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New methods for optimum separation of °H MAS NMR spectra
are presented. The approach is based on hypercomplex spectros-
copy that is useful for sign discrimination and phase separation. A
new theoretical formalism is developed for the description of
hypercomplex experiments. This exploits the properties of Lie
algebras and hypercomplex numbers to obtain a solution to the
Liouville-von Neumann equation. The solution is expressed in
terms of coherence transfer functions that describe the allowed
coherence transfer pathways in the system. The theoretical for-
malism is essential in order to understand all the features of
hypercomplex experiments. The method is applied to the devel-
opment of two-dimensional quadrupole-resolved ’H MAS NMR
spectroscopy. The important features of this technique are dis-
cussed and two different versions are presented with widely dif-
ferent characteristics. An improved version of two-dimensional
double-quantum *H MAS NMR spectroscopy is developed. The
conditions under which the double-quantum experiment is useful
are discussed and its performance is compared with that observed
for the quadrupole-resolved experiments. A general method is
presented for evaluating the optimum pulse sequence parameters
consistent with maximum sensitivity and resolution. This ap-
proach improves the performance of the experiments and is es-
sential for any further development of the techniques. The effects
of finite pulse width and hypercomplex data processing may lead
to both intensity and phase distortions in the spectra. These effects
are analyzed and general correction procedures are suggested. The
techniques are applied to polycrystalline malonic-acid-*H, for
which the spinning sideband manifolds from the carboxyl and
methylene deuterons are separated. The spinning sideband man-
ifolds are simulated to determine the quadrupole parameters. The
values are consistent with previous results, indicating that the
techniques are both accurate and reliable. © 1999 Academic Press

Key Words: separation of deuteron MAS NMR spectra; hyper-
complex spectroscopy; quadrupole-resolved and double-quantum
experiments; Lie algebra and coherence transfer; optimum pulse
sequence parameters.

INTRODUCTION

materials 1). The most important property of deuteron spectre
is that the lineshapes are dominated by the quadrupole inte
action. This is characterized by the quadrupole coupling cor
stantC, and the asymmetry parametgs. For deuterons the
guadrupole coupling constant is known to be relatively smal
(Co = 250 kHz) and because the quadrupole interaction i
dominated by intramolecular contributions from the axially
symmetric deuteron bond the asymmetry parameter is close
zero (o = 0.10). These features result in relatively simple
spectra and lineshapes that are sensitive to both molecul
structure and motion.

The most important limitation of the method is that finite
receiver recovery time may result in severe distortions of th
spectra. This is understood from the fact that the quadrupo
interaction results in a decay of the signal that is usually short
than the time required for receiver recovery. It is therefore
impossible to acquire an undistorted signal within the shoi
decay period. This problem has been overcome by the qua
rupole echo technique( 3) where a pulse sequence is used tc
form an echo at a time after the last pulse that is longer than t
receiver recovery time. Because deuterons have a relative
narrow isotropic shielding range quadrupole echo spectra
polycrystalline systems with several structurally nonequivaler
sites are not resolved unless the quadrupole parameters dif
widely. This implies that the quadrupole echo experiment i
most useful for selectively labeled samples. Another limitatior
is that the long delay periods in the quadrupole echo sequenc
may result in severe intensity l0s4)(

The use of deuteron magic angle spinning (MAS) NMR
spectroscopy has been suggested as a method for avoiding
problems with overlapping spectr&<9). In this method me-
chanical rotation of the sample is used to impart a coherel
averaging of the quadrupole interaction. The rotation fre
guency is usually less than the magnitude of the quadrupo
interaction and the averaging results in a manifold of narrov
spinning sidebands. This improves both the resolution and tt

NMR spectroscopy are used extensively for the investigatiBfmerous examples. For polycrystalline samples with sever
of molecular structure and dynamics in a wide variety of soligfructurally nonequivalent sites the spinning sideband man

folds overlap. Although this does not necessary affect th
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the spectra. For many important systems the spectra are nc
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symmetric because of anisotropic shielding or paramagneticimplement experimentally. It is obvious that the previously
shifts (10—19. In these cases the assignment of overlappimgoposed experiments have several advantages for param
sidebands is difficult and can often only be done by recordimgtic solids. However, our pulse sequences are designed to g
the spectra with different rotation frequencies. optimum sensitivity and resolution and lead to spectra with .

This suggests the use of two-dimensional technigli8st¢  minimum of experimental artifacts. This implies that the ap-
separate the spinning sideband manifolds. A recent exampl@isach presented here is superior for most solid materials.
two-dimensional one-pulse (TOP) spectroscofy).(In this The two-dimensional quadrupole-resolvéd MAS NMR
experiment the separation of the spectra is achieved by restretperiments described above are not always sufficient to r
ing the length of the evolution period to an integer multiple cfolve overlapping powder spectra. This is the case when tt
the rotation period and recording the decay of one rotationasidual linewidth of the individual spinning sidebands is com:
echo in the detection period. The TOP spectra are representadable to the isotropic shielding range. This situation is com
by broad lineshapes, which imply a significantly reduced semon in the presence of molecular motion that contributes to tt
sitivity. Because the TOP experiment includes no mixing peesidual linewidth either directly or indirectly through a relax-
riod a nhonsymmetric disposition of coherence transfer pathtion mechanisml@). Other contributions to the residual line-
ways is enforced in the evolution period. The spectra avadth are second-order dipole and quadrupole interaction
therefore represented by a superposition of absorption—absangtability of the rotation frequency, instability and inaccuracy
tion, absorption—dispersion, dispersion—absorption, and dispeithe angle setting, static field inhomogeneity, susceptibility
sion—dispersion lineshapes5-17. This feature is highly un- inhomogeneity, and a distribution of shielding and quadrupol
desirable because the dispersion components reduce itfieractions. It is obvious that these contributions reduce th
resolution significantly. resolution and sensitivity and complicate the interpretation c

In this paper several alternative methods are investigated the spectra. In this case the two-dimensional double-quantu
separating spinning sideband manifolds. The simplest &t MAS NMR experiment 20—23 presents opportunities for
proach is two-dimensional quadrupole-resolved one-ptHse both resolution enhancement and spectral simplification. A
MAS NMR spectroscopy. In this experiment the spinningnportant feature of the experiment is that the spectra al
sideband manifolds are separated by restricting the lengthimiiependent of the first-order quadrupole interaction and d¢
the evolution period to an integer multiple of the rotatiopend exclusively on the much smaller second-order quadrupc
period and recording the train of rotational echoes in thend first-order shielding interactions. The experiment is there
detection period. The experiment includes no mixing periddre less sensitive to the stability and accuracy of the angl
and the time domain signal may be obtained simply ars#tting. The resolving power of the double-quantum exper
efficiently by time shifting the train of rotational echoesment is much better than that observed in the quadrupol
Whereas the resolution is similar to that achieved in the TGPsolved experiments. However, because of line-broadenir
experiment the sensitivity is improved by reducing the spectedfects from the second-order quadrupole interaction, stat
to a manifold of spinning sidebands. To increase the resolutifield inhomogeneity, susceptibility inhomogeneity, and a dis
the two-dimensional quadrupole-resolved two-puiideMAS  tribution of shielding and quadrupole interactions the resolu
NMR experiment is proposed. This experiment is characterizédn enhancement is generally less than expected and depel
by a symmetric disposition of coherence transfer pathwayson the actual lineshape. Another important property of th
the evolution period. The spectra may therefore be represengageriment is that the spectra provide information about strut
by pure absorption—absorption lineshapes which result in ture and dynamics that is complementary to that derived fror
improved resolving power. other techniques.

It is noted that both two- and three-pul8d MAS NMR The inherent sensitivity of two-dimensional spectroscopy i
experiments have been presented in the literature for separatilgtively low, thereby impeding the general utility of the
paramagnetic and quadrupole interactions in soli@ (These technique. In this paper an approach for optimizing the sens
experiments are complementary to the one- and two-pulbdty and resolution is presented. This improves the perfor
guadrupole-resolved experiments introduced in this paper. Tiance of the experiments significantly and the results at
previously proposed two-pulse experiment is not phase serviously important for any further development of the tech.
tive whereas the three-pulse sequence makes it possiblenigues. The experiments are based on hypercomplex spectri
obtain pure absorption—absorption lineshapes. The most impawpy that has been used for more than a decade to obte
tant disadvantage of these experiments is that the pulse glease-sensitive spectrd6 17. Although the hypercomplex
guences are highly susceptible to effects of finite pulse widtlata processing procedure is well known and used routinely ¢
although the three-pulse sequence compensates somewhaifamny spectrometers there has not been developed any co
the distortions. Moreover, for both pulse sequences it is difflete theory to describe the form of hypercomplex spectra. It i
cult to realize the exact pulse rotation angles and this maygeneral assumption that the hypercomplex data processi
introduce additional artifacts. The pulse sequences discussegrocedure only leads to sign discrimination and phase sepal
this paper do not have these disadvantages and are much edisier This is true in the case of ideal rf irradiation (strong anc
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short pulses) and for experiments with symmetric coherence 3T T

transfer pathways in the evolution periods. However, for non- P 2Am, A’ (1]
ideal rf irradiation (weak and long pulses) that is often un-

avoidable in s_olld-state e_zxpenments the for_m of the hypercor\]ﬂvhereAml, ..., Am,_, are the orders of coherence at the
plex spectra is not obvious. In order to simulate the spec

S . %ginning of the respective evolution periods akd,, ...,
correctly it is necessary to take into account the effects of bo L., are the corresponding sampling periods. In anothe

nonideal rf irradiation and hypercomplex data processing. TrHeBproach 16, 17 a series of complementary experiments is
paper presents a theoretical formalism based on density o L rformed th’at differ by 3/2Am 3/ 2Am.. . radians
1y == =y N-1

ator algebra for calculating hypercomplex spectra. The formal- e phase of the coherences at the beginning of the respe
ism is used to describe the phase and intensity characteristica\pg"evolution periods. The phase shifts may be realized b

the two-dimensional quadrupole-resolved and double-quantm@orporaﬂng into the phase cycle elements in which the phas

2 . )
H MAS NMR experiments. It. is shown how the resu_lts may be the preparation and mixing propagators are defined ind
combined with an optimization procedure to obtain the beﬁgndently by

X-

sensitivity and resolution. The approach is demonstrated

perimentally by acquiring a series of spectra of polycrystalline

malonic-acid?H,. These are analyzed to obtain the quadrupole o = {0 3m } 2]
parameters for each structurally nonequivalent deuteron. “ "2Amy)

This scheme represents a succession"of thdependent ex-

THEORY periments for each of which the time domain signal is kep
separate and stored as a component of a hypercomplex tir
Hypercomplex Spectroscopy domain signal. Pure phase lineshapes are obtained by subje

ing the time domain signal to a hypercomplex Fourier trans

To provide the theoretical framework for hypercompleformation. It is noted that the performance of the hypercom
spectroscopy this section describes the elements of hypercqiex experiment is not degraded because each of thé 2
plex density operator algebra. This formalism forms the basismponents is recorded with the number of transients reduc
for the development of the experiments described in the ndxt a factor of 27"
sections. The experimental scheme consists of a preparatiofror phase-sensitive spectroscopy both methods presuppc
period andN — 1 mixing periods that separatd — 1 that two symmetrically disposed coherence transfer pathwa:
evolution periods of lengths,, ..., 7y_; and a detection are retained by phase cycling in each evolution period and th
period of lengthry. To sample the evolution periods a series dhe coherence transfer functions have equal amplitude. Tl
experiments is performed with systematic incrementation pfocedures therefore require that a total df ‘2different
Ty, ..., Tno1- FOr each value of, ..., 7y, the detection coherence transfer pathways be retained. Furthermore, t
period is sampled in quadrature to define the time domaimethods are only applicable for pure amplitude-modulate
signalz(r4, . .., Ty). TO Obtain a convenient representation ofime domain signals. The procedures have equal performan
the spectrum the time domain signal is Fourier transformeddod data storage requirements and the only differences &
define the frequency domain signdlw,, . .., wy). In order defined by the data handling procedures and the type of Fouri
to achieve sign discrimination in the,, ..., oy dimensions transformation applied with respect to, ..., 7y_;. This
it is useful to implement quadrature detection in both th&ection develops a theoretical framework for describing hype
evolution and the detection periods. This reduces the rf powarmplex experiments that represents a generalization of pre
and data storage requirements to a minimum. Furthermore ptgs approaches by including arbitrary coherence transfer pr
improve resolution and to avoid cancellation effects it is deesses and experiments of arbitrary dimension.
sirable to implement phase-sensitive spectroscopy whereby th&he approach is based on hypercomplex numb2gs that

phase may be adjusted independently in thg ..., oy are spanned by the hyperimaginary unis. .., iy and all
dimensions to suppress the dispersion components. their distinct products. The hyperimaginary units satisfy the
While quadrature detection in the detection period isquationS i, = —1,in, = inm @andig(ini,) = (inin)in =

straightforward to arrange4) its accomplishment in the evo- —i,. It is important to note that the square root function is no
lution periods has only been achieved in phase-sensitive spaefined for hypercomplex numbers. This implies that, =
troscopy by two complementary procedures. In one approaell only has the trivial solutiomn,, that cannot be expressed as
(25) the preparation and mixing propagators are subjectedtte square root of- 1. If this had been the case the prodygt,
Time Proportional Phase Incrementation (TPPI). In this procerould have been equal to 1 and the hypercomplex numbers
dure the phaseg, ..., ¢y, Of the preparation and mixing would be undefined. In hypercomplex spectroscopy it is cor
propagators are incremented independently and systematicaiyient to describe the state of a statistical ensemble by tl
in proportion toty, ..., Ty_;. This is expressed by hypercomplex density operator
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a(t) = o(t, @) where

+ z E ikl' . ‘ikpa-(tv Py - kp)7 <|m|(T(t, Py - k)>

1=p=N-1 1=k=- - =kp=N—-1 on(t, Py - kp) = (I || ) [l
mlitm

(3]

) _ .. define the alignments and coherences of the nuclear spin €
wherea(t, i, «,) are the density operators for the individualgmple |n this approach the time evolution of the system |
experiments Z7). These are identified by the phase angleg.scriped by
¢k, k, Used for quadrature detection. It is noted that the
hypercomplex density operator is an entity that is introduced
mainly for computational convenience. Its existence is justified
by the fact that it is necessary to know the outcome of each
individual experiment in order to determine the intensity and :

! ; . where the coherence transfer functions
phase relations in the spectra. The density operators
o(t, ¢k, «,) evolve independently according to the hypercom-

plex Liouville—von Neumann equation

on(t, ¢ry. k) = 2 fonlto, t, @p k) Tm(to, @k, - &), [10]

m

<ImAd(F(t01 tv 1 - p)) In>
fmn(tov t, Pry- - ko) = | <|m||m(§k . | [11]

%|a(t, Pup - k)) = —INAA(H(L, @i, . ))|o(t, @y . &), provide all the _infc_eration about the time _evolution of the

[4] system 28). This is represented by a series of coherenc

transfer processes. As an example the coherence transfer fu
tion fow(to, t, @k, «,) describes the transfer from a statg(t,,
ko) t0 on(t, @, «,) during the period front, to t. This

alism is very convenient for describing the state of ¢

where H(t, ¢y, ) are the individual Hamiltonians2y).
These may be understood as components of the hypercomé@ér

Hamiltonian nuclear spin ensemble and for keeping track of the variou
coherence transfer processes in the system.

H(t) = H(t, ¢o) The Lie algebra formalism is probably unfamiliar to most

+ > D e - dH( 9 1) spectroscopists and one may ask whether it is essential for t

analysis of the experiments. The first thing to note is that th
usual density operator formalism is completely equivalent to

[5] Lie algebra approach based on single transition step operatc
and polarization operator4g). This demonstrates that there is
Again the existence of the hypercomplex Hamiltonian is jugry fundamental difference in the two different approaches
tified mainly because it gives a precise description of thghys, all the results presented in this paper could in principl
hypercomplex experiment. With an initial condition the soluhaye been derived by standard density operator algebra. Ho
tion is ever, there are several important advantages of the Lie alget
approach. One important distinction is in the description of the

lo(t, . - 1)) = Ad(F(to, t, @ . 1)) o(to, @i . &), [6] states of the nuclear spin ensemble and the allowed coherer
transfer pathways. The usual density operator algebra identifi

where Ad is the adjoint representatic8( and the propagator the states by the _cohere_nce order and _coherencg transfer
cesses are described simply by the difference in coheren

order. For many applications this simplification may be justi-

) 7] fied but for a complete description of the states and coheren

1=p=N-1 1=ki=- - =kp=N-1

transfer pathways the Lie algebra approach is necessary. /
example is given by a deuteron spin system for which densit
operator algebra identifies only two single-quantum coherenct
In order to provide a complete description of the coherengg orders one and minus one, respectively. However, with th
transfer processes in the nuclear spin ensemble it is usefubp@up generators defined by irreducible tensor operag8k (

exploit the properties of the corresponding Lie alget#8).( the Lie algebra approach identifies four different single-quan
Because the group generatéfsare orthogonal and completetym coherences that are defined as dipoles and quadrupo

t
F(tOI tl (Pkl- . kp) = T eXF( _iN f H(Tl (Pkl- . kp)dT

to

the density operator may be expressed as depending on the multipole character of the states. This met
odology makes a distinction between coherences of the sar
ot, P . &) = > oty o, . i) ms [8] orderand clearly gives a much more detailed description of th

m state of the nuclear spin ensemble. Similarly, the density of
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erator approach identifies a coherence transfer process onlyathere
the difference in coherence order. This implies that any coher-

ence transfer pathway is defined by a superposition of several (7, ... =, Puy k) = Ox(Te + oo s TRy Pre - k)

nonequivalent coherence transfer processes. The Lie algebra

approach on the other hand identifies all nonequivalent coherZ(Ti - -+ Tn Qi i) = Oy(T1 - oo T Pr i)y [16]

ence transfer processes, thereby providing a much more de-

tailed description of any experiment. represent two different phase quadrants. As a result a total
Another advantage of the Lie algebra approach is that ok phase quadrants are defined which forms the basis for :

may exploit the symmetry properties of the system to redugelependent phase adjustment in thg . . . , wy dimensions.

the number of coherence transfer pathways. Because the def-he hypercomplex frequency domain signal is defined by
sity operator approach is equivalent to the use of single tran-
sition step operators and polarization operators it is highly " "
inefficient for the description of nonselective coherence trans-z(w,, . .. , w,) = J exp(—i,w,7)dr,- - J'

fer processes. However, in a Lie algebra approach based on . .
irreducible tensor operator2g) the number of allowed coher-

ence transfer processes is reduced significantly. This mini- XzZ(7y, ... )eXp(—inoyTy)dry,
mizes the computational effort and is reflected in much simpler [17]
expressions. As an example the number of coherence transfer

functions involved in the calculations presented in this paper §hich represents a hypercomplex Fourier transform of the tim

are reduced by a factor of 2 simply by implementing thgomam signal 26). In a hypercomplex experiment the time

irreducible tensor operators. Moreover, because all expres&a
omain signal can be expressed in multicomplex form by
are defined in terms of coherence transfer functions it is

simple matter to identify which coherence transfer pathways
lead to the individual terms. This is important for optimizing
the experiments because this is based on maximizing partlcula?(Tl’ o) = T fiexplin — Admoexplive),  [18]
coherence transfer pathways. k=1
The hypercomplex density operator may be expressed as a
function of the lengths of the evolution and detection period¢heref, are the amplitude factor§), the angular frequencies,

The corresponding hypercomplex time domain signal is A« the transverse relaxation rates, apdthe phase factors. It
is noted that a multicomplex number is defined as a product «

[12] independent complex numberg6f. These are of particular

interest in this context because they represent the only form f
which pure absorption lineshapes can be obtained. Because ¢
complex number has an exponential representation this defir

21y, oo, m) =(o(Ty, o T,

wherel, = I, + iyl,. The equation can be rewritten in the

form tion is consistent with the above expression. The multicomple
frequency domain signal is
Z(Tl, P ITN) = Z(Tl, ey TN (Po)
+ E z ikl. ' ikp N
1=p=N-1 1=ki=- - =kp=N-1 Zwy, . ..,w0y) = H fill Ao — Q)
k=
X 2Ty, o T P k) [13] b |
+ i Do — Q) lexplive),  [19]
where
where
Z(Ty o T Pl k) = (O(T1 e T Pl i) 1)
Ay
[14] Adog— Q) =5,
k( k k) )\i"'[wk_ﬂk]z

are the time domain signals acquired in the individual experi- Q
ments. The time domain signals can be rewritten in the form k— D

P RN PN ES 20

Z(Tl, ey TNy Py - kp) = Zx(Tl! e TNy Py - kp) X . . . .
are Lorentzian absorption and dispersion lineshapes, respe

T INZ( T o T Pl i) tively. The phase factors may be eliminated by independel
[15] phase adjustment either before or after hypercomplex Fouri
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a ! ! H(t, @0, 01) = AP + AP(op)
’ " | N 5 LAY + AP 21
: i +i,[HQ' (1) i (@], [21]
73

to 4 ts
i n it which involves the first-order quadrupole and rf interaction:
ﬁ (29, 30. In the absence of rf irradiation the hypercomplex
e ~C Hamiltonian takes the form

-2

H(t) = APt + H2(t) + A%

b @ nT, . T, /E\ T, /\ +i[HPM) + A2 + HAWD], [22]
t t t ts ' ts where the first- and second-order quadrupole and first-ord
ot T Tp2 72 shielding interactions are included. The individual interaction:
Jﬁ — ~ may be expressed in terms of irreducible cartesian SU(2) tens
9 < AN operators for SU(3) to give
-2

HP(¢) = wdcod o)l + sin(e)l,],

C ' 1
@ g2 | nTe | @ T E HY(t) = NE g (D,
i v

to t; ta i3 t ts 13 ~
Tpt Td Tp2 1 Tp3 T2 H(QZ)(t) = wg)(t)lz,
2 .
N - aY AWM = 001, [23]
y < \.
- AN 2 D _ ,
-2 wherew’(t) is the first-order quadrupol&$’(t) the second-

FIG. 1. Experimental schemes used for two-dimensional (a) quadrupolerder quadrupole, and$(t) the first-order shielding fre-

resolved one-pulse, (b) quadrupole-resolved two-pulse, and (c) double-qugarency £8). The angular transition frequencies are defined b
tum °H MAS NMR spectroscopy.

od(t) = BAX(L),

transformation. This implies that the hypercomplex frequency wg>(t) - _ i [[AD]2 + [AXD)]?
domain signal may be represented in pure absorption mode. 8w
+[AZ_ ()] + [AZ(D]7,
Optimum Two-Dimensional Quadrupole-ResolVEdMAS W 2wy o
NMR Spectroscopy ws'(t) = = Aull) + Wi, [24]

\!
The simplest approach to separéteMAS NMR spectra is which are expressed in terms of the elements of the secon

the two-dimensional quadrupole-resolved one-pulse expetiny jrreducible cartesian quadrupole and shielding ters@ts
ment. The pulse sequence that is illustrated in Fig. 1a mvolvgﬁdA(sz)_ These can be obtained from

nonselective rf irradiation and is characterized by a nonsym-

mgtric dis_position of coherence transfgr pathways. in the evo- (AD(1)] = (a@(1)|T @(Q,) T 2(Q)T 2(Q4(1)),

lution period. The hypercomplex density operator is therefore

expressed most conveniently in terms of irreducible SUR)  (AG (1] = (agd' () |T @ (Q)T @(Q4(1)), [25]

tensor operators for SU(3). However, in order to facilitate

comparison with the other experiments described in this pa;%l?ere

the hypercomplex density operator will be expressed consis-

tently in terms of irreducible cartesian SU(2) tensor operators

for SU(3). The form and properties of these operators are 1

described elsewher@®) and will not be discussed here. ad = 5 Csl=ms 0, V3.0, 0, [26]
The hypercomplexH MAS NMR Hamiltonian can be ap-

proximated in the presence of rf irradiation by the truncatedte the principal second-rank irreducible cartesian quadrupo

Magnus expansion and shielding tensor28). These are expressed in terms of the

8 = o % i =m0 0,13, 0,0
@ T akf2k — 1] 1M Py O T
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quadrupole coupling consta@,, the shielding anisotrop§€s, which are the phase angles for the first-order quadrupole i
the asymmetry parametey, for the quadrupole interaction, teraction and the second-order quadrupole and first-ord
and the asymmetry parametgg for the shielding interaction. shielding interaction, respectively.

The second-rank irreducible cartesian representation matrixThe length of the evolution period must be an integer mul
'®(Q) defines the transformation&8). The relative orienta- tiple of the rotation period’, = 2w/, for complete coherent
tion of the principal axes systems of the shielding and quaaveraging. With this restriction the coherence transfer func
rupole tensors is given by the Euler anglés= {«y, B, yi}.  tions in the evolution period simplify to

The transformation from the principal axis system of the quad-

rupole tensor to the rotor-f_ixed gxis s_ystem is specified by foy(ts, 1) + iyfy (t, 1) = fou(ty, 1) — iaf(ty, 1)

Q, = {a, B2 v.}- The relative orientation of the rotor- and

laboratory-fixed axes systems is defined(yt) = {wt, 6, 0}, = fradty, t2) = iafigylty, 1)
v_vheree is th_e angle between th_e rotation axis and the magnetic = fypyltn, to) + i1fi, oty t)
field andw, is the angular rotation frequency. )
The detailed evaluation of the hypercomplex time domain = explis[wigo + woslTy),  [30]
signal follows the general principles outlined in the previous
section. The results reveal that wherewy, is the angular isotropic shielding frequency angk
is the angular centerband second-order quadrupole frequen
2(7y, T2) = 0yte) 2 [fumlta ta) + iafymlts ta)] These terms represent the time-independent parts of the int
m=xy actions and are not eliminated by the averaging process. In tl
X [ fny(t 1) + iafm (s, )], (Lo, th, O) detection period th(_a cohe.rence transfer functions may be e
_ panded in the Fourier series
+ Uz(to) 2 [fx,m(tZa t3) + Iny,m(t21 t3)]
e fy,y(t21 t3) - izfx,y(tZa t3)
% .
[fm,xz(tla tz) Ilfm,yz(tlr tz)] fxzz(th tly [02)17] — fx,x(t21 ts) + izfy,x(t21 t3)

%

= E amexqiz[mwr T Wigo T wQs]Tz),

fy,xz(t2| t3) - i2fx,xz(t21 tS)
= _fx,yz(tZa t3) - iny,yz(tZy t3)

where the coherence transfer functions

fyy(ty, to) + iy ((ty, t5)
= fox(ty, tp) — iy (ty, to)
= fxz,xz(tll t) — ilfxz,yz(tli to)
= fy oty 1) +igfy, o(ty, 1)

%

= Z bmexliiz[mwr + C’)iso+ wQS]72)1 [31]

= €09 6,(ty, t,))expi 0,(ty, to)), m=—c
fy,y(t21 t3) - izfx,y(t21 t3) . . .
) where the expansion coefficierdg andb,, are subject to the
= fux(ta, ta) + 05, K(to, o) restrictions
= €09 6,(t,, t3))expli0.(ty, ts)),
fy,xz(tZr ts) - i2fx,><z(t21 ts) aim - am' bim - _bm'
= _fx,yz(t2= t3) - i2fy,yz(t21 ts) “ -
= Sin(B(t t)explinfilt t), (28] 2 an=l 2 bn=0. [32]

are defined in terms of ) ) )
From the above equations it can be deduced that the tin

domain signal takes the form

0.(to, t) = J (D(Ql)(’T)dT,
2rm) = Y [i2lh + i2lexpl[,0, — Al
Oulte, ) = f [0§(7) + 0f(n)ldr, (2]

to X exp([i,Q5" = Az]7o), [33]
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where 10.0
Z(ln(;) = ZE)T) = [amfy,z(tO! tll O) + bmeZ,Z(tOl tli 0)]0-2(':0)
[34]
are the amplitude factors and
Ql = Wijsp + wQSa
Q" = Mo, + o+ 0os [35] 0.0-
25 50 75 100

define the angular transition frequencies. The time domain vt (KHz)

signal has been modified to include the transverse relaxation

: : : : _FIG. 2. The optimum preparation pulse lengthas a function of the rf
ratesA, andA, in the evolution and detection pel’IOdS, reSpe(f\ield strengthw, for the quadrupole-resolved one-pufé¢ MAS NMR exper-

tlvgly. This approach does not reflect a”_the relaxation PrORent. The calculations employed the quadrupole coupling consEants100
erties of the system but is generally sufficient to evaluate thgz (solid), C, = 150 kHz (dot-dashed), an€, = 200 kHz (dotted),
lineshapes. asymmetry parametaf, = 0.10, and rotation frequenay = 5.0 kHz.

The frequency domain signal can be expressed in the form

" of the technique. The optimum preparation pulse length i
Z(wy, wy) = O [14Z4D + i,z obtained by maximizing the function

m=—o

X Ly(w; — Q) Ly(w, — QF), [36] y(t,) = | z z\m. [38]
M= —co
where
For a polycrystalline sample the amplitude factors diffel
Ly(w; — Q1) = Aj(w; — Q) + i;Dy(w;, — Q)), among the crystallites and the object is to maximize the pow
. der-integrated amplitude factors. The global maximum pdjnt
Lo(w, = QF) = Ay(w, = QF7) + i:D5(w; — QF), [37] s defined as the optimum preparation pulse length. This |
shown in Fig. 2 as function of the rf field strength for different
are Lorentzian lineshapes. The equations reveal that sign djsadrupole coupling constants. In order to describe the resu
crimination has been achieved in both frequency dimensioitss convenient to introduce the quantity, = 7, — 7} that
and that a symmetric spinning sideband manifold with Lorentaeasures the difference between the optimum preparatic
zian sidebands atdf;, w,} = {Q,, Q{"} defines the spec- pulse length obtained for nonideat) and ideal ¢; = 7/2w;)
trum. For a system with several nonequivalent deuterons ttiérradiation. It is seen thad, is a decreasing function of the
spinning sideband manifolds are separated inithdimension rf field strength that converges asymptotically to zero and a
provided that the angular transition frequendigsdiffer suf- increasing function of the quadrupole coupling constant. Thi
ficiently. The spectrum is not multicomplex because of the readily understood from the facts that the rf interaction is a
nonsymmetric disposition of coherence transfer pathways iircreasing function of the rf field strength and that the quad
the evolution period. Thus, although sign discrimination haspole interaction is an increasing function of the quadrupol
been achieved in both frequency domains it is impossible ¢oupling constant.
obtain spectra that are represented by pure absorption—absorhe experiment makes it possible to obtain a sepatgte
tion lineshapes. This feature is undesirable because the dispeojection for each spinning sideband manifold. The projec
sion components reduce the resolution. tions are given by
Because the proportions of absorption and dispersion com-
ponents are identical it is impossible to improve the resolution. o
However, the sensitivity may be increased by carefully adjust- z(7, = 0, w,) = > [i,z{0 + i,z Ly(w, — QM),
ing the preparation pulse length to maximize the magnitude of m=—co
the amplitude factors. This leads to optimum two-dimensional [39]
quadrupole-resolved one-pulded MAS NMR spectroscopy.
Because of the inherently low sensitivity of two-dimensionalhich represents a symmetric spinning sideband manifold. It |
spectroscopy this is an important element in the developmeseien that the spinning sidebands may be adjusted to have pi
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absorption lineshapes. This is because the dispersion compo-

nents cancel out in the projection. The amplitude factors de- a

pend on the coherence transfer functions for the first-order

guadrupole and rf interactions. It is impossible to obtain exact ' l” “‘
expressions for these functions. However, the most importan allll
properties are defined by the first-order coherence transfer

functions that give an accurate description of the time evolu- b

tion of the system for short time interval®d). The projections

can be rewritten in terms of these to obtain “ “

]lth.

z(t, =0, 7)) = —[i; + ix]o,(to) D(to, t1)co36,(to, t)
+ 04(t5, t))expli 04ty ts)), [40] ¢

where the intensity distortion function HH\ ’m m '““
] i

-200  -100 0 100  200-200 -100 0 160 200
D(to, 1) = 20,(to, 1) v2 (kHz) v, (kHz)
0s -
Uto, 1) + 4603(to, 1) FIG. 3. Theoreticalw, projections for the quadrupole-resolved one-pulse

1 ’H MAS NMR experiment. The calculations used the quadrupole coupling
% sm( '91(t01 t) + 40p(t0’ t)) [41] constantC, = 200 kHz, asymmetry parametaej, = 0.10, and rotation

frequencies, = 5.0 kHz (left column) and, = 10.0 kHz (right column). The
figure represents spectra obtained under (a) ideal excitation conditions with t

. rf field strengthy, = 1000 kHz and optimum pulse lengtfj = 1.25 us and
depends on both,(t,, t) and the pulse anglé,(to, t) = wq[t (b) nonideal conditions withy; = 25 kHz andsf = 4.25 us. The phase

—to]. For ideal rf irradiation the expression reduces to distortion effects are demonstrated in (b) while (c) illustrates the result of :
first-order phase correction.

z2(1,=0,7) = —[i, + iz]Uz(to)Sin(op(to: ty))

X cog 0;(ty, ty))expliL0,(ty ts), [42]

The results can therefore only be explained by interferenc
which reveals that the projections obtained with nonideal between subspectra from different crystallit84)( However,
irradiation are subject to both intensity and phase distortionke relationship is important because the intensity distortion
The effects of the intensity and phase distortions are demaan be simulated very accurately by simple correction factor:
strated in Fig. 3, which includes projections calculated with It is generally impossible to correct for the phase distortior
both ideal and nonideal rf irradiation. The preparation pulsgtroduced by nonideal rf irradiation. However, for small prep-
length has been adjusted to optimize the sensitivity of thgation pulse lengths time shifting can effectively eliminate the
experiment. For normally accessible rf field strengths the ophase distortion. The form of the time domain signal show
timization enforces a considerable preparation pulse lengkat the condition for eliminating the phase distortion is
which justifies a thorough investigation of the distortion ef-
fects. It is seen that the intensity distribution in the manifold of
spinning sidebands is distorted in the spectra obtained with
nonideal rf irradiation. The effect is to suppress the intensity of
the high-order spinning sidebands whereas the low-order deherers is the time shift. The solution is approximated fy=
ning sidebands are relatively unaffected. This is apprommateg which is identical to that obtained for nonrotating sample:

described by the relative intensity distortion function Multiplying the frequency domain spectrum by a first-
order phase factor performs the phase correction most conv

. — niently. The procedure shown in Fig. 3 also illustrates the
Sin(0,(to, ) 1 + w407 [43] effect)é of thepphase distortion. It is r?oted that the first-orde
Sin(0(to, 1)) (1 + 04w’ phase correction is remarkably good even for spectra acquir

with large rotation frequencies.
which is analogous to that obtained for nonrotating samplesThe dispersion lineshapes inherent in the two-dimension:
(3). The results show a close agreement between the exact gnddrupole-resolved one-pulse experiment are undesirable t
approximate intensity ratios. This is unexpected because ttese of the reduced resolution and the possibility of cance
equations predict that the intensity distortion for a single crykation effects. This suggests the introduction of a mixing perio
tallite is distributed equally among all the spinning sideband® redefine the coherence transfer pathways. The result is t

%Ol(tm t) + 04(ty, t; — 79 = 04(ty, t3), [44]

d(te, t, w) =
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two-dimensional quadrupole-resolved two-pulsel MAS 10.0-
NMR experiment. The experimental scheme illustrated in Fig.
1b reveals that the mixing period results in a symmetric dis- 7.5

position of coherence transfer pathways in the evolution pe-
riod. The experiment therefore allows for pure absorption—
absorption lineshapes. However, the actual lineshapes depend
on the combined effects of nonideal rf irradiation and hyper-
complex data processing. This may be made more explicit by
considering the hypercomplex time domain signal that is sim- 0.0-
ilar to that obtained for the one-pulse experiment. The only
difference is the amplitude factors that are given by

Z) = [[ fou(ts, ta, 0)ay, — fy,,(ts, ts, 0)b] f,.(to, ty, 0)
+ [ fyydts ts, O)by,
— fuyto ta, 0)ag)
X fezato, ty, 0)]oy(to),

ZE)T) = [[ fy,y(tZ! t31 O)am + fxz,y(tZ! t31 O)bm] fy,z(t01 tl! 0) 25 SIO 75 100
+ [ fxz, xz(t21 t31 O) bm Vet (kHz)
+f, ot ts, 0)ay] FIQ. 4. The opt.imum preparation and mixing pulse lengthsandry, as
' functions of the rf field strength, for the quadrupole-resolved two-pul&e
X fxzz(tOu ty, 0)] o-z(to)_ [45] MAS NMR experiment. The calculations used the quadrupole coupling cor

stantsC, = 100 kHz (solid),Cq = 150 kHz (dot-dashed), ar@l, = 200 kHz

. otted), asymmetry parameter, = 0.10, and rotation frequency, = 5.0
The appearance of the spectra is therefore expected to(k?qg_ ). asy P e auency

similar for the one- and two-pulse experiments. It is noted that
the time domain signal is not multicomplex. The spinning
sidebands are therefore represented by a superposition of ab- - -
sorption—absorption, absorption—dispersion, dispersion—ab- Y(ron Tl = | 2 239 = | 2 z87). [46]
sorption, and dispersion—dispersion lineshapes. However, an m=- me
important difference exists in the phase characteristics of the , )
one- and two-pulse experiments. In the two-pulse experimérl’ & Polycrystalline sample the amplitude factors must b
two symmetrically disposed coherence transfer pathways &f@laced by powder-integrated amplitude factors. The glob:
allowed in the evolution period and the phase distortion is tfig@xImum point defmfs the optimum preparation and mixin
result of nonideal rf irradiation. This implies that the dispersioRUIS€ 1engths, and 7. These are shown in Fig. 4 as func-
components vanish in the limit of ideal rf irradiation. For thdons of the rf field strength for different quadrupole coupling
one-pulse experiment the phase distortion is an inherent featgPgstants. In order to undersgtand *the results it WS ”SSfUI t
that derives from the nonsymmetric disposition of coherenf@roduce the quantities,, = 7, — 75 andA, = 7 —
transfer pathways. For the two-pulse experiment the form B2t give the difference between the optimum prepflrann ar
the amplitude factors shows that the proportion of absorptiGHX!"d Opulse Ioengths obtained with nonideaf,(and ;) and
components is significantly larger than the proportion of didd€@! (m = 7 = m2w,) 1f irradiation. It is seen that the
persion components. The result is that the two-pulse expdHnctional dependence af, andA,, is similar to that observed
ment has a superior resolving power. in the one-pulse experiment for the same reasons original
The proportions of absorption and dispersion componerfigtéd. However, the values of the pulse sequence paramet
depend on the relative magnitude of the amplitude factors afiffer and are generally significantly smaller. Itis seen that th
are subject to variation by the pulse sequence parameters. PFParation and mixing pulse lengths are almost equal. T
proportion of dispersion components may be minimized und@Ptimum pulse sequence is therefore approximately symmetr
the constraint of maximum sensitivity by adjusting the puld@" @ll values of the rf field strength.
sequence parameters to maximize the magnitude of only oneof . . .
the amplitude factors. This leads to optimum two-dimensioneia)lptlmum Two-Dimensional Double-Quantiitt MAS NMR
quadrupole-resolved two-pulsél MAS NMR spectroscopy. Spectroscopy
The optimum pulse sequence parameters are obtained for @he two-dimensional quadrupole-resolved two-pufée
single crystallite by maximizing the function MAS NMR experiment improves the resolution significantly
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by reducing the proportion of dispersion components. Howomplete description of all allowed coherence transfer patt
ever, the inherent linewidth of the spinning sidebands may beys in the experiment. The magnitudefQf,(t,, t;, 0) and

a limiting factor for many systems. This is especially true fdr._.. ,(to, t3, 0) which describe the transfer of dipole align-
structurally or motionally disordered materials. In these cases@nt into quadrupole double-quantum coherence during tf
useful alternative is the two-dimensional double-quantitn preparation period is very small. This is reflected in the inher
MAS NMR experiment 20—23. This technique has the po-ently low sensitivity of the double-quantum experiment.
tential of resolution enhancement and spectral simplification.For complete coherent averaging the length of the evolutio
However, as will be shown in this section the actual resolutigreriod is restricted to an integer multiple of the rotation period
enhancement depends on the lineshape and the techniqu&ltisough this is not strictly necessary for this experiment i
generally less useful for systems with large quadrupole comay improve the performance by averaging any shieldin
pling constants. The experimental scheme illustrated in Fig. &nisotropy. With this restriction the coherence transfer func
includes a representation of the allowed coherence trandiens in the evolution period become

pathways. The hypercomplex time domain signal may be de-

rived using the general formalism described above. An explicit frooyexaoya(ta, 1) — ix1fee gz o(ts, ts)
calculation shows that .
= fxy,xy(t3r t4) + Ilfxy,xz—yz(tar t4)
2(1y, 7)) = ot) X [ fum(ts, te) + ixfy n(ts, to)] = expli;2[ wigo + wosl 1), [49]
m=y, Xz
X o sy(tar ts, O)[ Fugueyalts to) where it is noted that the angular isotropic shielding frequenc
) ' and the angular centerband second-order quadrupole frequer
— Iify(ta ta)][ feoyza(to, ts, 0) are scaled by a factor of 2. In the detection period the cohe
Fisfo (o ts 0)] + oty S ence transfer functions are periodically time dependent ar
y mexyz may be expanded in the Fourier series given by Egs. [31] ar

[32]. With these relations the time domain signal becomes
X [fx,m(tSr tG)

+ izfy,m(t5l t6)] fm,xz—yz(tm tSi O)
X [fxz,yz’xz,yz(ts, t4) - ilfxz,yz’xy(t;g, t4)]
X [fxzfyz,z(tov t3, 0) + ilfxy,z(toa t3r 0)]1 [47]

2, ) = 2 [260 + 1:219 + 1,26} + iipzf}

X exp([i— Al r)exp[i,Q 5" — A;]7),

which has been expressed in terms of the coherence transfer [50]
functions
which has been modified to include the transverse relaxatic

fryz(tor ta, 0) = [ Fyy(ta, ts, 0) fy (L, t) ratesh; andA, in the evolution and detection periods, respec:
' ’ ’ tively. The amplitude factors are
+ fxy,xz(tZa ts, 0) fxz,y(tla t))]

X f, (to, t1, 0) z00 = o (to)[ frxe—ya(ta, ts, 0)ay — fyuxoye(ts, ts, 0)by]
+ [ fryoltar ta, 0) fip ity to) X fromy2 (1o, ta, 0),
+ fryy(to, ta, 0) fy oty to)] 20 = o (to)[ fxxz-yelts, ts, 0)an — fypuemye(ts, ts, 0)Dy]
X fyzo(to, ta, 0), X fuyoto, t3, 0),
fre_y2,(to, ts, 0) = [ framyz(ty, ts, 0) fiy(ty, t,) z0? = o,(to)[ Ty xy(ta, ts, 0)ay + fipyy(ta, ts, 0)by]
+ froyoy o, t3, 0) fy, (1, to)] X fyyo(to, ta, 0),
X fy to, t, 0) 27 = = (to)[ fy s ts, 0)an + frpy(ts, ts, 0)Dy]
+ [ feemyoulty, ta, 0) fy ol to) X fro_y2(to, ta, 0), [51]
+ fyeyzy(to, ta, 0) fy, (U, 1o)]

and the angular transition frequencies
X fxz,z(th tlr 0) [48]

. . . Q) = 2w, + wQS]!
It is noted that each term in these equations represents a

coherence transfer pathway. The expressions therefore give a Q5" = Mo, + v, + wgs [52]



SEPARATION OF?H MAS NMR SPECTRA 325

10.0- r10.0

0.0-

vie (KHz) v t(kHz)

FIG. 5. The optimum preparation and mixing pulse lengtfis 75, and7s; and optimum delay lengthy as functions of the rf field strengthy for the
double-quantuniH MAS NMR experiment. The calculations employed the quadrupole coupling con&tants100 kHz (solid),Co = 150 kHz (dot-dashed),
andC, = 200 kHz (dotted), asymmetry parameigy = 0.10, and rotation frequenay = 5.0 kHz.

It is seen that the frequencies differ from those in the quadrmpossible to obtain pure absorption—absorption lineshape
pole-resolved experiments by a factor of 2 in thedimension. Because the experiment is designed with a symmetric disp

The hypercomplex frequency domain signal is given by sition of coherence transfer pathways in the evolution perio
this derives exclusively from nonideal rf irradiation. As a result
the individual spinning sidebands are represented by a supe
position of absorption—absorption, absorption—dispersion, di
persion—-absorption, and dispersion—dispersion lineshape
This is an undesirable feature because of the reduced resoluti

X Li(w; = Q) Ly(w, — Q5"), [53] and the possibility of cancellation effects.

The proportions of absorption and dispersion componen
which shows that the spectrum is an antisymmetric spinnifi§Pend on the relative magnitude of the amplitude factors ar
sideband manifold with Lorentzian sidebands at the anguRiie subject to variation by the pulse sequence parameters. T
frequencies {1, w,} = {Q,, Q"} and that sign discrimi- implies that the proportion of dispersion components can b
nation has been achieved in both frequency dimensions. Fdhéimized under the constraint of maximum sensitivity by
system with several nonequivalent deuterons the spectrum @diusting the pulse sequence parameters to maximize one
superposition of spinning sideband manifolds. Provided th€e amplitude factors. This leads to optimum two-dimensione
the frequencies, differ sufficiently the spinning sidebanddouble-quantunfH MAS NMR spectroscopy. It is noted that
manifolds are separated in the dimension. For a polycrys- this approach is an essential part of the experiment because
talline sample the angular dependence of the centerband dcinherently low sensitivity. For a single crystallite the opti-
ond-order quadrupole frequency imposes a characteristic lifleum pulse sequence parameters are obtained by maximizi
shape on the spinning sidebands that for systems with lat§€ function
guadrupole coupling constants may reduce the resolution. It is
noted that the experiment does not lead to any resolution
enhancement if the lineshape is dominated by the centerband
second-order quadrupole frequency. On the other hand for
small quadrupole coupling constants where the lineshape is not
determined by the centerband second-order quadrupole fre-
guency the experiment may improve the resolution by a factwhere the sign function selects the antisymmetric componen
of 2. The spectrum is not multicomplex and it is thereforef the amplitude factors. In the case of a polycrystalline sampl

Z(wy, @) = 2 [260 + 14287 + 15260 + 14227

m=—w

y(Tplv Tva TpS! Td) = | E Sgr(m) ZE)T)|Y [54]

m=—ow
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the amplitude factors must be replaced by powder-integrated

amplitude factors. The global maximum points, 7}, and s a

are defined as the optimum preparation and mixing pulse l
lengths andry is the optimum delay length. These are illus- S—r! "
trated in Fig. 5 as functions of the rf field strength for various [
guadrupole coupling constants. It is convenient to describe the

results in terms o\, = 7% — 75, Ay, = To, — Thy, @NdA ;= b
Tos — Tis, Which measure the differences between the optimum %

FEU S N N

preparation and mixing pulse lengths obtained with nonidea !
(5, oo and 7)) and ideal €, = 1% = T = W2w,) If
irradiation. The quantityd\, = 7§ — 7% gives the difference
between the optimum delay periods for nonide3) é@nd ideal ¢
(79) rf irradiation. The results show that,,, A, A, andA, “
have a similar functional dependence as described for the one- - il ,hl]\.”Tn—f
and two-pulse experiments although the values of the pulse
sequence parameters differ significantly. It is seen that the
preparation pulse length§, and}, are almost identical. This
implies that the optimum pulse sequence has an approximatepp————7————"———— - . . . ‘
: X ) . T200 0 -100 0 100 200-200 -100 0 100 200
symmetric preparation period for all values of the rf field v (kHz) v, (kHz)
strength. The optimum delay lengtfj converges to zero for
small rf field strengths. In these cases the optimum three-pulsE!G- 6. Theoreticak, projections for the double-quantuiti MAS NMR
sequence becomes a two-pulse sequence. expfnment. The calculations empIO)ied the quadrupole coupllng c_onsta
. . . . Co, = 200 kHz, asymmetry parametgg = 0.10, and rotation frequencies=
The experiment makes it pOSSIble to obtain separate 5.0 kHz (left column) and/, = 10.0 kHz (right column). The figure represents
projections for the individual spinning sideband manifoldspectra acquired under (a) ideal excitation conditions with the rf field strengt
The projections are given by v = 1000 kHz and optimum pulse sequence paramelgrs 1.25us, 75, =
1.25 ps, Thy = 1.25 ps, andrs = 3.85 us and (b) nonideal conditions with
vy = 50 kHz, 75, = 4.30us, 75, = 4.30us, 755 = 3.35us, andry = 0.15pus.

w The phase distortion effects are demonstrated in (b) while (c) illustrates tr
. . .. result of a first-order phase correction.
Z(1,=0, wy) = E [Z69 + 01210 + i,z8) + 140,257 P
m=—o
X Ly(w, — Q(zm))y [55]

2(1, =0, 75) = —0,(to)Sin(O,(to, t1))SIN(O,(t,, t3))

which represents an antisymmetric spinning sideband mani- < SiN0p(ta, ts))sin(6:(ty, 1))

fold. It is seen th.at it is impossible to obtain prOchtlons Wlth X Sin(0,(ts, ts))COL O,(ty, t,))expli,0n(ts, o)), [57]
pure absorption lineshapes. However, the proportion of disper-

sion components is reduced considerably by implementing

optimum pulse sequence parameters. In the limit of ideal wiich reveal that the spectra obtained with nonideal rf irradi
irradiation the dispersion components vanish completely. Théion are subject to both intensity and phase distortions. The
most important features of the spectra are determined by @feects are shown in Fig. 6, which includes projections calcu
first-order coherence transfer functio8). The time domain |ated for both nonideal and ideal rf irradiation. The optimiza-
signal may be rewritten in terms of these to obtain tion of the experiment enforces considerable preparation ar
mixing pulse lengths, justifying a thorough investigation of the
intensity and phase distortions. The distortion suppresses t
intensity of the high-order spinning sidebands while the low
order spinning sidebands show no significant effects. Th
relative distortion of the intensity distribution in the spinning
sideband manifold can be represented approximately by

z(1, =0, ) = —0,(to) D(to, t;) D(t,, t3) D(ty, ts)
X sin(30,(to, ty) + 604(ty, to)
+ 304(t5, t3))sin(304(t,, ts) + 04(ts, te))

X COQOZ(tlv t2))exqi262(t5! t6))1 [56] F(w) — d(to tl w)d(t2 t3 (,l))d(t4 t5 w)

H 1 1
which includes an intensity distortion function (Eq. [41]) for % Sin(w[37p1 + 37p2 + 7al)
each pulse. For ideal rf irradiation the projections become sin(wTy)

, [58]
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which includes the relative intensity distortion function (Eqthe spinning sideband manifolds. For the carboxyl deuterons
[43]) for each pulse. The computational results have showras found thatC, = 181 kHz andn, = 0.11 while the
that the approximate and exact intensity ratios are in closeethylene deuterons were simulated with = 166 kHz and
agreement. This relationship is important because the intensity = 0.00. The quadrupole parameters are identical to thos
distortion effects can be simulated very accurately and effireviously obtained from polycrystalline sampl&$ énd sin-
ciently by simple correction factors. gle crystals 84). It is noted that the quadrupole coupling
The phase distortion induced by nonideal rf irradiation cazonstant spans a much wider range than the isotropic shieldi
be effectively eliminated by time shifting. The condition fofrequency. This suggests that the quadrupole coupling conste
eliminating the phase distortion is could offer a more sensitive means to differentiate betwee
different types of deuterons than could the isotropic shieldin
frequency. The overall agreement between the experiment
and theoretical spinning sideband manifolds is remarkabl
considering the inherent difficulty of two-dimensional spec-
wherer, is the time shift. The approximate solutionris= 37,;  troscopy. The small discrepancies that can be observed f
which reveals that the phase distortion originates in the thisdme of the spinning sidebands are primarily the result ¢
pulse. The effects of the phase distortion are shown in Fig.ancellation effects. From the experimentally determine

%Ol(tm t5) + 01(t51 t6 - TS) = 91(t5| t6)l [59]

which also illustrates the phase correction procedure. quadrupole parameters the optimum preparation pulse leng
was calculated to be = 4.85us. This result is consistent with
EXPERIMENTAL RESULTS 7y = 5.25+ 0.50 us, which is obtained experimentally.

The importance of synchronizing the experiment accuratel

In order to demonstrate the essential features of the expeési-demonstrated by the experimental spectra shown in Fig.
ments a series of spectra of polycrystalline malonic-kig- These reveal that the sidebands are displaced alongwthe
has been recorded. This system is known to crystallize indamension in nonsynchronized experiments. This reduces tt
simple triclinic lattice structure3@). The unit cell holds only resolution in thew, dimension but has no effect on the reso-
two molecules that are related by an inversion center. Alltion in thew, dimension. The magnitude and direction of the
molecules are therefore equivalent and the maximum numiaksplacements depend on the order of the sideband and t
of lines is limited to 4. The composition of the molecule islifference between the rotation frequency and the samplir
almost ideal with deuterons at two different functional grougsequency in ther, dimension. The origin of the effect may be
with widely different isotropic shielding frequencies. For thenderstood by considering the time domain signal
two-dimensional quadrupole-resolved one-puld¢ MAS
NMR experiment the experimental spectra are shown in Fig. 7.
Although the spinning sidebands are broadened by dispersion
components the resolving power is sufficient to separate two
different spinning sideband manifolds. These can be identified
as arising from the carboxyl( = 275 Hz) and methylene X exp(i;mw, 1) expli,Mo, 7,), [60]
(v, = —275 Hz) deuterons. The assignment was made on the

basis of several independent observations. A point of particulgich for simplicity includes the effect of only the first-order

importance is that the isotropic shielding frequency differg,adrupole interaction. The frequency domain signal takes tr
between the carboxyl and methylene deuterons. From empjgrm

cal correlations it is known that carboxyl deuterons are shifted
toward higher frequencies relative to methylene deuterons.

Z(7y, Tp) = E [1:24% + i,z07]

m=—ow

Another important observation is that the spinning sideband <

manifolds are different for the carboxyl and methylene deuter- Z(wy, wp) = 2 [11217 +i,27]

ons. These are determined by the quadrupole coupling constant m=-e

and the asymmetry parameter which are generally larger for X 8(w,—Maw,)8(wy—Maw,), [61]

carboxyl deuterons than for methylene deuterons. The line-

widths are seen to be different for the carboxyl and methylen(?1 S(w) is the i lse f . Th ion d
deuterons. It is known3@) that the methylene deuterons ard/nere (@) Is the impulse functionds). The equation demon-

coupled by homonuclear dipole interactions that contribute pates that a symmetric spinning sideband manifold with side

the linewidth. The sidebands are therefore broader for tH@NdS at f1, wo} = {Maw,, Mw,} represents the spectrum. If
methylene deuterons. the observations are made stroboscopically inttrdimension

The experimentab, projections are shown in Fig. 8 for boththe time domain signal becomes
the carboxyl and methylene deuterons. The quadrupole param-
eters may be determined from these projections by simulating 2(7q, ) = W (7)) (74, T2), [62]
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wherelll (1) is the sampling function35). The sampled fre- from the experimental spectrum shown in Fig. 9a. Again the

guency domain signal takes the form resolving power is sufficient to separate two spinning sidebar
manifolds from the carboxyly; = 275 Hz) and methylene

e o (v, = —275 Hz) deuterons. By comparing the results it be:

Z(wy, w) = —wg > O[22 + i,z"] comes apparent that the one-pulse experiment is superior

terms of sensitivity. This derives primarily from the efficient
time shifting procedure and the large magnitude of the ampl
X 8(w; — Moy — Nwg)d(w, — M), [63]  tyde factors. However, the results reveal that the two-puls
experiment has a much better resolving power. Although nc
wherew, is the angular sampling frequency in thgdimen-  directly apparent from the contour plots the individual spinning
sion. The sampling frequency is given by, = o, — Aw, sidebands are much narrower at the base in the two-pul
where Aw is the degree to which the experiment is nonsyrexperiment. This is because the proportion of dispersion con
chronized. The frequency domain signal may therefore penents is much smaller than the proportion of absorptio
rewritten in the form components. For the one-pulse experiment the proportions
absorption and dispersion components are identical. It is i

o e portant to note that the experimental projections do not
Z(oy, ) = —wg > > [i1z2 +i,z00] reflect the true resolving power of the experiments because fl
M= —o n=—o dispersion components are canceled out. Moreover, becat
the experiments are not perfectly synchronized the displac
ments of the spinning sidebands have a significant effect on tl
[64] resolution in thew, dimension. This shows that the one-pulse
experiment is most advantageous for systems with low sens
which includes all branches. The spectral width in the tivity and widely separated isotropic shielding frequencie:
dimension is limited by the sampling frequency in the Wwhile the two-pulse experiment is to be preferred for system
dimension. It is therefore possible to observe only the branwiith high sensitivity and closely spaced isotropic shielding
m = —n. This implies that frequencies. From the experimentally determined quadrupo
parameters the optimum pulse sequence parameters were fol
to be 7, = 3.50 us and7y, = 3.35 us. These results are

m=—o Nn=—x

X 8(w;—[M+n]w, + NA®w)8(w, — Mw,),

%

5 _ Cm i o (m) consistent with the values;;, = 3.50 = 0.50 us and7}, =
2oy, @) = ~ag mgw [1:215' + i22o1] 3.50 = 0.50 us that are obtained experimentally. '
In order to investigate the resolution enhancement in th
X 8(w;—MAw)d(w,—May), [65]  two-dimensional double-quantufil MAS NMR experiment a
spectrum of polycrystalline malonic-acith, was recorded.
which demonstrates that the sidebands are @, {w,} = The result shown in Fig. 9b demonstrates that the resolvin

{mAw, mw} for spectra obtained in nonsynchronized expeipower is sufficient to separate two spinning sideband man
iments. The sidebands are displacediyw in the w, dimen- folds. These can be identified as arising from the carboxy
sion. The displacements are described by the amgle (v, = 550 Hz) and methylene/( = —550 Hz) deuterons. It is
arctanQw/w,) which defines the orientation of the line passingeen that the resolution in tlag dimension has been increased
through the centers of the sidebands. The equation shows thata factor of 2 compared with the resolution in tlag
0 is a decreasing function @, and an increasing function of dimension. This represents the maximum resolution enhanc
Aw. The displacements are therefore less important for speatnant in the experiment and is consistent with the fact that th
acquired with high rotation frequencies. The direction of thgpinning sidebands have no contribution from the second-ord
displacements depends on whether the rotation frequencygisadrupole interaction. For systems with larger quadrupol
higher or lower than the sampling frequency. In most expedoupling constants the resolving power is expected to be mu
ments Aw is close to zero and is therefore very small. less. The experimentad, projections shown in Fig. 10 have
However, even for small values éfthe displacements can bebeen simulated with the quadrupole coupling paramelgrs:
very large for the high-order spinning sidebands. For the spd@1 kHz andrn, = 0.11 for the carboxyl deuterons and with
tra in Figs. 7b and 7c a simple measurement shows that thg = 166 kHz andn, = 0.00 for the methylene deuterons. It
displacements are representedéby 5.9537x 10 °andf = is seen that the theoretical simulations represent all the esse
—6.0572 X 10°°, respectively. These values compare favotial features of the experimentad, projections. The small
ably with the theoretical values that are giventby 5.7755X  discrepancies that can be observed for some of the spinnil
10°%andf = —5.7755X% 10°°, respectively. sidebands are the results of imperfect pathway selection al
The performance of the two-dimensional quadrupole-reancellation effects. Because the pathway selection is not pe
solved two-pulse’H MAS NMR experiment was evaluatedfect small amounts of dipole alignment and dipole and quac
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FIG. 7. Experimental quadrupole-resolved one-pulseMAS NMR spectra of polycrystalline’H,Jmalonic acid. The spectra were recorded on a Varian
VXR 400 S spectrometer with rotation frequenciesifaF 6060 Hz, (b)v, = 6095 Hz, and (cy, = 6025 Hz. The rf field strength; = 22.5+ 0.5 kHz and
the optimum preparation pulse length = 5.25 + 0.50 us. For quadrature detection in the evolution period two complementary experiments (Eq. [2]) wi
performed which differ by in the phase of the preparation pulse.

rupole single-quantum coherences are transferred to the eWmm the experimentally determined quadrupole paramete
lution period. These contributions have a profound effect dhe optimum pulse sequence parameters were calculated to
the intensity distribution in the spinning sideband manifolds}, = 5.75us, 75, = 5.95us, 755 = 4.45us, andr = 0.00us.
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FIG. 8. Experimental (left column) and theoretical (right colunasy)projections for polycrystalline malonic-acfth,. The projections were obtained from
the quadrupole-resolved one-pufie¢ MAS NMR experiment. The calculations employed the quadrupole coupling corGtant 181 kHz and asymmetry
parametem, = 0.11 for the carboxyl deuterons whi@, = 166 kHz andn, = 0.00 for the methylene deuterons.

These results agree with the experimental valdjes= 5.25+ methodology for evaluating the optimum pulse sequence p:
0.50us, Th, = 5.25+ 0.50us, Th; = 5.00* 0.50us, andry = rameters consistent with maximum sensitivity and resolutior
0.00= 0.50 us. Because of the large number of variables it is has been demonstrated that the optimization introduces i
generally very difficult to determine the optimum pulse seensity and phase distortions in the spectra. These effects ¢
quence parameters experimentally. However, the quadrupgieé combined result of nonideal rf irradiation and hypercom
parameters may easily be determined from the intensity disfstex data processing. The distortion effects have been analyz
bution in the spinning sideband manifolds. These parametgisdetail and general correction procedures that are both ve
can be used to calculate the optimum pulse sequence paragificient and accurate are suggested.

ters. The experiment is then repeated with the optimum pulserpe general applicability of two-dimensional quadrupole-
sequence parameters, resulting in a significant resolution agdgjved one- and two-pul$él MAS NMR spectroscopy has
sensitivity improvement. been demonstrated experimentally by acquiring a series
spectra of polycrystalline malonic-aci##,. It has been shown
that the overlapping spinning sideband manifolds from the

The techniques of optimum two-dimensional quadrupolgfjlrboxyl and r‘ntherl.ﬁe deuteron§ can be separated co
resolved and double-quanttitd MAS NMR spectroscopy that pletely. The spinning sideband manifolds have been analyze
have been introduced in this paper are useful for separatifigd€t€rmine the quadrupole parameters for the carboxyl ar
overlapping spinning sideband manifolds from structuralfff€thylene deuterons. The values agree with previous resu
nonequivalent deuterons. This paper presents a general méfifl show that the techniques are both accurate and reliab
odology for evaluating the intensity and phase characteristit8€ Spectra have been acquired with optimum pulse sequer
in these experiments. The formalism exploits the properties Rframeters. It has been shown that the experimentally dets
hypercomplex number26) and Lie algebras2g) to obtain a Mined pulse sequence parameters agree with those calcula
closed form solution to the Liouville—von Neumann equatio®n the basis of the quadrupole parameters. It is noted that it
The solution is expressed in terms of coherence transfer fuéten difficult to determine the optimum pulse sequence pe
tions that are useful for describing the states and allowéameters experimentally. This suggests that they should |
coherence transfer pathways in an arbitrary system. The resaftculated from the quadrupole parameters which can easily |
presented in this paper show that both the sensitivity and tfietermined from the spectra. In this approach the spectra &
resolution depend critically on the pulse sequence parametéirst acquired with a set of pulse sequence parameters that m
The exact relationship has been used to develop a genera be optimum. From these spectra the quadrupole paramet

CONCLUSIONS
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FIG. 9. Experimental (a) quadrupole-resolved two-pulse and (b) double-quafitLirAS NMR spectra of polycrystalline malonic-aciét,. The
experiments were performed on a Varian VXR 400 S spectrometer with rotation frequenaies: (@50 Hz and (by, = 6350 Hz. The rf field strengths were
(@) v = 35.5+ 0.5 kHz and (b, = 31.5= 0.5 kHz. The optimum pulse sequence parameters weré,(a) 3.50= 0.50us andry, = 3.50* 0.50us and
(b) 75, = 5.25 %= 0.50 us, 75, = 5.25 = 0.50 us, 755 = 5.00 = 0.50 us, and7y = 0.00 = 0.50 us. For quadrature detection in the evolution period two
complementary experiments (Eq. [2]) were performed that differ byZ(ahpd (b)% in the phase of the preparation pulses.

are determined and an optimum set of pulse sequence paran¥he performance of the quadrupole-resolved one- and tw
eters is calculated. The experiments are then repeated to obfailse experiments has been shown to differ considerably. F
spectra with optimum resolution and sensitivity. both experiments the spinning sidebands are composed
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FIG. 10. Experimental (left column) and theoretical (right colunan)projections for polycrystalline malonic-acfth,. The projections were obtained from
the double-quanturiH MAS NMR experiment. The calculations employed the quadrupole coupling corgant 181 kHz and asymmetry parametes =
0.11 for the carboxyl deuterons whi@, = 166 kHz andnq = 0.00 for the methylene deuterons.

absorption—absorption, absorption—dispersion, dispersion—airally or dynamically disordered systems where the spin
sorption, and dispersion—dispersion lineshapEs-{7. For ning sidebands may be extensively broaderig).(In order
the one-pulse experiment the proportion of absorption compgo-improve the resolution the technique of two-dimensiona
nents is identical to the proportion of dispersion componendsuble-quantunfH MAS NMR has previously been sug-
and independent of the rf field strength. This is different fromested 20-23. In this paper a hypercomplex version of the
the two-pulse experiment where the proportion of absorptid@chnique is developed and the intensity and phase chare
components is much larger than the proportion of dispersiteristics are evaluated. It is shown that the technique ma
components. The resolving power is therefore highest for theprove the resolution by a factor of 2 for systems with
two-pulse experiment. However, the sensitivity is much highemall quadrupole interactions. However, for large quadru
for the one-pulse experiment than is preferred for systems wijible interactions the resolution enhancement is muc
low sensitivity and widely separated isotropic shielding fresmaller and depends on the actual lineshape. The combin
guencies. The two-pulse experiment is most advantageousétfiect of nonideal rf irradiation and hypercomplex data
systems with high sensitivity and closely spaced isotropprocessing leads to spinning sidebands composed of absol
shielding frequencies. tion—absorption, absorption—dispersion, dispersion—absor

Although the two-dimensional quadrupole-resolved twdion, and dispersion—dispersion lineshapes. It is shown th
pulse experiment improves the resolution significantly the proportion of dispersion components is subject to vari
may not be sufficient to separate overlapping spinning sidation by the pulse sequence parameters. This has led tc
band manifolds for systems where the residual linewidth general methodology for evaluating the optimum pulse se
the spinning sidebands is comparable to the differencesgnence parameters. The approach is demonstrated expe
isotropic shielding frequency. This is important for strucmentally for polycrystalline malonic-acitH,.
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