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Negative cross-peaks have been observed in the F 2-D mag- frequencies of the two crystallographic sites,is a small
netization-exchange MAS NMR spectra of Ba,MoO;F, under fast- integer, andw, is the spinning frequencyl0—14. At these
spinning conditions. The polarization transfer dynamics are stud-  conditions, the energy difference associated with the frequen
led as a function of the spinning frequency and the frequency  genaration between resonances of the two nuclear sites
separation of the resonances. The results are consistent with a compensated by a coherent exchange of energy with the m
novel mechanism, in which four spins simultaneously exchange chanical rotation. This has been called rotor-driven spin diffu

Zeeman magnetization with each other, in an energy-conserving . 13) | . bund h | .
DrOCESS.  © 1999 Academic Press sion (3). In systems containing abundant heteronuclear spin

Key Words: spin diffusion; magnetization transfer; 2-D NMR; such as protons, the energy difference involved in the magn
*F: inorganic fluorides. tization transfer may sometimes be recovered by the interactic

with the abundant spin system. In the case of protons, this h
been termed proton-driven spin diffusion, (5.

The total spin angular moment in the direction of the stati
magnetic field is a good constant of the motion in high mag
. . ) netic fields in the absence of RF irradiation. This implies, ir

A variety of oxyfluorides have been S_tuq'ed,ﬁ"F MAS " turn, an approximate conservation of the total longitudina
NMR in order to probe the fluoride-ion distribution¥)(The  magnetization along the field direction. If the magnetization
chemical shift ranges for many inorganic fluorides are not wej},q spin site decreases, the magnetization of its exchan

understood and few semi-empirical correlations exist t0 helriner increases. This fact is reflected in the positive sign
predict chemical shifts in these materials. We have eXp|°reQ:|%ss-peaks in 2-D magnetization-exchange spectra.
number of 2-D methods for studying fluorine—fluorine prox-  gpin diffusion processes are, therefore, expected to have t
imity in order to fagllltate spectral assignment. In particulago|iowing characteristics: (i) small rate constants when there |
the 2-D magnetization-transfer experimet§) is useful for 5 |arge chemical shift frequency difference and the rotation:
studying the local environment of nuclei in crystalline angagonance conditions are not met, and (ii) positive cross-pea
amorphous solids. In the absence of chemical exchange, {he_p magnetization-exchange spectra.
main mechanism for magnetization transfer is the so-calledthe spectra shown below display features which contradi
spin diffusion process-9), which relies on the through-spaceyoth of these expectations: (i) finite cross-peaks are encou
magnetic dipolar coupling between nearby nuclear spins. Singéeq even well away from a rotational resonance conditior
the through-space coupling has an inverse cubic dependencg Qg (ii) in some cases the cross-peaks are negative. We sugc
the internuclear distance, the observation of spin diffusion mgy explanation of these results, which incorporates a high
be an indicator of spatial proximity, at least when experiment$ger spin diffusion process, involving the simultaneous in
are performed over relatively short time scales. _volvement of four spins rather than two. Such higher orde
The interpretation of spin diffusion is, however, Compl'cateﬂrocesses have been suggested before in various conte

by its sensitivity tq the ch'emicallshift frequency diﬁerence@G' 17, but the experimental evidence has always been som
between the associated spins. This may be the cas#fsites \yhat ambiguous. In the results shown below, the higher ord:

in inorganic fluorides, which often have large chemical shifiycess is revealed through a spectral signature which is d
differences. In order to assess the utility of spin diffusion fg{ it to explain any other way.

“F spectral assignment, we studied the compound/B&,F .,
which has a large range 6fF chemical shifts.
If two molecular sites have a large chemical shift frequency EXPERIMENTAL
difference, one expects rapid exchange of magnetization only
when the rotational resonance conditions are met, i.e., wherNMR. *F MAS NMR spectra were obtained with CMX-

iso iso iso

(0 — ©) = nw,, whereo™ andw* are the isotropic shift 360 (8.4 T) and CMX-200 (4.7 T) spectrometers at operatin
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frequencies for®F of —338.75 and—188.19 MHz, respec- (a)
tively. °F chemical shifts are expressed in ppm relative to
liquid CFCl,. A Chemagnetics pencil probe with a reducéd
background signal was used. This probe is equipped with a
high-speed MAS stator and with 3.2-mm rotors that are capa-
ble of reaching spinning frequencies of 24 kHz. Due to the
small size of the rotors, only approximately 50 mg of sample
was required. Typically, 1-D spectra were acquired wiil2
pulses of duration Zus and recycle delays of 10 s, the spectra

P3 P4

P1 P2

Il[l\!l]llII]\III’II\}’!‘\I|I

requiring approximately 100-500 acquisitions. 50 0 -50 100 150
ppm

Two-dimensional spin-diffusion experiments were per-
formed with a standard 2-D magnetization-exchange pulse
sequencel):

(b)
7l 2—t,—7/ 2—71,—7/ 2—acquirgt,).

Spectra are acquired (i), for successive time increments of
the first time dimensiont(). The magnetization is aligned with
the static magnetic field during the mixing time of the 2-D
sequencer(,, which was always set equal to an integral num-
ber of rotor periods). Spin diffusion during, is detected as a
cross-peak in the 2-D spectrum after successive Fourier trans-
formation along; andt,. 2-D spectra were acquired with2 3,

pulses of duration Zs and recycle delays of 10 s, the spectra %_, z
requiring approximately 64—-128 acquisitions per time period IG. 1. (@) °F MAS NMR spectrum of BaMoO,F,, collected at a

mcrement: Spectra were collected at spinning frequencies (_)fsjpgming frequency of 18 kHz and a field strength of 8.4 T. (b) Crystal structur
kHz, at a field strength of 8.4 T, and at 10 and 23 kHz at a fielflthe isostructural compound B&O,F,, showing the corner-shared W)

strength of 4.7 T with mixing time intervats, of 1 to 1000 ms. octahedra, bridging oxygen atoms and proposed ordering of the cis oxygen a
fluorine positions 18).

RESULTS
coordinated to Mo atoms in the Mo chains (F2 and F4). Thi
The “F MAS NMR spectrum of BaMoO,F, is shown in work has been described in detail elsewheie (

Fig. 1a. Two groups of resonances, P1/P2 and P3/P4, ar&igure 2a shows the 2-D spectrum of BO;F,, acquired
observed at approximately20 and—100 ppm, respectively, with a mixing time interval ofr,, = 10 ms at a field strength of
consistent with our earlier result$)( Ba,MoO;F, is isostruc- 8.7 T (360 MHz for'H) and a spinning frequency of 18 kHz.
tural with BgWO;F, (18-20, the structure of both theseThis spinning frequency was chosen so as to avoid the rot
compounds consisting of chains of corner-sharing WO/F tional resonance conditions. The diagonal in the 2-D spectru
MoO/F octahedra, separated by barium cations and two diffeensists of the two groups of two resonances: P1/P2 and P3/I
ent anion sites (Fig. 1b). Oxygen ordering on three of the sevEhe cross-peaks between these resonances are seen more e
possible anion sites was proposed, by previous workers, ki taking horizontal slices through the peaks (e.g., P1 and P
occur in BaWO;F, (18-20: One oxygen atom was located orFig. 2a): P1 is connected to a poorly resolved cross-peak fro
the corner-sharing positions of the W—O/F octahedra (i.e., 82 (appearing as a shoulder of the diagonal peak) and also
the W—O-W chains), while the other two were located in a céstrong cross-peak from P3. In contrast, P2 is connected tc
arrangement on the tungsten octahedra (Fig. 1b). We prewoorly resolved cross-peak from P1 and to a strong cross-pe
ously showed, by usingF MAS NMR, that the O/F ordering from P4.
scheme in BgMoO;F, is similar to that proposed for The 2-D spectra of BMoO;F, at a field strength of 4.7 T
Ba,WO;F,, but that BaWwO;F, contains considerable O/F dis-with spinning frequencies of 10 and 23 kHz are shown in Figs
order. Since the P1/P2 chemical shifts (Fig. 1a) in the spectr@ and 2c. Both of these MAS frequencies are well away fror
of Ba,MoO;F, are close to the chemical shift of BaF—~14.2 any rotational resonance condition. The cross-peak intensiti
ppm), we assigned these resonances to fluoride ions locatedri& much stronger at lower fields (Fig. 2b) than at higher field
between the Mo-O/F chains that are coordinated to four B&ig. 2a). In addition, there are smaller differences in intensit
atoms (labeled F1 and F3 in Fig. 118)). The second group of between the P1-P3 and P1-P4 cross-peaks (and similarly
resonances (P3 and P4) was then assigned to fluorine atdhesP2—-P3 and P2—P4 cross-peaks) at the lower field. Negat
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FIG. 2. (a)2-D*F exchange spectrum of BdoO;F, and slices parallel to the, axis atw;,; = —24 and—28 ppm (P1 and P2 slices, respectively), collected
at a spinning frequency of 18 kHz with a mixing time of 10 ms at a field strength of 8.4 T. (b) and (¢JReRchange spectra of BdoO;F, and its horizontal
slices through P1 and P2, collected at a spinning frequency of 10 and 23 kHz, respectively, with a mixing time interval of 10 ms and a field strength o

cross-peaks are observed at the lower field strength for P1-#®#creased further, both cross-peaks decrease in intensity &

and P2-P3 at a spinning frequency of 23 kHz (Fig. 2c). Whke negative cross-peak eventually changes sign (at 70 ms)

repeated these 2-D experiments a number of times with slightly

different experimental setups, in an attempt to exclude the DISCUSSION

possibility that these negative cross-peaks were due to an

experimental artifact, but the spectra were always reproducible!n the usual spin-diffusion treatment for static solids, whict
Figure 3 shows plots of the normalized and absolute crog&rives from second-order perturbation theo2f)( the rate

peak integrated intensities versus the mixing time interval fgPNStant for magnetization exchange between two sesj,

a spinning frequency of 23 kHz and a field strength of 4.7 f¥» iS given by

(the condition corresponding to Fig. 2c¢). These cross-peaks

result from magnetization transfer from the P2 site. Each W = wgF;(0), (1]

intensity plotted in Fig. 3a is normalized with respect to the

total integrated amplitude of the 2-D spectral slice at ¢he Wherewy is the dipolar coupling frequency,

coordinate of peak P2. At short mixing time intervals, P3 and

P4 both grow in intensity as, is increased, but in the negative wo\ [ v\ /1

sense for P3 and in the positive sense for P4rAls increased @Wp = _(477) (rﬁ) (2) (3 cos' 0; — 1),

further, both cross-peaks decrease in intensity and the negative

cross-peak eventually changes sign (at 700 ms). Figures 4a gjigkh depends on the internuclear distangand on the angle

4b show plots of the normalized and absolute cross-peak infe- petween the internuclear vector and the magnetic fiel
grated intensities versus the mixing time interval foraspinniqgj(o) is the so-called overlap integral and it represents th
frequency of 18 kHz and a field strength of 8.4 T (the conditiofero-quantum spectral density at zero frequency. Effectively,
corresponding to Fig. 2a). These cross-peaks result from mag-a measure of the extent of overlap between the NMI
netization transfer from the P2 site. An “up—down” spectraksonances of the spins. The difference in chemical shif
signature is also observed at short mixing time intervalsr,As between interacting spins affects the spin-diffusion rate via tf

(2]
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The results in Figs. 2a and 2b are reasonably consistent wi
this model, since decreasing the magnetic field decreases
chemical shift frequency separation and hence increases |
overlap integralF;;(0). The cross-peaks are therefore more
intense at lower magnetic fields.

The results shown in Fig. 2c are more unusual. These we
obtained under fast-spinning conditions (23 kHz) and lov
magnetic field (4.7 T). The = 1 rotational resonance would
be observed at a spinning frequency-e15 kHz at this field
strength. This spectrum was therefore obtained at a spinnil
frequency much higher than that required for rotational resc
nance. One could anticipate cross-peaks of negligible amp
tude in this case. Instead, all relevant slices of the 2-D spectru
contain significant cross-peaks, which form a characteristi
up—down spectral pattern. The consistent appearance of nel
tive cross-peaks is highly unusual and demands explanatior

Two facts are particularly relevant to an understanding c
these cross-peaks: First, the difference between the P1 and
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FIG. 3. Normalized cross-peak integrated intensities (circles) (a) and

absolute cross-peak integrated intensities (arbitrary units) (b) versus the mixing

interval. Data were extracted from horizontal slices of P2 (i.e., slices at the
frequency w, = —28 ppm), taken from the 2-D spectra of B&O;F,
collected with a spinning frequency of 23 kHz at a field strength of 4.7 T. The
solid lines in (a) show the best fits obtained with Eqgs. [26] and [27], while the
dashed lines in (b) show simulations obtained by numerically diagonalizing
Eq. [11] (see text). Values of 20/20, 2.1/1.9, and 0.16/0:04® q, r, ands,
respectively, were used in the simulations for P2P4/P2— P3.

F;(0) term. There are, thus, two main factors that dominate the

(b)

magnetization-exchange process: the spatial distance and spec-

tral frequency difference between the two nuclei. Since the

magnetization-exchange rate is proportional to the square of

the dipolar coupling strength, it is proportional to the inverse

sixth power of the distance between the spins. Therefore, closer

nuclei have an increased spin-exchange probability. However

spin diffusion may also be attenuated by a large chemical shift

frequency difference, which leads to a reduction in the overlap
integral F;;(0).
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The equations mUSt be mOdiﬁe'd in rotating solids, since therig. 4. Normalized cross-peak integrated intensities (circles) (a) an
relevant perturbations become time-dependent. Neverthelessplute cross-peak integrated intensities (arbitrary units) (b) versus the mixi
an equivalent treatment may be used, if we allow the zenpterval from horizontal slices of P2 taken from the 2-D spectra gMg#0;F,
quantum spectrum to Sp|it up into sidebands. Enhanced mégl_ected with a spinning frequency of 18 kHz at a field strength of 8.4 T. Th

netization exchange is observed when a sideband of the zey.

id lines in (a) show the best fits obtained with Egs. [26] and [27], while the
ﬁ'hed lines in (b) show simulations obtained by numerically diagonalizin

quantum spectrum is placed at zero frequency: These are gge[11] (see text). Values of 28/28, 1.1/2.6, and 2.2/2%fsr q, r, ands,

rotational resonanced4).

respectively, were used in the simulations for P2P4/P2— P3.
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chemical shifts is similar to that between P2 and P4 (76 and &8ad
ppm, respectively). Second, the distances between all four

fluorine sites are similar (2.6-3.0 A).

We now develop a kinetic model of a high-order spin- 9
diffusion process, which is reasonably consistent with the at

experimental data.

Jd
234 = 9t (a; +a,) = 0. [9]

Consider a system of four coupled spin-1/2, with resonances

o), w3, w3, andw], arranged in two groups, such that

wg—wgzwg—w2>w8—wg%wg—wg.

(3]

The equation of motion of the quantiti&s,, X4, A1, andA,,
for the high-order spin-diffusion process may therefore b
written

. . PP 00 0 O 21
Let us postulate a high-order magnetization-exchange process, | S 00 0 O S
which preserves the total Zeeman energy of the system. This is atl ALl =10 o —q ql | Ayl [10]
a prerequisite of any reasonably efficient magnetization-ex- Ay 00 q —q Ay

change process in the absence of an RF field. Since the Zeeman
energy associated with a particular site is proportional to its
resonance frequency, the conservation of Zeeman energy Wwhere the symbafj represents the rate constant for the postu

poses a constraint on the system:

a,0) + a5 + a0 + a,w) = constant,

wherea,(t) is the longitudinal magnetization of spin Equa-

[4]

tion [4] can be rewritten, making use of Eq. [3] (i.e) — w3

0 0 0 0 0 0
~ Wp; — Wy al’ldwl - Wy T W3 — 0)4), as

J
a(a1+a2—a3—a4):0,

In addition, the spin Hamiltonian in a high magnetic fiel
commutes with the total angular momentum operator along the
field direction. This implies that any magnetization-exchan
process must also conserve the total Zeeman angular mo

tum, and hence
J
a(al+a2+a3+a4) :0

It is convenient to define the terms

Zp=apta; Ap=a,—a

234E as + Ay, A34E az — ay.
The above constraints then imply that

a

d
5%=a(a1+az)=o,

[5]

[6]

(7]

[8]

lated high-order spin-diffusion process that corresponds
approximately energy-conserving transitions between stat
such agaBBa> to |BaaB>. Small energy balances may be
absorbed by the dipolar reservoir. Equation [10] is consistel
with a physical picture for this process where the differenc

polarizationsA,, and A, are in exchangeA,, ——— A,,,

whereq is the rate constant of this process. Sugh transitior
have zero probability within the second-order level of per
turbation theory, but may have finite probabilities at highe
perturbation orders. In this paper, we do not attempt a theo!
of such processes, but merely examine their spectral cons

é}uences.

In order to describe the full kinetics of the system, Eq. [10
must be incorporated into a system of equations which als

e . : .
Yhcludes conventional relaxation and spin-exchange process

N full equation of motion, in the basis s&t{, X3, A1y, Asl),

can be described as

212 21
Sul | Sa

at| A | K Ap |’ [11]
Ay, Az

where the 4X 4 matrixK is the complete kinetic matrix, which
may be expressed as the combination of the 1-spin, 2-spin, a
4-spin kinetic matrices, i.e.,

K — K l-spin+ Kz-spin+ K4-spin. [12]

K *P" corresponds to the spin—lattice relaxation of the spil
system and is given in the basis sat,(a,, a;, a,) by
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-R, O 0 0 00 0 O

. 0O -R, 0 0 . |00 0 o0
K%algz,aa,ﬁm): 0 0 —R3 0 ! [13] K #epin = 00 —q ql [18]

O 0 0 -R, 00 g —q

whereR, (i = 1-4) is thespin—lattice relaxation rate constant The trajectory of the individual magnetization compo-
of spini. The thermal equilibrium term has been omitted froi€Nts @i, @, as, a,) may be predicted by diagonalizing Eq.
this equation, since phase cycling is used in the experimekdt2]-

and this removes signals which derive from thermally equili- In the following discussion, we assume that the rate consta
brated spin magnetization. The transformation maffjgiven for magnetization exchange between sites 1 and 2 is similar

by that for magnetization exchange between sites 3 and 4, i.e.
10 1 0 M=~ T3="T. (19]
T= 10 -1 O 14
{01 o 1p [14] The rate constants for magnetization exchange between the t
601 0 -1 groups of resonances are also assumed to be similar, i.e.,

transforms theY,, >34, Ay, Ag,) basis set to thea(, a,, as, F13= 1= [,3=T[,,=S. [20]
a,) basis set:

In order to obtain an analytical solution to the equation o

a 10 1 0 21 motion, we further assume that the relaxation rate constant f
a|_ (1 0 -1 0 (2 [15] each spin is similar, i.e.,

a3 - O 1 O 1 AlZ

a4 0 1 0 _1 A34 Rl = R2 = |?3 =~ R4 = R [21]

The 1-spin kinetic matrix, in theX(,, >z, As, Ay basis, is The relaxation rates were measured at a spinning frequency
therefore 23 kHz and a field strength of 4.7 T, to check the validity of
this assumption. Very similar relaxation rate constaRts R,,

-R, O 0 0 R;, andR, of 3.20, 3.22, 3.35, and 3.50°s respectively, were
K spin— T 1. 0 R, O 0. T. [16] obtainfed, suggesting that the errors associated with this &
0 0 —-Rs O : sumption are small.
0 0 0 -R4 Consider now a slice of the 2-D spectrum parallel to dhe

axis and atw, = ). The trajectory of the spins 3 and 4
K> represents the normal spin diffusion kinetic matrix, cross-peaks with respect tq may be derived as

—(rip+ rig+ro) EP) 13 14
K 2pin— T -1. BV —(rip+ roz+ 1) PX] I'24 T [17]
I3 M3 —(riz+ rps+ ray) I'34 '
l14 l24 l34 —(ryg+ ros+ r39)

wherer; represents the “conventional” spin-diffusion rate con- A, ,(t) = 1 a,(0)(1 — e *' + e 29t — g-2atrs g =Rt
stants for exchange of magnetization between $it@sd].

The 4-spin term of the high-order spin diffusion process has
been described above and the equation of motion with the basi%
set 12, 234 Aro, Agy) was already given in Eq. [10]. Thus, the
4-spin kinetic matrix may be written as [23]

[22]

1%4(0 — % al(O)(l _ e74st _ efz(rJrs)t + efz(q+r+s)t)e7Rt_
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Similar expressions may be obtained for spectral slices througgince only. In practice, there may be significant differences |

resonances,, w;, andw,. the ratios of the intensities of the sideband to isotropic rest

The ratio of the area of a cross-peak to the total intensity inn@ances between the different resonances. Third, the frequer

2-D slice parallel to they, axis and aty, = w; can be expressed asseparations between the two resonances within the two grou

are not identical in the experimental system. The associat:

A, () energy mismatch may prevent the high-order spin diffusio
ABE() " F(1—e ™4 e 29— e 2t - [24]  from proceeding to completion.

! In order to explore whether any of the assumptions made
deriving the analytical solution to Eq. [11] are responsible for an
of the observed differences between the experimental data and
simulations, the time evolutions of the absolute intensities c

whereA_(t) is the integrated area under the cross-peak céff®SS-Peaks in the slices at the frequeacy- w3 were obtained
tered at coordinated;, w,) = (°, ?), andA"(t) is the total by numerlcally diagonalizing thg matrix defined in Eq. [11]. Since
peak area of the slice parallel to the axis and aw, = «° at no experlmgtgtal data were avgllable for a zero mixing interval, th
mixing time intervalr,, = t. Similar results can also be deriveoamf"t“d 2 (Tn = 0) was estimated from the measured value o
for the slices parallel to the, axis and atw, = : A" at T, = 1 ms (4761 arbitrary units) using the equatior
A%(r) = AY(0)e ™ andR, = 3.22 s. The estimate gave the
A, () value of AY™(0) = 4776 arbitrary units. The measured relaxatior
2;; —1(1— e %t— g 2rtst y g 2@rrssy oG] rate constantsR;, R,, R;, andR,) and the estimated values qf
AZH () r, andswere input into the matrik which was then diagonalized.
A, (1) Values ofq, 15, Fa4, 13, 14, P23, @Ndr,, (S€€ Eq. [17]) were varied
AL T(1— ety g 2t — g 2@irisly = [27] 1o obtain the closest match between the simulated and experim
tal data. The result of the absolute intensities of-P23 and P2
—> P4 versus the mixing interval and their curve-fittings are show

If the spin dEfusion rates between the two groups of resonanGseig. 3h. The best fit using the experimental spin-lattice relas
are ignored¢ = 0), Egs. [26] and [27] can be further simplified:agion rates and numerical diagonalization gave very similar resul

to those obtained with the approximate analytical solutions. Fu

A1H4(t) 1
Aiotal(t) =12

(1 _ e74st _ e72(r+s)t + efz(q+r+s)t), [25]

Apst) (-2t — g-2r+ay) og)  ther, no significant changes to the quality of the fit were obtaine
Avey — ° ' [28] when the six coefficients; were used instead of the two coeffi-
cientsr and s. We, therefore, conclude that the assumption
Aroa(l) derlying the analytical formul bl
=1 (e At — grArray), [29] underlying the analytical formulas are reasonable. .
A1) We have also studied the cross-peak behavior at a fie

strength of 8.4 T and a spinning frequency of 18 kHz, agai

Note that these formulas predict an up—down spectral sigmdrosen to avoid the rotational resonances. Negative cros
ture, which is qualitatively consistent with the experimentagdeaks were again observed at short mixing intervals~< 25
results in Fig. 2c. ms). A fit to the high-field data, using Egs. [26] and [27], is

Figure 3a shows the experimental intensity ratios of ttehown in Fig. 4a. Four-spin spin-diffusion rate constagjsof
cross-peaks connecting P2 and P3 and P2 and P4 versus migiag- 3 and 28+ 3 s, were obtained by fitting the P2 P3
time intervalr,,, obtained from spectral slices at the frequencgnd P2 — P4 cross-peaks, respectively. These values a
o, = w;. The experimental normalized cross-peak amplitudetightly larger than those obtained at the lower field (2@
were simulated with Egs. [26] and [27] (see solid lines in Figand 20+ 2 s*, for P2— P3 and P2 P4, respectively). The
3a). The 4-spin spin-diffusion rate constants obtained frorate constants extracted for spin diffusion within the group ar
these simulationsg(= 20 + 2 and 20+ 2 s, for P2— P3 similar to those obtained at the lower fietd= 2.6 + 0.3 and
and P2— P4, respectively) are higher than the spin-diffusioh.1 + 0.3 s, for P2— P3 and P2 P4, respectively, while
rate constants involving the spin exchange within the grodipose for spin diffusion between the two groups are muc
(r=1.9+0.2and 2.1+ 0.2s*, for P2— P3 and P2> P4, larger at the higher fields = 2.6 + 0.3 and 2+ 1 s, for
respectively) and are considerably larger than the spin-diff22 — P3 and P2— P4, respectively.
sion rate constants between the groups=(0.02 + 0.02 s* The significant increase in the rate constants for 2-spin sp
and 0.16+ 0.02 s*, for P2— P3 and P2 P4, respectively). diffusion is presumably a consequence of the reduced spinni

Although there is qualitative agreement between experimdrgéquency of 18 kHz. Presumably, the slower spinning fre
and simulation, some discrepancies remain, which may haveguency results in a larger spectral overlap integral, in compa
number of causes. First, we have assumed that the relaxafigon to that at 4.7 T at a spinning speed of 23 kHz. The slig!
time constants of all four groups are the same. Second, therease in the 4-spin spin-diffusion rate constant may also |
cross-peak intensities were measured from the isotropic redoe to the slower spinning frequency.
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