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Abstract

The duration of 2D and 3D NMR experiments in solids can be reduced by several orders of magnitude by using frequency domain
Hadamard encoding with long selective pulses. We demonstrate Hadamard encoded experiments in '>C enriched solids samples. To
avoid multiple quantum interferences, the Hadamard encoding pulses are applied sequentially rather than simultaneously in this study.
Among other possible applications, dipolar assisted rotational resonance experiments and measurement of NOESY type build-up rates

in proton driven spin diffusion are demonstrated.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Most of modern NMR experiments are based on record-
ing of a free induction decay signal that is excited by a se-
quence of hard non-selective RF pulses. This is followed by
Fourier transform in one or several dimensions [1]. Occa-
sionally, selective pulses [2] are used for solvent suppression
or band selective excitation. Recently, it has been demon-
strated [3-6] that frequency selective Hadamard encoding
in the indirectly detected dimensions, followed by Hadam-
ard transform, can significantly reduce experiment time of
2D and 3D experiments in liquids by excluding the empty
spectral regions. In this case, multiple frequency selective
pulses are used for Hadamard encoding [6] that is followed
by Hadamard transform and 2D or 3D spectrum recon-
struction. Here, we demonstrate that the same principles
are applicable to the multi-dimensional NMR spectroscopy
in solids [7,8].
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2. Hadamard transforms

The Hadamard transform [9] is similar to the Fourier
transform in a sense that they both belong to the class of
integral transforms. In general, an integral transform relat-
ing functions g(w) and f{¢) via a kernel, k(w,?), is written as:

¢(w) = / ke, 0 (1)de (1)

In the case of Fourier transform, the kernel is a set of com-
plex exponential functions, exp(iw?), while in the case of
Hadamard transform the kernel is a set of Hadamard func-
tions, that is a sub-class of the more general Walsh func-
tions [9]. For signal processing purposes it is convenient
to write Eq. (1) in the matrix form:

G=K.F @)
GT = [G07G]7G27G3..GN71] (3)
FT:[F07F17F2,F3....FN71], (4)

Here, F and G are the input and output vector signals and
the kernel Ky is a square (NxN) transform matrix, which in
our case is a Hadamard matrix Hy. The matrix size, N,
must be a multiple of four that is larger than or equal to
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the number of resolved resonances in the Hadamard
encoded dimension. The Hadamard matrices are extremely
simple and consist of either +1 or —1, which for simplicity
are usually replaced by + and — signs, respectively. As an
example, the Hadamard matrix Hy,, is given below:

_l’____________
+ o+ -+ - - -+ 4+ 4+ -+
+ 4+ -+ - - -+ + + -
+ -+ + -+ - - -+ 4+ 4+
+ + - + + - + - - - + +
4+ -+ -+ - - -4+
+ o+ -+ -+ - - -
+ -+ + 4+ -+ + - + - -
+ - -+ + + - + + - + -
+ - - -+ 4+ + -+ + -+
+ o+ - - -+ 4+ + -+ + -
+ -+ - - -+ + 4+ - + +

Unlike the natural Hadamard matrices Hy, where N is a
power of two, this matrix and other non-natural Hadam-
ard matrices are asymmetric. However, it is easily verified
that applying, for instance, the encoding of the first row
to any of the other rows results in complete cancellation.
The same is true for any other row or column. Further
examples of Hadamard matrices and a more detailed
description of the Hadamard transform can be found in
a recent review [6].

3. Hadamard encoding

In practice, the number of resonances that need be
encoded often differs from a multiple of four. For example,
six resonances need be encoded in the '*C-spectra of histi-
dine and seven resonances in the case of phenyl-alanine.
The problem is easily solved by choosing the nearest Had-
amard matrix that can accommodate the required number
of resonances (Hg in these both cases). Note that the num-
ber of encoding pulses is still eight in these cases, while the
number of encoded frequencies in each encoding pulse is
less than eight. For decoding, the transpose Hadamard ma-
trix H},, which is also the inverse of Hy, is applied.

Unlike the Fourier matrix, the Hadamard matrix is real
rather than complex. This considerably simplifies the Had-
amard transform. More importantly, it reduces the number
of Hadamard encoding steps by a factor of two. For the
same reason, it improves the signal to noise ratio (S/N)
of the experiment by a factor v/2 as compared to that ob-
tained with a classical Fourier transform of a similar selec-
tive frequency encoding experiment [3,6]. It must be noted
that the S/N gain with respect to that observed after Fou-
rier transform of a classical two-dimensional (2D) experi-
ment using non-selective excitation and equally spaced ¢,
increments is much larger (see below). However, it is
important to remind that selective methods require the pre-

vious knowledge of the resonance frequencies, which is not
the case of the classical 2D experiments.

The Hadamard transform experiments require the spin
system be prepared differently from the Fourier transform
experiments. Namely, the spin system must be prepared
according to one of the Hadamard encoding matrices
(Hy). After that, the responses of the spin system are
recorded and processed by using the corresponding Had-
amard decoding matrices (Hy). The spectra are then recon-
structed as described previously [3-6].

There are two major types of Hadamard encoding that
can be applied: the transverse and the longitudinal [10].
The first type of encoding scheme employs simultaneous
selective excitation (Fig. 1A) or selective refocusing
(Fig. 1B) pulses that are combined as described in [11].
The transverse encoding leaves the spin magnetization in
the XY-plane with phase that is alternating according to
the corresponding Hadamard matrices, typically between
0° and 180° (or 90° and 270°). The major disadvantages
of the transverse encoding schemes are strong homoge-
neous losses and multiple quantum (MQ) interference ef-
fects occurring during the long selective pulses in coupled
spin systems [12,13].

These interferences are considerably reduced in longitu-
dinal encoding experiments that employ simultaneous
inversion pulses (Fig. 1C). Since, in most cases the reso-
nances in the solids spectra have no fine structure it is
advantageous to employ the simplest inversion pulses, such
as Gaussian [14] or e-SNOB [15] pulses. Thus, the time that
spin magnetization spends in the XY plane and hence the
associated interference effects are further minimized.

In systems with strong couplings such as samples rich in
magnetically active isotopes, particularly in the solid state,
the MQ interferences can be observed even in longitudinal
encoding experiments [12,13]. Considering that T, relaxa-
tion in typical solids samples is relatively long, such MQ
interferences can further be reduced by sequential Hadam-
ard encoding where the corresponding sites are inverted
sequentially rather than simultaneously (Fig. 1D). The bias
in signal intensities resulting from relaxation during the
Hadamard encoding stage can be compensated for by
reversing the encoding sequence in alternate scans.

4. Results

We have first recorded a Hadamard encoded 2D proton
driven spin diffusion (Figs. 2A and B) spectrum of [U-'3C]
histidine with a mixing time of 1 ms. As expected, no cross
peaks among the carbon resonances were observed in the
spectrum. Histidine '*C-'3C 2D dipolar assisted rotational
resonance (DARR) [16,17] spectra with mixing time of 1ms
recorded using the conventional Fourier and the Hadam-
ard sequentially encoded pulse sequences (Figs. 2C and
D) are shown in Figs. 3A and B, respectively. DARR uti-
lizes the *C-'H dipolar interaction, and is related to a
combined rotor-driven and 'H driven mechanism. The
13C-'H dipolar interaction is recovered by CW irradiation
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Fig. 1. Modes of Hadamard encoding. The transverse encoding uses simultaneous selective: excitation (A) or refocusing (B) schemes. The selective
excitation pulses are applied with phase that is alternated between 0° and 180° according to the chosen Hadamard matrix. The selective refocusing pulses
are applied with 0° or 90° phase and are preceded by a hard excitation pulse. The longitudinal encoding uses simultaneous (C) or sequential (D) selective
inversion schemes. In (C) the inversion pulses are applied or omitted according to the chosen Hadamard matrix. In (D) the selective pulses are either
applied or replaced by delays of equal length according to the chosen Hadamard matrix.
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Fig. 2. Proton driven spin diffusion pulse sequence with the conventional evolution period in (A) replaced by the Hadamard encoding pulse in (B). DARR
pulse sequence with either the classical evolution period (C) or the Hadamard encoding pulse (D). (E) Selective Hadamard encoded 'H-'*C HETCOR
pulse sequence using 'H acquisition to be able to apply Hadamard transform in the indirect dimension. The five pulse sequences always start with a
"H—!3C CP transfer, and use two hard /2 pulses on the carbon channel. Decoupling is always performed during acquisition, the 7, period and the

Hadamard encoding pulses.
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Fig. 3. [U-'3C] histidine 2D DARR spectra with mixing time of 1 ms recorded using the conventional Fourier (A) and the sequential Hadamard encoded

(B) pulse sequence. vg = viy = 15 (A) or 19 (B) kHz. Recycle delay = 10 s, eight scans. The experiment time is c.a 18 h for the conventional experiment (A)
and only 10 min for the Hadamard experiment (B).
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with proton field intensity satisfying the rotary-resonance
condition vy =nvg (n=1 or 2). The number of points
in #; dimension for conventional phase sensitive hyper-
complex 2D experiment was 400. There are six resolved
peaks for histidine '*C MAS spectrum, and thus we have
chosen using a matrix size of eight for Hadamard encoding.
Therefore, the total experiment time of Hadamard 2D
DARR acquisition was only 1/100th of that of the conven-
tional experiment. The Figs. 4A and B show traces from
the conventional and the Hadamard encoded 2D DARR
spectra of Fig. 3 as indicated by arrows, respectively.

We have recorded similar '*C-'*C DARR 2D spectra
on [U-"*C] phenyl-alanine using mixing time of 10 ms.
There are eight different carbon species for phenyl-alanine,
and we thus used a Hadamard matrix Hg, which required
less than 3 min of experiment time. However, with magnet-
ic field of 14.1T, the two overlapping resonances at
127 ppm, are hardly resolved and are thus treated as a sin-
gle resonance with Hadamard encoding (Fig. 5).
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To determine the secondary structure of molecules, it is
important to obtain rough estimates of the distances be-
tween carbons from the polarization transfer rate of
13C-13C. This can be obtained from the build-up curves
of the cross peaks determined from DARR experiments.
Recording of several conventional 2D experiments with
different mixing times is very time consuming. Therefore,
a fast 2D method is expected to result in considerable sav-
ings of the precious spectrometer time. Fig. 6 shows the
dependence of the normalized difference magnetization ob-
served on [U-">C] alanine, <M;-M5> (,,)/<M;~M5> (0),
versus the DARR mixing time at 19 kHz sample spinning
speed. Total experiment time to obtain six Hadamard
encoded 2D spectra of mixing times ¢, = 1, 2, 5, 10, 20,
and 50 ms was only 6 min. From this dependence curve,
it is obvious that C, and Cg so that C; and C, are directly
bonded, in opposite to C; and Cg.

[U-'3C] alanine Hadamard encoded '"H-'>C CP inverse-
detected HETCOR [18-21] spectrum (Fig. 2E) is shown in
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Fig. 4. F, traces taken from the [U-'>C] histidine '*C-'*C DARR spectra shown in Fig. 3A and B as indicated by arrows at F; = 139 ppm. (A)
conventional Fourier (B) sequential Hadamard encoded pulse sequence. The * indicate spinning sidebands (vg = 15 (A) or 19 (B) kHz) of resonances
situated at 27 ppm (left star) and 139 ppm (right star). The little spikes in both slices near 135 ppm arise from the tail of the diagonal resonance at 135 ppm.
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Fig. 5. DARR spectrum of [U-'*C] phenyl-alanine with mixing time of
10 ms. vg = vig = 19 kHz. Recycle delay = 5 s, 4 scans. Hadamard matrix
Hjg. Total experiment time =8 x4 x 5s =160 s.
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Fig. 6. Dependence of the normalized difference magnetization, <M -
Mo>(t,)/<M— M5>(0) for [U—”C] alanine, versus the DARR mixing
time. vg = vy = 19 kHz. Recycle delay = 2 s, 8 scans. Hadamard matrix
Hy. Total experiment time =6 x4 x 8 x2s=384s.

Fig. 7. This 2D spectrum was recorded with a Hadamard
matrix Hy, with eight scans and a recycle delay of 2 s; there-
fore the total experiment time was only 1 min. For solid
state inverse-detected HETCOR experiment involving pro-
tons, very high speed sample spinning is necessary to re-
duce '"H-'H homonuclear dipolar interactions. Therefore,
the sample volume is then very limited and numerous scans
are usually required to obtain conventional 2D spectrum.
However, as shown in Fig. 7, a hetero-nuclear correlation
spectrum could be obtained in very short time with only
20 mg sample volume by using the Hadamard encoded

pulse sequence. It must be noted that the relative intensities
of the 'H projections (Fig. 7 right) are strongly affected by
the double cross polarization process.

5. Conclusion

Experiment time of conventional nD experiments can be
reduced by several orders of magnitude using Hadamard
encoding and excluding the “non-useful” spectral regions.
The conventional Fourier transform is replaced by Hadam-
ard transform. Combination of selective pulses and Had-
amard transform is very effective not only in separated
local field 2D experiments [8], but also in correlation 2D
experiments for solid state NMR. This concept is especially
useful in nD experiments performed with high-field spec-
trometers, to resolve more easily resonances, on well crys-
tallized samples presenting a limited number of resonances.
It must be noted that the use of long selective pulses under
MAS may reintroduce several interactions when the spin-
ning speed is smaller than the size of these interactions
[22]. This reintroduction may be avoided by using a mul-
ti-frequency DANTE irradiation [23] instead of long selec-
tive pulses as used in our experiments. While in the present
work the method has been applied to samples with relative-
ly sharp lines, there is no reason to believe that this is a lim-
itation of the method. Indeed, the duration of the
Hadamard encoding pulses is adjusted to the line-width
and in the case of broad lines the encoding period is re-
duced accordingly. Hence, if there are empty spectral re-
gions in spectra with broad resonances, the Hadamard
method is still applicable.

As pointed out previously [24,25], any of the fast NMR
methods is only advantageous when the S/N ratio is suffi-
ciently high. When extensive signal averaging is required,
the speed advantage is lost. However, the spectrum editing
feature that is automatically included with the Hadamard
method may still be useful. In this sense it differs from
the other fast methods, such as the single-scan spectrosco-
py [26-28], the SOFAST method [29], radial sampling [30—
33], and non-linear [34-36] sampling techniques. Further-
more, when it comes to comparing the sensitivity, the Had-
amard method is known to outperform the Fourier method
and in some cases we have indeed observed significant
improvements in the signal to noise ratios per unit time
in the Hadamard spectra as compared to the conventional
Fourier 2D and 3D experiments (see for example Fig. 4).
Further increase in sensitivity can be gained by combining
the Hadamard encoding in the indirect dimensions with
ANAFOR [37,38] treatment in the direct dimension.

6. Experimental

All solid state NMR spectra were performed with Vari-
an UNITY INOVA-600NB with 3.2 mm T3 HXY MAS
probes. All other experimental specifications are given in
the figure captions.
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Fig. 7. [U-'3C] alanine Hadamard encoded "H-'>*C HETCOR spectrum recorded with Hy, Hadamard matrix, with eight scans and a recycle delay of 2 s.
vg = 17 kHz. Total experiment time = 4 x 8 x 2's = 64 5. The 1D spectra displayed on the top ('*C) and left side ('H) are not projections nor summation of
this 2D HETCOR spectrum. They are individually obtained '*C CPMAS and 'H MAS spectra, respectively.
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