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Negative cross-peaks have been observed in the 19F 2-D mag-
etization-exchange MAS NMR spectra of Ba2MoO3F4 under fast-
pinning conditions. The polarization transfer dynamics are stud-
ed as a function of the spinning frequency and the frequency
eparation of the resonances. The results are consistent with a
ovel mechanism, in which four spins simultaneously exchange
eeman magnetization with each other, in an energy-conserving
rocess. © 1999 Academic Press

Key Words: spin diffusion; magnetization transfer; 2-D NMR;
9F; inorganic fluorides.

INTRODUCTION

A variety of oxyfluorides have been studied by19F MAS
MR in order to probe the fluoride-ion distributions (1). The
hemical shift ranges for many inorganic fluorides are not
nderstood and few semi-empirical correlations exist to
redict chemical shifts in these materials. We have explo
umber of 2-D methods for studying fluorine–fluorine pr

mity in order to facilitate spectral assignment. In particu
he 2-D magnetization-transfer experiment (2–4) is useful for
tudying the local environment of nuclei in crystalline a
morphous solids. In the absence of chemical exchang
ain mechanism for magnetization transfer is the so-c

pin diffusion process (5–9), which relies on the through-spa
agnetic dipolar coupling between nearby nuclear spins. S

he through-space coupling has an inverse cubic dependen
he internuclear distance, the observation of spin diffusion
e an indicator of spatial proximity, at least when experim
re performed over relatively short time scales.
The interpretation of spin diffusion is, however, complica

y its sensitivity to the chemical shift frequency differen
etween the associated spins. This may be the case for19F sites

n inorganic fluorides, which often have large chemical s
ifferences. In order to assess the utility of spin diffusion

19F spectral assignment, we studied the compound Ba2MoO3F4,
hich has a large range of19F chemical shifts.
If two molecular sites have a large chemical shift freque

ifference, one expects rapid exchange of magnetization
hen the rotational resonance conditions are met, i.e.,

iso iso iso iso
v i 2 v j ) 5 nv r , wherev i andv j are the isotropic shift 3
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requencies of the two crystallographic sites,n is a smal
nteger, andv r is the spinning frequency (10–14). At these
onditions, the energy difference associated with the frequ
eparation between resonances of the two nuclear si
ompensated by a coherent exchange of energy with the
hanical rotation. This has been called rotor-driven spin d
ion (13). In systems containing abundant heteronuclear s
uch as protons, the energy difference involved in the ma
ization transfer may sometimes be recovered by the intera
ith the abundant spin system. In the case of protons, thi
een termed proton-driven spin diffusion (7, 15).
The total spin angular moment in the direction of the s
agnetic field is a good constant of the motion in high m
etic fields in the absence of RF irradiation. This implies

urn, an approximate conservation of the total longitud
agnetization along the field direction. If the magnetizatio
ne spin site decreases, the magnetization of its exch
artner increases. This fact is reflected in the positive sig
ross-peaks in 2-D magnetization-exchange spectra.
Spin diffusion processes are, therefore, expected to hav

ollowing characteristics: (i) small rate constants when the
large chemical shift frequency difference and the rotati

esonance conditions are not met, and (ii) positive cross-p
n 2-D magnetization-exchange spectra.

The spectra shown below display features which contr
oth of these expectations: (i) finite cross-peaks are enc

ered even well away from a rotational resonance condi
nd (ii) in some cases the cross-peaks are negative. We s
n explanation of these results, which incorporates a h
rder spin diffusion process, involving the simultaneous
olvement of four spins rather than two. Such higher o
rocesses have been suggested before in various co
16, 17), but the experimental evidence has always been s
hat ambiguous. In the results shown below, the higher o
rocess is revealed through a spectral signature which i
cult to explain any other way.

EXPERIMENTAL

NMR. 19F MAS NMR spectra were obtained with CM

60 (8.4 T) and CMX-200 (4.7 T) spectrometers at operating
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243SPIN DIFFUSION MECHANISMS IN 19F 2-D NMR OF OXYFLUORIDES
requencies for19F of 2338.75 and2188.19 MHz, respec
ively. 19F chemical shifts are expressed in ppm relative
iquid CFCl3. A Chemagnetics pencil probe with a reduced19F
ackground signal was used. This probe is equipped w
igh-speed MAS stator and with 3.2-mm rotors that are c
le of reaching spinning frequencies of 24 kHz. Due to
mall size of the rotors, only approximately 50 mg of sam
as required. Typically, 1-D spectra were acquired withp/2
ulses of duration 2ms and recycle delays of 10 s, the spe
equiring approximately 100–500 acquisitions.

Two-dimensional spin-diffusion experiments were p
ormed with a standard 2-D magnetization-exchange p
equence (2):

p/ 2–t1–p/ 2–tm–p/ 2–acquire~t2!.

pectra are acquired (int 2), for successive time increments
he first time dimension (t 1). The magnetization is aligned wi
he static magnetic field during the mixing time of the 2
equence (tm, which was always set equal to an integral nu
er of rotor periods). Spin diffusion duringtm is detected as
ross-peak in the 2-D spectrum after successive Fourier
ormation alongt 1 andt 2. 2-D spectra were acquired withp/2
ulses of duration 2ms and recycle delays of 10 s, the spe
equiring approximately 64–128 acquisitions per time pe
ncrement. Spectra were collected at spinning frequencies
Hz, at a field strength of 8.4 T, and at 10 and 23 kHz at a
trength of 4.7 T with mixing time intervalstm of 1 to 1000 ms

RESULTS

The 19F MAS NMR spectrum of Ba2MoO3F4 is shown in
ig. 1a. Two groups of resonances, P1/P2 and P3/P4
bserved at approximately220 and2100 ppm, respectivel
onsistent with our earlier results (1). Ba2MoO3F4 is isostruc
ural with Ba2WO3F4 (18–20), the structure of both the
ompounds consisting of chains of corner-sharing WO/
oO/F octahedra, separated by barium cations and two d
nt anion sites (Fig. 1b). Oxygen ordering on three of the s
ossible anion sites was proposed, by previous worker
ccur in Ba2WO3F4 (18–20): One oxygen atom was located

he corner-sharing positions of the W–O/F octahedra (i.e
he W–O–W chains), while the other two were located in a
rrangement on the tungsten octahedra (Fig. 1b). We p
usly showed, by using19F MAS NMR, that the O/F orderin
cheme in Ba2MoO3F4 is similar to that proposed fo
a2WO3F4, but that Ba2WO3F4 contains considerable O/F d
rder. Since the P1/P2 chemical shifts (Fig. 1a) in the spec
f Ba2MoO3F4 are close to the chemical shift of BaF2 (214.2
pm), we assigned these resonances to fluoride ions loca
etween the Mo–O/F chains that are coordinated to fou
toms (labeled F1 and F3 in Fig. 1b (18)). The second group o

esonances (P3 and P4) was then assigned to fluorine atot
o
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oordinated to Mo atoms in the Mo chains (F2 and F4).
ork has been described in detail elsewhere (1).
Figure 2a shows the 2-D spectrum of Ba2MoO3F4, acquired
ith a mixing time interval oftm 5 10 ms at a field strength
.7 T (360 MHz for1H) and a spinning frequency of 18 kH
his spinning frequency was chosen so as to avoid the

ional resonance conditions. The diagonal in the 2-D spec
onsists of the two groups of two resonances: P1/P2 and P
he cross-peaks between these resonances are seen mor
y taking horizontal slices through the peaks (e.g., P1 an
ig. 2a): P1 is connected to a poorly resolved cross-peak
2 (appearing as a shoulder of the diagonal peak) and a
strong cross-peak from P3. In contrast, P2 is connecte

oorly resolved cross-peak from P1 and to a strong cross
rom P4.

The 2-D spectra of Ba2MoO3F4 at a field strength of 4.7
ith spinning frequencies of 10 and 23 kHz are shown in F
b and 2c. Both of these MAS frequencies are well away
ny rotational resonance condition. The cross-peak inten
re much stronger at lower fields (Fig. 2b) than at higher fi
Fig. 2a). In addition, there are smaller differences in inten
etween the P1–P3 and P1–P4 cross-peaks (and simila

FIG. 1. (a) 19F MAS NMR spectrum of Ba2MoO3F4, collected at a
pinning frequency of 18 kHz and a field strength of 8.4 T. (b) Crystal stru
f the isostructural compound Ba2WO3F4, showing the corner-shared WO4F2

ctahedra, bridging oxygen atoms and proposed ordering of the cis oxyg
uorine positions (18).
mshe P2–P3 and P2–P4 cross-peaks) at the lower field. Negative
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244 DU, LEVITT, AND GREY
ross-peaks are observed at the lower field strength for P
nd P2–P3 at a spinning frequency of 23 kHz (Fig. 2c).
epeated these 2-D experiments a number of times with sli
ifferent experimental setups, in an attempt to exclude
ossibility that these negative cross-peaks were due t
xperimental artifact, but the spectra were always reprodu
Figure 3 shows plots of the normalized and absolute c

eak integrated intensities versus the mixing time interva
spinning frequency of 23 kHz and a field strength of 4

the condition corresponding to Fig. 2c). These cross-p
esult from magnetization transfer from the P2 site. E
ntensity plotted in Fig. 3a is normalized with respect to
otal integrated amplitude of the 2-D spectral slice at thev1

oordinate of peak P2. At short mixing time intervals, P3
4 both grow in intensity astm is increased, but in the negati
ense for P3 and in the positive sense for P4. Astm is increase
urther, both cross-peaks decrease in intensity and the ne
ross-peak eventually changes sign (at 700 ms). Figures 4
b show plots of the normalized and absolute cross-peak
rated intensities versus the mixing time interval for a spin

requency of 18 kHz and a field strength of 8.4 T (the condi
orresponding to Fig. 2a). These cross-peaks result from
etization transfer from the P2 site. An “up–down” spec

FIG. 2. (a) 2-D 19F exchange spectrum of Ba2MoO3F4 and slices parallel
t a spinning frequency of 18 kHz with a mixing time of 10 ms at a field s
lices through P1 and P2, collected at a spinning frequency of 10 and 2
ignature is also observed at short mixing time intervals. Astm b
P4
e
tly
e
an
le.
s-
r

T
ks
h
e

d

ive
nd

te-
g
n
g-
l

s increased further, both cross-peaks decrease in intensi
he negative cross-peak eventually changes sign (at 70 m

DISCUSSION

In the usual spin-diffusion treatment for static solids, wh
erives from second-order perturbation theory (21), the rate
onstant for magnetization exchange between two sitesi andj ,
, is given by

W < v D
2Fij~0!, [1]

herevD is the dipolar coupling frequency,

vD 5 2S m0

4pDSg 2\

r ij
3 DS1

2D ~3 cos2 u ij 2 1!, [2]

hich depends on the internuclear distancer ij and on the angl
ij between the internuclear vector and the magnetic fi
ij (0) is the so-called overlap integral and it represents
ero-quantum spectral density at zero frequency. Effective
s a measure of the extent of overlap between the N
esonances of the spins. The difference in chemical s

hev2 axis atv1 5 224 and228 ppm (P1 and P2 slices, respectively), colle
gth of 8.4 T. (b) and (c) 2-D19F exchange spectra of Ba2MoO3F4 and its horizonta
Hz, respectively, with a mixing time interval of 10 ms and a field streng.
to t
tren
etween interacting spins affects the spin-diffusion rate via the
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245SPIN DIFFUSION MECHANISMS IN 19F 2-D NMR OF OXYFLUORIDES
ij (0) term. There are, thus, two main factors that dominat
agnetization-exchange process: the spatial distance and

ral frequency difference between the two nuclei. Since
agnetization-exchange rate is proportional to the squa

he dipolar coupling strength, it is proportional to the inve
ixth power of the distance between the spins. Therefore, c
uclei have an increased spin-exchange probability. How
pin diffusion may also be attenuated by a large chemical
requency difference, which leads to a reduction in the ove
ntegralFij (0).

The equations must be modified in rotating solids, since
elevant perturbations become time-dependent. Neverth
n equivalent treatment may be used, if we allow the z
uantum spectrum to split up into sidebands. Enhanced
etization exchange is observed when a sideband of the
uantum spectrum is placed at zero frequency: These a

FIG. 3. Normalized cross-peak integrated intensities (circles) (a)
bsolute cross-peak integrated intensities (arbitrary units) (b) versus the

nterval. Data were extracted from horizontal slices of P2 (i.e., slices a
requency v1 5 228 ppm), taken from the 2-D spectra of Ba2MoO3F4

ollected with a spinning frequency of 23 kHz at a field strength of 4.7 T.
olid lines in (a) show the best fits obtained with Eqs. [26] and [27], while
ashed lines in (b) show simulations obtained by numerically diagona
q. [11] (see text). Values of 20/20, 2.1/1.9, and 0.16/0.02 s21 for q, r , ands,

espectively, were used in the simulations for P23 P4/P23 P3.
otational resonances (14). r
e
ec-
e
of
e
er
r,

ift
p

e
ss,
o-
g-
ro-
the

The results in Figs. 2a and 2b are reasonably consisten
his model, since decreasing the magnetic field decrease
hemical shift frequency separation and hence increase
verlap integralFij (0). The cross-peaks are therefore m

ntense at lower magnetic fields.
The results shown in Fig. 2c are more unusual. These

btained under fast-spinning conditions (23 kHz) and
agnetic field (4.7 T). Then 5 1 rotational resonance wou
e observed at a spinning frequency of;15 kHz at this field
trength. This spectrum was therefore obtained at a spin
requency much higher than that required for rotational r
ance. One could anticipate cross-peaks of negligible a

ude in this case. Instead, all relevant slices of the 2-D spec
ontain significant cross-peaks, which form a characte
p–down spectral pattern. The consistent appearance of

ive cross-peaks is highly unusual and demands explana
Two facts are particularly relevant to an understandin

hese cross-peaks: First, the difference between the P1 a

FIG. 4. Normalized cross-peak integrated intensities (circles) (a)
bsolute cross-peak integrated intensities (arbitrary units) (b) versus the

nterval from horizontal slices of P2 taken from the 2-D spectra of Ba2MoO3F4

ollected with a spinning frequency of 18 kHz at a field strength of 8.4 T.
olid lines in (a) show the best fits obtained with Eqs. [26] and [27], while
ashed lines in (b) show simulations obtained by numerically diagona
q. [11] (see text). Values of 28/28, 1.1/2.6, and 2.2/2.6 s21 for q, r , ands,

d
ing
e

e
e
g

espectively, were used in the simulations for P23 P4/P23 P3.
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hemical shifts is similar to that between P2 and P4 (76 an
pm, respectively). Second, the distances between all
uorine sites are similar (2.6–3.0 Å).
We now develop a kinetic model of a high-order sp

iffusion process, which is reasonably consistent with
xperimental data.
Consider a system of four coupled spin-1/2, with resona

1
0, v2

0, v3
0, andv4

0, arranged in two groups, such that

v 1
0 2 v 3

0 < v 2
0 2 v 4

0 @ v 1
0 2 v 2

0 < v 3
0 2 v 4

0. [3]

et us postulate a high-order magnetization-exchange pro
hich preserves the total Zeeman energy of the system. T
prerequisite of any reasonably efficient magnetization

hange process in the absence of an RF field. Since the Ze
nergy associated with a particular site is proportional t
esonance frequency, the conservation of Zeeman energ
oses a constraint on the system:

a1v 1
0 1 a2v 2

0 1 a3v 3
0 1 a4v 4

0 5 constant, [4

hereai(t) is the longitudinal magnetization of spini . Equa-
ion [4] can be rewritten, making use of Eq. [3] (i.e.,v1

0 2 v3
0

v2
0 2 v4

0 andv1
0 2 v2

0 ' v3
0 2 v4

0), as



t
~a1 1 a2 2 a3 2 a4! 5 0. [5]

n addition, the spin Hamiltonian in a high magnetic fi
ommutes with the total angular momentum operator alon
eld direction. This implies that any magnetization-excha
rocess must also conserve the total Zeeman angular mo

um, and hence



t
~a1 1 a2 1 a3 1 a4! 5 0. [6]

t is convenient to define the terms

¥12 ; a1 1 a2; D12 ; a1 2 a2

¥34 ; a3 1 a4; D34 ; a3 2 a4. [7]

he above constraints then imply that



t O ;


t
~a1 1 a2! 5 0, [8]
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t
¥34 ;



t
~a3 1 a4! 5 0. [9]

he equation of motion of the quantities¥12, ¥34, D12, andD34,
or the high-order spin-diffusion process may therefore
ritten



t 1
¥12

¥34

D12

D34

2 5 1
0 0 0 0
0 0 0 0
0 0 2q q
0 0 q 2q

2 z 1
¥12

¥34

D12

D34

2 , [10]

here the symbolq represents the rate constant for the po
ated high-order spin-diffusion process that correspond
pproximately energy-conserving transitions between s
uch asuabba. to ubaab.. Small energy balances may
bsorbed by the dipolar reservoir. Equation [10] is consi
ith a physical picture for this process where the differe

olarizationsD12 and D34 are in exchange:D12L|;
q

q
D34,

hereq is the rate constant of this process. Such transit
ave zero probability within the second-order level of p

urbation theory, but may have finite probabilities at hig
erturbation orders. In this paper, we do not attempt a th
f such processes, but merely examine their spectral c
uences.
In order to describe the full kinetics of the system, Eq.
ust be incorporated into a system of equations which

ncludes conventional relaxation and spin-exchange proce
he full equation of motion, in the basis set (¥12, ¥34, D12, D34),
an be described as



t 1
¥12

¥34

D12

D34

2 5 K z 1
¥12

¥34

D12

D34

2 , [11]

here the 43 4 matrixK is the complete kinetic matrix, whic
ay be expressed as the combination of the 1-spin, 2-spin
-spin kinetic matrices, i.e.,

K 5 K 1-spin1 K 2-spin1 K 4-spin. [12]

K 1-spin corresponds to the spin–lattice relaxation of the

ystem and is given in the basis set (a1, a2, a3, a4) by
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K ~a1,a2,a3,a4!
1-spin 5 1

2R1 0 0 0
0 2R2 0 0
0 0 2R3 0
0 0 0 2R4

2 , [13]

hereRi (i 5 1–4) is thespin–lattice relaxation rate consta
f spin i . The thermal equilibrium term has been omitted fr

his equation, since phase cycling is used in the experim
nd this removes signals which derive from thermally eq
rated spin magnetization. The transformation matrix,T, given
y

T 5 1
1 0 1 0
1 0 21 0
0 1 0 1
0 1 0 21

2 , [14]

ransforms the (¥12, ¥34, D12, D34) basis set to the (a1, a2, a3,
4) basis set:

1
a1

a2

a3

a4

2 5 1
1 0 1 0
1 0 21 0
0 1 0 1
0 1 0 21

2 z 1
¥12

¥34

D12

D34

2 . [15]

he 1-spin kinetic matrix, in the (¥12, ¥34, D12, D34) basis, is
herefore

K 1-spin5 T 21 z 1
2R1 0 0 0

0 2R2 0 0
0 0 2R3 0
0 0 0 2R4

2 z T . [16]

2-spin represents the normal spin diffusion kinetic matrix,

herer ij represents the “conventional” spin-diffusion rate c
tants for exchange of magnetization between sitesi and j .
The 4-spin term of the high-order spin diffusion process

een described above and the equation of motion with the
et (¥12, ¥34, D12, D34) was already given in Eq. [10]. Thus, t

K 2-spin5 T 21 z 1
2~r 12 1 r 13 1 r 14! r 12

r 12 2~r 12 1 r 23 1
r 13 r 23

r 14 r 24
-spin kinetic matrix may be written as
nt,
-

-

s
sis

K 4-spin5 1
0 0 0 0
0 0 0 0
0 0 2q q
0 0 q 2q

2 . [18]

The trajectory of the individual magnetization com
ents (a1, a2, a3, a4) may be predicted by diagonalizing E

12].
In the following discussion, we assume that the rate con

or magnetization exchange between sites 1 and 2 is simi
hat for magnetization exchange between sites 3 and 4,

r 12 < r 34 ; r . [19]

he rate constants for magnetization exchange between th
roups of resonances are also assumed to be similar, i.e

r 13 < r 14 < r 23 < r 24 ; s. [20]

In order to obtain an analytical solution to the equation
otion, we further assume that the relaxation rate consta
ach spin is similar, i.e.,

R1 < R2 < R3 < R4 ; R. [21]

he relaxation rates were measured at a spinning frequen
3 kHz and a field strength of 4.7 T, to check the validity

his assumption. Very similar relaxation rate constants,R1, R2,
3, andR4 of 3.20, 3.22, 3.35, and 3.50 s21, respectively, wer
btained, suggesting that the errors associated with thi
umption are small.
Consider now a slice of the 2-D spectrum parallel to thev2

xis and atv1 5 v1
0. The trajectory of the spins 3 and

ross-peaks with respect totm may be derived as

A133~t! 5 1
4 a1~0!~1 2 e24st 1 e22~r1s!t 2 e22~q1r1s!t!e2Rt,

[22]

A134~t! 5 1
4 a1~0!~1 2 e24st 2 e22~r1s!t 1 e22~q1r1s!t!e2Rt.

r 13 r 14

! r 23 r 24

2~r 13 1 r 23 1 r 34! r 34

r 34 2~r 14 1 r 24 1 r 34!
2 z T , [17]
r 24
[23]
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248 DU, LEVITT, AND GREY
imilar expressions may be obtained for spectral slices thr
esonancesv2, v3, andv4.

The ratio of the area of a cross-peak to the total intensity
-D slice parallel to thev2 axis and atv1 5 v1

0 can be expressed

A133~t!

A1
total~t!

5 1
4 ~1 2 e24st 1 e22~r1s!t 2 e22~q1r1s!t!, [24]

A134~t!

A1
total~t!

5 1
4 ~1 2 e24st 2 e22~r1s!t 1 e22~q1r1s!t!, [25]

hereAi3j(t) is the integrated area under the cross-peak
ered at coordinate (v1, v2) 5 (v i

0, v j
0), andAi

total(t) is the tota
eak area of the slice parallel to thev2 axis and atv1 5 v1

0 at
ixing time intervaltm 5 t. Similar results can also be deriv

or the slices parallel to thev2 axis and atv1 5 v2
0:

A233~t!

A2
total~t!

5 1
4 ~1 2 e24st 2 e22~r1s!t 1 e22~q1r1s!t!, [26]

A234~t!

A2
total~t!

5 1
4 ~1 2 e24st 1 e22~r1s!t 2 e22~q1r1s!t!, [27]

If the spin diffusion rates between the two groups of resona
re ignored (s 5 0), Eqs. [26] and [27] can be further simplifie

A233~t!

A2
total~t!

5 2 1
4 ~e22rt 2 e22~r1q!t!, [28]

A234~t!

A2
total~t!

5 1
4 ~e22rt 2 e22~r1q!t!. [29]

ote that these formulas predict an up–down spectral s
ure, which is qualitatively consistent with the experime
esults in Fig. 2c.

Figure 3a shows the experimental intensity ratios of
ross-peaks connecting P2 and P3 and P2 and P4 versus
ime intervaltm, obtained from spectral slices at the freque

1 5 v2
0. The experimental normalized cross-peak amplitu

ere simulated with Eqs. [26] and [27] (see solid lines in
a). The 4-spin spin-diffusion rate constants obtained

hese simulations (q 5 20 6 2 and 206 2 s21, for P23 P3
nd P23 P4, respectively) are higher than the spin-diffus
ate constants involving the spin exchange within the g
r 5 1.9 6 0.2 and 2.16 0.2 s21, for P23 P3 and P23 P4,
espectively) and are considerably larger than the spin-d
ion rate constants between the groups (s 5 0.02 6 0.02 s21

nd 0.166 0.02 s21, for P23 P3 and P23 P4, respectively)
Although there is qualitative agreement between experi

nd simulation, some discrepancies remain, which may h
umber of causes. First, we have assumed that the rela

ime constants of all four groups are the same. Second

ross-peak intensities were measured from the isotropic resd
gh

a

n-

es

a-
l

e
ing

y
s
.
m

p

-

nt
a

ion
he

ance only. In practice, there may be significant differenc
he ratios of the intensities of the sideband to isotropic r
ances between the different resonances. Third, the freq
eparations between the two resonances within the two g
re not identical in the experimental system. The assoc
nergy mismatch may prevent the high-order spin diffu

rom proceeding to completion.
In order to explore whether any of the assumptions mad

eriving the analytical solution to Eq. [11] are responsible for
f the observed differences between the experimental data a
imulations, the time evolutions of the absolute intensitie
ross-peaks in the slices at the frequencyv1 5 v2

0 were obtaine
y numerically diagonalizing the matrix defined in Eq. [11]. Si
o experimental data were available for a zero mixing interva
mplitudeA2

total(tm 5 0) was estimated from the measured valu
2
total at tm 5 1 ms (4761 arbitrary units) using the equa
2
total(t) 5 A2

total(0)e2R2t andR2 5 3.22 s21. The estimate gave th
alue ofA2

total(0) 5 4776 arbitrary units. The measured relaxa
ate constants (R1, R2, R3, andR4) and the estimated values ofq,
, andswere input into the matrixK which was then diagonalize
alues ofq, r12, r34, r13, r14, r23, andr24 (see Eq. [17]) were varie

o obtain the closest match between the simulated and expe
al data. The result of the absolute intensities of P23 P3 and P2

P4 versus the mixing interval and their curve-fittings are sh
n Fig. 3b. The best fit using the experimental spin–lattice re
tion rates and numerical diagonalization gave very similar re

o those obtained with the approximate analytical solutions.
her, no significant changes to the quality of the fit were obta
hen the six coefficientsr ij were used instead of the two coe
ients r and s. We, therefore, conclude that the assumpt
nderlying the analytical formulas are reasonable.
We have also studied the cross-peak behavior at a

trength of 8.4 T and a spinning frequency of 18 kHz, a
hosen to avoid the rotational resonances. Negative c
eaks were again observed at short mixing intervals (tm ' 25
s). A fit to the high-field data, using Eqs. [26] and [27]

hown in Fig. 4a. Four-spin spin-diffusion rate constants (q) of
8 6 3 and 286 3 s21, were obtained by fitting the P23 P3
nd P23 P4 cross-peaks, respectively. These values
lightly larger than those obtained at the lower field (206 2
nd 206 2 s21, for P23 P3 and P23 P4, respectively). Th
ate constants extracted for spin diffusion within the group
imilar to those obtained at the lower field:r 5 2.6 6 0.3 and
.1 6 0.3 s21, for P23 P3 and P23 P4, respectively, whil

hose for spin diffusion between the two groups are m
arger at the higher field:s 5 2.6 6 0.3 and 26 1 s21, for
23 P3 and P23 P4, respectively.
The significant increase in the rate constants for 2-spin

iffusion is presumably a consequence of the reduced spi
requency of 18 kHz. Presumably, the slower spinning
uency results in a larger spectral overlap integral, in com

son to that at 4.7 T at a spinning speed of 23 kHz. The s
ncrease in the 4-spin spin-diffusion rate constant may als

o-ue to the slower spinning frequency.
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249SPIN DIFFUSION MECHANISMS IN 19F 2-D NMR OF OXYFLUORIDES
The time evolution of the absolute intensities of cross-p
nd their curve-fitting results are shown in Fig. 4b. The relaxa
ate constantsR1, R2, R3, andR4 (of 2.75, 2.78, 2.35, and 2.44 s21,
espectively, at a spinning speed of 18 kHz and a field streng
.4 T), obtained from theT1 measurements, were input in
atrixK in Eq. [11] along with estimated values ofq, r12, r34, r13,

14, r23, andr24, and the matrix was diagonalized numerically
alue for A2

total(0) of 1183 arbitrary units was determined in
eparate experiment. Again the simulations are very simil
hose obtained with the analytical expression (Fig. 4a), and a
dentical values ofq, r, ands were extracted.

These results show that it may not always be straightfor
o use 2-D magnetization-exchange spectra to extract info
ion concerning proximity between coupled spins. Many
ors, such as frequency separations between resonance
mportant, particularly at high spinning frequencies. If nor
-spin spin diffusion is suppressed, high-order spin-diffu
rocesses may become significant. For the purpose of a
ent, it may be better to employ RF recoupling schemes i
ixing interval of the 2-D experiment (22–26).

CONCLUSION

We have observed unusual negative cross-peaks in19F MAS
-D spectra of inorganic fluorides. These cross-peaks cou
ationalized by hypothesizing a high-order spin-diffusion pro
n which four spins participate simultaneously. A simple kin

odel for these cross-peaks is proposed, and qualitative fits
he experimental results are obtained. These results demo
hat 2-D magnetization-exchange spectra in systems with
hemical shift differences and moderate dipolar couplings m
omplicated by high-order magnetization-transfer proce
hese processes may be important in any system that co
trongly coupled groups of spins with large chemical shift di
nces. Finally, the effect of large chemical shift difference
educing the efficiency of magnetization transfer is expecte
ecome increasingly important at higher fields.
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