1(a)], the selective excitation of one of the forbidden transi- 0 =—a +atar(
tions results in the creation of nuclear polarization in both “
electronic manifolds. The sign of the nuclear polarization isgq
the same for both NMR transitions and depends on which
forbidden EPR transition is excited. Selective excitation of
only one forbidden transition requires that the excitation
bandwidth of the mw irradiation does not concurrently cover,
both forbidden transitions. From Eq&)—(4) it is obvious
that a strong nonsecular hyperfine interaction is required te1°f=U,(Hy+HAMY U, ' =0+ G,1,+ ASTS, I, 7)
achieve significant probabilities for the forbidden transitions. . _
However, in a DNP experiment where polarization of theW'th the eigenvalues

2O | A 2020
AT, o A+20s<0,

- 20)15
20— A

In this frame the effective Hamiltoniai{®", is expressed as

0B=—w+atar( ) for 20— A<O.

bulk nuclei is the focus, the polarization of strongly hyper- Qgﬁ ®, AT
fine coupled nuclei is an ancillary effect. These nuclei are  E12=+ Ti<7+ T) (7a)
“detuned” from free bulk nuclei preventing the polarization
from dispersing viatH-H spin diffusion?®?* As a conse- o (@, A
guence, it is necessary to polarize weakly coupled nuclei, Eau=— T—(?‘ 4 (7b)
leading to very weak transition probabilities for the solid off ~ _
— eff
effect[Eq. (4)]. The predicted; 2 dependence is in rough !N the casen=0, Qs’, @, andA™ are given by
agreement with experimental results showing that the LFSE g, =, ,
becomes less efficient at higher Zeeman fields. At a field of 5 . A
T H-NMR signal enhancements of approximately 10 were eff_ _ .
obtained at room temperature using a mw power-&b W?° s _5[ st 5] O ba) ~ @1sSIN0,)
whereas signal enhancements-e25 were observed under
comparable conditions at 1.4 T andl3 W of mw power:> + ( Qs g COS 05) — wysSiN( gﬁ)}, ®)
. A
B. Dressed state solid effect (DSSE) Acff= Qg+ > cog6,)— wy5Sin(6,)

Dressed atom states are frequently encountered in opti-
cal experiments using strong laser fields for excitation. When B ( Qe 2
a two level system is strongly driven and detected with a S 2
weak probe field, a three-peaked spectrum is observed, oft

referred to as the Mollow spectruthl’ Similarly, a two state is shown in Fig. (b). At 5 T (w/2=211MHz) the
level electron spin system behaves as a dressed state under . A : .
nuclear Zeeman interactid®, is the dominant contribution

strong mw excitation. The DSSE is based on such an ele?ﬂ/hereasﬂg“, A% and ;s are of the order of a few MHz.

tron spin dressed state generated by mw irradiation close t‘?herefore the two EPR transitionsw{s,w,y) at QFf
the electron Larmor frequency. The Hamiltonian in the elec-iAeﬁ/2 aré expected to be observable at ?;eéaencies glose to

tron rotating frame is given by the mw field strengtlw,5. The remaining four transitions at

Cog 0p) + w15SIN(bp)

“the corresponding level scheme of the electron spin dressed

HDS: Ho+ HmW:QSSZ+ (O]] | Z+ASZ| v Z)| iAeﬁ/Z(wlz,(l)34) and|QgﬁtE)|| ((1)14,(1)23) are centered at
LBl + 0165y, ®) ;gne;nd therefore at frequencies higher than the EPR transi-
whereQ s= ws— v, is the electron Zeeman frequency off- The level scheme is highly simplified in the case of

set. The Hamiltonian is transformed into the frame whichstrong mw irradiation fieldso,s>|Qg4|,|A|, for which the
diagonalizeH, and in whichH,,, is given by Eq.(3). Ina EPR transitions are determined solely by the mw field
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TABLE |. Summary of the transition frequencies and amplitude factors Ofmatrix in the Iaboratory frame is given b%: cS,, wherec
the dressed state transitions relevant to the generation of nuclear polariza- '

tion. The results are obtained in the limit 8f.= 0,0;5> |A. Is a constant. The initial electron spin polarizatit®,) is

therefore given byS,)=Tr(S;- pg) =c- Tr(S3)=c. In addi-

Transition Transition frequency Amplitude factor tion, we apply an ideal mwr/2-pulse with phasg to create
1) |2) e 0 a stgtep1=c S prior to_ the _evolut!on under mw and rf. The

Sl o= applied mw spin locking field with phase [Eg. (5)] and

strengthw,g creates a low Zeeman field condition for the
1) ]4) 103, =] or = oy Isin(@,)=1 excited electrqn spin packets. This condition can also be cre-
2)<3) ated by applying a mw pulse sequence consisting of2a
pulse, a short free evolution period and a spin lock pulse of
the same phase. During an ideal spin lock pulse the quanti-

t th with fective Z litting of.c R zation axis and the electron Zeeman splitting are given by
strengih with an efiective zeeman Spliting his. R€- - e grentation and the strength of the mw field.

cently, these transitions were detected experimentally in The ti ; ;
. _ X e time evolution ofp; under simultaneous mw and rf
X-band EPRO GHz, 0.3 7 using a weak rf probe field with irradiation is calculated in the diagonal frame of the Hamil-

a polarization parallel to the external Zeeman ff@l®f the tonian He" [see Eq.(7)] and the nuclear rotating frame ac-
four remaining transitions in the electron—nuclear four Ievelcording to the following scheme:

system, the NMR transitions are degenerateatvhile the

zero and double quantum transitions appeatais* )| L UaUipnUrtupt _ U2 %,05U;
(see Table)l pl_c& pltime evolutiorp2 P2
under
mw and rf
1. Radio frequency Hamiltonian of the electron Hamiltonian
dressed state —{l)=Tr(py-1,).

We now consider the effect of an additional rf irradiation y, and U, represent the unitary transformations of E3).
and the possibility of creating nuclear polarization by selecang Eq. (6), respectively. Of particular interest is the
tive excitation of particular transitions in the electron spincaiculation of laboratory frame nuclear polarization
dressed state. The rf irradiatiasy, = v,By is taken as par- (I,(wy,,6,ts)) as a function of the spin lock timeg, ,
allel to the nuclear rotating frame-axis given by Hy  ynder simultaneous mw and rf irradiation, since it contains
=wylx, where y, is the nuclear gyromagnetic ratio. To jnformation about polarization transfer time and efficiency.
simplify the analytical expressions, we choose the nonsecurhe Hamiltonian of interest in the nuclear rotating frame is
lar hyperfine constanB=0 (7=0, U1=UI1=1). The oft . off
transformations foB+0 are described elsewhereAfter H=Qg'S;+ 012+ A%Sl -+ Hy (10)

transformation into the diagonal frame kif", the radio fre-  \yith Q,=w,— w, being the nuclear Zeeman frequency off-

quency Hamiltonian is set. To understand the effect of the radio frequency irradia-
- wy tion during the evolution of the density matiiyx , it is con-
HE'=U,HU; '= 0y cog 6) - Ix+ — sin() venient to consider on resonant mw irradiatiéfls=0,
=0g=—m—10,, 0=m/2+06,) for which the Hamiltonian
A[STIT+ST 1Y ]-[STIT+S717]} of Eqg. (10) simplifies to

H=Ql,+3[Acog6,)—2w;ssin(6,)]1S,+HET. (11)

Although analytical solutions fofl ;) can be derived for the
JISHT+ST 1= [STTT+STT ] (9) general case, they are not convenient for understanding the
spin physics of the experiment. Equatidd®a—(12d sum-
with 6= (6, 65)/2 andé,, 65 given by Eq.(6). marize the analytical calculations obtained {bs) upon se-

Clearly, the rf field introduces zero and double quantumective excitation of one of the four possible transitions
terms similar to the mw Hamiltonian in the laboratory frame|i>H|j>;

[Eqg. (3)]. However, in contrast to Eq3), the angled is
determined by parameters that can be adjusted in the experi-
ment such as the mw offs€élg and the electron spin lock
field, w15 [Eq. (6)]. It is therefore possible to adjust the

= wy, C0% 0) - {S 3+ SPI, ) + %sin( 9)

1) 14) By (1) =+ 5 5in(0,)

NMR transition probabilities given by c&@) and sirf(6) X{1=codwyts cos 0]},
[compare Eq(4)]. (1239
2. Generation of nuclear polarization |2)—|3):pr—(l7)=— % sin(é,,)

In this section we derive an analytical solution for the
nuclear laboratory frame polarization assuming on resonant X{1—cod wqtg cog6,)]},
mw irradiation (0s=0) and purely secular hyperfine inter- (12b
action B=0). We consider only electron spin Boltzmann
polarization S;) prior to the experiment so that the density |1)«<]2):p1—(12)=0, (129
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3)«—|4):p1—{17)=0. (120 g

3)14):p1—(12) (2y (m),
It can be seen that nuclear polarization is generated if one of e~ o =1B, ’_—’
the pathways in Eq912a and (12b) is selectively excited. ' -

Selective excitation is practically always possible since the rf \/
excitation bandwidth is smaller than the spectral separation H ==
of the zero and double guantum transitions given|by, = =2
— Wy =208=2/(A12)?+ w?.. The sign of the polariza- ) g 7 el =
tion depends on the transition selected. Both pathways dis- ts. haaaiing
play an oscillatory behavior ints. with a frequency FIG. 2. Pulse sequence for the dressed state solid €BS&$H. The elec-
wy; €0s@,). In comparison, a fully allowed NMR transition tron spin echo intensity is monitored after an electron spin lock sequence of
would exhibit a nutation frequency Qf)ll . Therefore, the durationtg and a refocusingr-pulse at a timer after the spin lock pulse.
results of Eq(12) can be interpreted in terms of allowed and The echo ir_]tensities of two sequences with and without rf pulse during the

. . . . electron spin lock are subtracted and recorded as a function of the rf fre-
forbidden NMR transitions in a manner similar to the EPunenCy,wrf_
transitions used in the LFSEQq. (4)]. It is this analogy that
leads to the term dressed state solid eff&$SBH.

The results indicate the importance of the mw irradiationZzeeman field. This suggests that the DSSE should be observ-
field strengthw;s. If ;s is reduced, the angle, decreases able in liquid solution.
and reduces the amplitude factors in E4<). In the limit of
w1s—0, no nuclear polarization is generated for any value ofy; expeRIMENT

Clearly, maximum electron spin polarization is trans-  The experiments were performed with a custom design
ferred to the nuclei for rf pulse durations ofs ~ Ppulsed EPR spectrometer operating at 139.5 GHz/5 T. An

= /(w1 c0s@,)). Unfortunately, the build-up time for the IMPATT diode network(Donetsk Physico Technical Insti-

polarization approaches infinity if the amplitude factor istute) permits mw power amplification and fast amplitude
maximized. For realistic DNP applications, however, the po-modulation (<10 ns rise and fall timgsas well as phase
larization must be accumulated within the electronic relax-Switching (0°, 90°, 180°, 270 of the 36-38 mW output
ation time during spin lockry, which is typically 10-100 Power?® mw m/2-pulses are-120 ns using a helical multiple
us. A faster polarization transfer rate can only be achievedrequency resonatdr. The rf (NMR) circuit consists of a
by a reduction in the amplitude of the maximum value forparallel LC circuit with a series matching capacitor. During
(15). the rf sweep tuning and matching is maintained with a com-

To illustrate this idea we discuss the situation encounputer controlled stepping motor recently developed for
tered in the experimental section. mw is irradiated on resoENDOR experiment&?
nance (0s=0) with a field strengthw,g larger than the hy- DSSE experiments were performed on a powder sample
perfine couplings of the nucleis;s>A). For this case, the Of perdeuterated bis-diphenylene-phenyl-alDPA) dis-
values for the transition frequencies and the amplitude facpersed at a level of-1% by weight in a protonated polysty-
tors are given in Table |I. As mentioned previously, tworene matrix. Deuteration of the BDPA molecule insures that
dressed state transitions are degenerate at the free nuclélr strong hyperfine couplings are present. The samples were
Larmor frequencyw, . This is due to the effect of the strong €vacuated on a high vacuum line to remove oxygen in order
mw irradiation which decouples the hyperfine interaction toto lengthenT,.. For 0.7 mm o.d. sample tubes, the volume
the nuclei @*"=0). These transitions are not useful for a in the active cavity amounts to 043. Because of the smalll
DNP experiment since their amplitude factors vanish undesample the'H signal was detected indirectly by monitoring
the given conditions and do not allow for the build up of the attenuation of the electron spin echo intensity. All experi-
nuclear polarization. The remaining two transitigeero and ments were performed at room temperature.
double quantumare symmetrically positioned around, Figure 2 displays the pulse sequence to detect the DSSE.
with a distance corresponding to the mw field strengils. The electron spin echo intensity was monitored after an elec-
Using Egs.(123 and(12b) it can be shown that the transfer tron spin lock of duratiorts, and a refocusingr-pulse at a
of the entire electron spin polarization would require an in-time 7 after the spin lock. The echo intensities observed in
finite timetg, and is therefore not practicable. However, for the two sequences with and without the rf pulse during the
typical proton rf field strengthsaf;,/27w~ 100 kHz), transfer  €lectron spin lock were subtracted to yield the positive ab-
times of 10us allow a transfer of up te-85% of the initial ~ sorption line shape in Fig. 4. The echoes were recorded as a
electron spin polarization depending on the ratiowfs  function of the rf frequency, and at each setting 200 tran-
andA. sients were averaged.

Finally we want to emphasize that the above expressions
are derived under the assumption of purely secular hyperfing/. RESULTS AND DISCUSSION
coupling, which is a reasonable approximation for the hyper-
fine interaction in solid samples at high Zeeman fields. In th
case of a liquid with short correlation times, the isotropic ~ The 139.5 GHz EPR spectrurtnot shown of the
hyperfine interaction represents the exact description at anBDPA-d,; consists of a nearly axially symmetrg:tensor

. EPR and ENDOR
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be on resonance with the maximum of the EPR line. The
electron spin lock timetg, , was constant during the experi-
ments at 3us. For large mw field strengths, the typical three
peaked dressed state spectra are observed. They consist of
two peaks symmetrically about tHel free larmor frequency
and an additional peak at;=211.85MHz. The positions of
the satellites are mw power dependent and shift towaxds
when the mwB; s-field is reducedfull mw power, w,¢/27
=*+175MHz; —6 dB, wi¢27=+*0.91MHz; —12 dB,
w1g/2m=*0.51 MH2. In fact, their shift is almost linear in
B,s, which can be understood in the DSSE model. In the
caseQs=0,0,5>|A| the zero and double quantum transi-
tions are located ab,+ w,5. Thus, reducing the mw field
strengthw, 5 results in a linear shift of these transitions to-
0‘)r_f_/2n (MHz) wards w, . The fact that the observed shift is not perfectly
. ) o linear is attributed to the relatively weak spin lock field
FIG. 3. *H Davies ENDOR spectrum of perdeuteratgd bls—dlphenylene—which does not fulfill the conditiom >|A|. In addition to
phenyl-allyl (BDPA) in a protonated polystyrene matrix at 5 T (2w . . . 1S .
=211.8 MHz). The structure of the BDPA radical is shown in the inset. Theth€ line shift, the width of the satellite peaks is clearly re-
pulse lengths were 280 ns for a mwpulse and 4.5%s for the*H rf pulse.  duced by reducing thB,s-field. A reduction of the rf power
only results in an overall signal decrease without additional
effects. Experimental results are shown in Fig. 4 for three rf
with a span of 6.5 G. The corresponding proton DAVIES power settings of 350, 120, and 50 /27~ 100 kHz at
ENDOR spectrum is shown in Fig. 3 and displays a single350 w).
line at the free proton Larmor frequen¢g11.85 MH3, in- In addition to the satellite peaks, a signal is observed at
dicating that no hyperfine couplings of more than 1.2 MHzthe free’H Larmor frequency which corresponds to the de-
are present. The strong intensity of the matrix péatkthe  generate|1)-|2) and |3)—|4) transitions in the limitQg
free proton Larmor frequengys due to the large number of =0,4,s>|A|. This peak intensity shows a pronounced de-

Davies ENDOR signal (a.u.)

distant protons? pendence on the m&, s-field strength which is not observed
for the satellite transitions, indicating that the central peaks
B. Dressed state solid effect are driven more efficiently by the applied rf irradiation due

E . | its obtained with th | to a larger transition dipole moment as compared to the sat-
xperimental results obtained with the pulse sequence ofy;;.. peaks. Indeed, this is consistent with the effective rf

Fig.. 2 are shown in Fig. 4. for various settings pf the mw andHamiItonianH'ffﬁ of Eq. (9) in the limit Q.g=0,0,5>|A|. For
rf field strengths, respectively. The Zeeman field was set t%a|<w/4 (2015<A) the [1)—4) and |2)—|3) transitions

have higher transition probabilities than tig-|2) and|3)—

|4). In contrast, for 20,5>A, the zero and double quantum

3 transitions are driven less efficiently which is the situation

i for the perdeuterated sample. In addition, this behavior was

confirmed in numerical simulations discussed in the next

section. It should be mentioned that two other mechanisms

can give rise to a signal contributionat . First, an ENDOR

; matrix peak of weakly coupled protons can occur, although

e BOW r.f. power the pulse sequence is not typical of ENDOR experiments. It

is well known that ENDOR effects are observable for mw

and rf pulses which deviate significantly from the ideal

m-pulses used in the Davies Endor sequence. Second, it was

350 W r.f. power recently statett that a nonideal mw pulse can generate

nuclear coherence even without rf irradiation. This is, how-

ever, only possible in the presence of nonsecular hyperfine

350 W r.f. power coupling,B+#0. In this case, the rf pulse during electron spin

lock might transform the nuclear coherence into nuclear po-
e e — larization thereby affecting the EPR polarization.

206 208 210 212 214 216 218

@ /21 (MHz)

. 350 W r.f. power
Y 120 W r.f. power

S
full mw power {imu

EPR signal (a.u.)

6 dB attenuation

12 dB attenuation

C. DSSE simulations

FIG. 4. DSSE experiment on perdeuterated BDPA for various settings ofthe  Numerical simulations of the DSSE experiment were

mw spin lock field(0 dB, 6 dB, and 12 dB attenuatipand the rf power . . - .
level (350 W, 120 W, and 50 Wior a spin lock timete,— 3 xs. The mw performed with the complete HamiltoniaB € 0) using the

/2 pulse length was 140 ns and thefield during electron spin lock-100 GAMMA (Ref. 29 simulation platform. In additipn to the
kHz at 350 W. experimental data, we calculated both the EPR sigBgl as

Downloaded 29 Oct 2001 to 18.77.2.34. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 113, No. 16, 22 October 2000 The electron spin dressed state 6801

a)
a) \ ‘
N )
) i1
g—_m ‘
b
) b)
<l>
250
200
150
ty, (us)
(o, - w)/2n (MHz) (w,, - w)2m (MHz)
FIG. 5. (a) Calculated time evolution of the electron spin lock magnetization FIG. 6. (a) Calculated time evolution of the electron spin lock magnetization
(Sx) as a function of the radio frequeneay,/27 and its contour ploth). (Sx), and the nuclear polarizatiofi;) (b) as a function of the radio fre-
The simulation was performed as described in the text with the followingquencyw/27 over an extended time peridd, =0—250us. The simula-
parametersw,¢/2m=1.4 MHz, w,,/27m=85 kHz, A=0.5 MHz. tion was performed with the following parameters;o/27=1.4 MHz,

wq,/2m=85kHz, A=0.2 MHz.

well as the NMR signakl,). The simulations were per-
formed by calculating datasets with and without rf irradiationindirect measure of the nuclear polarization as long as the
and subsequently subtracting the two datasets. The densisatellite peaks are considered. Both signals reach their maxi-
matrix prior to the pulse sequence contained only electromum values for a spin lock time of75 us which is consis-
spin polarizatiorS, . An isotropicg-factor as well as isotro- tent with the timeg, = 7/[ w4, cos(@a)] derived in the theory
pic hyperfine coupling are assumed and electron offset efsection. With w,,/27=85kHz, w,¢/2m=1.4MHz, andA
fects were taken into account by integrating over a Gaussiar 0.2 MHz we find a value of ;=82 us.
EPR line shape. In order to reduce computational time, the The central transition in théSy) signal does not allow
signals were determined with the density matrix immediatelyfor a significant generation dfl ;) with the parameters cho-
after the spin lock pulse. The additional free evolution andsen in the simulation. This observation is consistent with the
the refocusingr-pulse used in the experiment do not need topredictions displayed in Table I, which indicate that excita-
be considered in the simulation since their purpose is onlyion of the degenerate transitions @f does not generate
the creation of a detectable EPR signal. Figure 5 displays auclear polarization at any spin lock duration.
calculated signa{Sy) for on resonant mw irradiation{Yg The central peak in théSy) signal deserves a closer
=0), w1g27=1.4 MHz, an isotropic hyperfine coupling of look. Although it is always present in the experiment and
A=0.5MHz, and a series of spin lock times up tqu5. It  even exceeds the DNP transitions in several cases, it is not
can be seen that the signal closedip undergoes several predicted by the theory and not found in the simulations. We
oscillations with an intensity comparable to the satelliteattribute this experimental fact to a strong residual ENDOR
peaks whose intensity increases monotonically. From thenatrix peak involving many weakly hyperfine coupled pro-
contour plof{Fig. 5b)] the fast nutation behavior of the cen- tons as detected in the Davies ENDOR experini{sat Fig.
tral line is more apparent. 3). It was recently shown that a simulation of the matrix peak
As predicted in the Theory, excitation of either satellite needs to take into account a large number of weakly coupled
transition allows for build up of nuclear polarization with nuclear”® The simulations presented in this section, how-
opposite sign as demonstrated in Fig. 6 which displays thever, were performed on an electron—nuclear two spin sys-
time evolution of both(Sy) and(l,) for an extended period tem. It is therefore not surprising that the matrix peak is not
of time (0—250 us) assuming a hyperfine coupling reproduced in the simulation of the DSSE experiment.
=0.2 MHz. The plot shows that the detection(&) is an The experiments and calculations demonstrate that
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nuclear polarization is created by excitation of electron spirtion. Since the experiment requires a highly efficient probe
dressed state transitions, and results in a build-up of polafor simultaneous mw and rf irradiation, it currently can be

ization of opposite sign upon excitation of either satelliteperformed only in our 140 GHz pulsed EPR/ENDOR setup
transition. In this respect the experiment is an analogue ofising a mw resonance structure and very small sample.

the DNP solid effect in the laboratory frame. Work is in progress to increase the sensitivity of the NMR
detection to provide a direct measure of the nuclear polariza-
V. CONCLUSIONS tion (I).
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