Reversal of radio-frequency-driven spin diffusion by reorientation
of the sample spinning axis
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The dipolar Hamiltonian in a rapidly rotating sample is scaled by the second Legendre polynomial
of the cosine of the angle between the rotation axis and the static magnetic field. It is, therefore,
possible to refocus the spatial polarization-transfer process, often termed spin diffusion, in extended
spin systems by reorienting the rotor axis such that the dipolar interaction Hamiltonian changes sign.
We present experimental results which demonstrate that a rapid mechanical sample reorientation
leads to a time reversal of the “radio-frequency-driven” spin diffusion ambiigspins. © 1998
American Institute of Physic§S0021-9608)03503-X]

The ability to manipulate the nuclear spin Hamiltonian w5 is applied to the diluteS spins (13C,15N) during the
during the course of a nuclear magnetic resonaM@R)  mixing time!*? This spin-lock field scales the chemical-
experiment has permitted the observation of a variety of echgnift differences among th& spins virtually to zero and
effects. The echo experiments by Haginal! demonstrated decouples them from the abundanspins ¢H); both of
that dephasing due to inhomogeneous interactions could hfiese effects enhance the rate of spin diffusion among the
refocused by a single radiofrequency pulse. Spin echoes haygyte spins by several orders of magnitddé* For a spin-
also been observed in homogeneously broadened systengek field applied along the axis in the rotating frame and
The experiments of Schneidestal? and Rhim etal®  exceeding the strength of the dipolar interactions, the zero-

showed that it is possible to induce a “time reversal” of the order average Hamiltonian during the spin-diffusion process
free-induction decayFID) in a dipolar-coupled spin system, in a static sample is given by

and Lloret al? reported the observation of the time reversal
of isotropic many-body spin couplings in zero-field NMR. o) _ _

More recently, several experiments have demonstrated Hsatic= Sj;k ik(F e I [3SpS0 (S-S, @
the possibility of refocusing the process of homonuclear po- ) i 1
larization transfer, or “spin diffusion.® in extended spin Where s is a scaling factor that equals; for an on-
systems. Exploiting the fact that the truncated dipolar Hamil'S0nance, continuous-wata) spin lock andbj is a geo-
tonians in the rotating and laboratory frames have oppositgqemc factor

signs® Zhanget al’” designed a pulse sequence to refocus “o v2h\ 1

proton spin diffusion in a static sample. Karlssetal® and B (1 ji» Fj) = — yp. = ) > (3 cog Fj—1)
Tomaselliet al® showed that the polarization-transfer pro- m ik

cess could also be refocused under conditions of magic-angle =—djP,(cosdjy), 2

spinning (MAS)!®!! by using rotational-resonance )
recoupling®® or rotor-synchronized multiple-pulse se- Where Pz(cosd;)=33 cog 9 —1). 9 denotes the angle

quences. The formation of such polarization echoes clearpetween the internuclear vectoyy , of the sping andk and
demonstrates the unitary quantum-mechanical nature of ti§€ external magnetic field, ardj, is the dipolar coupling

“spin-diffusion” process even though it can in some casestonstant. o _ ,
be approximated by a diffusion equatior4-16 The truncated Hamiltonian of Ed1) is rendered time

The dependence of the NMR Hamiltonian on both Spa_dependent by sample rotation about an axis inclined at an
tial and spin variabldé1” suggests that the process of spin@ngle ® from the direction 0fBo.1"?? Under the condition
diffusion should also be reversible by a mechanical sampl@bik|<wr<wls* average Hamiltonian theory can again be
reorientation. It has previously been shown that a umagicapplied to the Hamiltonian already truncated by the rf field,
echo” of the free-induction decay can be induced in an ori-2nd the seculaizeroth-order Hamiltonian for the spin-
ented liquid-crystalline sample by changing the alrégle pediffusion process in the rotating sample becomes
tween the director and the external magnetic fi#gl,” In )
this communication, we demonstrate thgt a time ?eversal of H§03= Pa(cos®)Hs, ©
spin diffusion can be achieved by switching the axis ofwith
sample rotation during a radio-frequency-driven spin-

diffusion experiment? He=sS b (rv . 8.:)3S.S.—(S -
In rf-driven spin diffusion, a spin-lock field of strength N jZk k(T Bl 35S0 (550 ]
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FIG. 1. Pulse sequence for refocusing rf-driven spin diffusion by sample reorientation.
Hartmann—Hahn cross polarizati@Refs. 24, 25is used to enhance the polarization of 0 20 40 60 80 100 120 140 160
the S spins. TheS spins are frequency labeled during the evolution titge, For the [Petcos@r)fry ms]
entire mixing period, spin diffusion among ti&spins is driven by a cw spin lock  FIG. 2. Experimental build-up of the normalized rf-driven spin diffusion cross-peak
(Refs. 19, 20. In the defocusing periodr;, the sample is spun at the anghg, intensity in*3C natural-abundance adamantane as afunctidtf?g(fcos®1)|><71 for
=35.25°. During the refocusing timey,, the rotation axis is rapidly reoriented to ©®;=0°, 35.25°, and 90°. Experimental parameters are given in the caption of Fig. 3.
0®,=90°, and the rf-driven spin diffusion is time reversedrat 7, . Proton decou- The curves were numerically calculated from a kinetic master equation for the polar-
pling is applied during both the evolution,§ and detectiontp) periods. ization exchange proce$gq. (7)]. An fcc lattice of 1000 adamantane molecules was
constructed with a nearest distance of 6.6 A between molecular céRefts34. Due
to the fast rotational dynamics of adamantane molecules at 300 Knpttlaenolecular
Here, bjk(rjk rﬁjk) has the same functional form as HQ) dipolar interactions are averaged to zero, and the observed polarization transfer reflects
except the relevant anglﬂ.jk , iIs the one between the inter- only intermoleculardipolar interactions. Th&-spin lattice sitesin the center of grav-
nuclear vector and the rotor axis. In the case of magic-angl@' of. thg rotating molef:_u.llawere occupied by using a random number generator and
.. o L . = considering the probabilities 6fCH, and**CH occurrence at natural abundar(&ef.
Spmnmg'PZ(COS 54.74 ) equals Zero, and the spin dIfoSIOn35). It was assumed that no more than thi€ atoms were present in a single mol-
is quenched without the application of recoupling ecule. The matrix elementsy;, of W were evaluated separately for each dipolar-
Sequence%_23 coupled spin pair using Eg5) with ®,=0°. The three curves represent three different
The form of the scaling terrﬁ’z(cos(@) in Eq. (3) pro- model assumptions used for the evaluationf, . The dotted curve was generated
vides the possibility of itching the si fthe H iltoni using the approximation th(1—3 cos Bjk)2>powder= 4/5 for each spin pai(Ref.
p y switching the sign o € Hamiftonian 14). The dashed curve was obtained by performing an explicit powder average over
that governs rf-driven spin diffusion by changing the orien-1000 orientations using the method of Cheztgal. (Ref. 3. The solid curve was
tation of the rotor axis relative tBO- The rf_pu|se sequence obtained by additionally taking into account the fast rotational diffusion of the ada-

shown in Fig 1 takes advantage of this property and repremantane molecules on their lattice sites which leads to a motionally averaged internu-
! clear distancerj,) and angle(8;) (Ref. 35. All three curves represent an average

sents a polarization-echo eXperimé’ﬁt' Cross over 100 different randomly occupiestspin lattices. Qualitative agreement with the
polarizatior"r4’25 is used to polarize thé spins during a experimental data is obtained when a uniform and constant normalized zero-quantum
preparation periodcp while the sample is spun about an axis intensity of_ij(O):_F(O):(712)>< 10 2 sis assumed. This leads .to a Iinewidth of
oriented at the angl@1= 35.25° relative tOBo. After a the no.rmallzecs spin zero-quantum spectrum of 10—14 Hz assuming a Lorentzian or
. . . . . Gaussian shape.

frequency-labeling periot , a cw spin lock is applied. For a
time 7., rf-driven spin diffusion occurs under the Hamil-
tonian of Eq.(3) with P,(cos 35.25°%0.5. During the time is determined by theroductof P,(cos®,) and7;. TheM,
,, the sample is rapidly reoriented #©,=90°, and the denote the moments of the series expan8tirt/In Eq. (4)
spins evolve under a driving Hamiltonian with a scaling fac-we have interpreted the rf-driven spin diffusion as a deter-
tor of P,(cos 90°)=—0.5. The signal is then acquired for a ministic unitary_quantum-mechanical process described by
time t,. It is easily seen that the propagator the HamiltonianH(3). The scaling behavior can be verified
e 'P2(cosO)Hsng=IPAC0sOMsm s the unity operator ifr;  experimentally by observing®C rf-driven spin diffusion in
=7,, and an echo occurs at that point in time, even forpolycrystalline adamantane for different values of
many-body interactions. Obviously, an echo can also be,(cos®,). The largest value fojsbyy|/27 is 11 Hz for the
formed with other combinations of the angl®s and®,.  carbons in natural-abundance adamantane so the condition
Although a polarization echo could be observed in a onetsh,|<w,<w;s can easily be satisfied. In our experiments,
dimensional experiment with selective excitation, we useyw /27=5.3 kHz andw,s/27 =20 kHz. Figure 2 shows the
here a two-dimensional experiméhthich allows one to  build up of the normalized cross-peak intensity from rf-
distinguish the contributions of spin diffusion from those of driven spin diffusion in adamantane as a function of
T,, relaxation in a single experiment. |Py(cos®,)| X, for three different angle®,. To within

The build-up of the cross-peak intensity during the timeexperimental error, all three sets of data points lie on the
7, With 7,=0 (see Fig. 1 scales linearly witjP,(cos®;)]  same curve.
because the observable polarization on a given spin packet The same scaling behavior results when first-order, time-

leross ”1013\

A, dependent perturbation thedfy”?8is used to describe the
polarization-transfer process. The spin-diffusion transition
~iH @7 — il A probability, P;,, between two spinS; andS, can be written
<FQ(7'1)>:Tr{e o ;U;Z;;)g})e' R ag*?’ * :
X

| Pi(72) = Wyr = S2(P5(050,))25F(0)- 1. (5)
)"(71P2(cos©4))"

n=0 n!

Mp, 4 . . . .
" @ Here,F,(0) is the intensity of the normalized zero-quantum
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l©,]=0ms It is interesting to compare the experimental

polarization-transfer dynamics with statistical predictions.
By} 35.25 The three curves shown in Fig. 2 result from a phenomeno-
. ‘ logical model of the spin-diffusion process in natural-
IZ\& .. abundance3C admantane assuming a master equation for
— % — \ — the polarization p;=(S;,)) exchange
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Polarization Echo ~ N . .
‘ W represents the polarization-exchange matrix whijeis

evaluated according to E¢(p) with ®,=0° and the diagonal
- | elements are defined a&/|j=—2.;W,; to conserve the
sum polarization. The time dependence of the polarization
J I transfer is nonexponential due to the statistical distribution of
[ | — — . . .
the 13C spins on the lattice sites. Fo;<30 ms, the'*CH
and °CH, pairs on neighboring molecules predominantly
900 600 300 0 300 -600 900 contribute to the cross-peak intensities. For longer times,
[0, >@,] = 110ms more remote spin packefwithin the next nearest neighbor
shell for the plotted time rangestart to contribute as well,
leading to a flattening of the build-up curve. Due to the iso-
tropic dilution and the crystal structure of adamantane, the
spin-diffusion dynamics appear to follow the predictions
made for coupled clusters of spitfsDetails of the model are
> | — — . . . .
e - ey | givenin the caption of Fig. 2.
- - wo/21 Z . 1
’ To implement the echo pulse sequence of Fig. 1, we
90 600 300 /20[H?00 600 -900 used a probe design in which a stationary coil surrounds a
w: 77 r4 . . . .
_ o - o movable statof! allowing continuous application of the rf
FIG. 3. Experimental two-dimension&iC rf-driven spin-diffusion spectra of adaman- in lock duri th hanical h It t ible t
tane. The spectra were recorded on a home-built spectrometer W€ aarmor Spm_ O.C .UI’I.I’Ig € mec_ amca. 0Op. It was no DQSSI eto
frequency of 75.7 MHz. Adamantane was purchased from Aldrich and used withouVOId irradiating theS spins during the hop by using/2
further purification. A doubly tuned, home-built probe with a stationary coil and a storage pulsé§ since the full dipolar order could not be
moveable stator was used, and the angle of the rotor éxisvas controlled by a retained33 Figure 3 shows a set of two-dimensional spectra
stepper motor as described in Ref. 31. The amount of time necessary to reorient thef d ) t btained with = 30 d diff t |
sample was approximately 10 ms. The spinning speed was 5.3 kHz, and the rf fiel9 adaman _ane obtaine Wlﬂ’j— ms an ferent values
strengths wereo, /2= w,g/27=20 kHz. Thel*C carrier frequency was positioned Of 75. In Fig. 3@, =0 ms and the sample was spun at
exactly between the tw&C resonances in adamantane for the most efficient chemical-® 1 = 35.25°, so rf-driven spin diffusion proceeded according
shift scaling during the cw-driven spin-diffusion peridgefs. 19-21 For the two- to the Hamiltonian of Eq (3) with P (COS@ ):0 5. The
dimensional spectra, 90 compléx points consisting of 16 scans each were collected in-diffusi K | 2| . 'b1| Fi ©)3
according to the method of States al. (Ref. 37. The delay between experiments was Spin-aiusion Cross peaks are peary visible. . IgL.“( )
3.5 5.(@) Ri-driven spin-diffusion spectrum obtained @; = 35.25° (no axis reorien- ~ SNOWS the spectrum corresponding to the polarization echo.
tation) with a mixing time of ;=30 ms. Cross peaks due to spin diffusion are visible. |n this experimenL theS- spin system evolved under a
(b) Echo experiment obtained using the pulse sequence of Fig. 17t!80 ms and Hamiltonian with P (COS@l)ZO 5 for =30 ms. The
7,=50 ms. The spin diffusion has been refocused, and the cross-peak intensity is | h 2. d d h |l . . d with
nearly zero. Note that the orientation of the diagonal peaks has changed due to the si&hamp e was then reoriented, and the evo Utl(_)n antlnue wit
change ofP,(c0s®) (which affects residual chemical shift, dipolar, and bulk suscep- Pz(COS@z): —0.5 for 7,=50 ms. The opposite signs of the
tibility interactions during the evolution and detection perjods) Experiment ob- Sca"ng factor during;—l and Ty caused the evolution of the
tained using the pulse sequence of Fig. 1 with- 30 ms andr,=110 ms. The longer olarization transfer to refocus. and the cross-peak intensity
evolution at the second angle led to a recovery of the cross-peak intensities. In all threB . L . .
spectra, the contours are at 3%, 5%, 7%, 9%, 11%, 13%, and 15% of the maximuﬁﬁ‘pproaChed. zero.. Since a f|n|Fe t_lme was requ"ed for the
signal intensity. sample reorientation, the polarization echo was delayed and
occurred atr,~1.37;. Figure 3c) shows the case in which

spectrum of the spin§, and S, at frequency zerd*?+2|n 7,371, SO the cross-peak intensity has recovered, reaching a
] X

the ideal case of rf-driven spin diffusion, the abundant Value exceeding that shown in FigaB _ o

spins are completely decoupled from Bepins and, there- _ 1h€ complete time evolution of the echo is depicted in

fore, F;(0) scales with{sP,(cos®1)by| ™. This leads to Fig. 4. The normalized cross-pealilntensme:_; are plotted as a
function of total mixing time forr; =30 ms[Fig. 4a)] and

7,="70 ms[Fig. 4(b)]. For the experiments with the shorter
7, time, the refocusing of the spin diffusion is nearly com-
plete, but at longer times the echo is weaker in amplitude.
Equationg5) and(6) predict that the rf-driven spin-diffusion The reason for this is unclear. One possibility is that the
rate constantW;,, scales with 11r/j3k in contrast to the strength of the®C rf field used in these experiments
proton-driven case whei, is proportional to 5, .*"%° (w15/27m=20 kH2 may not be sufficient to fully decouple
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