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A method for efficient Hartmann—Hahn cross polarization un-
der rapid magic-angle sample spinning is presented. It combines
rotor-synchronized amplitude modulation of one of the two spin-
lock radio-frequency fields for dipolar recoupling, with a slow
adiabatic amplitude variation to enhance the net polarization
transfer. The proposed scheme, called AMAP-CP, allows for cross
polarization on the original Hartmann—-Hahn matching condition
wyr = wys. The polarization transfer is insensitive to chemical-shift
offsets, rotation frequency, and inhomogeneity of the radiofre-
quency field.
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1. INTRODUCTION

Heteronuclear polarization transfer by cross polarization
(CP) is widely used to improve the sensitivity of NMR
for spins with low gyromagnetic ratio or for heteronuclear
correlation experiments. The most popular technique for
cross polarization is Hartmann—Hahn cross polarization
(HHCP) (1-3) where the abundant spins | with high gyro-
magnetic ratio (e.g., protons) are brought in contact with
the insensitive spins S (e.g., **C or *N) by applying spin-
lock radiofrequency fields with amplitudes B,, and Bys. For
efficient transfer, the amplitudes of the spin-lock fields must
be matched at the Hartmann—Hahn condition wy, = ws (in
a static or slowly rotating sample), with w,, = —~,By and
wis = — YsBus.

The effect of high-speed magic-angle spinning (MAS) on
Hartmann—Hahn CP was first investigated by Stejskal et al.
(3). The dipolar couplings are modulated with the MAS
frequency w, and with 2w,. When w, exceeds the dipolar
coupling frequencies, new modified Hartmann—Hahn match-
ing conditions appear, offset by integers of the rotation fre-
guency, wy — wis = *Nw, N =1, 2, 3, .... The new
matching conditions are usually much narrower than the
Hartmann—Hahn condition in static samples, and their
matching requires rather stable and homogeneous RF field
amplitudes and stable MAS rotation frequencies. The trans-
fer rate at the original Hartmann—Hahn condition, wy = wss,
and at higher sidebands of the Hartmann—Hahn condition (n

291

> 2) tends toward zero with increasing spinning frequency
(4,5). Although the Hartmann—Hahn transfer at the exact
sideband matching conditions wy, — w;s = *w, OF +2w, can
be quite efficient, it is not well suited for practical applica-
tions because of its sensitivity to RF field inhomogeneity
and to the MAS frequency.

A number of pulse sequences were proposed in the past
to improve cross polarization under MAS conditions. They
pursue three goals:

(i) Efficient polarization transfer at the original Hart-
mann—Hahn centerband matching condition wy, = wys. RO-
tor-synchronized amplitude modulation (AMCP) (6, 7) re-
introduces a time-independent dipolar-coupling element and
allows cross polarization for wy, = wss. The matching condi-
tion is independent of the spinning speed and, for a single-
coil probe, of the RF inhomogeneity. An alternative method
for centerband matching is to prevent the MAS averaging
of the dipolar interaction by limiting the cross-polarization
process to a fraction of the rotor periods (8). Other se-
guences that restore the heteronuclear dipolar interaction
were proposed for distance measurements in recoupled spec-
tra (9-16).

(i) Broadening of the matching conditions for less criti-
cal matching of the RF field amplitudes. The matching condi-
tions can be broadened by phase modulation that reduces
the average spin-lock field, either by rotor-synchronized 180°
phase modulation alone asin SPICP (17-19) or in combina-
tion with amplitude modulation (AMCP) (7). Alternatively,
uncertainties in the Hartmann—Hahn matching condition,
such asinaccurate RF field amplitudes or RF field inhomoge-
neity, can be coped with by using a variable RF field ampli-
tude (VACP, RAMP-CP) (20-22), 180° phase shifts
(VEFCP) (23), or afrequency sweep (24). The broadening
of the matching condition by a multiple-pulse approach was
proposed by Geen et al. (25).

(iii) Optimization of the quasi-equilibrium polarization
transfer. The polarization transfer after along cross-polariza-
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). Thisleads, in isolated two-spin systems which
do not benefit from rapid spin diffusion among the protons,
to anet polarization transfer enhanced by up to afactor two.
The factor two comes from a compl ete adiabatic polarization
transfer from the | 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 asfor 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 | and S spins (7), and leads to a
strongly accelerated cross-polarization process. It was found
in Ref. (7) that acosine amplitude modulation with the MAS
frequency w, and with the amplitude 2.1 w, or its square-
wave approximation with amplitude +1.65 w,, asillustrated
in Fig. 1a, yields across-polarization rate close to its theoret-
ical maximum for centerband matching.

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 alows simultaneously an enhancement of the
guasi-equilibrium polarization transfer (29). Adiabatic pas-
sage CPisparticularly effective for virtually isolated IS spin
systems as they occur typically for *H—"C, *"H-"°N, or *N—
3C pairs under fast MAS conditions when 1-spin diffusion
is quenched.

The 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-
plied to two different RF channels, e.g., the square-wave or
sine-wave modulation to the I-spin (*H) channel and the
adiabatic passage to the S-spin (**C) channel. In the version
of Fig. 1c, it was decided, for convenience, to apply both
modulation functions simultaneously to the S channel. A
constant RF field strength on the | spins ensures good spin-
lock properties for the entire mixing time, limiting in this
way the loss due to T,,(*H) relaxation.

It was shown in Ref. (29) that an efficient transfer is
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FIG. 1. Pulse sequences for (&) rotor-synchronized amplitude-modu-
lated cross polarization (AMCP) (7), (b) adiabatic-passage Hartmann—
Hahn cross polarization (APHH-CP) under MAS at a sideband matching
condition (29), and (c¢) amplitude-modul ated adiabati c-passage cross polar-
ization (AMAP-CP) at the centerband matching condition. 7, = w,/27
represents the MAS period.

obtained when the adiabatic passage follows a tangent func-
tion of the form

wi(T) = wi(T) = | Doltan[ao(zr — T)],  [1]

for0 < T < 7, with

a(,:%arctan<|§0|> : [2]

where 2A represents the amplitude of the tangential sweep
through the Hartmann—Hahn condition with —A <
wi(T) — wi@(T) < A. Dy isthe time-independent dipolar
coupling reintroduced by the AMCP part of the modulation
(see Appendix 1), and w{P(T) and w{¥(T) are the mean
RF field strengths of the AMCP modulation averaged over
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one rotor period. To prevent interference with the sideband
HH matching, the condition A < w,/2 should be fulfilled.

As described in Ref. (26), the tangentia time dependence
of Eq. [1] leads to a circular trgjectory of the density operator,
at constant angular frequency (d/dt)6§ = ao, on ahalf-circle
in the two-dimensional zero-quantum subspace spanned by
12 and 13 (Eq. [A5]). A complete passage results in an
inversion of the difference polarization if the adiabatic condi-
tion (32, 33) (d/dT)85 < V[w®(T) — wiQ(T)]2 + D3is
fulfilled, and if the angle #5 (T = 0) between the initial
density operator along the z axis and the quantization axis
of the Hamiltonian a& T = 0 is small. To fulfill this last
condition, the amplitude difference between the mean fields
aT=0A=w0) - wi¥%0), must be larger than the
dipolar coupling, A > D,, while still A < w,/2. This is
only possible for rapid spinning, w, > ds.

A proper choice of the sweep time + and amplitude 2A
of the adiabatic passage (Egs. [1] and [2]) requires an esti-
mate of the coupling element | Dy|. For the optimized
AMCP sequences used here, the mean coupling element
| Do| (where the bar denotes the powder average) is about
5 times smaller than the dipolar coupling constant ds. This
can be seen from Fig. 2 where the dipolar coupling elements
| D,| 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-
quence (see Appendix 1), it is necessary that the transfer,
driven by a flip—flop Hamiltonian, is restricted to the zero-
guantum subspace. This can be achieved by the use of suffi-
ciently strong RF fields and rapid spinning |wy + was]
> w, > ds. The double-quantum flop—flop term is then
nonsecular, and the sum polarization can be considered as
aconstant of the motion. The presence of the AMCP modula-
tion may cause additional problems. The modulation intro-
duces higher-order Fourier coupling elements D,,, given by
Eq. [27] in Ref. (7), which must be considered typical for
n up to 7 or 8 as can be inferred from Figs. 2a and 2b
for the optimized cosine modulation and its square-wave
approximation. These coupling elements can, possibly, in-
duce flop—flop spin transitions when the sideband condi-
tions wP(T) + wQ(T) = nw, are fulfilled, as described
in Ref. (4). These double-quantum transitions lead, for
longer contact times, to a decay of the sum polarization and
of the detected S-spin signal. In AMAP-CP experiments, the
RF fields should therefore be strong enough (wy + wis
> 8w,) to avoid the destructive double-quantum matching
conditions. Because the higher-order coupling elements
| D,| are (for the same n) dlightly smaller for the optimized
cosine modulation than for its square-wave approximation
(see Fig. 2), the cosine modulation is preferable.
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FIG. 2. Effective Fourier coefficients | D,| of the dipolar coupling,
normalized by the dipolar interaction | d,s| and averaged over 986 crystallite
orientations (a) for the optimum cosine modulation (7) of frequency w,
and amplitude 2.1 w,, and (b) for its square-wave approximation depicted
in Fig. 1lawith amplitude +1.65 w, around the centerband matching condi-
tion. The coupling elements were obtained by numerically performing the
Floquet matrix transformation described in Ref. (7).
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3. EXPERIMENTAL RESULTS

The AMAP-CP pulse sequence was first tested on a pow-
der sample of crystalline Cg(ferrocene), (34). For de
termining the width of the tangential sweep according to
Egs. [1] and [2], the coupling element Do/ 27 was assumed
to be 5 kHz. Due to the fast rotation (on the NMR scale)
of the CsHs rings in ferrocene, the homonuclear and hetero-
nuclear intraring dipolar interactions are scaled by a factor
2, and the interring interactions are also reduced. The sup-
pression of the dipolar interactions by fast MAS is then
quite effective. In the presence of a heteronuclear recoupling
sequence, like AMCP, the ferrocene *C spins with their
directly bound protons form fairly well-isolated two-spin
pairs. The effective heteronuclear coupling frequency is
much larger than the remaining homonuclear proton cou-
plings. Therefore, an adiabatic intensity gain of two is ex-
pected in an AMAP-CP experiment (see Appendix 1).
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FIG. 3. Cross polarization in polycrystalline Ceo(ferrocene), using

HHCP, AMCP, and AMAP-CP. The signa intensity, normalized by the
signal intensity obtained with a single *C pulse, is given as a function of
the mixing time 7. The RF field strengths were set to 74 kHz and the MAS
frequency was 17 kHz. Tangent depths A/27 of 2 and 8 kHz were used.
(a) Ferrocene °C signal, and (b) Cg *C signal.

The Cg, carbons, in contrast, are only weakly coupled to
the many protons on the neighboring ferrocene molecules,
and the heteronuclear couplings will remain weak and com-
parable to the homonuclear proton couplings. During the
long cross-polarization times necessary, spin diffusion
among the proton spins will be quite effective and the theo-
retical advantage of AMAP-CP in comparison to AMCP for
centerband matching or HHCP for sideband matching will be
minimal. However, due to the small size of the heteronuclear
couplings, it becomes difficult to match the Hartmann—Hahn
condition in HHCP or AMCP experiments, and a mismatch
due to RF field inhomogeneity effects will reduce the cross-
polarization rate. In this respect the mismatch-insensitive
Hartmann—Hahn matching of AMAP-CP is of advantage.

In Fig. 3, the S-spin polarization buildup for the two car-
bon resonances in Cq(ferrocene), is compared for HHCP,
AMCP, and AMAP-CP. The experiments were performed
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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 (>0.1 ms), larger than the AMCP signal.
For A/2n = 8 kHz, theintensity reaches its maximum value
at a contact time of ~2 ms. It is 2.5 times larger than the
asymptotic value for AMCP, exceeding the theoretically ex-
pected gain of 2 for atwo-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 T,, value determined in a CW spin-lock
experiment (T,, > 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 wy + wis
= 9w, that would be met at w,s/27m = 79 kHz. Such effects
can aso 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 90° 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-equilibrium
polarization Ps obtained in a HHCP experiment in compari-
son to the Zeeman polarization of the S spin Pys is given,
for equal spin quantum numbers | = S, by Ps/Pys = (y,/
vs)* Ni/(N, + Ns), where N, and Ns are the number of |
and S spins, respectively (2). For an isolated two-spin *H—
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.
In al our cross-polarization experiments under MAS, the
intensities are about a factor 1.5 lower than the theoretical
expectations. The reason for this loss is not clear. The loss
of polarization seems to increase by using higher spin-lock
power and higher MAS frequencies, and we suspect that it
could be caused by increasing instabilities of the RF fields,
which could become critical in the high-speed MAS regime.

For cross polarization of Cg, in Cg(ferrocene),, Fig. 3b,
where no adiabatic gain is expected, a small improvement
of the cross-polarization efficiency by AMAP-CP compared
to AMCP was observed when a small tangent depth (A/2x
= 2 kHz) was used. We attribute this gain to the compensa-
tion of the RF inhomogeneity. With larger tangent depths,
the buildup rateis slowed down because during an increasing
fraction of the contact time, the Hartmann—Hahn condition
is violated.
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(@) Cross polarization in polycrystaline L-threonine using HHCP, AMCP, and AMAP-CP as a function of the mixing time =. The RF field

strengths wy, /27 and w,s/ 27 were set to 72 kHz and the MAS frequency to 17 kHz. A tangent depth A/2r = 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-
pared for a sample of L-threonine. Threonine shows little
motion in the solid state and exhibits strong hetero- and
homonuclear dipolar couplings. The spinning frequency of
17 kHz does not exceed the proton—proton dipolar cou-
plings. Nevertheless, the CP matching profile (not shown)
decomposes into a set of spinning sidebands. Also in this
sample, AMAP-CP leads to considerable intensity gains as
shown in Fig. 4 where the intensities of the four carbon
resonances are given as functions of the contact time for
HHCP, AMCP, and AMAP-CP. The proton RF field strength

was set to 72 kHz. The intensities of the buildup curves
are again normalized by the corresponding signal intensity
obtained with a single-pulse experiment. HHCP and AMCP
lead, for longer contact times, to comparable quasi-equilib-
rium polarizations for al resonances. A gain of afactor two
over the equilibrium carbon polarization is achieved. The
buildup rates are considerably faster for AMCP. The inten-
sity gain obtained with AMAP-CP amounts to 33% for the
CH groups and 75% for the CH; group, compared to HHCP
or AMCP. No adiabatic enhancement was observed for the
carboxylic resonance, in analogy to the observation for Cy.
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4. CONCLUSIONS

It has been demonstrated that adiabatic polarization trans-
fer under high-speed MAS s possible at the rotor-frequency-
independent Hartmann—Hahn centerband condition when an
adiabatic sweep of the RF field amplitude is combined with
a rotor-synchronized amplitude modulation. The latter rein-
troduces a secular dipolar coupling element between | and
S spins at the centerband matching condition. Due to the
different time scales of the two amplitude variations, the
combination of the adiabatic-passage and amplitude-modu-
lation schemes is free of interferences.

AMAP-CP combines fast polarization transfer at the cen-
terband of the Hartmann—Hahn condition, asin AMCP, with
an equilibrium-intensity gain due to the adiabatic transfer,
as observed in the APHH-CP experiment. Matching at a
rotor-frequency-dependent sideband condition, necessary
with earlier adiabatic methods under MAS (29), can be
avoided. As usua, the adiabatic sweep broadens the match-
ing condition and rendersit less sensitive to RF field inhomo-
geneities, chemical-shift offsets, and long-term instabilities
of the RF amplifiers.

Adiabatic cross-polarization transfer is of particular ad-
vantage for relatively isolated spin systems, e.g., IS spin
pairs. Such spin pairs occur for double isotopic labeling,
e.g., in *C—"N-labeled compounds (30) or, dynamically,
by high-speed MAS through the averaging of proton—proton
interactions. With the devel opment of faster spinning probes,
adiabatic cross polarization is expected to become increas-
ingly advantageous. But even below the fast spinning re-
gime, substantial intensity gains are obtained, as shown by
the experiments on L-threonine.

APPENDIX 1

Theoretical Treatment of AMAP-CP

We develop in this Appendix a theoretical description of
the AMAP-CP experiment that takes advantage of the differ-
ent time scales of the two amplitude variation. Their effect
on polarization transfer can be understood by first consider-
ing the effect of the ‘‘fast’”” modulation and, in a second
step, the effect of the ‘‘slow’’ adiabatic variation under an
average Hamiltonian determined by the fast amplitude mod-
ulation. For the description of the AMCP effect, we apply
here average-Hamiltonian theory rather than Floquet theory
that has been used in Ref. (7). At the end of Appendix 1,
the equivalence of the two approaches is demonstrated.

We consider here a heteronuclear two-spin system (IS)
of spin-3 nuclei. The Hamiltonian in atilted doubly rotating
frame and for amplitude-modulated on-resonance RF fields
of strengths wy,(t, T) and wss(t, T) can be written as
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JH(E, T) = wy(t, T, + wis(t, T)S, + 2b(1),S,, [Al]

with

+2

b(t) = > b.exp(inwt)

n=-2

[A2]

and with the Fourier components of the dipolar coupling

d|s . .
b., = — —= sin(29)exp(=iyp),
1 2\/5 ( ) p( ‘P)

b., = dT"fS sin?g exp(*+2iyp). [A3]

Here ds = — oy ysh/(4nr ) represents the dipolar cou-
pling constant in angular frequency units, and ¢ and ¢ are
the polar angles of the internuclear vector ris in a MAS
rotor-fixed coordinate system. We distinguish a ‘‘ slow-time
variable’’ T, arising from the adiabatic sweep of the RF
amplitude, and a*‘fast-time variable’’ t, responsible for the
rotor-synchronized AMCP part of the field modulation and
for the time dependence of the dipolar interaction. As usual,
this Hamiltonian can be decomposed into double-quantum
(%) and zero-quantum (A) contributions:

J(t,T)= J3(t, T) + JA(t,T),
H(t,T) = [wu(t, T) + wis(t, T = b(t)15,

T, T) = [wu(t, T) —wis(t, THIIZ + b(t)1e,  [A4]

with the single-transition operators (37—-39)

IZ=1*S" +1-S], I2 =_?'[|+s+ _1-s7,

1z =31,+ 5], 12 =31*'S +1°S'],

P =S 1SR = 4L - s). [AS]

For strong RF fields and rapid spinning (|wy + wis| > w;
> ds), the polarization transfer takes place predominantly
in the zero-quantum subspace and the discussion can be
restricted to 7“. The validity of this assumption was dis-
cussed at the end of Section 2.

Because the adiabatic sweep, represented by the time vari-
able T, is much slower than the AMCP amplitude modula-
tion, the latter can be treated in the presence of a constant
mean RF field that depends on the parameter T. This shall
be symbolized by the writing

7 (t) = [wu(t) — wis(t)]rlz + b(I1 . [AB]
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The modulation of the RF field-strength difference [ w (1)
— wys(t)]+ can be expressed by a series of cosine functions
up to the arbitrarily limited order N:

[wu(t) — wis(D)]r

N
= [0 — Ww®lr + 3 alcos(lwt + ¢1). [AT]
=1

The Hamiltonian of Eqg. [A6], together with Eq. [A7],
describes a rotor-synchronized amplitude-modulated CP
scheme (AMCP) that was discussed in Ref. (7). Using a
Floquet approach, the features of AMCP were derived in an
interaction frame with the same time dependence as the RF
amplitudes. The calculation can also be done in Liouville
space by considering the offset term [w{) — w{P]+12 and
the dipolar contribution b(t)15 as the relevant parts of the
Hamiltonian, J(%,, and the modulated part of the RF fields
as a perturbation which can be eliminated by a transforma-
tion into an interaction frame (39)

7 (1) = Ut (t)- T+ Ua(1), [A8]

with

W30 = [~ w@]12 +b(D12

and

Ul(t)=exp{—i [[Ea(')COS(lwrt1+¢|)]|2Adt1}. [A9]

0 =1

The propagator U, (t) describes a rotation of variable speed
around the z axis of the tilted rotating frame with the phase
angle 6(t):

t N

6(t) = | > acos(lwt; + ¢)dt,
=2 ™ [sin(lwit + ¢) — sin(é)]. [A10]

By expanding the trigonometric functions into Bessel
functions, using the relation exp{iz sin &} = X¢__.
exp{ ik®} - J(2), we find that

TR (1) = [wff — w112

+ Re{D(1)} 12 — Im{D(t)} 1. [A11]

The dipolar coupling element D(t) in the interaction frame
is given by
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N o 0
D) = eplial-bO ] 3 (%)
=1 k=— r

x exp{iklwt} -exp{iki }, [A12]
where the overall phase factor exp{iA} is defined by A =
- >N, a%sin(¢)/(lw,). For aspinning speed much larger
than the heteronuclear dipolar coupling dis, and a sweep
width limited to the centerband matching region, |[w§’ —
wi?]+| < w,/2, the interaction frame used above is appro-
priate for the entire adiabatic-passage process with the time
variable T. The zero-order average Hamiltonian (40, 41),
approximating the time-dependent Hamiltonian of Eq.
[A11], contains only the time-independent dipolar-coupling
element D, and is given by

TAT) = [w — w@]+l7

+ Re{Do} 12 — Im{ Do} 12,  [A13]

Using Eg. [A12] and Egs. [A2] and [A3], D, is found to
be

+2 % £

Do = exp{iA} > by > -+ 3

n=-2 kp=—o

(1)
N PRI ~NkN<a_>
Wy
a(N)
x exp{i(—n— 2k — -+ — Nky) 1}
X exp{ikypo} - - - exp{ikndn} -

Kn=—2

[A14]

This is the desired final result. Because D (t) is complex, the
dipolar interaction expressed by D, is no longer aong the x
axis of the zero-quantum subspace but contains aso a contribu-
tion dong y. However, the initia density operator as well as
the detection operator commute with a zero-quantum frame z
rotation, and we can rotate the interaction frame around the z
axis such that Dy becomes real. The Hamiltonian of Eq. [A13]
is then identical to the static APHH-CP Hamiltonian of Ref.
(26). Infull analogy, an adiabatic polarization transfer is possi-
ble if the average RF field amplitude [w — w{?] is dowly
swept through the Hartmann—Hahn condition according to the
tangent function given in Eq. [1]. Insde a two-spin system,
the polarization is then completely transferred from the | to the
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-
sionfor Dy, EQ. [A14], obtained here with average Hamilto-
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nian theory, with the corresponding expression, Eqg. [ 28] of
Ref. (7), derived by Floquet theory. In Ref. (7), the dipolar
coupling element D, was obtained as (Eq. [ 28])

Do = by Z O_bs—1 + by z O_s0s11

S=—o

+hy Y 6ot by Y 6_sbso,

S=—m

S=—w

[A15]

S=—o

where the ¢; denotes the elements of the transformation ma-
trix found by solving the eigenvalue problem of the RF
Floguet Hamiltonian [ Eq. [ 23] of Ref. (7)]:

©

bty 3o s

k=3 - - - —Nkyy_g (— X1)
ky=—o kp=—= kn-1=—=
X Jkl(_X2) M sz(_X3) . Lt ‘]kN,l(_XN)
X exp{i(f— 2k — 3k, — -+ — Nky_1) s}

X exp{ikip,} - exp{ikspa} -. . .

X exp{ ikNlch}]exp{%B} . [A16]

The terms &; 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).
In Eq. [A16], X, defines the normalized amplitudes

o lo® - o)

A17
o [A17]

and ¢, the phases
¢n = arg(wi® — wi?) [A18]
of the Fourier coefficients of the RF modulation
N
Y (wi? — wiP)-exp{inuwt}
n=—N

N
= 3 2wl - o
n=0

wls(t) - Wy (t)

X cos(nwit + ¢y). [A19]
By comparing this equation with Eqg. [ A7] of this contribu-
tion, we get the following relationship between the cosine
amplitude coefficientsa™, n= 1. . . N, and the normalized
coefficients X,:

_ _a(n)

Xy = .
2nw;

[A20]
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Using the property of the Bessel functions =¢_ .
J(2) 3. «(2) = J.(22), Eqg. [A15] can be rewritten as

5

IN—1=—° m=—x my_1=—>

Do=[ Y b, ¥ ---

Jon—2yemy) ~30z+mp) — - - - ~Nan_yrmy_p) (—2X41)

X Jamy (—2X3) = Jpem, (—2X3) . . .

X Iy pemy_, (—2X) exp{i[—n—2(]; + my)
—3(l2+m) =« -+ = N(ln-1+ My-1)] b1}
xexp{i(li+m) e} -exp{i(la+ m)es}-. . .
Xexp{i(ln1+my1)on}lexp{iB}.  [A2]]

Redefining the parameters for the infinite sums,
L+ m =k,
L+ m = ks,

In-1 + My_1 = Ky, [A22]

we get

©

Do=[5 by 3 -+ 3

Nee2 ke kgm0 P
Jon— 2o 3kg - - - —Niky( —2X1)
X Jo(—2X3) * g (=2X3) . . .
X Ji (—2Xy)
X exp{i(—n — 2k, — 3kg — * -+ — Nky) 1}
X exp{ikyp,} - exp{iksps} .. . .

x exp{ikupn} Jexp{iB} . [A23]

Replacing, finally, the variables X, according to Eqg. [A20]
and setting the phase factor exp{ iB} to exp{iA} as defined
in Eq. [A12], we get the expression for D, given in Eq.

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

APPENDIX 2

NMR Spectrometer

The experiments were performed on a redesigned 300
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-
trometer, shown schematically in Fig. 5, shall briefly be
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described. It should, however, be pointed out that the experi-
ments described in this work can be performed on modern
commercial NMR spectrometers without hardware modifi-
cations.

The transmission part of the spectrometer consists of two
independent, broadband RF channels with a bandwidth cov-
ering 20—300 MHz. Each of them is equipped with a fast
modulator (42) with a switching time smaller than 20 ns
between the phases 0°, 90°, 180°, and 270°, a first mixer
(ZLW-1W, Mini-Circuits), acomputer-controlled digital at-
tenuator CDA0867 (DAICO Industries Inc.), a switchable
RF bandpass filter (Wainwright filters for 75 or 300 MHz),
and a RF gate ZFSWA-2-46 (Mini-Circuits). The shaped
pulses are generated by a computer-controlled 12-bit digital-
to-analog converter module (DAC, Analog Devices AD568;
amplifier, Analog Devices AD840) which controls the pulse
shape through a second mixer (ZLW-1W, Mini-Circuits).
The input and output RF levels of all modules are set to 10
dBm. The final amplification is done by dedicated power
amplifiers (Kalmus 126CRP, 200—-400 MHz, 200 W, and
American Microwave Technology M3200, 6—220 MHz,
1000 W). The receiver path consists of a standard Bruker
preamplifier (including the proton and X-nucleus freguen-
cies), amixer (ZLW-1W, Mini-Circuits) to demodulate the
incoming frequency, a Bruker phase-sensitive receiver, and
atunable audio filter (Rockland 452 dual hi/low filter) lead-
ing the signals to the transient recorder.

The digital part is composed of three main components:
the spectrometer control computer, the pulse programmer,
and the transient recorder. The computer (SGI Indy, 133
MHz R4600PC) is extended with a SCSI-1EEE488 interface
(GPIB-SCSI-A with NI-488M software for IRIX5.x, Na-
tional Instruments). The pulse programmer (RSM 432, 32
bit word length, Interface Technology Inc.) is interfaced to
the GPIB-Bus by an IEEE-Pardlel Interface (Digital488/
80A, 10tech) and a specialy designed timer unit alowing
for real-time scan repetition. The data acquisition is per-
formed by a transient recorder (Nicolet Pro 30: 12 bit, 10
MS/s, 256 K Memory). A special external channel advance
unit had to be designed to allow for synchronous sampling
of the NMR signals. This setup assures a high modularity,
making it possible to exchange or modify parts of the digital
section. An additional local bus, called the RSM-Bus, is
connected to 16 of the 32 bits of the pulse programmer
and alows, by demultiplexing, the control of 20 additional
external devices, each of them driven by 8 data bits. They
are used to set the frequency and the phase of the LO synthe-
sizers PTS310 (Programmed Test Sources Inc.), as well as
the computer-controlled attenuators and the DACs.

The time-event sequence of an experiment is set by the
home-written package SINOMA (43) via a modular driver
package. SINOMA provides a versatile macro language with
branching and looping structures similar to C. SINOMA
creates, from the user's macro, the corresponding data to

HEDIGER ET AL.

load and start the RSM 432 pulse programmer. It then waits
for the data, recorded in transient recorder format, to be
ready and converts them to the XWIN-NMR or MATLAB
format. The loop counters in SINOMA alow the perfor-
mance of 1D, 2D, and 3D experiments. The experimenta
parameters are taken from the XWIN-NMR acquisition files.
For data processing, the software packages XWIN-NMR
(Bruker Analytische Messtechnik GmbH) or MATLAB
(The Math Works, Inc., Massachusetts) are used.
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