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We have investigated the carbon line shape of solid adamantane 30 kHz, the fastest rate available to us, does still not lead
under high-speed magic-angle sample spinning (MAS) acquired to a ‘‘liquid-like’’ spectrum with a 1:2:1 J-splitted triplet
without proton decoupling. The CH-group shows a spinning- for the CH2 group and a 1:1 doublet for the CH group (Fig.
speed-dependent line broadening while the CH2-group consists of 1). The scalar heteronuclear couplings, measured in the liq-
a spinning-speed-independent sharp component and a spinning- uid state, are JCH Å 131 Hz and JCH2

Å 126 Hz (4) .
speed-dependent broader part. These phenomena can be explained

Figure 1 shows the experimental 13C spectra of solid ada-by self-decoupling of the J-interaction due to proton spin diffusion.
mantane as a function of the spinning speed ranging fromSuch a self-decoupling process can be described by a magnetization
£r Å vr / (2p) Å 10 to 30 kHz. The CH-group shows at allexchange process between the multiplet lines. Changing the spin-
speeds a single line but the line becomes significantlydiffusion rate constant by off-resonance irradiation of the protons
broader at higher speeds with some indications of a multipletallows us to observe the full range from slow exchange to coales-

cence to fast exchange of the carbon spectra. One of the multiplet splitting at the highest MAS frequency. The CH2-group ap-
components in the CH2-group corresponds to a group spin of the pears to be a single line at lower spinning speeds (£r Å 10
protons of zero and therefore does not couple to the other protons. and 15 kHz) but at higher speeds (£r ú 15 kHz) the line
This gives rise to the sharp central line. The magnetization ex- shape appears to be a superposition of a sharp line in the
change rate constant between the different multiplet lines can be center of the peak and a quite broad line. A closer investiga-
determined from the spectra and is a measure for the spinning- tion reveals the presence of a sharp component for all five
speed-dependent proton spin-diffusion rate constant. Even at an

spinning speeds. The line width of the sharp component isMAS speed of 30 kHz, proton spin diffusion is still observable
largely independent of the spinning speed while the broaddespite the relatively weak intermolecular proton dipolar-coupling
component broadens significantly with higher spinningnetwork in adamantane which results in a static proton line width
speed.of only 14 kHz (full width at half height) . q 1998 Academic Press

The expected doublet and triplet structure can be ob-Key Words: solid-state NMR; spin-diffusion; MAS; self-decou-
pling. served, however, in the presence of homonuclear proton de-

coupling (5–8) or in isotopically diluted samples (5% pro-
tonated adamantane in 95% perdeuterated adamantane, 13C
in natural abundance (9)) . These observations suggest thatINTRODUCTION
the line shapes of the spectra in Fig. 1 are a manifestation
of ‘‘self-decoupling’’ of the heteronuclear scalar couplingThe 13C-spectrum of a solid with spin-1/2 nuclei under
by the proton spin-diffusion process (10) . ‘‘Self-decou-fast magic-angle spinning (MAS) (1–3) is expected to ap-
pling’’ processes of the heteronuclear dipolar interactionproach the liquid-state spectrum. Here, ‘‘fast’’ refers to the
have been described for a number of systems (11–15) . Assituation where the MAS frequency greatly exceeds the size
detailed below, the magnetization exchange between the pro-of the largest interaction in the system Hamiltonian. For
ton spins caused by the proton spin-diffusion process mani-adamantane (C10H16) , a plastic crystal with considerable in-
fests itself in the carbon spectrum like a ‘‘chemical ex-ternal motion, the largest interaction in the spin system is
change’’ process (16) and can be described by Bloch-typethe intermolecular 1H homonuclear dipolar coupling with
equations modified for exchange (17) . If the spin-diffusionan (orientation-dependent) maximum size of v (H)

D Å
rate constant is much smaller than the J-interactions, well-m0 / (4p)rg 2

H\ /r 3
HH Å 2pr420 Hz leading to a static proton

resolved J-multiplets are predicted; if the spin-diffusion rateline width of about 13,800 Hz (full width at half height) .
constant rivals the J-interaction, coalescence of the multipletNevertheless, the undecoupled 13C-spectrum under MAS at
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177HIGH-SPEED MAS SPINNING OF ADAMANTANE

É 1.6 1 10011 s (22, 23)) averages out all intramolecular
dipolar interactions (homo- and heteronuclear) as well as
the chemical-shielding anisotropy. We may, therefore, write
the system Hamiltonian as

H É H (CH)
intra / H (CH2)

intra / H (CH)
rf / H (CH2)

r f

/ HII ( t) / HSI ( t) / HSS( t) , [1]

with the intramolecular contributions

H (CH)
intra Å V1SrS1z / V1IrI1z / 2pJCHrS1z I1z [2]

and

H (CH2)
intra Å V2SrS2z / V2IrI2z / V3IrI3z / 2pJCH2

1 S2z(I2z / I3z) / 2pJHHrI
t
2rI

t
3 , [3]

where the VnS denote S-spin (13C) isotropic chemical shifts
and the VnI represent I-spin (1H) isotropic chemical shifts
(measured with respect to the respective rf carrier frequen-
cies) . JCH and JCH2

describe the heteronuclear scalar cou-
plings, and JHH describes the homonuclear scalar coupling
between the two protons of a 13CH2-group. Long-range pro-FIG. 1. Carbon spectra of adamantane with natural isotopic abundance
ton scalar couplings and the scalar couplings between rareat five different spinning speeds from £r Å 10 to 30 kHz recorded without

proton decoupling. The CH-group shows a spinning-speed-dependent line spins are neglected.
broadening which is due to the magnetization exchange between the two The interaction with the radio-frequency field (for the
lines of the J-multiplet mediated by proton spin diffusion. The CH2-group case of an off-resonance rf-irradiation) applied to the protonsalso shows this exchange broadening but has in addition a sharp line in the

is given bycenter which does not change with spinning speed.

H (CH)
rf Å vrfI1x [4]

line is observed and for fast spin diffusion a single sharp
and

line is expected. Through a scaling of the homonuclear I-
spin dipolar interaction using off-resonance rf-irradiation H (CH2)

r f Å vr f ( I2x / I3x) . [5]
(18) , the transition from ‘‘slow exchange’’ to ‘‘fast ex-
change’’ can be observed experimentally in adamantane as The remaining three terms in Eq. [1] contain only intermo-
described in this article. lecular interactions. The intermolecular proton homonuclear

By fitting the carbon spectra with a suitable exchange coupling, explicitly time dependent due to MAS, is given
model, we were able to determine exchange rate constants by
(proton spin-diffusion rate constants) in the presence of fast
MAS. A related scheme for indirect detection of the proton
spin-diffusion process in adamantane, based on 2D-exchange HII( t) Å ∑

iõj

vij( t)rS2Iiz Ijz 0
1
2

(I/i I0j / I0i I/j )D , [6]
spectroscopy (19, 20) , has been applied by Takegoshi and
McDowell (8) in the slow-spinning regime (spinning speed

where the indices i and j extend over all protons in the£r Å 2.6 kHz), where the multiplet lines are not resolved in
sample. Therefore, HII( t) potentially can lead to a couplingthe one-dimensional spectrum but can still be resolved under
of the CH and CH2 spin systems that evolve independentlyhomonuclear multiple-pulse decoupling (MREV-8) (21) .
under the four leading terms of Eq. [1] . Because the S-spins
are rare, we may assume, however, in reasonable approxima-THEORY
tion that during the time of the free-induction decay each S-
spin interacts only with a limited set of close-by I-spins.In adamantane, the fast pseudo-isotropic rotation of the

molecule (with a correlation time at room temperature of tc This implies that no I-spins are ‘‘shared’’ between two S-
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178 ERNST, VERHOEVEN, AND MEIER

spin systems. Similar arguments can be made for the inter-
HU

(1)
II Å

0i

2tc
*

tc

0

dt2 *
t2

0

[ H u
II( t2) , H u

II( t1)]dt1molecular heteronuclear dipolar coupling

Å 0 i

vr

rP2(cos u)2 ∑
ixjxk

v *ijk Ii ,z(I/j I0k 0 I0j I/k ) ,HSI( t) Å ∑
i , j

vij( t)r2IizSjz . [7]

[12]
The homonuclear S-spin Hamiltonian HSS( t) can be ne-
glected because the S-spins are rare and the Hamiltonian is,

where v *ijk depends on the dipolar-coupling network (dis-therefore, very small. Under these conditions, the CH and
tances and angles) but not on the rotation speed. While theCH2 spin systems remain separated and the respective Ham-

iltonians commute. form of HU

(1)
II differs from the one of the static dipolar interac-

The time-dependent Hamiltonian of Eq. [6] shall be tion, HII , it still causes proton flip-flop processes.
treated in average Hamiltonian theory (AHT) (24–26) to The two consecutive averaging processes lead to an aver-
describe the averaging by the off-resonance irradiation and age Hamiltonian for the CH and CH2 group given by
the magic-angle sample spinning as two consecutive averag-
ing processes. Such an approach is allowed if the time scales

HU

(CH)ÅV1SrS1z/ 2pJ u
CHrS1z I1zof the two processes are different which is the case if vr f @

vr . If we subject the system to an off-resonance rf-irradiation
0 i

vr

rP2(cos u)2 ∑
ixjxk

v *ijk Ii ,z(I/j I0k 0 I0j I/k ) [13]on the protons, it is convenient to transform the system
Hamiltonian into a tilted rotating frame where the quantiza-

andtion axis is along the effective field for the protons. Assum-
ing that the variation in the offset frequencies of the protons HU

(CH2)ÅV2SrS2z/ 2pJ u
CH2

rS2z(I2z/ I3z)is small, the tilt angle of this reference frame is the same
for all protons and is given by

0 i

vr

rP2(cos u)2 ∑
ixjxk

v *ijk Ii ,z(I/j I0k 0 I0j I/k )

u É arctanSvr f

VnI
D . [8] / 2pJHHrI

t
2rI

t
3 , [14]

with J u
CH Å cos urJCH and J u

CH2
Å cos urJCH2

. For the CH-In such a frame, all heteronuclear interactions scale (in
zeroth-order approximation) with cos u, while the S-spin part group the first two terms of the Hamiltonian of Eq. [13]
of the Hamiltonian is unaffected. The homonuclear dipolar lead to a carbon spectrum with two resonances which one
Hamiltonian of Eq. [6] scales as a second-rank spin tensor can identify as a 13C having a proton spin in its Éa… or Éb…

state as binding partner, respectively. The third term in the
Hamiltonian introduces transitions from Éa… to Éb… for theH u

II( t) Å P2(cos u)rHII( t) . [9]
I-spins because it does not commute with I1z . For an ex-
tended proton coupling network, the jumps from Éa… to Éb…

In a second averaging process we can treat the mechanical
will appear quite randomly and, formally, this situation is

sample rotation also by average Hamiltonian theory. Due to
identical to a chemical exchange process between two sites

the second-rank properties of the spatial part of the homonu-
with resonance frequencies VCH { pJ u

CH occurring at a rateclear and the heteronuclear dipolar interaction, the zeroth-
constant of k 0 (see also Fig. 2) . The last term in Eq. [14]order term vanishes over a full rotor period with tc Å 2p /
can be neglected, as it does not influence the spectrum.

vr , We can describe the exchange process by the modified
Bloch equations (17) . The line positions are given by the
complex part of the eigenvalues of the spectral matrixHU

(0)
II Å

1
tc

*
tc

0

H u
II( t1)dt1 Å 0, [10]

0k 0 0
p

TCH
2

/ i(V1S / pJ u
CH)

k 0

and

HU

(0)
SI Å 0. [11]

k 0

0k 0 0
p

TCH
2

/ i(V1S 0 pJ u
CH)

. [15]The first-order term of the dominant intermolecular interac-
tion HII( t) leads to
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179HIGH-SPEED MAS SPINNING OF ADAMANTANE

where the notation on the right-hand side refers to the
group spin quantum number F and the magnetic quantum
number Fz , ÉF , Fz … . Only states with F Å 1 ( ‘‘pseudo-
spin-1’’ ) experience a homonuclear dipolar coupling to
other protons in the sample and participate, therefore, in
the proton spin-diffusion process. The F Å 0 ( ‘‘pseudo-
spin-0’’ ) state does not couple to the other protons. This
behavior has important consequences for the exchange
narrowing visible in the carbon spectrum. Figure 2 shows
the four states and the possible transitions in the CH2-
group. However, not all possible transitions in the CH2-
group happen with a high probability. The pathways

FIG. 2. Schematic J-coupled carbon spectrum of adamantane with an É1, /1 … } É1, 0 … and É1, 01 … } É1, 0 … have a high
assignment of the proton states to the different multiplet lines. In addition, probability because they correspond to a simultaneous
the relevant exchange-rate constants are indicated which connect the differ- flip-flop of the pseudo-spin-1 with another spin in
ent proton states.

the sample, either a spin-1 /2 from a CH-group or a
pseudo-spin-1 from a CH2-group. Both processes are pro-
moted by the homonuclear first-order Hamiltonian ofthe line width by the real part. Here, TCH

2 is the transverse
Eq. [12] .relaxation time in the absence of the exchange process. For k0

Analogous to the CH-group, we can also find the line! 2pJu
CH the S-spin spectrum consists of two lines separated

by the dipolar-coupling constant 2pJu
CH. With increasing k0 the positions and line widths of the carbon resonances of the

lines start to broaden. At k0 Å pJu
CH, the two line positions 13CH2-group from the eigenvalues of the spectral matrix us-

become degenerate (due to the width of the lines, coalescence ing the symmetry-adapted pseudo-spin-1 basis for the proton
statesappears already at k0 Å kJu

CH2
/
√
2) and, on further increasing

0(k1 / k2) 0 p

TCH22

/ i(V2S / 2pJ u
CH2

) k1 k2

k1 02k1 0
p

TCH22

/ iV2S k1

k2 k1 0(k1 / k2) 0 p

TCH22

/ i(V2S 0 2pJ u
CH2

)

.

[17]

k0 , the resulting single line narrows again. Because k0 is the We expect the rate constant k1 to be the dominant process
over k2 which is associated with the forbidden É1, 01 … }proton–proton flip-flop rate constant, we may talk of ‘‘self-
É1, /1 … transition. Double-quantum spin diffusion in spin-decoupling’’ for k0 @ pJu

CH.
1 systems occurs only if the second-order perturbation treat-For the CH2-group we use a symmetry-adapted basis
ment fails and fourth-order terms become important (28) .reflecting the magnetic equivalence of the two protons
By diagonalizing the matrix in Eq. [17], one finds that a( 27 ) . Use of the symmetry-adapted basis functions is
common frequency for the three lines of the pseudo-spin-1mandated by the fact that the single-spin quantum num-

bers are no longer good quantum numbers due to the system appears at k1 É 1.54r2pJ u
CH. The pseudo-spin-0

equivalence of the two protons. The symmetry-adapted gives rise to a single resonance line at vCH2
.

According to Abragam (29 ) , the rate constant for abasis functions are
transition between state Ém … and Ém 0 1 … of a spin with
quantum number I under a perturbation of strength v1 isÉa, a… Å É1, /1 …
given by

1/
√
2(Éa, b… / Éb, a…) Å É1, 0…

1/
√
2(Éa, b… 0 Éb, a…) Å É0, 0…

Wm ,m01 Å
p

2
rv 2

1r(I / m)r(I 0 m / 1)r f (v) . [18]
Éb, b… Å É1, 01 … , [16]
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180 ERNST, VERHOEVEN, AND MEIER

FIG. 3. Carbon spectra of the CH-group of adamantane for five different spinning speeds in the range from £r Å 5 to 25 kHz and under off-resonance
proton decoupling. The angle of the effective proton field with the z-axis, u, varies between u Å 54.77 ( the magic angle) and u Å 207. The effective J-
coupling in these spectra scales with cos u while the homonuclear dipolar coupling, which is responsible for the exchange process between the multiplet
lines, scales with P2(cos u) . Near the magic angle (u Å arccos(1/

√
3)) , the J-multiplets are resolved at all spinning speeds. At smaller angles the

exchange process between the multiplet lines becomes faster, leading to a collapse of the multiplets at lower spinning speed.

FIG. 4. Carbon spectra of the CH2-group of adamantane for five different spinning speeds in the range from £r Å 5 to 25 kHz and under off-resonance
proton decoupling. The angle of the effective proton field with the z-axis, u, varies between u Å 54.77 ( the magic angle) and u Å 207. The CH2-group
shows a sharp central peak with a line width independent of the spinning speed and the effective field direction. The other multiplet lines show an
analogous behavior due to the proton magnetization exchange process as described in Fig. 3 for the CH-group.
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181HIGH-SPEED MAS SPINNING OF ADAMANTANE

For a spin I Å 1/2 this leads to the transition probability Based on the normal-mode representation of longitudinal
relaxation in an AX2 spin system (30–32) we can estimate
the cross-relaxation rate constant between the F Å 0 and the

W1/2,01/2 Å k 0 Å
p

2
rv 2

1r f (v) , [19] F Å 1 states for an isotropic rotation of the adamantane
molecule with a correlation time of tc É 1.6 1 10011 s to
be k3 É 0.4 s01 .while for a spin I Å 1 the probability is

As mentioned before, we have only considered the homo-
nuclear dipolar terms in the first-order average Hamiltonian

W1,0 Å W0,01 Å k1 Å prv 2
1r f (v) Å 2rk 0 , [20]

treatment (see Eq. [12]) . In principle, cross terms between
the heteronuclear dipolar coupling HSI( t) and the homonu-

twice as large as for the spin-1/2 case. In our case the clear dipolar coupling HII( t) also exist. Because of their
perturbation v1 is proportional to the first-order dipolar-cou- smaller amplitude and because of the isotopic dilution of the
pling constant of Eq. [12] and f (v) is the zero-quantum line S spins, these cross terms can be neglected for the calculation
intensity at frequency zero (28) . The first-order dipolar- of the proton spin-diffusion rate constant. These terms render
coupling constant of Eq. [12] (and therefore v1) scales with the heteronuclear dipolar coupling homogeneous under MAS
P2(cos u)2 and v01

r while the intensity of the zero-quantum and can lead to a general broadening of all the multiplet
line scales, in a rough approximation, inversely with the components of the carbon spectrum which can be included
Hamiltonian, i.e., with P2(cos u)02 and vr . We expect, there- in the relaxation-induced line width. The high-speed spectra
fore, the rate constant Wm ,m01 to be scaled by P2(cos u)2

are, however, only weakly influenced by this broadening
and by v01

r . The ratio of the transition probabilities k1 Å because the lifetime of the proton spin states is always long
2rk 0 can also be seen from the dipolar-coupling Hamiltonian compared to the inverse of the spinning speed. In contrast,
written in the symmetry-adapted basis. The off-diagonal ele- the exchange broadening of the J-coupled lines, as described
ments describing the flip-flop terms are by a factor of

√
2 above, is sensitive to proton-state lifetimes in the order of

larger for the coupling of the pseudo-spin-1 system of the the inverse of the scalar J-coupling, which is 200 times
CH2-group with a spin-1/2 system compared to the coupling smaller than the fastest spinning speeds.
between two spin-1/2 systems. Consequently, the flip-flop
terms for the coupling of two pseudo-spin-1 systems lead to

RESULTS AND DISCUSSIONa factor of 2 larger off-diagonal element.
Due to the properties of a spin-0 system, the state É0, 0 …

Figures 3 and 4 show a series of directly excited one-cannot undergo simultaneous spin flips with another spin
dimensional carbon spectra for spinning speeds between £rmediated through a direct dipolar coupling. There is, how-
Å 5 kHz and £r Å 25 kHz and for angles of the effectiveever, the possibility of cross relaxation between the spin-1
quantization axis of the protons with the magnetic field be-states and the spin-0 states of the two protons in the CH2-
tween u Å 207 and 54.77 (‘‘Lee–Goldburg’’ irradiation)group. It is well known that in solid adamantane the main
(18, 26) . Experimental details are given in the Appendix.relaxation pathway is due to the modulation of the dipolar

couplings by the fast reorientation of the molecules (22, 23) . At the magic angle (u Å arccos(1/
√
3)) where P2(cos u) Å

FIG. 5. Two representative experimental carbon spectra ((a) £r Å 25 kHz, u Å 407; (b) £r Å 5 kHz, u Å 207) from Figs. 3 and 4 (A) together with
the best computer fit (B) using the exchange model discussed in the text and the residual (C). The same level of good agreement between measurements
and the exchange simulation was achieved for all spectra.
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182 ERNST, VERHOEVEN, AND MEIER

0, the homonuclear flip-flop term in the first-order Hamilto- at 25 kHz, a J-coupled multiplet with a J-splitting of
Ç0.86rJCH is observed. At smaller angles u coalescencenian for the CH and the CH2 groups vanishes and k 0 Å k1

Å 0. The CH and CH2 resonances should consist of a doublet moves to higher spinning speeds; at uÅ 0 (no proton irradia-
tion, see Fig. 1) coalescence seems to occur around theand a 1:2:1 triplet, respectively, independent of the MAS

rate. Approximately, this behavior is indeed observed in the highest spinning speed of 30 kHz. It is important to remem-
ber that with decreasing angle u the apparent J-couplingfirst column of Figs. 3 and 4. The central component of the

triplet (Fig. 4) is, however, still narrower than the satellites, increases because the J-coupling scales with cos u. The same
behavior is visible in the three lines of the CH2-multipletindicating that the LG irradiation does not perform ideally.

The remaining line broadenings are probably due to rf-field (Fig. 4) which belong to the F Å 1 states of the protons. In
addition we see the sharp line in the center of the multipletinhomogeneities and to higher-order terms in the average

Hamiltonian expansion. At smaller values of u, the influence (from the proton state F Å 0) which does not change under
the experimental conditions.of the spinning speed on the spectra becomes much more

pronounced. At u Å 307, for example, the appearance and To extract the exchange-rate constant from the one-dimen-
sional carbon spectra, a fitting routine written in the spin-breakdown of the self-decoupling are clearly seen in the

spectra of the CH-group (Fig. 3) for spinning speeds be- simulation environment GAMMA (33) and using the nonlin-
ear function minimizer MINUIT (34) . The program diago-tween 5 and 25 kHz. At 5 kHz, a single ‘‘self-decoupled’’

line is observed; at about 15 kHz coalescence occurs; and nalizes the exchange matrices of Eqs. [15] and [17] and

TABLE 1
Results of the Computer Fits for the Exchange Spectra for Five Spinning Speeds and Six Angles u

k0 [s01]a (for a fixed
u J u

CH J u
CH2

£r [kHz] k0 [s01]a 1
TCH

22

[Hz]a 1
TCH

2

[Hz]a linewidth of 22 Hz)

54.77 75.8 72.7 5 28.7 { 0.3 15.2 { 0.1 27.0 { 0.3 22.0 { 0.3
10 26.6 { 0.5 14.8 { 0.2 27.8 { 0.5 19.2 { 0.4
15 26.2 { 0.4 14.6 { 0.2 29.0 { 0.4 18.5 { 0.3
20 18.5 { 0.5 15.7 { 0.2 29.6 { 0.4 10.6 { 0.3
25 27.7 { 0.5 12.9 { 0.2 29.4 { 0.7 15.7 { 0.4

407 100.5 96.4 5 387.3 { 6.0 27.9 { 0.3 37.6 { 1.4 345.0 { 3.1
10 206.1 { 4.1 17.6 { 0.3 45.7 { 3.5 190.3 { 2.6
15 85.2 { 1.5 15.2 { 0.2 44.1 { 1.4 92.4 { 1.3
20 58.3 { 0.8 13.8 { 0.2 43.2 { 1.1 57.6 { 0.8
25 48.6 { 0.9 12.0 { 0.2 32.7 { 1.2 41.8 { 0.9

307 113.6 109.0 5 725.3 { 17.1 33.7 { 0.5 37.5 { 1.2 571.3 { 5.7
10 437.9 { 11.1 20.3 { 0.3 33.0 { 2.7 402.1 { 6.0
15 300.8 { 5.9 15.9 { 0.2 49.1 { 3.6 259.9 { 3.0
20 193.8 { 3.3 14.4 { 0.2 44.2 { 3.4 176.1 { 2.4
25 106.2 { 3.1 13.0 { 0.2 48.0 { 3.2 106.5 { 2.4

257 118.9 114.1 5 860.4 { 24.2 36.0 { 0.6 37.8 { 1.2 646.5 { 6.7
10 536.1 { 14.6 21.7 { 0.4 30.4 { 2.4 498.7 { 8.1
15 356.4 { 7.2 16.8 { 0.2 32.9 { 3.4 322.2 { 3.9
20 255.8 { 4.5 14.8 { 0.2 40.8 { 4.6 226.8 { 3.0
25 173.1 { 4.9 13.3 { 0.3 43.2 { 4.9 157.6 { 3.5

207 123.3 118.3 5 987.5 { 31.6 37.3 { 0.6 38.5 { 1.2 710.8 { 7.4
10 596.0 { 17.1 22.8 { 0.4 27.6 { 2.3 567.5 { 9.6
15 432.2 { 9.6 17.5 { 0.3 32.2 { 3.0 389.8 { 4.9
20 310.7 { 5.9 14.9 { 0.2 35.6 { 4.7 273.7 { 3.6
25 217.0 { 5.2 13.6 { 0.3 33.7 { 5.6 192.0 { 4.0

07 131.0 126.0 5 1107.8 { 31.5 35.8 { 0.5 36.8 { 1.1 830.4 { 8.5
10 709.9 { 11.8 21.2 { 0.2 26.6 { 0.7 672.9 { 7.5
15 497.8 { 8.6 15.5 { 0.2 24.5 { 2.2 444.7 { 4.5
20 359.2 { 5.3 13.3 { 0.1 26.9 { 3.8 306.7 { 3.1
25 270.7 { 4.0 11.9 { 0.1 26.8 { 4.7 229.6 { 2.9

a The errors indicate one standard deviation as obtained from the nonlinear fitting routine.
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183HIGH-SPEED MAS SPINNING OF ADAMANTANE

ters to five—two chemical shifts, two T2-relaxation-rate con-
stants, and one kinetic rate constant.

Figure 5 shows two representative results of the fitting
procedure (Fig. 5a for £r Å 25 kHz and u Å 407; Fig. 5b for
£r Å 5 kHz and u Å 207) . The experimental spectra are
shown in A, the results of the nonlinear fit in B, and the
residual in C. A similar high quality of agreement between
the experimental data and the numerical fits was obtained
for all other measurements. The numerical results of the fits
for five spinning speeds from 5 to 25 kHz and for six differ-
ent off-resonance decoupling angles between 54.77 and 07
are shown in Table 1.

The obtained values for the rate constant k 0 are plotted
as a function of the spinning speed in Fig. 6a and as a
function of the square of the second Legendre polynomial
P2(cos u)2 in Fig. 6b (filled symbols) . In Figs. 6a and 6b,
it is clearly visible that k 0 increases with increasing angle u
and decreasing spinning speed in accordance with Eq. [18].
The solid lines represent the curves of the functional form

k 0 Å ar
1
£r

rP2(cos u)2 / b . [21]

The parameters a and b were obtained by fitting Eq. [21]
FIG. 6. (a) The exchange-rate constant k 0 as a function of the spinning

to the experimental data at the spinning speeds of 20 andspeed for six measured angles u of the effective-field orientation. The solid
25 kHz. We obtain a quite good agreement of the theoreticallines (and the open symbols) show the best fit obtained with a the function

k 0 Å a /£rrP2(cos u)2 / b for the measured data at spinning speeds of 20 dependence on P2(cos u)2 and v01
r with the experimentally

and 25 kHz (a Å 7.2 1 106 s02 , b Å 22 s01) and illustrate the good measured values. As expected, the agreement is better for
agreement with the expected theoretical dependence on the spinning speed. higher spinning speeds (Fig. 6b). At lower spinning speeds
(b) The exchange rate constant k 0 as a function of the square of the second

the first-order average Hamiltonian (Eq. [12]) is no longerLegendre polynomial P2(cos u)2 for the five spinning speeds. The solid
sufficient to describe the truncation of the Hamiltonian bylines show again the best fit as in (a) and this illustrates the good agreement

with the expected dependence on the angle u. For higher spinning speeds
the agreement between theoretical prediction and experimental measure-
ments is, as expected, better. For lower spinning speeds the first-order
average Hamiltonian is no longer sufficient to describe the truncation of
the Hamiltonian by the MAS.

calculates the theoretical spectrum in the time domain. The
program allows the simultaneous optimization of nine inde-
pendent parameters— V1S , V2S , J u

CH, J u
CH2

, k 0 , k1 , k2 ,
1/TCH

2 , and 1/TCH22 —as well as the signal phases f0 and f1

and the signal amplitudes. In practice, however, usually sev-
eral of these parameters were fixed to achieve faster conver-
gence of the fitting procedure. An independent fit of the three
exchange rate constants showed that k2 was consistently at
least one order of magnitude smaller than k1 and that k 0 /k1 FIG. 7. Rf-field strengths (s) and angle u (*) measured as a function
É 0.5, as is expected from theoretical considerations (see of the frequency offset in a 3.2-mm Chemagnetics MAS probe between
under Theory). For all further fits k2 was assumed, therefore, Vof f / (2p) Å 0 and 400 kHz. The rf-field strength decreases monotonically

due to the change in impedance matching of the probe with increasingto be zero, and the ratio of k 0 and k1 was fixed to 1/2. In
frequency offset. The inclination angle u of the effective rf-field with theaddition, the two J-couplings were fixed to their theoretical
static magnetic field is very close to the theoretical value (solid line) which

scaled values calculated from the literature values (JCH Å was calculated neglecting any attenuation of the rf-field as a function of
131 Hz, JCH2

Å 126 Hz) (4) multiplied with the scaling the resonance offset. For higher values of the frequency offset a small
correction using the calibration curve is necessary.factor due to the angle u. This reduces the number of parame-
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MAS and we have to consider higher-order terms in the from £r Å 5 to 25 kHz in 5-kHz increments. For each experi-
ment 1024 or 2048 scans were added up with a recycle delayaverage Hamiltonian expansion. The higher-order terms lead

also to a deviation from the predicted P2(cos u)2 scaling of 5 s.
To experimentally measure the orientation of the effectivewith the angle u. For the magic angle, we predict k 0 Å 0,

but still measure a value of about k 0 Å 25 s01 . The origin proton rf-field, a series of one-dimensional proton nutation
experiments were carried out. The length of the initial pulseof these seemingly MAS-frequency-independent contribu-

tions is not completely clear. was incremented from 2 to 12 ms in 0.5-ms steps for offset
values ranging from 0 to 400 kHz in 20-kHz steps. EachSo far, we have entirely neglected the possibility of transi-

tions between the F Å 0 and the F Å 1 states of the protons free-induction decay (FID) was fit by a damped oscillation
with a variable phase. For each offset, the phase and thein the CH2-group. To experimentally obtain an estimate for

the rate constant k3 , the magnetization was prepared selec- intensity as a function of the pulse length were used to fit
the effective field strength and the two polar angles u andtively on the resonance line of the spin with F Å 0 (the

‘‘sharp’’ line) using a T2 filter, and the transfer to the ex- f which determine the orientation of the field. The important
parameter for the off-resonance decoupling experiments ischange-broadened compound with F Å 1 was observed. Six

mixing times with tm between 1 ms and 2 s were measured the inclination angle u between the effective field and the
static magnetic field, since this angle determines the scalingat a spinning speed of £r Å 20 kHz (data not shown). The

resulting spectra showed a sharp and a broad component of the homonuclear dipolar-coupling constants. Figure 7
shows the measured rf-field strengths and the angle u as awhich were fit with two Lorentzians. The cross-relaxation

rate constant was obtained by a nonlinear fit of the system function of the offset. As expected, the rf-field strength de-
cays slightly over the measured range of 400 kHz (Fig. 7) .of coupled differential equations describing the relaxation

process to the relative intensities of the two lines (30–32) . The angle u decreases monotonically from 907 toward zero
(Fig. 7) . The solid line represents the theoretical value ofThe resulting cross-relaxation rate constant was k3É 0.8 s01 ,

which is in the same order of magnitude as the estimation for the angle u based on the assumption that the rf-field strength
is not attenuated with increasing frequency offset. As onethe theoretical value given under Theory.
can see, up to an offset frequency of ca. 150 kHz this as-
sumption is very good, while for higher offsets the effectiveCONCLUSIONS
angle has to be corrected based on the experimental measure-

We have demonstrated that, even at spinning speeds ex- ments.
ceeding the proton–proton coupling by a factor of 30 and
the (static) proton line width by a factor of two, proton ACKNOWLEDGMENTS
spin diffusion is still fast enough to ‘‘self-decouple’’ the
heteronuclear J-couplings which are in the order of J Å 125 Financial support from SON and the SON National HF-NMR Facility,
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tive proton–proton interaction can be scaled and the ‘‘self-
decoupling’’ can be quenched. In the intermediate regime,
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