
a
c
n
h
a
L
t
c
m
h
o
s
c
f
d
c
a
f
p
c
p
s
o
t
a
t
w
m
i
v
t

c
e
s

N
o

P

Journal of Magnetic Resonance139,314–333 (1999)
Article ID jmre.1999.1786, available online at http://www.idealibrary.com on

1
C
A

Separation of 2H MAS NMR Spectra by Two-Dimensional Spectroscopy

J. H. Kristensen,1 H. Bildsøe, H. J. Jakobsen, and N. C. Nielsen

Department of Chemistry, University of Aarhus, DK-8000 Aarhus C, Denmark

Received December 14, 1998; revised April 1, 1999
(
tio

oli

m ctra
i inter-
a con-
s e
q mall
( n is
d ally
s se to
z ple
s cular
s

ite
r f the
s pole
i orter
t fore
i hort
d uad-
r d to
f n the
r tively
n ra of
p lent
s differ
w t is
m tion
i ences
m

MR
s ng the
p -
c rent
a fre-
q pole
i rrow
s d the
s d by
n veral
s ani-
f the
r is of
t non-

ar
New methods for optimum separation of 2H MAS NMR spectra
re presented. The approach is based on hypercomplex spectros-
opy that is useful for sign discrimination and phase separation. A
ew theoretical formalism is developed for the description of
ypercomplex experiments. This exploits the properties of Lie
lgebras and hypercomplex numbers to obtain a solution to the
iouville–von Neumann equation. The solution is expressed in

erms of coherence transfer functions that describe the allowed
oherence transfer pathways in the system. The theoretical for-
alism is essential in order to understand all the features of

ypercomplex experiments. The method is applied to the devel-
pment of two-dimensional quadrupole-resolved 2H MAS NMR
pectroscopy. The important features of this technique are dis-
ussed and two different versions are presented with widely dif-
erent characteristics. An improved version of two-dimensional
ouble-quantum 2H MAS NMR spectroscopy is developed. The
onditions under which the double-quantum experiment is useful
re discussed and its performance is compared with that observed
or the quadrupole-resolved experiments. A general method is
resented for evaluating the optimum pulse sequence parameters
onsistent with maximum sensitivity and resolution. This ap-
roach improves the performance of the experiments and is es-
ential for any further development of the techniques. The effects
f finite pulse width and hypercomplex data processing may lead
o both intensity and phase distortions in the spectra. These effects
re analyzed and general correction procedures are suggested. The
echniques are applied to polycrystalline malonic-acid-2H4 for
hich the spinning sideband manifolds from the carboxyl and
ethylene deuterons are separated. The spinning sideband man-

folds are simulated to determine the quadrupole parameters. The
alues are consistent with previous results, indicating that the
echniques are both accurate and reliable. © 1999 Academic Press

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

INTRODUCTION

The characteristic lineshapes observed in deuteron2H)
MR spectroscopy are used extensively for the investiga
f molecular structure and dynamics in a wide variety of s
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aterials (1). The most important property of deuteron spe
s that the lineshapes are dominated by the quadrupole
ction. This is characterized by the quadrupole coupling
tantCQ and the asymmetry parameterhQ. For deuterons th
uadrupole coupling constant is known to be relatively s
CQ # 250 kHz) and because the quadrupole interactio
ominated by intramolecular contributions from the axi
ymmetric deuteron bond the asymmetry parameter is clo
ero (hQ # 0.10). These features result in relatively sim
pectra and lineshapes that are sensitive to both mole
tructure and motion.
The most important limitation of the method is that fin

eceiver recovery time may result in severe distortions o
pectra. This is understood from the fact that the quadru
nteraction results in a decay of the signal that is usually sh
han the time required for receiver recovery. It is there
mpossible to acquire an undistorted signal within the s
ecay period. This problem has been overcome by the q
upole echo technique (2, 3) where a pulse sequence is use
orm an echo at a time after the last pulse that is longer tha
eceiver recovery time. Because deuterons have a rela
arrow isotropic shielding range quadrupole echo spect
olycrystalline systems with several structurally nonequiva
ites are not resolved unless the quadrupole parameters
idely. This implies that the quadrupole echo experimen
ost useful for selectively labeled samples. Another limita

s that the long delay periods in the quadrupole echo sequ
ay result in severe intensity loss (4).
The use of deuteron magic angle spinning (MAS) N

pectroscopy has been suggested as a method for avoidi
roblems with overlapping spectra (5–9). In this method me
hanical rotation of the sample is used to impart a cohe
veraging of the quadrupole interaction. The rotation
uency is usually less than the magnitude of the quadru

nteraction and the averaging results in a manifold of na
pinning sidebands. This improves both the resolution an
ensitivity and the success of the method is documente
umerous examples. For polycrystalline samples with se
tructurally nonequivalent sites the spinning sideband m
olds overlap. Although this does not necessary affect
esolution it is inconvenient and may complicate the analys
he spectra. For many important systems the spectra are
y,
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315SEPARATION OF 2H MAS NMR SPECTRA
ymmetric because of anisotropic shielding or paramag
hifts (10–12). In these cases the assignment of overlap
idebands is difficult and can often only be done by recor
he spectra with different rotation frequencies.

This suggests the use of two-dimensional techniques (13) to
eparate the spinning sideband manifolds. A recent exam
wo-dimensional one-pulse (TOP) spectroscopy (14). In this
xperiment the separation of the spectra is achieved by re

ng the length of the evolution period to an integer multiple
he rotation period and recording the decay of one rotat
cho in the detection period. The TOP spectra are repres
y broad lineshapes, which imply a significantly reduced
itivity. Because the TOP experiment includes no mixing
iod a nonsymmetric disposition of coherence transfer p
ays is enforced in the evolution period. The spectra

herefore represented by a superposition of absorption–ab
ion, absorption–dispersion, dispersion–absorption, and d
ion–dispersion lineshapes (15–17). This feature is highly un
esirable because the dispersion components reduc
esolution significantly.

In this paper several alternative methods are investigate
eparating spinning sideband manifolds. The simplest
roach is two-dimensional quadrupole-resolved one-puls2H
AS NMR spectroscopy. In this experiment the spinn

ideband manifolds are separated by restricting the leng
he evolution period to an integer multiple of the rotat
eriod and recording the train of rotational echoes in
etection period. The experiment includes no mixing pe
nd the time domain signal may be obtained simply
fficiently by time shifting the train of rotational echo
hereas the resolution is similar to that achieved in the

xperiment the sensitivity is improved by reducing the spe
o a manifold of spinning sidebands. To increase the resol
he two-dimensional quadrupole-resolved two-pulse2H MAS
MR experiment is proposed. This experiment is characte
y a symmetric disposition of coherence transfer pathwa

he evolution period. The spectra may therefore be repres
y pure absorption–absorption lineshapes which result i

mproved resolving power.
It is noted that both two- and three-pulse2H MAS NMR

xperiments have been presented in the literature for sepa
aramagnetic and quadrupole interactions in solids (18). These
xperiments are complementary to the one- and two-p
uadrupole-resolved experiments introduced in this paper
reviously proposed two-pulse experiment is not phase s

ive whereas the three-pulse sequence makes it possi
btain pure absorption–absorption lineshapes. The most im

ant disadvantage of these experiments is that the puls
uences are highly susceptible to effects of finite pulse w
lthough the three-pulse sequence compensates somew

he distortions. Moreover, for both pulse sequences it is
ult to realize the exact pulse rotation angles and this
ntroduce additional artifacts. The pulse sequences discus
his paper do not have these disadvantages and are much
tic
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o implement experimentally. It is obvious that the previou
roposed experiments have several advantages for par
etic solids. However, our pulse sequences are designed t
ptimum sensitivity and resolution and lead to spectra w
inimum of experimental artifacts. This implies that the
roach presented here is superior for most solid material
The two-dimensional quadrupole-resolved2H MAS NMR

xperiments described above are not always sufficient t
olve overlapping powder spectra. This is the case whe
esidual linewidth of the individual spinning sidebands is c
arable to the isotropic shielding range. This situation is c
on in the presence of molecular motion that contributes t

esidual linewidth either directly or indirectly through a rel
tion mechanism (19). Other contributions to the residual lin
idth are second-order dipole and quadrupole interact

nstability of the rotation frequency, instability and inaccur
f the angle setting, static field inhomogeneity, susceptib

nhomogeneity, and a distribution of shielding and quadru
nteractions. It is obvious that these contributions reduce
esolution and sensitivity and complicate the interpretatio
he spectra. In this case the two-dimensional double-qua

2H MAS NMR experiment (20–23) presents opportunities f
oth resolution enhancement and spectral simplification

mportant feature of the experiment is that the spectra
ndependent of the first-order quadrupole interaction and
end exclusively on the much smaller second-order quadr
nd first-order shielding interactions. The experiment is th

ore less sensitive to the stability and accuracy of the a
etting. The resolving power of the double-quantum exp
ent is much better than that observed in the quadru

esolved experiments. However, because of line-broade
ffects from the second-order quadrupole interaction, s
eld inhomogeneity, susceptibility inhomogeneity, and a
ribution of shielding and quadrupole interactions the res
ion enhancement is generally less than expected and de
n the actual lineshape. Another important property of
xperiment is that the spectra provide information about s

ure and dynamics that is complementary to that derived
ther techniques.
The inherent sensitivity of two-dimensional spectroscop

elatively low, thereby impeding the general utility of t
echnique. In this paper an approach for optimizing the s
ivity and resolution is presented. This improves the pe
ance of the experiments significantly and the results
bviously important for any further development of the te
iques. The experiments are based on hypercomplex spe
opy that has been used for more than a decade to o
hase-sensitive spectra (16, 17). Although the hypercomple
ata processing procedure is well known and used routine
any spectrometers there has not been developed any
lete theory to describe the form of hypercomplex spectra
general assumption that the hypercomplex data proce

rocedure only leads to sign discrimination and phase se
ion. This is true in the case of ideal rf irradiation (strong
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316 KRISTENSEN ET AL.
hort pulses) and for experiments with symmetric coher
ransfer pathways in the evolution periods. However, for n
deal rf irradiation (weak and long pulses) that is often
voidable in solid-state experiments the form of the hyperc
lex spectra is not obvious. In order to simulate the spe
orrectly it is necessary to take into account the effects of
onideal rf irradiation and hypercomplex data processing.
aper presents a theoretical formalism based on density
tor algebra for calculating hypercomplex spectra. The for

sm is used to describe the phase and intensity characteris
he two-dimensional quadrupole-resolved and double-qua

2H MAS NMR experiments. It is shown how the results may
ombined with an optimization procedure to obtain the
ensitivity and resolution. The approach is demonstrated
erimentally by acquiring a series of spectra of polycrysta
alonic-acid-2H4. These are analyzed to obtain the quadru
arameters for each structurally nonequivalent deuteron.

THEORY

ypercomplex Spectroscopy

To provide the theoretical framework for hypercomp
pectroscopy this section describes the elements of hype
lex density operator algebra. This formalism forms the b

or the development of the experiments described in the
ections. The experimental scheme consists of a prepa
eriod andN 2 1 mixing periods that separateN 2 1
volution periods of lengthst 1, . . . , tN21 and a detectio
eriod of lengthtN. To sample the evolution periods a serie
xperiments is performed with systematic incrementatio
1, . . . , tN21. For each value oft 1, . . . , tN21 the detection
eriod is sampled in quadrature to define the time dom
ignalz(t 1, . . . , tN). To obtain a convenient representation
he spectrum the time domain signal is Fourier transforme
efine the frequency domain signalZ(v 1, . . . , vN). In order

o achieve sign discrimination in thev 1, . . . , vN dimensions
t is useful to implement quadrature detection in both
volution and the detection periods. This reduces the rf p
nd data storage requirements to a minimum. Furthermo

mprove resolution and to avoid cancellation effects it is
irable to implement phase-sensitive spectroscopy whereb
hase may be adjusted independently in thev 1, . . . , vN

imensions to suppress the dispersion components.
While quadrature detection in the detection period

traightforward to arrange (24) its accomplishment in the ev
ution periods has only been achieved in phase-sensitive
roscopy by two complementary procedures. In one appr
25) the preparation and mixing propagators are subjecte
ime Proportional Phase Incrementation (TPPI). In this pr
ure the phasesw 1, . . . , wN21 of the preparation and mixin
ropagators are incremented independently and systema

n proportion tot , . . . , t . This is expressed by
1 N21
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wk 5
3p

2Dmk

tk

Dtk
, [1]

here Dm1, . . . , DmN21 are the orders of coherence at
eginning of the respective evolution periods andDt 1, . . . ,
tN21 are the corresponding sampling periods. In ano
pproach (16, 17) a series of complementary experiment
erformed that differ by 3p/ 2Dm1, . . . , 3p/ 2DmN21 radians

n the phase of the coherences at the beginning of the re
ive evolution periods. The phase shifts may be realize
ncorporating into the phase cycle elements in which the ph
f the preparation and mixing propagators are defined
endently by

wk 5 H0,
3p

2Dmk
J . [2]

his scheme represents a succession of 2N21 independent ex
eriments for each of which the time domain signal is k
eparate and stored as a component of a hypercomplex
omain signal. Pure phase lineshapes are obtained by su

ng the time domain signal to a hypercomplex Fourier tr
ormation. It is noted that the performance of the hyperc
lex experiment is not degraded because each of theN21

omponents is recorded with the number of transients red
y a factor of 2N21.
For phase-sensitive spectroscopy both methods presu

hat two symmetrically disposed coherence transfer path
re retained by phase cycling in each evolution period and

he coherence transfer functions have equal amplitude.
rocedures therefore require that a total of 2N21 different
oherence transfer pathways be retained. Furthermore
ethods are only applicable for pure amplitude-modul

ime domain signals. The procedures have equal perform
nd data storage requirements and the only difference
efined by the data handling procedures and the type of Fo

ransformation applied with respect tot 1, . . . , tN21. This
ection develops a theoretical framework for describing hy
omplex experiments that represents a generalization of p
us approaches by including arbitrary coherence transfer
esses and experiments of arbitrary dimension.
The approach is based on hypercomplex numbers (26) that

re spanned by the hyperimaginary unitsi 1, . . . , i N and all
heir distinct products. The hyperimaginary units satisfy
quationsi mi m 5 21, i mi n 5 i ni m, andi m(i mi n) 5 (i mi n)i m 5
i n. It is important to note that the square root function is

efined for hypercomplex numbers. This implies thati mi m 5
1 only has the trivial solutioni m that cannot be expressed

he square root of21. If this had been the case the producti mi n

ould have been equal to21 and the hypercomplex numbe
ould be undefined. In hypercomplex spectroscopy it is
enient to describe the state of a statistical ensemble b
ypercomplex density operator
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s~t! 5 s~t, w0!

1 O
1#p#N21

O
1#k1#· · ·#kp#N21

i k1· · ·i kp
s~t, wk1· · ·kp

!,

[3]

heres(t, w k1 . . .k p) are the density operators for the individ
xperiments (27). These are identified by the phase an
k1 . . .k p used for quadrature detection. It is noted that
ypercomplex density operator is an entity that is introdu
ainly for computational convenience. Its existence is just
y the fact that it is necessary to know the outcome of

ndividual experiment in order to determine the intensity
hase relations in the spectra. The density oper
(t, w k1 . . .k p) evolve independently according to the hyperc
lex Liouville–von Neumann equation



t
us~t, wk1· · ·kp

!& 5 2i NAd~H~t, wk1· · ·kp
!!us~t, wk1· · ·kp

!&,

[4]

here H(t, w k1 . . .kp) are the individual Hamiltonians (27).
hese may be understood as components of the hyperco
amiltonian

H~t! 5 H~t, w0!

1 O
1#p#N21

O
1#k1#· · ·#kp#N21

i k1· · ·i kp
H~t, wk1· · ·kp

!.

[5]

gain the existence of the hypercomplex Hamiltonian is
ified mainly because it gives a precise description of
ypercomplex experiment. With an initial condition the so

ion is

us~t, wk1· · ·kp
!& 5 Ad~F~t0, t, wk1· · ·kp

!!us~t0, wk1· · ·kp
!&, [6]

here Ad is the adjoint representation (28) and the propagato

F~t0, t, wk1· · ·kp
! 5 T expS 2i N E

t0

t

H~t, wk1· · ·kp
!dtD . [7]

n order to provide a complete description of the cohere
ransfer processes in the nuclear spin ensemble it is use
xploit the properties of the corresponding Lie algebra (28).
ecause the group generatorsI m are orthogonal and comple

he density operator may be expressed as

s~t, wk1· · ·kp
! 5 O

m

sm~t, wk1· · ·kp
!I m, [8]
s
e
d
d
h

d
rs
-

lex

-
e
-

e
to

here

sm~t, wk1· · ·kp
! 5

^I mus~t, wk1· · ·kp
!&

^I muI m&
[9]

efine the alignments and coherences of the nuclear sp
emble. In this approach the time evolution of the syste
escribed by

sn~t, wk1· · ·kp
! 5 O

m

fnm~t0, t, wk1· · ·kp
!sm~t0, wk1· · ·kp

!, [10]

here the coherence transfer functions

fmn~t0, t, wk1· · ·kp
! 5

^I muAd~F~t0, t, wk1· · ·kp
!!uI n&

^I muI m&
[11]

rovide all the information about the time evolution of
ystem (28). This is represented by a series of cohere
ransfer processes. As an example the coherence transfe
ion f nm(t 0, t, w k1 . . .k p) describes the transfer from a statesm(t 0,

k1 . . .k p) to s n(t, w k1 . . .k p) during the period fromt 0 to t. This
ormalism is very convenient for describing the state o
uclear spin ensemble and for keeping track of the va
oherence transfer processes in the system.
The Lie algebra formalism is probably unfamiliar to m

pectroscopists and one may ask whether it is essential f
nalysis of the experiments. The first thing to note is tha
sual density operator formalism is completely equivalent
ie algebra approach based on single transition step ope
nd polarization operators (13). This demonstrates that there
o fundamental difference in the two different approac
hus, all the results presented in this paper could in prin
ave been derived by standard density operator algebra.
ver, there are several important advantages of the Lie al
pproach. One important distinction is in the description o
tates of the nuclear spin ensemble and the allowed cohe
ransfer pathways. The usual density operator algebra iden
he states by the coherence order and coherence transfe
esses are described simply by the difference in cohe
rder. For many applications this simplification may be ju
ed but for a complete description of the states and cohe
ransfer pathways the Lie algebra approach is necessar
xample is given by a deuteron spin system for which de
perator algebra identifies only two single-quantum cohere
f orders one and minus one, respectively. However, with
roup generators defined by irreducible tensor operators28)

he Lie algebra approach identifies four different single-q
um coherences that are defined as dipoles and quadru
epending on the multipole character of the states. This m
dology makes a distinction between coherences of the
rder and clearly gives a much more detailed description o
tate of the nuclear spin ensemble. Similarly, the density
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318 KRISTENSEN ET AL.
rator approach identifies a coherence transfer process o
he difference in coherence order. This implies that any co
nce transfer pathway is defined by a superposition of se
onequivalent coherence transfer processes. The Lie a
pproach on the other hand identifies all nonequivalent c
nce transfer processes, thereby providing a much mor

ailed description of any experiment.
Another advantage of the Lie algebra approach is that
ay exploit the symmetry properties of the system to re

he number of coherence transfer pathways. Because the
ity operator approach is equivalent to the use of single
ition step operators and polarization operators it is hi
nefficient for the description of nonselective coherence tr
er processes. However, in a Lie algebra approach bas
rreducible tensor operators (28) the number of allowed cohe
nce transfer processes is reduced significantly. This
izes the computational effort and is reflected in much sim
xpressions. As an example the number of coherence tra

unctions involved in the calculations presented in this p
re reduced by a factor of 2 simply by implementing

rreducible tensor operators. Moreover, because all expres
re defined in terms of coherence transfer functions it
imple matter to identify which coherence transfer pathw
ead to the individual terms. This is important for optimiz
he experiments because this is based on maximizing part
oherence transfer pathways.
The hypercomplex density operator may be expressed

unction of the lengths of the evolution and detection peri
he corresponding hypercomplex time domain signal is

z~t1, . . . , tN! 5 ^s~t1, . . . , tN!uI 1&, [12]

here I 1 5 I x 1 i NI y. The equation can be rewritten in t
orm

z~t1, . . . , tN! 5 z~t1, . . . , tN, w0!

1 O
1#p#N21

O
1#k1#· · ·#kp#N21

i k1· · ·i kp

3 z~t1, . . . , tN, wk1· · ·kp
!, [13]

here

z~t1, . . . , tN, wk1· · ·kp
! 5 ^s~t1, . . . , tN, wk1· · ·kp

!uI 1&

[14]

re the time domain signals acquired in the individual exp
ents. The time domain signals can be rewritten in the f

z~t1, . . . , tN, wk1· · ·kp
! 5 zx~t1, . . . , tN, wk1· · ·kp

!

1 i Nzy~t1, . . . , tN, wk1· · ·kp
!,

[15]
by
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here

zx~t1, . . . , tN, wk1· · ·kp
! 5 sx~t1, . . . , tN, wk1· · ·kp

!,

zy~t1, . . . , tN, wk1· · ·kp
! 5 sy~t1, . . . , tN, wk1· · ·kp

!, [16]

epresent two different phase quadrants. As a result a to
N phase quadrants are defined which forms the basis f

ndependent phase adjustment in thev 1, . . . , vN dimensions
The hypercomplex frequency domain signal is defined

Z~v1, . . . , vN! 5 E
2`

`

exp~2i 1v1t1!dt1· · ·E
2`

`

3 z~t1, . . . , tN!exp~2i NvNtN!dtN,

[17]

hich represents a hypercomplex Fourier transform of the
omain signal (26). In a hypercomplex experiment the tim
omain signal can be expressed in multicomplex form by

z~t1, . . . , tN! 5 P
k51

N

fkexp~@i kVk 2 lk#tk!exp~i kwk!, [18]

heref k are the amplitude factors,V k the angular frequencie
k the transverse relaxation rates, andw k the phase factors.

s noted that a multicomplex number is defined as a produ
ndependent complex numbers (26). These are of particula
nterest in this context because they represent the only for
hich pure absorption lineshapes can be obtained. Becau
omplex number has an exponential representation this d
ion is consistent with the above expression. The multicom
requency domain signal is

Z~v1, . . . , vN! 5 P
k51

N

fk@Ak~vk 2 Vk!

1 i kDk~vk 2 Vk!#exp~i kwk!, [19]

here

Ak~vk 2 Vk! 5
lk

l k
2 1 @vk 2 Vk#

2 ,

Dk~vk 2 Vk! 5
Vk 2 vk

l k
2 1 @vk 2 Vk#

2 , [20]

re Lorentzian absorption and dispersion lineshapes, re
ively. The phase factors may be eliminated by indepen
hase adjustment either before or after hypercomplex Fo
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319SEPARATION OF 2H MAS NMR SPECTRA
ransformation. This implies that the hypercomplex freque
omain signal may be represented in pure absorption mo

ptimum Two-Dimensional Quadrupole-Resolved2H MAS
NMR Spectroscopy

The simplest approach to separate2H MAS NMR spectra is
he two-dimensional quadrupole-resolved one-pulse ex
ent. The pulse sequence that is illustrated in Fig. 1a invo
onselective rf irradiation and is characterized by a nons
etric disposition of coherence transfer pathways in the

ution period. The hypercomplex density operator is there
xpressed most conveniently in terms of irreducible S

ensor operators for SU(3). However, in order to facili
omparison with the other experiments described in this p
he hypercomplex density operator will be expressed co
ently in terms of irreducible cartesian SU(2) tensor opera
or SU(3). The form and properties of these operators
escribed elsewhere (28) and will not be discussed here.
The hypercomplex2H MAS NMR Hamiltonian can be ap

roximated in the presence of rf irradiation by the trunc
agnus expansion

FIG. 1. Experimental schemes used for two-dimensional (a) quadru
esolved one-pulse, (b) quadrupole-resolved two-pulse, and (c) double
um 2H MAS NMR spectroscopy.
y
.

ri-
es
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H~t, w0, w1! 5 H̃ Q
~1!~t! 1 H̃ rf

~1!~w0!

1 i 1@H̃ Q
~1!~t! 1 H̃ rf

~1!~w1!#, [21]

hich involves the first-order quadrupole and rf interact
29, 30). In the absence of rf irradiation the hypercomp
amiltonian takes the form

H~t! 5 H̃ Q
~1!~t! 1 H̃ Q

~2!~t! 1 H̃ CS
~1!~t!

1 i 1@H̃ Q
~1!~t! 1 H̃ Q

~2!~t! 1 H̃ CS
~1!~t!#, [22]

here the first- and second-order quadrupole and first-
hielding interactions are included. The individual interact
ay be expressed in terms of irreducible cartesian SU(2) t
perators for SU(3) to give

H̃ rf
~1!~w! 5 v rf@cos~w!I x 1 sin~w!I y#,

H̃ Q
~1!~t! 5

1

Î3
v Q

~1!~t!I z2,

H̃ Q
~2!~t! 5 v Q

~2!~t!I z,

H̃ S
~1!~t! 5 v S

~1!~t!I z, [23]

herevQ
(1)(t) is the first-order quadrupole,vQ

(2)(t) the second
rder quadrupole, andvS

(1)(t) the first-order shielding fre
uency (28). The angular transition frequencies are define

v Q
~1!~t! 5 Î3Az2

Q ~t!,

v Q
~2!~t! 5 2

1

8v0
@@Axz

Q~t!# 2 1 @Ayz
Q~t!# 2

1 @Ax 22y 2
Q ~t!# 2 1 @Axy

Q ~t!# 2],

v S
~1!~t! 5

2v0

Î3
Az2

S ~t! 1 v iso, [24]

hich are expressed in terms of the elements of the se
ank irreducible cartesian quadrupole and shielding tensorAQ

(2)

ndAS
(2). These can be obtained from

^A S
~2!~t!u 5 ^aS

~2!~t!uG ~2!~V1!G
~2!~V2!G

~2!~V3~t!!,

^A Q
~2!~t!u 5 ^aQ

~2!~t!uG ~2!~V2!G
~2!~V3~t!!, [25]

here

aQ
~2! 5

CQ

4k@2k 2 1#
$2hQ, 0, Î3, 0, 0%,

aS
~2! 5

1

2
CS$2hS, 0, Î3, 0, 0% , [26]

re the principal second-rank irreducible cartesian quadru
nd shielding tensors (28). These are expressed in terms of

e-
an-
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uadrupole coupling constantCQ, the shielding anisotropyCS,
he asymmetry parameterhQ for the quadrupole interactio
nd the asymmetry parameterhS for the shielding interaction
he second-rank irreducible cartesian representation m
(2)(V) defines the transformations (28). The relative orienta

ion of the principal axes systems of the shielding and q
upole tensors is given by the Euler anglesV1 5 { a1, b1, g1}.
he transformation from the principal axis system of the q
upole tensor to the rotor-fixed axis system is specified

2 5 { a2, b2, g2}. The relative orientation of the rotor- an
aboratory-fixed axes systems is defined byV3(t) 5 {vrt, u, 0},
hereu is the angle between the rotation axis and the mag
eld andvr is the angular rotation frequency.
The detailed evaluation of the hypercomplex time dom

ignal follows the general principles outlined in the previ
ection. The results reveal that

z~t1, t2! 5 sz~t0! O
m5x,y

@ fx,m~t2, t3! 1 i 2 fy,m~t2, t3!#

3 @ fm,y~t1, t2! 1 i 1 fm, x~t1, t2!# fy,z~t0, t1, 0!

1 sz~t0! O
m5xz,yz

@ fx,m~t2, t3! 1 i 2 fy,m~t2, t3!#

3 @ fm, xz~t1, t2! 2 i 1 fm,yz~t1, t2!# fxz,z~t0, t1, 0!,

[27]

here the coherence transfer functions

fy,y~t1, t2! 1 i 1 fy, x~t1, t2!

5 fx, x~t1, t2! 2 i 1 fx,y~t1, t2!

5 fxz, xz~t1, t2! 2 i 1 fxz,yz~t1, t2!

5 fyz,yz~t1, t2! 1 i 1 fyz, xz~t1, t2!

5 cos~u1~t1, t2!!exp~i 1u2~t1, t2!!,

fy,y~t2, t3! 2 i 2 fx,y~t2, t3!

5 fx, x~t2, t3! 1 i 2 fy, x~t2, t3!

5 cos~u1~t2, t3!!exp~i 2u2~t2, t3!!,

fy, xz~t2, t3! 2 i 2 fx, xz~t2, t3!

5 2fx,yz~t2, t3! 2 i 2 fy,yz~t2, t3!

5 sin~u1~t2, t3!!exp~i 2u2~t2, t3!!, [28]

re defined in terms of

u1~t0, t! 5 E
t0

t

v Q
~1!~t!dt,

u2~t0, t! 5 E
t0

t

@v Q
~2!~t! 1 v S

~1!~t!#dt, [29]
rix

d-

-
y

tic

n
s

hich are the phase angles for the first-order quadrupol
eraction and the second-order quadrupole and first-
hielding interaction, respectively.
The length of the evolution period must be an integer m

iple of the rotation periodTr 5 2p/vr for complete coheren
veraging. With this restriction the coherence transfer f

ions in the evolution period simplify to

fy,y~t1, t2! 1 i 1 fy, x~t1, t2! 5 fx, x~t1, t2! 2 i 1 fx,y~t1, t2!

5 fxz, xz~t1, t2! 2 i 1 fxz,yz~t1, t2!

5 fyz,yz~t1, t2! 1 i 1 fyz, xz~t1, t2!

5 exp~i 1@v iso 1 vQS#t1!, [30]

herev iso is the angular isotropic shielding frequency andvQS

s the angular centerband second-order quadrupole frequ
hese terms represent the time-independent parts of the
ctions and are not eliminated by the averaging process.
etection period the coherence transfer functions may b
anded in the Fourier series

fy,y~t2, t3! 2 i 2 fx,y~t2, t3!

5 fx, x~t2, t3! 1 i 2 fy, x~t2, t3!

5 O
m52`

`

amexp~i 2@mv r 1 v iso 1 vQS#t2!,

fy, xz~t2, t3! 2 i 2 fx, xz~t2, t3!

5 2fx,yz~t2, t3! 2 i 2 fy,yz~t2, t3!

5 O
m52`

`

bmexp~i 2@mv r 1 v iso 1 vQS#t2!, [31]

here the expansion coefficientsam andbm are subject to th
estrictions

a2m 5 am, b2m 5 2bm,

O
m52`

`

am 5 1, O
m52`

`

bm 5 0. [32]

rom the above equations it can be deduced that the
omain signal takes the form

z~t1, t2! 5 O
m52`

`

@i 1z10
~m! 1 i 2z01

~m!#exp~@i 1V1 2 l1#t1!

3 exp~@i 2V 2
~m! 2 l2#t2!, [33]



w

a

d ma
s ati
r ec
t rop
e th
l

for

w

a n d
c io
a en
z -
t s t
s
p
fi th
n s
t ha
b le
o bso
t isp
s

com
p tio
H jus
i e
t on
q .
B na
s me

o h is
o

F iffer
a ow-
d nt
i is is
s ent
q sults
i
m ation
p
r e
r d an
i This
i s an
i ad-
r pole
c

te
p jec-
t

w . It is
s e pure

f
fi
i
k ,
a

321SEPARATION OF 2H MAS NMR SPECTRA
here

z10
~m! 5 z01

~m! 5 @amfy,z~t0, t1, 0! 1 bmfxz,z~t0, t1, 0!#sz~t0!

[34]

re the amplitude factors and

V1 5 v iso 1 vQS,

V 2
~m! 5 mv r 1 v iso 1 vQS, [35]

efine the angular transition frequencies. The time do
ignal has been modified to include the transverse relax
atesl1 andl2 in the evolution and detection periods, resp
ively. This approach does not reflect all the relaxation p
rties of the system but is generally sufficient to evaluate

ineshapes.
The frequency domain signal can be expressed in the

Z~v1, v2! 5 O
m52`

`

@i 1z10
~m! 1 i 2z01

~m!#

3 L1~v1 2 V1! L2~v2 2 V 2
~m!!, [36]

here

L1~v1 2 V1! 5 A1~v1 2 V1! 1 i 1D1~v1 2 V1!,

L2~v2 2 V 2
~m!! 5 A1~v2 2 V 2

~m!! 1 i 2D2~v2 2 V 2
~m!!, [37]

re Lorentzian lineshapes. The equations reveal that sig
rimination has been achieved in both frequency dimens
nd that a symmetric spinning sideband manifold with Lor
ian sidebands at {v 1, v 2} 5 { V 1, V 2

(m)} defines the spec
rum. For a system with several nonequivalent deuteron
pinning sideband manifolds are separated in thev1 dimension
rovided that the angular transition frequenciesV1 differ suf-
ciently. The spectrum is not multicomplex because of
onsymmetric disposition of coherence transfer pathway

he evolution period. Thus, although sign discrimination
een achieved in both frequency domains it is impossib
btain spectra that are represented by pure absorption–a

ion lineshapes. This feature is undesirable because the d
ion components reduce the resolution.
Because the proportions of absorption and dispersion

onents are identical it is impossible to improve the resolu
owever, the sensitivity may be increased by carefully ad

ng the preparation pulse length to maximize the magnitud
he amplitude factors. This leads to optimum two-dimensi
uadrupole-resolved one-pulse2H MAS NMR spectroscopy
ecause of the inherently low sensitivity of two-dimensio
pectroscopy this is an important element in the develop
in
on
-
-
e

m

is-
ns
t-

he

e
in
s
to
rp-
er-

-
n.
t-
of
al

l
nt

f the technique. The optimum preparation pulse lengt
btained by maximizing the function

y~tp! 5 u O
m52`

`

z10
~m!u. [38]

or a polycrystalline sample the amplitude factors d
mong the crystallites and the object is to maximize the p
er-integrated amplitude factors. The global maximum poit*p

s defined as the optimum preparation pulse length. Th
hown in Fig. 2 as function of the rf field strength for differ
uadrupole coupling constants. In order to describe the re

t is convenient to introduce the quantityDp 5 tp
0 2 t*p that

easures the difference between the optimum prepar
ulse length obtained for nonideal (t*p) and ideal (tp

0 5 p/2vrf)
f irradiation. It is seen thatDp is a decreasing function of th
f field strength that converges asymptotically to zero an
ncreasing function of the quadrupole coupling constant.
s readily understood from the facts that the rf interaction i
ncreasing function of the rf field strength and that the qu
upole interaction is an increasing function of the quadru
oupling constant.
The experiment makes it possible to obtain a separav2

rojection for each spinning sideband manifold. The pro
ions are given by

Z~t1 5 0, v2! 5 O
m52`

`

@i 1z10
~m! 1 i 2z01

~m!#L2~v2 2 V 2
~m!!,

[39]

hich represents a symmetric spinning sideband manifold
een that the spinning sidebands may be adjusted to hav

FIG. 2. The optimum preparation pulse lengtht*p as a function of the r
eld strengthnrf for the quadrupole-resolved one-pulse2H MAS NMR exper-

ment. The calculations employed the quadrupole coupling constantsCQ 5 100
Hz (solid), CQ 5 150 kHz (dot-dashed), andCQ 5 200 kHz (dotted)
symmetry parameterhQ 5 0.10, and rotation frequencynr 5 5.0 kHz.
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322 KRISTENSEN ET AL.
bsorption lineshapes. This is because the dispersion co
ents cancel out in the projection. The amplitude factors
end on the coherence transfer functions for the first-o
uadrupole and rf interactions. It is impossible to obtain e
xpressions for these functions. However, the most impo
roperties are defined by the first-order coherence tra

unctions that give an accurate description of the time ev
ion of the system for short time intervals (28). The projection
an be rewritten in terms of these to obtain

z~t1 5 0, t2! 5 2@i 1 1 i 2#sz~t0! D~t0, t1!cos~1
2u1~t0, t1!

1 u1~t2, t3!!exp~i 2u2~t2, t3!!, [40]

here the intensity distortion function

D~t0, t! 5
2up~t0, t!

Îu 1
2~t0, t! 1 4u p

2~t0, t!

3 sinS1

2
Îu 1

2~t0, t! 1 4u p
2~t0, t!D [41]

epends on bothu 1(t 0, t) and the pulse angleup(t 0, t) 5 v rf[ t
t 0]. For ideal rf irradiation the expression reduces to

z~t1 5 0, t2! 5 2@i 1 1 i 2#sz~t0!sin~up~t0, t1!!

3 cos~u1~t2, t3!!exp~i 2u2~t2, t3!!, [42]

hich reveals that the projections obtained with nonide
rradiation are subject to both intensity and phase distort
he effects of the intensity and phase distortions are de
trated in Fig. 3, which includes projections calculated
oth ideal and nonideal rf irradiation. The preparation p

ength has been adjusted to optimize the sensitivity of
xperiment. For normally accessible rf field strengths the

imization enforces a considerable preparation pulse le
hich justifies a thorough investigation of the distortion

ects. It is seen that the intensity distribution in the manifol
pinning sidebands is distorted in the spectra obtained
onideal rf irradiation. The effect is to suppress the intensi

he high-order spinning sidebands whereas the low-order
ing sidebands are relatively unaffected. This is approxim
escribed by the relative intensity distortion function

d~t0, t, v! 5
sin~up~t0, t!Î1 1 v 2/4v rf

2!

sin~up~t0, t!!Î1 1 v 2/4v rf
2 , [43]

hich is analogous to that obtained for nonrotating sam
3). The results show a close agreement between the exa
pproximate intensity ratios. This is unexpected becaus
quations predict that the intensity distortion for a single c

allite is distributed equally among all the spinning sideba
po-
e-
er
ct
nt
fer
-

rf
s.
n-
h
e
e

p-
th
-
f
th
f

in-
ly

s
nd

he
-

s.

he results can therefore only be explained by interfer
etween subspectra from different crystallites (31). However

he relationship is important because the intensity distor
an be simulated very accurately by simple correction fac
It is generally impossible to correct for the phase distor

ntroduced by nonideal rf irradiation. However, for small pr
ration pulse lengths time shifting can effectively eliminate
hase distortion. The form of the time domain signal sh

hat the condition for eliminating the phase distortion is

1
2u1~t0, t1! 1 u1~t2, t3 2 ts! 5 u1~t2, t3!, [44]

herets is the time shift. The solution is approximated byts 5
tp which is identical to that obtained for nonrotating sam
3). Multiplying the frequency domain spectrum by a fir
rder phase factor performs the phase correction most c
iently. The procedure shown in Fig. 3 also illustrates
ffects of the phase distortion. It is noted that the first-o
hase correction is remarkably good even for spectra acq
ith large rotation frequencies.
The dispersion lineshapes inherent in the two-dimens

uadrupole-resolved one-pulse experiment are undesirab
ause of the reduced resolution and the possibility of ca
ation effects. This suggests the introduction of a mixing pe
o redefine the coherence transfer pathways. The result

FIG. 3. Theoreticalv2 projections for the quadrupole-resolved one-p
H MAS NMR experiment. The calculations used the quadrupole cou
onstantCQ 5 200 kHz, asymmetry parameterhQ 5 0.10, and rotatio
requenciesnr 5 5.0 kHz (left column) andnr 5 10.0 kHz (right column). Th
gure represents spectra obtained under (a) ideal excitation conditions w
f field strengthnrf 5 1000 kHz and optimum pulse lengtht*p 5 1.25ms and
b) nonideal conditions withnrf 5 25 kHz andt*p 5 4.25 ms. The phas
istortion effects are demonstrated in (b) while (c) illustrates the result
rst-order phase correction.
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wo-dimensional quadrupole-resolved two-pulse2H MAS
MR experiment. The experimental scheme illustrated in
b reveals that the mixing period results in a symmetric
osition of coherence transfer pathways in the evolution
iod. The experiment therefore allows for pure absorpt
bsorption lineshapes. However, the actual lineshapes d
n the combined effects of nonideal rf irradiation and hy
omplex data processing. This may be made more explic
onsidering the hypercomplex time domain signal that is
lar to that obtained for the one-pulse experiment. The
ifference is the amplitude factors that are given by

z10
~m! 5 @@ fx, x~t2, t3, 0!am 2 fyz, x~t2, t3, 0!bm# fy,z~t0, t1, 0!

1 @ fyz,yz~t2, t3, 0!bm

2 fx,yz~t2, t3, 0!am]

3 fxz,z~t0, t1, 0!]sz~t0!,

z01
~m! 5 @@ fy,y~t2, t3, 0!am 1 fxz,y~t2, t3, 0!bm# fy,z~t0, t1, 0!

1 @ fxz, xz~t2, t3, 0!bm

1 fy, xz~t2, t3, 0!am]

3 fxz,z~t0, t1, 0!]sz~t0!. [45]

he appearance of the spectra is therefore expected
imilar for the one- and two-pulse experiments. It is noted
he time domain signal is not multicomplex. The spinn
idebands are therefore represented by a superposition
orption–absorption, absorption–dispersion, dispersion
orption, and dispersion–dispersion lineshapes. Howeve
mportant difference exists in the phase characteristics o
ne- and two-pulse experiments. In the two-pulse experi

wo symmetrically disposed coherence transfer pathway
llowed in the evolution period and the phase distortion is
esult of nonideal rf irradiation. This implies that the dispers
omponents vanish in the limit of ideal rf irradiation. For
ne-pulse experiment the phase distortion is an inherent fe

hat derives from the nonsymmetric disposition of cohere
ransfer pathways. For the two-pulse experiment the for
he amplitude factors shows that the proportion of absorp
omponents is significantly larger than the proportion of
ersion components. The result is that the two-pulse ex
ent has a superior resolving power.
The proportions of absorption and dispersion compon

epend on the relative magnitude of the amplitude factors
re subject to variation by the pulse sequence parameter
roportion of dispersion components may be minimized u

he constraint of maximum sensitivity by adjusting the p
equence parameters to maximize the magnitude of only o
he amplitude factors. This leads to optimum two-dimensi
uadrupole-resolved two-pulse2H MAS NMR spectroscopy
he optimum pulse sequence parameters are obtained
ingle crystallite by maximizing the function
.
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y~tp1, tp2! 5 u O
m52`

`

z10
~m!u 2 u O

m52`

`

z01
~m!u. [46]

or a polycrystalline sample the amplitude factors mus
eplaced by powder-integrated amplitude factors. The g
aximum point defines the optimum preparation and mi
ulse lengthst*p1 andt*p2. These are shown in Fig. 4 as fun

ions of the rf field strength for different quadrupole coup
onstants. In order to understand the results it is usef
ntroduce the quantitiesDp1 5 tp1

0 2 t*p1 andDp2 5 tp2
0 2 t*p2

hat give the difference between the optimum preparation
ixing pulse lengths obtained with nonideal (t*p1 andt*p2) and

deal (tp1
0 5 tp2

0 5 p/2vrf) rf irradiation. It is seen that th
unctional dependence ofDp1 andDp2 is similar to that observe
n the one-pulse experiment for the same reasons origi
oted. However, the values of the pulse sequence param
iffer and are generally significantly smaller. It is seen tha
reparation and mixing pulse lengths are almost equal.
ptimum pulse sequence is therefore approximately symm

or all values of the rf field strength.

ptimum Two-Dimensional Double-Quantum2H MAS NMR
Spectroscopy

The two-dimensional quadrupole-resolved two-pulse2H
AS NMR experiment improves the resolution significan

FIG. 4. The optimum preparation and mixing pulse lengthst*p1 andt*p2 as
unctions of the rf field strengthnrf for the quadrupole-resolved two-pulse2H
AS NMR experiment. The calculations used the quadrupole coupling

tantsCQ 5 100 kHz (solid),CQ 5 150 kHz (dot-dashed), andCQ 5 200 kHz
dotted), asymmetry parameterhQ 5 0.10, and rotation frequencynr 5 5.0
Hz.
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324 KRISTENSEN ET AL.
y reducing the proportion of dispersion components. H
ver, the inherent linewidth of the spinning sidebands ma
limiting factor for many systems. This is especially true

tructurally or motionally disordered materials. In these ca
seful alternative is the two-dimensional double-quantum2H
AS NMR experiment (20–23). This technique has the p

ential of resolution enhancement and spectral simplifica
owever, as will be shown in this section the actual resolu
nhancement depends on the lineshape and the techni
enerally less useful for systems with large quadrupole
ling constants. The experimental scheme illustrated in Fi

ncludes a representation of the allowed coherence tra
athways. The hypercomplex time domain signal may be
ived using the general formalism described above. An exp
alculation shows that

~t1, t2! 5 sz~t0! O
m5y, xz

@ fx,m~t5, t6! 1 i 2 fy,m~t5, t6!#

3 fm, xy~t4, t5, 0!@ fxy, x 22y 2~t3, t4!

2 i 1 fxy, xy~t3, t4!] @ fx 22y 2,z~t0, t3, 0!

1 i 1 fxy,z~t0, t3, 0!] 1 sz~t0! O
m5x,yz

3 @ fx,m~t5, t6!

1 i 2 fy,m~t5, t6!] fm, x 22y 2~t4, t5, 0!

3 @ fx 22y 2, x 22y 2~t3, t4! 2 i 1 fx 22y 2, xy~t3, t4!#

3 @ fx 22y 2,z~t0, t3, 0! 1 i 1 fxy,z~t0, t3, 0!#, [47]

hich has been expressed in terms of the coherence tra
unctions

fxy,z~t0, t3, 0! 5 @ fxy,y~t2, t3, 0! fy,y~t1, t2!

1 fxy, xz~t2, t3, 0! fxz,y~t1, t2!]

3 fy,z~t0, t1, 0!

1 @ fxy, xz~t2, t3, 0! fxz, xz~t1, t2!

1 fxy,y~t2, t3, 0! fy, xz~t1, t2!]

3 fxz,z~t0, t1, 0!,

fx 22y 2,z~t0, t3, 0! 5 @ fx 22y 2, x~t2, t3, 0! fx,y~t1, t2!

1 fx 22y 2,yz~t2, t3, 0! fyz,y~t1, t2!]

3 fy,z~t0, t1, 0!

1 @ fx 22y 2, x~t2, t3, 0! fx, xz~t1, t2!

1 fx 22y 2,yz~t2, t3, 0! fyz, xz~t1, t2!]

3 fxz,z~t0, t1, 0!. [48]

t is noted that each term in these equations represe
oherence transfer pathway. The expressions therefore g
-
e

r
a

n.
n
e is
u-
c

fer
e-
it

fer

a
e a

omplete description of all allowed coherence transfer p
ays in the experiment. The magnitude off xy,z(t 0, t 3, 0) and

x22y2 ,z(t 0, t 3, 0) which describe the transfer of dipole alig
ent into quadrupole double-quantum coherence during
reparation period is very small. This is reflected in the in
ntly low sensitivity of the double-quantum experiment.
For complete coherent averaging the length of the evolu

eriod is restricted to an integer multiple of the rotation per
lthough this is not strictly necessary for this experimen
ay improve the performance by averaging any shiel
nisotropy. With this restriction the coherence transfer f

ions in the evolution period become

fx 22y 2, x 22y 2~t3, t4! 2 i 1 fx 22y 2, xy~t3, t4!

5 fxy, xy~t3, t4! 1 i 1 fxy, x 22y 2~t3, t4!

5 exp~i 12@v iso 1 vQS#t1!, [49]

here it is noted that the angular isotropic shielding freque
nd the angular centerband second-order quadrupole freq
re scaled by a factor of 2. In the detection period the co
nce transfer functions are periodically time dependent
ay be expanded in the Fourier series given by Eqs. [31

32]. With these relations the time domain signal become

z~t1, t2! 5 O
m52`

`

@ z00
~m! 1 i 1z10

~m! 1 i 2z01
~m! 1 i 1i 2z11

~m!#

3 exp([i1V12l1]t1)exp~@i 2V 2
~m! 2 l2#t2!,

[50]

hich has been modified to include the transverse relax
atesl1 andl2 in the evolution and detection periods, resp
ively. The amplitude factors are

z00
~m! 5 sz~t0!@ fx, x 22y 2~t4, t5, 0!am 2 fyz, x 22y 2~t4, t5, 0!bm#

3 fx 22y 2,z~t0, t3, 0!,

z10
~m! 5 sz~t0!@ fx, x 22y 2~t4, t5, 0!am 2 fyz, x 22y 2~t4, t5, 0!bm#

3 fxy,z~t0, t3, 0!,

z01
~m! 5 sz~t0!@ fy, xy~t4, t5, 0!am 1 fxz, xy~t4, t5, 0!bm#

3 fxy,z~t0, t3, 0!,

z11
~m! 5 2sz~t0!@ fy, xy~t4, t5, 0!am 1 fxz, xy~t4, t5, 0!bm#

3 fx 22y 2,z~t0, t3, 0!, [51]

nd the angular transition frequencies

V1 5 2@v iso 1 vQS#,

V 2
~m! 5 mv r 1 v iso 1 vQS. [52]
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t is seen that the frequencies differ from those in the qua
ole-resolved experiments by a factor of 2 in thev1 dimension
The hypercomplex frequency domain signal is given by

Z~v1, v2! 5 O
m52`

`

@ z00
~m! 1 i 1z10

~m! 1 i 2z01
~m! 1 i 1i 2z11

~m!#

3 L1~v1 2 V1! L2~v2 2 V 2
~m!!, [53]

hich shows that the spectrum is an antisymmetric spin
ideband manifold with Lorentzian sidebands at the ang
requencies {v 1, v 2} 5 { V 1, V 2

(m)} and that sign discrimi
ation has been achieved in both frequency dimensions.
ystem with several nonequivalent deuterons the spectrum
uperposition of spinning sideband manifolds. Provided
he frequenciesV1 differ sufficiently the spinning sideban
anifolds are separated in thev1 dimension. For a polycrys

alline sample the angular dependence of the centerban
nd-order quadrupole frequency imposes a characteristic
hape on the spinning sidebands that for systems with
uadrupole coupling constants may reduce the resolution
oted that the experiment does not lead to any resol
nhancement if the lineshape is dominated by the cente
econd-order quadrupole frequency. On the other han
mall quadrupole coupling constants where the lineshape
etermined by the centerband second-order quadrupole
uency the experiment may improve the resolution by a fa
f 2. The spectrum is not multicomplex and it is theref

FIG. 5. The optimum preparation and mixing pulse lengthst*p1, t*p2, and
ouble-quantum2H MAS NMR experiment. The calculations employed th
ndCQ 5 200 kHz (dotted), asymmetry parameterhQ 5 0.10, and rotation
u-

g
ar

r a
s a
at

ec-
e-
ge
is
n
nd
or
ot

re-
or

mpossible to obtain pure absorption–absorption linesha
ecause the experiment is designed with a symmetric d
ition of coherence transfer pathways in the evolution pe
his derives exclusively from nonideal rf irradiation. As a re
he individual spinning sidebands are represented by a s
osition of absorption–absorption, absorption–dispersion
ersion–absorption, and dispersion–dispersion linesh
his is an undesirable feature because of the reduced reso
nd the possibility of cancellation effects.
The proportions of absorption and dispersion compon

epend on the relative magnitude of the amplitude factors
re subject to variation by the pulse sequence parameters

mplies that the proportion of dispersion components ca
inimized under the constraint of maximum sensitivity
djusting the pulse sequence parameters to maximize o

he amplitude factors. This leads to optimum two-dimensi
ouble-quantum2H MAS NMR spectroscopy. It is noted th

his approach is an essential part of the experiment becau
ts inherently low sensitivity. For a single crystallite the o

um pulse sequence parameters are obtained by maxim
he function

y~tp1, tp2, tp3, td! 5 u O
m52`

`

sgn~m! z01
~m!u, [54]

here the sign function selects the antisymmetric compon
f the amplitude factors. In the case of a polycrystalline sa

and optimum delay lengtht*d as functions of the rf field strengthnrf for the
uadrupole coupling constantsCQ 5 100 kHz (solid),CQ 5 150 kHz (dot-dashed
quencynr 5 5.0 kHz.
t*p3

e q
fre
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326 KRISTENSEN ET AL.
he amplitude factors must be replaced by powder-integ
mplitude factors. The global maximum pointst*p1, t*p2, andt*p3

re defined as the optimum preparation and mixing p
engths andt*d is the optimum delay length. These are ill
rated in Fig. 5 as functions of the rf field strength for vari
uadrupole coupling constants. It is convenient to describ
esults in terms ofDp1 5 tp1

0 2 t*p1, Dp2 5 tp2
0 2 t*p2, andDp3 5

p3
0 2 t*p3, which measure the differences between the optim
reparation and mixing pulse lengths obtained with noni
t*p1, t*p2, and t*p3) and ideal (tp1

0 5 tp2
0 5 tp3

0 5 p/2vrf) rf
rradiation. The quantityDd 5 td

0 2 t*d gives the differenc
etween the optimum delay periods for nonideal (t*d) and idea
td

0) rf irradiation. The results show thatDp1, Dp2, Dp3, andDd

ave a similar functional dependence as described for the
nd two-pulse experiments although the values of the p
equence parameters differ significantly. It is seen tha
reparation pulse lengthst*p1 andt*p2 are almost identical. Th

mplies that the optimum pulse sequence has an approxim
ymmetric preparation period for all values of the rf fi
trength. The optimum delay lengtht*d converges to zero fo
mall rf field strengths. In these cases the optimum three-
equence becomes a two-pulse sequence.
The experiment makes it possible to obtain separatv2

rojections for the individual spinning sideband manifo
he projections are given by

Z~t1 5 0, v2! 5 O
m52`

`

@ z00
~m! 1 i 1z10

~m! 1 i 2z01
~m! 1 i 1i 2z11

~m!#

3 L2~v2 2 V 2
~m!!, [55]

hich represents an antisymmetric spinning sideband m
old. It is seen that it is impossible to obtain projections w
ure absorption lineshapes. However, the proportion of di
ion components is reduced considerably by impleme
ptimum pulse sequence parameters. In the limit of ide

rradiation the dispersion components vanish completely.
ost important features of the spectra are determined b

rst-order coherence transfer functions (28). The time domain
ignal may be rewritten in terms of these to obtain

z~t1 5 0, t2! 5 2sz~t0! D~t0, t1! D~t2, t3! D~t4, t5!

3 sin~1
2u1~t0, t1! 1 u1~t1, t2!

1 1
2u1~t2, t3!)sin~1

2u1~t4, t5! 1 u1~t5, t6!!

3 cos~u2~t1, t2!!exp~i 2u2~t5, t6!!, [56]

hich includes an intensity distortion function (Eq. [41])
ach pulse. For ideal rf irradiation the projections becom
ed

e

s
he

m
al

e-
se
e

ely

lse

.

i-

r-
g
rf
e

he

z~t1 5 0, t2! 5 2sz~t0!sin~up~t0, t1!!sin~up~t2, t3!!

3 sin~up~t4, t5!!sin~u1~t1, t2!!

3 sin~u1~t5, t6!!cos~u2~t1, t2!!exp~i 2u2~t5, t6!!, [57]

hich reveal that the spectra obtained with nonideal rf irr
tion are subject to both intensity and phase distortions. T
ffects are shown in Fig. 6, which includes projections ca

ated for both nonideal and ideal rf irradiation. The optim
ion of the experiment enforces considerable preparation
ixing pulse lengths, justifying a thorough investigation of

ntensity and phase distortions. The distortion suppresse
ntensity of the high-order spinning sidebands while the l
rder spinning sidebands show no significant effects.
elative distortion of the intensity distribution in the spinn
ideband manifold can be represented approximately by

F~v! 5 d~t0, t1, v!d~t2, t3, v!d~t4, t5, v!

3
sin~v@1

2tp1 1 1
2tp2 1 td#!

sin~vtd!
, [58]

FIG. 6. Theoreticalv2 projections for the double-quantum2H MAS NMR
xperiment. The calculations employed the quadrupole coupling co

Q 5 200 kHz, asymmetry parameterhQ 5 0.10, and rotation frequenciesnr 5
.0 kHz (left column) andnr 5 10.0 kHz (right column). The figure represe
pectra acquired under (a) ideal excitation conditions with the rf field str

rf 5 1000 kHz and optimum pulse sequence parameterst*p1 5 1.25ms, t*p2 5
.25 ms, t*p3 5 1.25 ms, andt*d 5 3.85 ms and (b) nonideal conditions wi

rf 5 50 kHz,t*p1 5 4.30ms, t*p2 5 4.30ms, t*p3 5 3.35ms, andt*d 5 0.15ms.
he phase distortion effects are demonstrated in (b) while (c) illustrate
esult of a first-order phase correction.
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hich includes the relative intensity distortion function (
43]) for each pulse. The computational results have sh
hat the approximate and exact intensity ratios are in c
greement. This relationship is important because the inte
istortion effects can be simulated very accurately and
iently by simple correction factors.
The phase distortion induced by nonideal rf irradiation

e effectively eliminated by time shifting. The condition
liminating the phase distortion is

1
2u1~t4, t5! 1 u1~t5, t6 2 ts! 5 u1~t5, t6!, [59]

herets is the time shift. The approximate solution ists 5 1
2tp3

hich reveals that the phase distortion originates in the
ulse. The effects of the phase distortion are shown in F
hich also illustrates the phase correction procedure.

EXPERIMENTAL RESULTS

In order to demonstrate the essential features of the ex
ents a series of spectra of polycrystalline malonic-acid2H4

as been recorded. This system is known to crystallize
imple triclinic lattice structure (32). The unit cell holds onl
wo molecules that are related by an inversion center.
olecules are therefore equivalent and the maximum nu
f lines is limited to 4. The composition of the molecule
lmost ideal with deuterons at two different functional gro
ith widely different isotropic shielding frequencies. For

wo-dimensional quadrupole-resolved one-pulse2H MAS
MR experiment the experimental spectra are shown in F
lthough the spinning sidebands are broadened by dispe
omponents the resolving power is sufficient to separate
ifferent spinning sideband manifolds. These can be iden
s arising from the carboxyl (n1 5 275 Hz) and methylen
n1 5 2275 Hz) deuterons. The assignment was made o
asis of several independent observations. A point of parti

mportance is that the isotropic shielding frequency dif
etween the carboxyl and methylene deuterons. From em
al correlations it is known that carboxyl deuterons are sh
oward higher frequencies relative to methylene deute
nother important observation is that the spinning sideb
anifolds are different for the carboxyl and methylene deu
ns. These are determined by the quadrupole coupling con
nd the asymmetry parameter which are generally large
arboxyl deuterons than for methylene deuterons. The
idths are seen to be different for the carboxyl and methy
euterons. It is known (33) that the methylene deuterons
oupled by homonuclear dipole interactions that contribu
he linewidth. The sidebands are therefore broader for
ethylene deuterons.
The experimentalv2 projections are shown in Fig. 8 for bo

he carboxyl and methylene deuterons. The quadrupole p
ters may be determined from these projections by simul
.
n
e
ity
-

n

d
6,

ri-

a

ll
er

s

7.
on
o
d

he
ar
s
iri-
d
s.
d
r-
ant
or
e-
e

to
e

m-
g

he spinning sideband manifolds. For the carboxyl deutero
as found thatCQ 5 181 kHz andhQ 5 0.11 while the
ethylene deuterons were simulated withCQ 5 166 kHz and

Q 5 0.00. The quadrupole parameters are identical to t
reviously obtained from polycrystalline samples (7) and sin-
le crystals (34). It is noted that the quadrupole coupli
onstant spans a much wider range than the isotropic shie
requency. This suggests that the quadrupole coupling con
ould offer a more sensitive means to differentiate betw
ifferent types of deuterons than could the isotropic shiel

requency. The overall agreement between the experim
nd theoretical spinning sideband manifolds is remark
onsidering the inherent difficulty of two-dimensional sp
roscopy. The small discrepancies that can be observe
ome of the spinning sidebands are primarily the resu
ancellation effects. From the experimentally determ
uadrupole parameters the optimum preparation pulse l
as calculated to bet*p 5 4.85ms. This result is consistent wi

*p 5 5.256 0.50 ms, which is obtained experimentally.
The importance of synchronizing the experiment accura

s demonstrated by the experimental spectra shown in F
hese reveal that the sidebands are displaced along tv1

imension in nonsynchronized experiments. This reduce
esolution in thev1 dimension but has no effect on the re
ution in thev2 dimension. The magnitude and direction of
isplacements depend on the order of the sideband an
ifference between the rotation frequency and the sam

requency in thet1 dimension. The origin of the effect may
nderstood by considering the time domain signal

z~t1, t2! 5 O
m52`

`

@i 1z10
~m! 1 i 2z01

~m!#

3 exp~i 1mv rt1!exp~i 2mv rt2!, [60]

hich for simplicity includes the effect of only the first-ord
uadrupole interaction. The frequency domain signal take

orm

Z~v1, v2! 5 O
m52`

`

@i 1z10
~m! 1 i 2z01

~m!#

3 d(v12mvr)d(v22mvr), [61]

hered(v) is the impulse function (35). The equation demon
trates that a symmetric spinning sideband manifold with
ands at {v 1, v 2} 5 { mv r, mv r} represents the spectrum.

he observations are made stroboscopically in thet1 dimension
he time domain signal becomes

ẑ~t , t ! 5 III ~t ! z~t , t !, [62]
1 2 1 1 2
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hereIII (t) is the sampling function (35). The sampled fre
uency domain signal takes the form

Ẑ~v1, v2! 5 2vs1 O
m52`

` O
n52`

`

@i 1z10
~m! 1 i 2z01

~m!#

3 d~v1 2 mv r 2 nvs1!d~v2 2 mv r!, [63]

herevs1 is the angular sampling frequency in thet1 dimen-
ion. The sampling frequency is given byvs1 5 v r 2 Dv,
hereDv is the degree to which the experiment is nons
hronized. The frequency domain signal may therefore
ewritten in the form

Ẑ~v1, v2! 5 2vs1 O
m52`

` O
n52`

`

@i 1z10
~m! 1 i 2z01

~m!#

3 d(v12[m1n]vr 1 nDv)d~v2 2 mv r!,

[64]

hich includes all branches. The spectral width in thev1

imension is limited by the sampling frequency in thet1

imension. It is therefore possible to observe only the br
5 2n. This implies that

Ẑ~v1, v2! 5 2vs1 O
m52`

`

@i 1z10
~m! 1 i 2z01

~m!#

3 d(v12mDv)d(v22mvr), [65]

hich demonstrates that the sidebands are at {v 1, v 2} 5
mDv, mv r} for spectra obtained in nonsynchronized exp

ments. The sidebands are displaced bymDv in thev1 dimen-
ion. The displacements are described by the angleu 5
rctan(Dv/vr) which defines the orientation of the line pass

hrough the centers of the sidebands. The equation show
is a decreasing function ofvr and an increasing function
v. The displacements are therefore less important for sp
cquired with high rotation frequencies. The direction of
isplacements depends on whether the rotation frequen
igher or lower than the sampling frequency. In most exp
ents Dv is close to zero andu is therefore very smal
owever, even for small values ofu the displacements can
ery large for the high-order spinning sidebands. For the s
ra in Figs. 7b and 7c a simple measurement shows tha
isplacements are represented byu 5 5.95373 1023 andu 5
6.05723 1023, respectively. These values compare fa
bly with the theoretical values that are given byu 5 5.77553
023 andu 5 25.77553 1023, respectively.
The performance of the two-dimensional quadrupole

olved two-pulse2H MAS NMR experiment was evaluat
-
e

h

-

hat

tra
e
is

i-

c-
he

-

-

rom the experimental spectrum shown in Fig. 9a. Again
esolving power is sufficient to separate two spinning side
anifolds from the carboxyl (n1 5 275 Hz) and methylen

n1 5 2275 Hz) deuterons. By comparing the results it
omes apparent that the one-pulse experiment is super
erms of sensitivity. This derives primarily from the efficie
ime shifting procedure and the large magnitude of the am
ude factors. However, the results reveal that the two-p
xperiment has a much better resolving power. Although
irectly apparent from the contour plots the individual spinn
idebands are much narrower at the base in the two-
xperiment. This is because the proportion of dispersion
onents is much smaller than the proportion of absorp
omponents. For the one-pulse experiment the proportio
bsorption and dispersion components are identical. It is
ortant to note that the experimentalv1 projections do no
eflect the true resolving power of the experiments becaus
ispersion components are canceled out. Moreover, be

he experiments are not perfectly synchronized the disp
ents of the spinning sidebands have a significant effect o

esolution in thev1 dimension. This shows that the one-pu
xperiment is most advantageous for systems with low s

ivity and widely separated isotropic shielding frequen
hile the two-pulse experiment is to be preferred for syst
ith high sensitivity and closely spaced isotropic shield

requencies. From the experimentally determined quadru
arameters the optimum pulse sequence parameters were

o be t*p1 5 3.50 ms andt*p2 5 3.35 ms. These results a
onsistent with the valuest*p1 5 3.50 6 0.50 ms andt*p2 5
.506 0.50 ms that are obtained experimentally.
In order to investigate the resolution enhancement in

wo-dimensional double-quantum2H MAS NMR experiment a
pectrum of polycrystalline malonic-acid-2H4 was recorded
he result shown in Fig. 9b demonstrates that the reso
ower is sufficient to separate two spinning sideband m

olds. These can be identified as arising from the carb
n1 5 550 Hz) and methylene (n1 5 2550 Hz) deuterons. It
een that the resolution in thev1 dimension has been increas
y a factor of 2 compared with the resolution in thev2

imension. This represents the maximum resolution enha
ent in the experiment and is consistent with the fact tha

pinning sidebands have no contribution from the second-
uadrupole interaction. For systems with larger quadru
oupling constants the resolving power is expected to be m
ess. The experimentalv2 projections shown in Fig. 10 ha
een simulated with the quadrupole coupling parametersCQ 5
81 kHz andhQ 5 0.11 for the carboxyl deuterons and w
Q 5 166 kHz andhQ 5 0.00 for the methylene deuterons

s seen that the theoretical simulations represent all the e
ial features of the experimentalv2 projections. The sma
iscrepancies that can be observed for some of the spi
idebands are the results of imperfect pathway selection
ancellation effects. Because the pathway selection is no
ect small amounts of dipole alignment and dipole and q
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upole single-quantum coherences are transferred to the
ution period. These contributions have a profound effec
he intensity distribution in the spinning sideband manifo

FIG. 7. Experimental quadrupole-resolved one-pulse2H MAS NMR spe
XR 400 S spectrometer with rotation frequencies (a)nr 5 6060 Hz, (b)nr 5

he optimum preparation pulse lengtht*p 5 5.25 6 0.50 ms. For quadrature
erformed which differ by3p

2 in the phase of the preparation pulse.
vo-
n
.

rom the experimentally determined quadrupole param
he optimum pulse sequence parameters were calculated
* 5 5.75ms,t* 5 5.95ms,t* 5 4.45ms, andt* 5 0.00ms.

of polycrystalline [2H4]malonic acid. The spectra were recorded on a Va
95 Hz, and (c)nr 5 6025 Hz. The rf field strengthnrf 5 22.56 0.5 kHz and
tection in the evolution period two complementary experiments (Eq. [2
ctra
60
de
p1 p2 p3 d
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hese results agree with the experimental valuest*p1 5 5.256
.50ms,t*p2 5 5.256 0.50ms,t*p3 5 5.006 0.50ms, andt*d 5
.006 0.50ms. Because of the large number of variables
enerally very difficult to determine the optimum pulse
uence parameters experimentally. However, the quadr
arameters may easily be determined from the intensity d
ution in the spinning sideband manifolds. These param
an be used to calculate the optimum pulse sequence pa
ers. The experiment is then repeated with the optimum p
equence parameters, resulting in a significant resolution
ensitivity improvement.

CONCLUSIONS

The techniques of optimum two-dimensional quadrup
esolved and double-quantum2H MAS NMR spectroscopy tha
ave been introduced in this paper are useful for separ
verlapping spinning sideband manifolds from structur
onequivalent deuterons. This paper presents a general
dology for evaluating the intensity and phase character

n these experiments. The formalism exploits the propertie
ypercomplex numbers (26) and Lie algebras (28) to obtain a
losed form solution to the Liouville–von Neumann equat
he solution is expressed in terms of coherence transfer

ions that are useful for describing the states and allo
oherence transfer pathways in an arbitrary system. The r
resented in this paper show that both the sensitivity an
esolution depend critically on the pulse sequence param
he exact relationship has been used to develop a ge

FIG. 8. Experimental (left column) and theoretical (right column)v2 proj
he quadrupole-resolved one-pulse2H MAS NMR experiment. The calcula
arameterhQ 5 0.11 for the carboxyl deuterons whileCQ 5 166 kHz andh
s
-
le

ri-
rs
e-

se
nd

-

ng
y
th-

cs
of

.
c-
d
lts

he
rs.
ral

ethodology for evaluating the optimum pulse sequence
ameters consistent with maximum sensitivity and resolu
t has been demonstrated that the optimization introduce
ensity and phase distortions in the spectra. These effec
he combined result of nonideal rf irradiation and hyperc
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re determined and an optimum set of pulse sequence p
ters is calculated. The experiments are then repeated to
pectra with optimum resolution and sensitivity.

FIG. 9. Experimental (a) quadrupole-resolved two-pulse and (b)
xperiments were performed on a Varian VXR 400 S spectrometer with
a) nrf 5 35.56 0.5 kHz and (b)nrf 5 31.56 0.5 kHz. The optimum pulse
b) t*p1 5 5.25 6 0.50 ms, t*p2 5 5.25 6 0.50 ms, t*p3 5 5.00 6 0.50 ms, a
omplementary experiments (Eq. [2]) were performed that differ by (a)3p
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*d 5 0.00 6 0.50 ms. For quadrature detection in the evolution period
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bsorption–absorption, absorption–dispersion, dispersio
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