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Abstract

A theoretical description of heteronuclear decoupling in solids, which takes into account homonuclear dipole-dipole interactions
and spinning of the sample, is presented. Based on this analysis, a simple and efficient decoupling sequence nPPM is introduced. It
consists of n/4 TPPM subcycles, followed by another n/4 subcycles with reversed phases.
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1. Introduction

Heteronuclear decoupling is one of the main com-
ponents of high-resolution NMR. A spectrum of one
type of nuclei can often be significantly improved when
interactions with nuclei of other types are suppressed.
Decoupling increases both resolution and sensitivity.
For many applications, especially multi-dimensional,
enhanced sensitivity is the most important result and
goal of efficient decoupling. Therefore, in this work the
height of decoupled peak is used as a quantitative
measure of the decoupling efficiency. To be more spe-
cific, we are talking about 'H as the abundant (I) and
13C as the rare nuclei (S), though the presented analysis
is quite general.

In liquids, a distribution of proton chemical shifts
made it necessary to search for broadband decoupling
schemes. The first of such schemes was the noise de-
coupling, proposed by Ernst [1]. Levitt and Freeman [2]
introduced an efficient scheme with composite pulses. A
mechanism of decoupling in liquids is relatively simple
and can be analyzed with the dynamics of a single spin 1.
A detailed theory was presented by Waugh [3]. Later, it
was extended to systems of arbitrary spins 7 [4]. Im-
proved understanding of the underlying spin dynamics
facilitated development of decoupling techniques. Very
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efficient broadband decoupling sequences for liquids,
such as MLEV-16 [5], WALTZ-16 [6], GARP [7], fre-
quency-switched composite pulses [8], and the adiabatic
frequency sweep [9] have been introduced and are
commonly used now.

Homonuclear dipolar interactions between spins / in
solids and liquid crystals result in correlated dynamics of
a large number of spins and complicate the physical
picture of decoupling. For liquid crystals, where RF
heating [10] makes it necessary to use low decoupling
power, several broadband decoupling sequences had
been proposed [11-13].

Progress in heteronuclear decoupling in solids was
extremely slow. CW irradiation remained the main de-
coupling technique until the two-pulse phase modula-
tion (TPPM) sequence was introduced by Bennett et al.
[14]. This sequence offered a simple way to decouple
better than with CW irradiation and stimulated a
number of studies on the factors which influence de-
coupling [15] as well as new decoupling schemes [16-22]
and their applications [23-25]. Though the new se-
quences, CPM m-n [21] or SPINAL-64 [13], perform
noticeably better than TPPM at low to moderate spin-
ning rates [25], the problem of heteronuclear decoupling
in solids is still far from a satisfactory solution. One of
the major reasons is the absence of reliable theoretical
tools for handling this problem. Analytical perturbative
approaches, such as the average Hamiltonian theory of
Waugh [26], require a small parameter, which is a ratio
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of the magnitude of the interaction, in frequency units,
and the frequency with which this interaction is modu-
lated. Under experimental decoupling conditions, this
parameter is not small. In addition, even if the average
Hamiltonian could be calculated with high accuracy, it
is not easier to calculate spin dynamics with this Ham-
iltonian than with initial dipolar interactions.

Though there have been reports on using an ampli-
tude modulation of the decoupling field [19,27], we be-
lieve that phase modulation is the most economic way of
using available RF power and discuss in this work only
the phase-modulation decoupling techniques. In the
following theoretical section we avoided any detail cal-
culations and focused on presenting a consistent quali-
tative picture of decoupling in solids. Since a detailed
description of the proton spins’ motion is not available,
this motion is represented by some unknown correlation
function or spectral density, and the effects of the RF
field and the sample spinning are explicitly separated.
This is achieved by considering the proton spin dy-
namics in several different frames.

2. Theory

The aim of this section is to answer the following
questions: (1) why does the CW decoupling work so well
in solids; (2) how the TPPM increases the efficiency of
decoupling; and (3) how can some other types of phase
modulation give further improvement? The first ques-
tion does not appear so simple if one takes into con-
sideration strong dipolar interactions between protons.
Without decoupling '3C linewidth in organic solids is
conservatively estimated at several kHz. Application of
an RF field, with an amplitude comparable to the di-
polar linewidth of protons, reduces the *C linewidth to
tens of Hz, producing, therefore, a line narrowing by
two orders of magnitude.

2.1. CW decoupling

We start our discussion of the CW decoupling with
the secular Hamiltonian in the rotating frame:

H = —oly + His + Hys, (1)

where

His =Y 2by;So.l: (2)
J>0

and

Hoe =Y byl — Ll — L1, (3)
i>j>0

are the interactions between the *C spin S, and sur-
rounding protons /; and the homonuclear dipolar in-
teraction between the protons, respectively. Sometimes

this frame is called the doubly rotating frame, since it is
the rotating frame for both types of nuclei. However, we
reserve the term double rotating frame for the frame
which performs additional rotation for the proton spins.
For an isolated /-S pair, the cross term between chem-
ical-shielding anisotropy and heteronuclear dipolar
coupling strongly affects the decoupling [28]. Homonu-
clear dipole-dipole interactions make this effect less
pronounced [28], and the chemical-shielding anisotropy
is not taken into account in our theoretical description.
The quality of decoupling is determined by the rate of
dephasing of the 3C spin S. The dephasing is caused by
the local field 4., created by the surrounding protons:
he ="y 2bol. (4)
>0
When the decoupling is good, the dephasing rate is
small, and the transverse component of the spin S de-
cays exponentially:

(S:(1)8:(0)) o< exp(—1/T5). (5)

To find the characteristic time 7, of the S spin decay
signal, one can use an expansion at t < 7,

exp(—1/T3) ~ 1 — 1/ T3 ~ (coslg(1))
~ 1 (1/2)(*(1)

=1- (1/2)<</01hz(t1)dt1>2>

() / t / dndi(h()h(e), (6)

where ¢(¢) is the phase, acquired by the spin S under the
influence of the local field 4.(¢). Therefore,

1Ts = (1/20) /0 [ /0 dtrdts (o (1) (1). (7)

When the Hamiltonian J# is time-independent,
(h(t)h.(t2)) = Tr{exp(i#'t) ) h.exp(—i#t))
x exp(i#t)h,exp(—i#'t)}
= Tr{exp[iA (t; — tp)|h.exp|—1#(t; — t,)]h.}
= (h:(2)h-(0)) = g(7), (8)
where T =1¢ —t,. In this case, when the correlation

function of the local field g(t) decays much faster than
Ty, one can obtain from (Eq. (7)) that

1/T; = s(0), where
s(0) = (1/2) /

—00

o0

exp(iwt)g(t)dr 9)

is the spectral density of the local field. This spectral
density is shown schematically in Fig. 1 and is discussed
in more details below.

MAS with the frequency w, creates an additional
modulation of the local field at the frequencies +w, and
+2w, caused by a time dependence of the dipolar
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Frequency o

Fig. 1. Spectral density of the local field.

constants bg; in (Eq. (4)). Then, instead of a single con-
tribution at = 0, relaxation of the '*C spin is determined
by the spectral density at the frequencies +w, and +2w;:

/T, = %al[s(wr) +s(—ay)]

+%a2[s(2wr) +S(72wr)}a (10)

where the coefficients a; and a, (a; + a» = 1) depend on
the orientation of the carbon-proton internuclear vec-
tors to the rotor axis and can be calculated for each
particular structure. Powder average for a single inter-
nuclear vector gives a;/a; = V2.

To separate the contributions of the RF field and the
dipolar interactions to s(w), it is convenient to use the
double rotating frame for the proton spins: the frame
which rotates around the x-axis of the rotating frame
with the frequency .. The corresponding unitary
transformation is

p=UpU™', U = exp(—iwglt), (11)

where p and p’ are the density matrices in the rotating
and the double rotating frames, respectively. By per-
forming this transformation, we can find that

g(t) = g'(r) cos(wy), (12)
where the correlation function g’(t) is determined by the
dipolar interactions in the double rotating frame.
Therefore, the spectral density in the rotating frame (Eq.
(9)) is a superposition of the two shapes. One of them is
obtained from the spectral density in the double rotating
frame s'(w) by a +w;r shift and another one is obtained
by a w, shift. Since they give the same contribution to
1/Ty, we can further consider only one of the compo-
nents, for example, the one with the +w,; shift. By re-
writing the dipolar interaction (Eq. (3)) as

Ha.=—2)H o+ A+ A2, (13)

where #** are defined with respect to the x-axis of the
rotating frame, we will find that the Hamiltonian in the
double rotating frame is

H' = —(1)2)H 4 + A exp(Riogt) + # % exp(—2iwgt).
(14)

The periodic oscillating terms can be replaced by the
average or effective Hamiltonian 7 :

Jf”:—<1/2>%dx+3(feff. (15)

The first term of the expansion of the effective Hamil-
tonian in wjee/wyr, Where @i = Tr( A 4.) | Tr(L)*, is [29]

AW = (1)204)[#2, #72. (16)

Since we are interested in the tails of the spectra, the first
term of the expansion is not sufficient but gives some in-
formation about the magnitude and symmetry of # .

The spectral density s(w) resembles an NMR ab-
sorption line in the rotating frame or, more precisely, the
Fourier transform of the real part of the FID signal (the
correlator (L,(¢)I.(0))). These spectra would be exactly
proportional to one another if the dipolar constants by,
of interaction with near protons are all equal, or if there
is no correlation in the motion of the spins of these
neighbor protons. Both of these assumptions are not too
good for real structures, but this analogy is useful for
better understanding what type of correlator we are
dealing with. The spectrum s(w) is schematically repre-
sented in Fig. 1. As it was explained above, only one of
the halves of the spectrum is shown. The central part
of the spectrum (near w,¢) and the near tails, determined
by the term —(1/2)# 4, (Eq. (15)), resemble a Gaussian
curve. Far tails are primarily due to # . and are ap-
proximately Lorentzian. Relaxation of the 3C spin is
determined by the amplitudes of s(w) at the frequencies
+w, and +2w, according to Eq. (10).

At high-spinning rates, one more factor should be
taken into account. Similar to ordinary proton spectrum
in the laboratory frame under fast MAS, the spectral
density in the rotating frame will display spinning side-
bands, due to modulation of the —(1/2).# 4, term of the
Hamiltonian (Eq. (15)). Instead of the shape schemati-
cally shown in Fig. 1, s(w) will have multiple local
maxima and minima. For better decoupling, the fre-
quencies +w, and +2w, should coincide with the min-
ima, i.e., lie in the middle between the spinning
sidebands. When the frequencies +w, and +2w, coin-
cide with the spinning sidebands, the decoupling is
spoiled. These conditions can be written as

o/, =k+1/2, k=0,1,2,..., (17a)
and
ogf/or =k, k=1,2,.... (17b)
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Fig. 2. Dependence of the CW decoupling efficiency in glycine on the
ratio between the RF power and the spinning rate. The spinning rate is
23.0kHz.

The condition (a) is favorable for the resonance CW
decoupling, while the condition (b) is unfavorable.

Fig. 2 shows the experimental dependence of the CW
decoupling performance in glycine (relative height of the
BC peak of the CH, group) at the spinning rate
/21 =23.0 kHz. One can see distinct minima at
orr /oy = 3 and 4. At higher spinning rates this effect will
be more pronounced, and one needs to consider the
conditions (Egs. (17a),(17b)) for optimizing the decou-
pling efficiency. The decrease in decoupling efficiency at
integer ratios of w,s/w; has been attributed to a rotary-
resonance recoupling [30]. However, the rotary reso-
nance could explain the decreased decoupling efficiency
only for w.s/w, =1 or 2.

To conclude the discussion of the CW decoupling, we
would like to mention that its extremely high perfor-
mance is based on the two factors: the symmetry of the
proton—proton dipolar interactions, which have no #*!
terms with respect to the RF field direction in the ro-
tating frame, and fast decaying tails of the dipolar
lineshapes in solids.

2.2. TPPM decoupling

When the phase @ of the RF field is modulated, the
interaction with this field in the rotating frame is

Hrw = —ouely cos[P(1)] — wiel, sin[D(2)]. (18)

If the phase is small (cos @ = 1,sin @ ~ @), the modu-
lation is equivalent to an additional field, applied along
the y-axis of the rotating frame. Since both #'15 and #,
(Egs. (1)—(3)) are invariant with respect to rotations
around the z-axis, it is more convenient to perform the

exact transformation to the frame, where the RF field is
time-independent and aligned along the x-axis. The
Hamiltonian in this toggling frame is

H = —oxl, — () + His + H 4. (19)

The only difference with the Hamiltonian (Eq. (1)) is the
additional field f(r) = —d®/d¢ in z-direction. The
transformation to this frame is a generalization of
the transformation to the rotating frame, usually per-
formed to make the in-resonance component of the RF
field time-independent. Experimentally, the phase is
changed stepwise. Then, the effect of such phase mod-
ulation in the toggling frame is a sequence of J-pulses in
+z direction. As an example, for the TPPM sequence
[14], when the cycle consists of two pulses, with duration
7 each and phases +®, and —®,,

£(t) = 20, f:{a(t — (2k + 1)7) — 8(r — 2k7)}. (20)

k=0

In the double rotating frame, which rotates with the
frequency w,, = m/t around the x-axis of the toggling
frame, the Hamiltonian for the proton spins can be
written as

%N - (a)m 7wrf)[x+2¢0]zzé(t7kr) - (1/2)%d’f+%3ff
k=0
(21)

Compared to the case of CW decoupling (Eq. (15)),
there are additional fields along the x and z-axis of the
double rotating frame. At w7 < 1 one can replace
the z-field by its average value w, = 2®y/t. Then, the
Hamiltonian [21] becomes

%” = wx]x + wzlz - (1/2)’%‘1‘f + %efﬁ (22>

where o, = o, — w,;. It should be noted, that this is an
approximation, which corresponds to neglecting higher
harmonics of the TPPM and replacing the stepwise
phase modulation by a harmonic one (®(¢) o< cos(wpt)).
In practice, TPPM and the cosine phase modulation
show very close performance (though not exactly the
same). In what follows, we will make no difference be-
tween them and use the Hamiltonian (Eq. (22)) for ex-
plaining the mechanism of the TPPM decoupling.

The Hamiltonian (Eq. (22)) suggests that the
improved performance of the TPPM is created by an off-
resonance irradiation in the rotating frame. This
off-resonance irradiation produces an asymmetric dis-
tortion of the spectral density and decreases its low-
frequency tail. However, this mechanism alone is
insufficient to explain high-experimental efficiency of the
TPPM. Another factor to be considered is the partial
averaging of the dipolar interactions by the effective
field. Under typical experimental conditions, the effec-
tive field in the double rotating frame is comparable to
the residual dipolar interactions and is capable of
producing some averaging effect. If averaging is the
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main factor that determines the improved decoupling,
then the TPPM would perform equally well for
Om < oy (w7 > 180°). In practice, however, it works
well only for wy > w(wyrt < 180°). Therefore, high-
decoupling efficiency of the TPPM is due to the com-
bined action of both asymmetric distortion of the
spectral density and partial averaging of the dipolar
interactions in the double rotating frame.

2.3. Other forms of small-angle phase modulation

The effective field in the double rotating frame pro-
duces the best averaging of the dipolar interactions
when it is at the magic angle with the x-axis. This con-
dition, |w./w,| = V2, is realized at four different com-
binations of sign of w, and w,. As it was discussed
above, only two of these orientations, with w, = wy—
wy >0, are good for decoupling. By switching the
direction of the effective field between these two orien-
tations, one can achieve better averaging of the dipolar
interaction. The time interval between the switches
should correspond to a 2m precession around the effec-
tive field. The mechanism of this additional averaging is
the same as in the frequency-switched Lee-Goldburg
(FSLG) experiment [31]. The change in the direction of
the effective field also mixes the locked (parallel to the
effective field) and unlocked spin components. This
moves the low-frequency component of the spectral
density to higher frequencies. Therefore, a periodic
change of the sign of w, can enhance both of the
mechanisms, responsible for high performance of the
TPPM sequence.

Practically, such change of the w, sign can be realized
by the n-pulse sequence, which consists of n/4 TPPM
subcycles (t, @), (1, —Py), followed by another n/4 sub-
cycles (1, —®y), (1, @) with reversed phases, where (1, @)
is the pulse of duration t and phase @. In analogy with the
TPPM, we abbreviated this new pulse sequence nPPM. As
an example, a 32PPM sequence [(t,®Po), (7, —Po)lg
[(t, —Po), (1, Po)]g with the pulses flip angle w,t = 167°
and the phase excursion angle 2¢, = 18.3° performs 2n
rotation in the double rotating frame around the effective
field (which is at the magic angle with the x-axis) and then,
another 27 rotation around the new direction of the ef-
fective field. The experimental results for this pulse se-
quence are presented in the next section.

Instead of a sudden change of the effective field di-
rection, one can change it smoothly in a harmonic way.
The following phase-modulation function can be used:

@(t) = ® cos(wpt) cos(wmt), (23)

where oy, is the frequency of the change of direction of
the effective field in the double rotating frame and
W1 K 0. By rewriting the product of cosines as a sum
of cosine terms, we will find that this sequence (Eq. (23))
is equivalent to the CPM 2-n decoupling sequence. Se-

quences CPM m-n have been introduced earlier [21] and
employ the phase-modulation function, which is a sum
of m cosine terms with equal amplitudes and frequency
intervals w,¢/n between the harmonics. Sequences with a
larger number of harmonics perform a more compli-
cated motion of the effective field in the double rotating
frame. The results for one of these sequences, CPM 4-7,
will be shown for comparison in the experimental sec-
tion. The phase-modulation function of the CPM 4-7
decoupling sequence is

&(1) = (1/7){—cos[(6/7)wt] + cos|wf]
+ cos[(8/7)wict] — cos[(9/T)wst] }. (24)

3. Results and discussion

In '3C CPMAS spectra, a high-spinning rate is nee-
ded to suppress spinning sidebands and increase inten-
sities of central peaks. For the samples used in this work
and the 3C resonance frequency 125 MHz, a spinning
rate of about 12kHz was sufficient. At this spinning
rate, spinning sidebands are small, and further increase
of the spinning rate does not increase the intensities of
central peaks.

Fig. 3 shows the relative performance of TPPM,
CPM 4-7, and 32PPM at 12.0kHz spinning rate as a
function of the decoupling power (yB;). For each of the
sequences the adjustable parameters were independently
optimized for each value of the decoupling power. The
sample, glycine, is a suitable model because it has only
two different carbons and, consequently, provides strong
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Fig. 3. Decoupling efficiency in glycine of TPPM (@), CPM 4-7 (+),
and 32PPM (x) as a function of the decoupling power. The spinning
rate is 12.0 kHz.
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signals even at natural isotope abundance. At the same
time, the 1*C of the CH, group is strongly coupled to the
protons and presents a good test case for decoupling.
The height of the CH, peak was used as a quantitative
measure of decoupling efficiency. Clearly, at decoupling
powers above 100 kHz, a noticeable improvement over
TPPM can be obtained.

An improved performance is not the only advantage
of the 32PPM sequence. Its efficiency has much better
dependence on the experimentally adjustable parameters
7 and @,. This facilitates a search of optimum parame-
ters, especially when signals are weak. Fig. 4 shows the
dependence of the TPPM and 32PPM decoupling effi-
ciency on the phase excursion angle 2¢@,. With the de-
coupling power of 117 kHz and spinning rate of 12 kHz,
the peak performance of TPPM is reached at T = 4.0 ps
and 29, = 10°. Fig. 4 is a one-dimensional slice through
a two-dimensional plane of parameters, which intersects
this point. The decoupling efficiency of the 32PPM has a
single broad maximum, in contrast to multiple local
maxima of the TPPM. This maximum is reached at
parameter values which are very close to theoretical
(T = 167°,20¢ = 18°).

Experimental '*C spectra of two different samples,
valine and glycine, were obtained with 32PPM and
TPPM decoupling at the same parameters values (Fig.
5). The enhancement of peak heights (>10%) for all
carbons illustrates the additional averaging produced by
the 32PPM sequence.

With a larger number of adjustable parameters, one
can build more flexible sequences with potentially higher
performance. In this sense, the TPPM is always better

X
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Fig. 4. Decoupling efficiency in glycine of TPPM (@) and 32PPM (x)
as a function of the phase excursion angle 29, at 12.0kHz spinning
rate, 117kHz decoupling power, and 4.0 us pulses.

32PPM TPPM

(a) CH

28 ppm

(U L CH2 J L_‘

45 42 45 42 ppm
22 1'8 2.2 1.8 ppm

Fig. 5. 3C NMR spectra of CH, CH, and CH; under the 32PPM and
TPPM decoupling pulse sequences. Signals of B carbon (a) and vy
carbons (c) of uniformly 3C, SN labeled valine and o carbon of nat-
ural abundance glycine (b) are shown. The J spitting of the center
peaks in (a) and that in (c) are 32 and 33 Hz, respectively. The line-
width of the signals in (b) is 43 Hz. The decoupling power 81 kHz,
phase excursion angle 2@, = 18° and the pulse flip angle 170° are the
same for the both sequences. The sample spinning frequency was
12.5kHz.

than CW because CW is a quotient of TPPM at
2dy = 0. In practice, however, it often takes a long time
to search even a two-dimensional plane of the TPPM
parameters to find the point of maximum performance.
As an example, the sequence (Eq. (24)) often shows
good results, but it contains three adjustable parameters,
and we did not attempt to perform a systematic com-
parison of its efficiency.

At higher spinning rates, one needs higher decoupling
powers to get improvement over the TPPM decoupling.
The results displayed in Fig. 6 are similar to that in Fig.
3, but the spinning rate is 14.0 kHz instead of 12.0 kHz.
In this case, the increased efficiency of CPM 4-7 and
32PPM is observed at considerably higher decoupling
powers.
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Fig. 6. Decoupling efficiency in glycine of TPPM (@), CPM 4-7 (+),
and 32PPM (x) as a function of the decoupling power. The spinning
rate is 14.0 kHz.

4. Experiment

The experiments were carried out with a CMX In-
finity Plus 500 MHz NMR spectrometer equipped with a
Varian broadband double-resonance probe for a 3.2 mm
rotor. The spectra in Fig. 6 were recorded with a Varian
broadband double-resonance probe for a 4.0 mm rotor.
The number of scans was 32 for each spectrum. The
polycrystalline glycine was purchased from Sigma (pu-
rity >99%) and used without further purification. The
uniformly 95% '3C, N-labeled L-valine was purchased
from Shoko Co. Ltd. Crystals of valine hydrochloride
were grown from a dilute hydrochloride solution.

5. Conclusion

The integral of the spectral density of the local field is
invariant and cannot be changed by any decoupling
sequence. The maximum frequency w,s, where the center
of this spectrum can be “moved” is determined by the
available RF power. When the spinning rate w, changes
from 0 to w,r/2, the absorption frequency 2w, spans the
whole frequency range. Therefore, no universal decou-
pling scheme can be efficient for a broad range of
spinning rates.

At low-to-moderate spinning rates, or when a suffi-
ciently high RF power is available, one can get a sig-
nificant improvement of the decoupling, compared to
TPPM, by using CPM m-n [21], SPINAL-64 [13], or
nPPM decoupling sequences. The latter is especially
simple in programming and tuning.
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