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A method for efficient Hartmann–Hahn cross polarization un- ú 2) tends toward zero with increasing spinning frequency
der rapid magic-angle sample spinning is presented. It combines (4, 5) . Although the Hartmann–Hahn transfer at the exact
rotor-synchronized amplitude modulation of one of the two spin- sideband matching conditions v1I 0 v1S Å {vr or {2vr can
lock radio-frequency fields for dipolar recoupling, with a slow be quite efficient, it is not well suited for practical applica-
adiabatic amplitude variation to enhance the net polarization tions because of its sensitivity to RF field inhomogeneity
transfer. The proposed scheme, called AMAP-CP, allows for cross

and to the MAS frequency.polarization on the original Hartmann–Hahn matching condition
A number of pulse sequences were proposed in the pastv1I Å v1S . The polarization transfer is insensitive to chemical-shift

to improve cross polarization under MAS conditions. Theyoffsets, rotation frequency, and inhomogeneity of the radiofre-
pursue three goals:quency field. q 1997 Academic Press

( i ) Efficient polarization transfer at the original Hart-
mann–Hahn centerband matching condition v1I Å v1S . Ro-1. INTRODUCTION
tor-synchronized amplitude modulation (AMCP) (6, 7) re-
introduces a time-independent dipolar-coupling element andHeteronuclear polarization transfer by cross polarization
allows cross polarization for v1I Å v1S . The matching condi-(CP) is widely used to improve the sensitivity of NMR
tion is independent of the spinning speed and, for a single-for spins with low gyromagnetic ratio or for heteronuclear
coil probe, of the RF inhomogeneity. An alternative methodcorrelation experiments. The most popular technique for
for centerband matching is to prevent the MAS averagingcross polarization is Hartmann–Hahn cross polarization
of the dipolar interaction by limiting the cross-polarization(HHCP) (1–3) where the abundant spins I with high gyro-
process to a fraction of the rotor periods (8) . Other se-magnetic ratio (e.g., protons) are brought in contact with
quences that restore the heteronuclear dipolar interactionthe insensitive spins S (e.g., 13C or 15N) by applying spin-
were proposed for distance measurements in recoupled spec-lock radiofrequency fields with amplitudes B1I and B1S . For
tra (9–16) .efficient transfer, the amplitudes of the spin-lock fields must

( ii ) Broadening of the matching conditions for less criti-be matched at the Hartmann–Hahn condition v1I Å v1S ( in
cal matching of the RF field amplitudes. The matching condi-a static or slowly rotating sample) , with v1I Å 0gIB1I and
tions can be broadened by phase modulation that reducesv1S Å 0gSB1S .
the average spin-lock field, either by rotor-synchronized 1807The effect of high-speed magic-angle spinning (MAS) on
phase modulation alone as in SPICP (17–19) or in combina-Hartmann–Hahn CP was first investigated by Stejskal et al.
tion with amplitude modulation (AMCP) (7) . Alternatively,(3) . The dipolar couplings are modulated with the MAS
uncertainties in the Hartmann–Hahn matching condition,frequency vr and with 2vr . When vr exceeds the dipolar
such as inaccurate RF field amplitudes or RF field inhomoge-coupling frequencies, new modified Hartmann–Hahn match-
neity, can be coped with by using a variable RF field ampli-ing conditions appear, offset by integers of the rotation fre-
tude (VACP, RAMP-CP) (20–22) , 1807 phase shiftsquency, v1I 0 v1S Å {nvr , n Å 1, 2, 3, . . . . The new
(VEFCP) (23) , or a frequency sweep (24) . The broadeningmatching conditions are usually much narrower than the
of the matching condition by a multiple-pulse approach wasHartmann–Hahn condition in static samples, and their
proposed by Geen et al. (25) .matching requires rather stable and homogeneous RF field

(iii ) Optimization of the quasi-equilibrium polarizationamplitudes and stable MAS rotation frequencies. The trans-
transfer. The polarization transfer after a long cross-polariza-fer rate at the original Hartmann–Hahn condition, v1IÅ v1S ,

and at higher sidebands of the Hartmann–Hahn condition (n tion period can be enhanced by an adiabatic sweep of the
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RF field amplitude through the Hartmann–Hahn condition
(APHH-CP). This leads, in isolated two-spin systems which
do not benefit from rapid spin diffusion among the protons,
to a net polarization transfer enhanced by up to a factor two.
The factor two comes from a complete adiabatic polarization
transfer from the I to the S spin compared to the equidistribu-
tion of the polarization in a standard Hartmann–Hahn exper-
iment (26) . This was demonstrated for static (26, 27) as
well as for rotating samples (28–31) . Under MAS, the adia-
batic sweep had to be performed so far on a sideband-match-
ing condition.

We present in the following a new pulse scheme that
reaches simultaneously all three goals: ( i ) efficient cen-
terband cross polarization, ( ii ) broadening of the Hartmann–
Hahn matching condition, and (iii ) enhanced quasi-equilib-
rium polarization.

2. THE PULSE SEQUENCE AMAP-CP

The proposed pulse sequence, called AMAP-CP (ampli-
tude-modulated adiabatic-passage CP) , combines ampli-
tude-modulated cross polarization (AMCP) with adiabatic-
passage Hartmann–Hahn cross polarization (APHH-CP) as
is shown in Fig. 1. The fast rotor-synchronized amplitude
modulation of AMCP (Fig. 1a) is known to cause efficient
dipolar recoupling of the I and S spins (7) , and leads to a
strongly accelerated cross-polarization process. It was found
in Ref. (7) that a cosine amplitude modulation with the MAS

FIG. 1. Pulse sequences for (a) rotor-synchronized amplitude-modu-frequency vr and with the amplitude 2.1 vr or its square-
lated cross polarization (AMCP) (7) , (b) adiabatic-passage Hartmann–wave approximation with amplitude {1.65 vr , as illustrated
Hahn cross polarization (APHH-CP) under MAS at a sideband matching

in Fig. 1a, yields a cross-polarization rate close to its theoret- condition (29) , and (c) amplitude-modulated adiabatic-passage cross polar-
ical maximum for centerband matching. ization (AMAP-CP) at the centerband matching condition. tr Å vr /2p

represents the MAS period.The combination with a slow adiabatic passage through
the Hartmann–Hahn condition (Fig. 1b) renders the polar-
ization transfer insensitive to an exact match of the RF field
strengths and allows simultaneously an enhancement of the obtained when the adiabatic passage follows a tangent func-
quasi-equilibrium polarization transfer (29) . Adiabatic pas- tion of the form
sage CP is particularly effective for virtually isolated IS spin
systems as they occur typically for 1H– 13C, 1H– 15N, or 15N–

v (0)
1I (T ) 0 v (0)

1S (T ) Å ÉD0Étan[a0( 1
2t 0 T )] , [1]13C pairs under fast MAS conditions when I-spin diffusion

is quenched.
for 0 £ T £ t, withThe combination of the two schemes is feasible without

major difficulties, leading to the proposed sequence AMAP-
CP. The two amplitude-modulation functions could be ap-

a0 Å
2
t

arctanS D

ÉD0É
D , [2]plied to two different RF channels, e.g., the square-wave or

sine-wave modulation to the I-spin (1H) channel and the
adiabatic passage to the S-spin (13C) channel. In the version

where 2D represents the amplitude of the tangential sweepof Fig. 1c, it was decided, for convenience, to apply both
through the Hartmann–Hahn condition with 0D £modulation functions simultaneously to the S channel. A
v (0)

1I (T ) 0 v (0)
1S (T ) £ D. D0 is the time-independent dipolarconstant RF field strength on the I spins ensures good spin-

coupling reintroduced by the AMCP part of the modulationlock properties for the entire mixing time, limiting in this
way the loss due to T1r(

1H) relaxation. (see Appendix 1), and v (0)
1I (T ) and v (0)

1S (T ) are the mean
RF field strengths of the AMCP modulation averaged overIt was shown in Ref. (29) that an efficient transfer is
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293IMPROVED CROSS POLARIZATION IN SOLID-STATE MAS NMR

one rotor period. To prevent interference with the sideband
HH matching, the condition D õ vr /2 should be fulfilled.

As described in Ref. (26), the tangential time dependence
of Eq. [1] leads to a circular trajectory of the density operator,
at constant angular frequency (d /dt)uD

0 Å a0 , on a half-circle
in the two-dimensional zero-quantum subspace spanned by
IDz and IDx (Eq. [A5]). A complete passage results in an
inversion of the difference polarization if the adiabatic condi-
tion (32, 33) (d /dT )uD

0 !
√
[v (0)

1I (T ) 0 v (0)
1S (T )]2 / D 2

0 is
fulfilled, and if the angle uD

0 (T Å 0) between the initial
density operator along the z axis and the quantization axis
of the Hamiltonian at T Å 0 is small. To fulfill this last
condition, the amplitude difference between the mean fields
at T Å 0, D Å v (0)

1I (0) 0 v (0)
1S (0) , must be larger than the

dipolar coupling, D @ D0 , while still D õ vr /2. This is
only possible for rapid spinning, vr @ dIS .

A proper choice of the sweep time t and amplitude 2D
of the adiabatic passage (Eqs. [1] and [2]) requires an esti-
mate of the coupling element ÉD0É. For the optimized
AMCP sequences used here, the mean coupling element
ÉD0É (where the bar denotes the powder average) is about
5 times smaller than the dipolar coupling constant dIS . This
can be seen from Fig. 2 where the dipolar coupling elements
ÉDnÉ are plotted for the optimized cosine modulation and
its square-wave approximation. They are analytically given
by Eq. [27] of Ref. (7) and have been computed here by
numerically performing the Floquet matrix transformation
described in Ref. (7) .

For the optimum functioning of the AMAP-CP pulse se-
FIG. 2. Effective Fourier coefficients ÉDnÉ of the dipolar coupling,

quence (see Appendix 1), it is necessary that the transfer, normalized by the dipolar interaction ÉdISÉ and averaged over 986 crystallite
driven by a flip–flop Hamiltonian, is restricted to the zero- orientations (a) for the optimum cosine modulation (7) of frequency vr

and amplitude 2.1 vr , and (b) for its square-wave approximation depictedquantum subspace. This can be achieved by the use of suffi-
in Fig. 1a with amplitude {1.65 vr around the centerband matching condi-ciently strong RF fields and rapid spinning Év1I / v1SÉ
tion. The coupling elements were obtained by numerically performing the

@ vr ú dIS . The double-quantum flop–flop term is then Floquet matrix transformation described in Ref. (7) .
nonsecular, and the sum polarization can be considered as
a constant of the motion. The presence of the AMCP modula-

3. EXPERIMENTAL RESULTStion may cause additional problems. The modulation intro-
duces higher-order Fourier coupling elements Dn , given by The AMAP-CP pulse sequence was first tested on a pow-
Eq. [27] in Ref. (7) , which must be considered typical for der sample of crystalline C60(ferrocene)2 (34) . For de-
n up to 7 or 8 as can be inferred from Figs. 2a and 2b termining the width of the tangential sweep according to
for the optimized cosine modulation and its square-wave Eqs. [1] and [2], the coupling element D0 /2p was assumed
approximation. These coupling elements can, possibly, in- to be 5 kHz. Due to the fast rotation (on the NMR scale)
duce flop–flop spin transitions when the sideband condi- of the C5H5 rings in ferrocene, the homonuclear and hetero-
tions v (0)

1I (T ) / v (0)
1S (T ) Å nvr are fulfilled, as described nuclear intraring dipolar interactions are scaled by a factor

in Ref. (4) . These double-quantum transitions lead, for 2, and the interring interactions are also reduced. The sup-
longer contact times, to a decay of the sum polarization and pression of the dipolar interactions by fast MAS is then
of the detected S-spin signal. In AMAP-CP experiments, the quite effective. In the presence of a heteronuclear recoupling
RF fields should therefore be strong enough (v1I / v1S sequence, like AMCP, the ferrocene 13C spins with their
ú 8vr) to avoid the destructive double-quantum matching directly bound protons form fairly well-isolated two-spin
conditions. Because the higher-order coupling elements pairs. The effective heteronuclear coupling frequency is
ÉDnÉ are (for the same n) slightly smaller for the optimized much larger than the remaining homonuclear proton cou-
cosine modulation than for its square-wave approximation plings. Therefore, an adiabatic intensity gain of two is ex-

pected in an AMAP-CP experiment (see Appendix 1).(see Fig. 2) , the cosine modulation is preferable.
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at a MAS frequency of 17 kHz, and the mean RF field
strengths for Hartmann–Hahn centerband matching were set
to 74 kHz. As expected, the AMCP buildup proceeds sig-
nificantly faster than the HHCP buildup for both resonances.
A substantial improvement of the maximum signal ampli-
tude is obtained with the AMAP-CP scheme. For ferrocene,
the AMAP-CP signal is, for short contact periods, equal and,
for longer contact (ú0.1 ms), larger than the AMCP signal.
For D /2p Å 8 kHz, the intensity reaches its maximum value
at a contact time of Ç2 ms. It is 2.5 times larger than the
asymptotic value for AMCP, exceeding the theoretically ex-
pected gain of 2 for a two-spin system. This can be explained
by the improved compensation of the RF field inhomogene-
ity and of the chemical-shift offset effects by the adiabatic
passage. It is apparent that the intensity of the AMAP-CP
signal at longer mixing times decreases more rapidly than
expected from the T1r value determined in a CW spin-lock
experiment (T1r ú 100 ms). We attribute this enhanced
decay to flop–flop transitions. In the experiment of Fig. 3,
the RF field is close to the resonance condition v1I / v1S

Å 9vr that would be met at v1S /2p Å 79 kHz. Such effects
can also be seen in AMCP experiments (unpublished re-
sults) . They are expected to become stronger at lower ratios
of RF field amplitude to spinning speed.

Although the relative intensities obtained with the differ-
ent CP methods are qualitatively consistent with the theory,
a comparison with the intensity obtained after a 907 pulse
applied to the carbons shows that the net polarization en-
hancement is significantly less than expected from the gyro-
magnetic ratios. The theoretical gain in quasi-equilibriumFIG. 3. Cross polarization in polycrystalline C60(ferrocene)2 using
polarization PS obtained in a HHCP experiment in compari-HHCP, AMCP, and AMAP-CP. The signal intensity, normalized by the
son to the Zeeman polarization of the S spin P0S is given,signal intensity obtained with a single 13C pulse, is given as a function of

the mixing time t. The RF field strengths were set to 74 kHz and the MAS for equal spin quantum numbers I Å S, by PS /P0S Å (gI /
frequency was 17 kHz. Tangent depths D /2p of 2 and 8 kHz were used. gS)rNI / (NI / NS) , where NI and NS are the number of I
(a) Ferrocene 13C signal, and (b) C60

13C signal.
and S spins, respectively (2) . For an isolated two-spin 1H–
13C system, a gain of 2 for HHCP (sideband matching) or
AMCP (centerband matching) and of 4 for AMAP-CP is
expected compared to that of the single-pulse experiment.The C60 carbons, in contrast, are only weakly coupled to

the many protons on the neighboring ferrocene molecules, In all our cross-polarization experiments under MAS, the
intensities are about a factor 1.5 lower than the theoreticaland the heteronuclear couplings will remain weak and com-

parable to the homonuclear proton couplings. During the expectations. The reason for this loss is not clear. The loss
of polarization seems to increase by using higher spin-locklong cross-polarization times necessary, spin diffusion

among the proton spins will be quite effective and the theo- power and higher MAS frequencies, and we suspect that it
could be caused by increasing instabilities of the RF fields,retical advantage of AMAP-CP in comparison to AMCP for

centerband matching or HHCP for sideband matching will be which could become critical in the high-speed MAS regime.
For cross polarization of C60 in C60(ferrocene)2 , Fig. 3b,minimal. However, due to the small size of the heteronuclear

couplings, it becomes difficult to match the Hartmann–Hahn where no adiabatic gain is expected, a small improvement
of the cross-polarization efficiency by AMAP-CP comparedcondition in HHCP or AMCP experiments, and a mismatch

due to RF field inhomogeneity effects will reduce the cross- to AMCP was observed when a small tangent depth (D /2p
Å 2 kHz) was used. We attribute this gain to the compensa-polarization rate. In this respect the mismatch-insensitive

Hartmann–Hahn matching of AMAP-CP is of advantage. tion of the RF inhomogeneity. With larger tangent depths,
the buildup rate is slowed down because during an increasingIn Fig. 3, the S-spin polarization buildup for the two car-

bon resonances in C60(ferrocene)2 is compared for HHCP, fraction of the contact time, the Hartmann–Hahn condition
is violated.AMCP, and AMAP-CP. The experiments were performed
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295IMPROVED CROSS POLARIZATION IN SOLID-STATE MAS NMR

FIG. 4. (a) Cross polarization in polycrystalline L-threonine using HHCP, AMCP, and AMAP-CP as a function of the mixing time t. The RF field
strengths v1I /2p and vV 1S /2p were set to 72 kHz and the MAS frequency to 17 kHz. A tangent depth D /2p Å 8 kHz was used for the AMAP-CP pulse
sequence. The intensities are given in units of the intensity obtained with a single-pulse experiment. (b) L-Threonine spectra after 2 ms contact time
using HHCP and AMAP-CP under the same condition as in (a) . Sixteen scans were added.

HHCP and AMAP-CP signal intensities were also com- was set to 72 kHz. The intensities of the buildup curves
are again normalized by the corresponding signal intensitypared for a sample of L-threonine. Threonine shows little

motion in the solid state and exhibits strong hetero- and obtained with a single-pulse experiment. HHCP and AMCP
lead, for longer contact times, to comparable quasi-equilib-homonuclear dipolar couplings. The spinning frequency of

17 kHz does not exceed the proton–proton dipolar cou- rium polarizations for all resonances. A gain of a factor two
over the equilibrium carbon polarization is achieved. Theplings. Nevertheless, the CP matching profile (not shown)

decomposes into a set of spinning sidebands. Also in this buildup rates are considerably faster for AMCP. The inten-
sity gain obtained with AMAP-CP amounts to 33% for thesample, AMAP-CP leads to considerable intensity gains as

shown in Fig. 4 where the intensities of the four carbon CH groups and 75% for the CH3 group, compared to HHCP
or AMCP. No adiabatic enhancement was observed for theresonances are given as functions of the contact time for

HHCP, AMCP, and AMAP-CP. The proton RF field strength carboxylic resonance, in analogy to the observation for C60 .
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4. CONCLUSIONS H ( t , T ) Å v1I ( t , T )Iz / v1S( t , T )Sz / 2b( t)IySy , [A1]

withIt has been demonstrated that adiabatic polarization trans-
fer under high-speed MAS is possible at the rotor-frequency-
independent Hartmann–Hahn centerband condition when an b( t) Å ∑

/2

nÅ02

bnexp( invrt) [A2]
adiabatic sweep of the RF field amplitude is combined with
a rotor-synchronized amplitude modulation. The latter rein-

and with the Fourier components of the dipolar couplingtroduces a secular dipolar coupling element between I and
S spins at the centerband matching condition. Due to the
different time scales of the two amplitude variations, the

b{1 Å 0
dIS

2
√
2

sin(2u)exp({iw) ,combination of the adiabatic-passage and amplitude-modu-
lation schemes is free of interferences.

AMAP-CP combines fast polarization transfer at the cen- b{2 Å
dIS

4
sin2u exp({2iw) . [A3]

terband of the Hartmann–Hahn condition, as in AMCP, with
an equilibrium-intensity gain due to the adiabatic transfer,
as observed in the APHH-CP experiment. Matching at a Here dIS Å 0m0gIgS\ / (4pr 3

IS ) represents the dipolar cou-
rotor-frequency-dependent sideband condition, necessary pling constant in angular frequency units, and u and w are
with earlier adiabatic methods under MAS (29) , can be the polar angles of the internuclear vector rIS in a MAS
avoided. As usual, the adiabatic sweep broadens the match- rotor-fixed coordinate system. We distinguish a ‘‘slow-time
ing condition and renders it less sensitive to RF field inhomo- variable’’ T , arising from the adiabatic sweep of the RF
geneities, chemical-shift offsets, and long-term instabilities amplitude, and a ‘‘fast-time variable’’ t , responsible for the
of the RF amplifiers. rotor-synchronized AMCP part of the field modulation and

Adiabatic cross-polarization transfer is of particular ad- for the time dependence of the dipolar interaction. As usual,
vantage for relatively isolated spin systems, e.g., IS spin this Hamiltonian can be decomposed into double-quantum
pairs. Such spin pairs occur for double isotopic labeling, (S) and zero-quantum (D) contributions:
e.g., in 13C– 15N-labeled compounds (30) or, dynamically,
by high-speed MAS through the averaging of proton–proton H ( t , T )Å H S( t , T )/HD( t , T ) ,
interactions. With the development of faster spinning probes,

H S( t , T )Å [v1I ( t , T )/ v1S( t , T )]ISz 0 b( t)ISx ,adiabatic cross polarization is expected to become increas-
ingly advantageous. But even below the fast spinning re- HD( t , T )Å [v1I ( t , T )0 v1S( t , T )]IDz / b( t)IDx , [A4]
gime, substantial intensity gains are obtained, as shown by
the experiments on L-threonine.

with the single-transition operators (37–39)

APPENDIX 1 ISx Å 1
2[I/S/ / I0S0] , ISy Å

0i

2
[I/S/ 0 I0S0] ,

ISz Å 1
2[Iz / Sz] , IDx Å 1

2[I/S0 / I0S/] ,Theoretical Treatment of AMAP-CP

We develop in this Appendix a theoretical description of IDy Å
0i

2
[I/S0 0 I0S/] , IDz Å 1

2[Iz 0 Sz] . [A5]
the AMAP-CP experiment that takes advantage of the differ-
ent time scales of the two amplitude variation. Their effect

For strong RF fields and rapid spinning (Év1I / v1SÉ @ vron polarization transfer can be understood by first consider-
ú dIS ) , the polarization transfer takes place predominantlying the effect of the ‘‘fast’’ modulation and, in a second
in the zero-quantum subspace and the discussion can bestep, the effect of the ‘‘slow’’ adiabatic variation under an
restricted to HD . The validity of this assumption was dis-average Hamiltonian determined by the fast amplitude mod-
cussed at the end of Section 2.ulation. For the description of the AMCP effect, we apply

Because the adiabatic sweep, represented by the time vari-here average-Hamiltonian theory rather than Floquet theory
able T , is much slower than the AMCP amplitude modula-that has been used in Ref. (7) . At the end of Appendix 1,
tion, the latter can be treated in the presence of a constantthe equivalence of the two approaches is demonstrated.
mean RF field that depends on the parameter T . This shallWe consider here a heteronuclear two-spin system (IS)
be symbolized by the writingof spin-1

2 nuclei. The Hamiltonian in a tilted doubly rotating
frame and for amplitude-modulated on-resonance RF fields
of strengths v1I ( t , T ) and v1S( t , T ) can be written as HD

T ( t) Å [v1I ( t) 0 v1S( t)]TIDz / b( t)IDx . [A6]
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The modulation of the RF field-strength difference [v1I ( t)
D( t) Å exp{ iA}rb( t) ∏

N

lÅ1

∑
`

klÅ0`

JklS a ( l )

lvr
D0 v1S( t)]T can be expressed by a series of cosine functions

up to the arbitrarily limited order N :

1 exp{ ikllvrt}rexp{ iklfl }, [A12]
[v1I ( t) 0 v1S( t)]T

where the overall phase factor exp{ iA} is defined by A Å
Å [v (0)

1I 0 v (0)
1S ]T / ∑

N

lÅ1

a ( l )cos( lvrt / fl) . [A7] 0 (N
lÅ1 a ( l )sin(fl) / ( lvr ) . For a spinning speed much larger

than the heteronuclear dipolar coupling dIS , and a sweep
width limited to the centerband matching region, É[v (0)

1I 0
The Hamiltonian of Eq. [A6], together with Eq. [A7], v (0)

1S ]TÉ £ vr /2, the interaction frame used above is appro-
describes a rotor-synchronized amplitude-modulated CP priate for the entire adiabatic-passage process with the time
scheme (AMCP) that was discussed in Ref. (7) . Using a variable T . The zero-order average Hamiltonian (40, 41) ,
Floquet approach, the features of AMCP were derived in an approximating the time-dependent Hamiltonian of Eq.
interaction frame with the same time dependence as the RF [A11], contains only the time-independent dipolar-coupling
amplitudes. The calculation can also be done in Liouville element D0 and is given by
space by considering the offset term [v (0)

1I 0 v (0)
1S ]TIDz and

the dipolar contribution b( t)IDx as the relevant parts of the
HV

D(T ) Å [v (0)
1I 0 v (0)

1S ]TIDzHamiltonian, HD
T 0 , and the modulated part of the RF fields

as a perturbation which can be eliminated by a transforma- / Re{D0}IDx 0 Im{D0}IDy . [A13]
tion into an interaction frame (39)

Using Eq. [A12] and Eqs. [A2] and [A3], D0 is found to
beHH

D
T ( t) Å U01

1 ( t)rHD
T 0rU1( t) , [A8]

with D0 Å exp{ iA} ∑
/2

nÅ02

bn ∑
`

k2Å0`

rrr ∑
`

kNÅ0`

HD
T 0Å [v (0)

1I 0 v (0)
1S ]TIDz / b( t)IDx

J0n02k20rrr0NkNS a (1)

vr
D

and

U1( t)Å expH0i *
t

0

[ ∑
N

lÅ1

a ( l )cos( lvrt1/ fl)]IDz dt1J . [A9] 1 Jk2S a (2)

2vr
DrrrJkNS a (N )

Nvr
D

The propagator U1( t) describes a rotation of variable speed 1 exp{ i(0n 0 2k2 0 rrr 0 NkN)f1}
around the z axis of the tilted rotating frame with the phase

1 exp{ ik2f2}rrrexp{ ikNfN}. [A14]angle u( t) :

This is the desired final result. Because D(t) is complex, the
u( t) Å *

t

0
∑
N

lÅ1

a ( l )cos( lvrt1 / fl)dt1 dipolar interaction expressed by D0 is no longer along the x
axis of the zero-quantum subspace but contains also a contribu-
tion along y . However, the initial density operator as well as

Å ∑
N

lÅ1

a ( l )

lvr

[sin( lvrt / fl) 0 sin(fl)] . [A10] the detection operator commute with a zero-quantum frame z
rotation, and we can rotate the interaction frame around the z
axis such that D0 becomes real. The Hamiltonian of Eq. [A13]

By expanding the trigonometric functions into Bessel is then identical to the static APHH-CP Hamiltonian of Ref.
functions, using the relation exp{ iz sin F} Å ( `

kÅ0` (26). In full analogy, an adiabatic polarization transfer is possi-
exp{ ikF}rJk (z ) , we find that ble if the average RF field amplitude [v (0)

1I 0 v (0)
1S ]T is slowly

swept through the Hartmann–Hahn condition according to the
tangent function given in Eq. [1]. Inside a two-spin system,HH

D
T ( t) Å [v (0)

1I 0 v (0)
1S ]TIDz

the polarization is then completely transferred from the I to the
/ Re{D( t)}IDx 0 Im{D( t)}IDy . [A11] S spin, leading to a net polarization enhanced by a factor two

compared to the standard HHCP.
We derive in the following the equivalence of the expres-The dipolar coupling element D( t) in the interaction frame

is given by sion for D0 , Eq. [A14], obtained here with average Hamilto-
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nian theory, with the corresponding expression, Eq. [28] of Using the property of the Bessel functions (`
kÅ0`

Ref. (7) , derived by Floquet theory. In Ref. (7) , the dipolar Jk(z)Jn0k(z) Å Jn(2z) , Eq. [A15] can be rewritten as
coupling element D0 was obtained as (Eq. [28])

D0Å [ ∑
2

nÅ02

bn ∑
`

l1Å0`

rrr ∑
`

lN01Å0`

∑
`

m1Å0`

rrr ∑
`

mN01Å0`D0 Å b1 ∑
`

sÅ0`

d0sds01 / b01 ∑
`

sÅ0`

d0sds/1

J0n02(l1/m1)03(l2/m2)0rrr0N (lN01/mN01) (02X1)

/ b2 ∑
`

sÅ0`

d0sds02 / b02 ∑
`

sÅ0`

d0sds/2 , [A15] 1 Jl1/m1
(02X2)rJl2/m2

(02X3)r. . .

1 JlN01/mN01
(02XN) exp{ i[0n0 2( l1/m1)

where the df denotes the elements of the transformation ma-
0 3( l2/m2)0 rrr0 N( lN01/mN01)]f1}trix found by solving the eigenvalue problem of the RF

Floquet Hamiltonian [Eq. [23] of Ref. (7)] : 1 exp{ i( l1/m1)f2}rexp{ i( l2/m2)f3}r. . .

1 exp{ i( lN01/mN01)fN}]exp{ iB}. [A21]
df Å [ ∑

`

k1Å0`

∑
`

k2Å0`

rrr ∑
`

kN01Å0`

Jf02k103k20rrr0NkN01
(0X1)

Redefining the parameters for the infinite sums,
1 Jk1

(0X2)rJk2
(0X3)r. . .rJkN01

(0XN)

1 exp{ i( f 0 2k1 0 3k2 0 rrr 0 NkN01)f1}

1 exp{ ik1f2}rexp{ ik2f3}r. . .

l1 / m1 Å k2 ,

l2 / m2 Å k3 ,

???

lN01 / mN01 Å kN ,1 exp{ ikN01fN}]expH iB

2 J . [A16] [A22]

we get
The terms df are defined only up to a phase factor exp{ iB /
2} that can be chosen at will and was set to 1 in Ref. (7) .

D0 Å [ ∑
2

nÅ02

bn ∑
`

k2Å0`

∑
`

k3Å0`

rrr ∑
`

kNÅ0`

In Eq. [A16], Xn defines the normalized amplitudes

J0n02k203k30rrr0NkN
(02X1)Xn Å

Év (n )
1S 0 v (n )

1I É

nvr

, [A17]

1 Jk2
(02X2)rJk3

(02X3)r. . .

and fn the phases 1 JkN
(02XN)

1 exp{ i(0n 0 2k2 0 3k3 0 rrr 0 NkN)f1}
fn Å arg(v (n )

1S 0 v (n )
1I ) [A18]

1 exp{ ik2f2}rexp{ ik3f3}r. . .
of the Fourier coefficients of the RF modulation 1 exp{ ikNfN}]exp{ iB}. [A23]

Replacing, finally, the variables Xn according to Eq. [A20]v1S( t) 0 v1I ( t) Å ∑
N

nÅ0N

(v (n )
1S 0 v (n )

1I )rexp{ invrt}
and setting the phase factor exp{ iB} to exp{ iA} as defined
in Eq. [A12], we get the expression for D0 given in Eq.

Å ∑
N

nÅ0

2Év (n )
1S 0 v (n )

1I É [A14]. Herewith, the equivalence of the two approaches is
established.

1 cos(nvrt / fn) . [A19]
APPENDIX 2

By comparing this equation with Eq. [A7] of this contribu-
NMR Spectrometertion, we get the following relationship between the cosine

amplitude coefficients a (n ), n Å 1 . . . N, and the normalized The experiments were performed on a redesigned 300
coefficients Xn : MHz NMR spectrometer built around a wide-bore Oxford/

Bruker 7 T magnet using a commercial double-resonance 4
mm MAS probehead (Chemagnetics) . The modular spec-Xn Å

0a (n )

2nvr

. [A20]
trometer, shown schematically in Fig. 5, shall briefly be
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described. It should, however, be pointed out that the experi- load and start the RSM 432 pulse programmer. It then waits
for the data, recorded in transient recorder format, to bements described in this work can be performed on modern

commercial NMR spectrometers without hardware modifi- ready and converts them to the XWIN-NMR or MATLAB
format. The loop counters in SINOMA allow the perfor-cations.

The transmission part of the spectrometer consists of two mance of 1D, 2D, and 3D experiments. The experimental
parameters are taken from the XWIN-NMR acquisition files.independent, broadband RF channels with a bandwidth cov-

ering 20–300 MHz. Each of them is equipped with a fast For data processing, the software packages XWIN-NMR
(Bruker Analytische Messtechnik GmbH) or MATLABmodulator (42) with a switching time smaller than 20 ns

between the phases 07, 907, 1807, and 2707, a first mixer (The Math Works, Inc., Massachusetts) are used.
(ZLW-1W, Mini-Circuits) , a computer-controlled digital at-
tenuator CDA0867 (DAICO Industries Inc.) , a switchable ACKNOWLEDGMENTS
RF bandpass filter (Wainwright filters for 75 or 300 MHz),

This research has been supported by the Swiss National Science Founda-and a RF gate ZFSWA-2-46 (Mini-Circuits) . The shaped
tion. Helpful discussions with Dr. Zhehong Gan, Suzana K. Straus, Dr.pulses are generated by a computer-controlled 12-bit digital-
Marc Baldus, and Rene Verel are acknowledged. For computer simulations,

to-analog converter module (DAC, Analog Devices AD568; the programming environment GAMMA (35, 36) was used.
amplifier, Analog Devices AD840) which controls the pulse
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