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Received March 20, 1997

A theoretical description of nuclear spin-echo Fourier-transform to temperature changes, sample heating by high-power rf
mapping spectroscopy (NSEFTMS) for broad NQR lines is de- pulses could shift the resonance frequencies. The conven-
rived from the time-domain spin-echo theory for a spin I Å 3

2 tional method for circumventing this problem is, as in the
system. The expression found for the effective broadband RF exci- NMR case, to plot the time-domain integral of the spin echo
tation profile is similar to that in NMR spectroscopy. The main with respect to the frequency, point-by-point. But this is
difference is the angular dependence of the nutation frequency, essentially a CW measurement and is, therefore, time con-
but this does not change the overall behavior. It is also shown that suming, especially if one wants to increase the resolution of
the maximum of the spin echo occurs at time t Å t / 2

ptw1 after certain spectral features.
the second pulse, and that if the signal is acquired from this point,

Recently, an alternative spin-echo spectroscopy called nu-the phase-adjustment problem due to the off-resonance effect is
clear spin-echo Fourier-transform mapping spectroscopyavoided. A study of 35Cl NQR broad lines in molecular alloys of
(NSEFTMS) has been proposed (5) to study broad NMR(p -dichlorobenzene)(10x ) (p -dibromobenzene)x at different tem-
lines. The idea is that one records a series of spin echosperatures and in the incommensurate phase of bis-(4-chorophe-
increasing or decreasing the carrier frequency, stepwise be-nyl) sulfone at 77 K has been used as an example of the application

of the method. The NSEFTMS method in NQR provides an effi- tween measurements. Then, the right half of each spin echo
cient alternative to the time-consuming point-by-point scanning is Fourier transformed and phase adjusted to obtain the pure
technique for the study of broad lines in solids, in particular when absorption spectrum. The entire spectrum is recovered by
some sharp features exist. q 1998 Academic Press adding all individual FT spin-echo spectra. The NSEFTMS

method has a subtle problem (5) related to the phase adjust-
ment. This problem can be severe when the line exhibits
sharp features.INTRODUCTION

A natural extension of this NMR technique is to the NQR
case. Even though NQR and NMR of solids are similarNuclear quadrupole resonance (NQR) of solids is gener-
techniques, they usually face diametrically opposed experi-ally characterized by broad lines (in same cases hundreds
mental problems (6) . In solid-state NMR the existence ofof kilohertz) . The line broadening is due mainly to the varia-
a single quantization axis provided by the external magnetiction of the electric field gradient (EFG) at the site of the
field leads to a dependence of the NMR spectrum on thequadrupolar nucleus. EFG inhomogeneities arise because of
relative orientation of the Zeeman and perturbing interac-the presence of dislocations, strains, impurities, lack of crys-
tions (dipolar, chemical shift, and quadrupolar interactions) .tallographic order, and torsional motions of units in the crys-
Exactly the opposite holds for ‘‘pure’’ or zero-field NQR.tal lattice. Incommensurate crystals (1) , high Tc supercon-
That the internal quantization axis is determined by the prin-ductors (2) , molecular alloys (3) , and organic glasses (4)
cipal-axis system (PAS) of the EFG results in a frequencyare typical examples for which theoretical models have been
spectrum which is orientation independent. However, thepresented for describing the NQR lineshapes.
rf coil introduces an external axis and thus an orientationTo study extremely broad lines, one must resort to the
dependence. The purpose of this paper is to present a rigor-spin-echo technique to overcome the so-called ‘‘dead time’’
ous analysis of nuclear spin-echo Fourier-transform mappingproblem. However, it is not possible to excite the entire
spectroscopy for broad NQR lines for spin I Å 3

2 nuclei.broadband spectrum by a single radiofrequency (rf) pulse.
We begin with the development of a theoretical descrip-Spins which are off resonance with respect to the rf pulse

tion of spin-echo mapping in NQR using the spin-densityare poorly excited and hence their resultant signal intensities
operator formalism in the quadrupole interaction frame intro-are poor. The problem of off-resonance effects could, in
duced by Pratt (7) . Then we analyze the phase of the signalprinciple, be overcome by applying high-power rf pulses,
and show how to overcome the phase-adjustment procedure.but there are obvious technical limits to the feasibility of

this approach. Moreover, as NQR signals are highly sensitive To test the theory, we measured the 35Cl NQR spectra of
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225SPIN-ECHO MAPPING SPECTROSCOPY APPLIED TO NQR

molecular alloys of p-dichlorobenzene(10x ) p-dibromoben- HH T Å HH Q / HH r f [4]
zenex (PDCB(10x ) –PDBBx) at room temperature, and at 77
K. The corresponding NQR spectra obtained by the conven- with
tional point-by-point method serve as a reliable comparison.
In addition a 35Cl NQR experiment was performed in the

HH QÅ ∑
N

jÅ1

1
2
DvQ jQjÅ ∑

N

jÅ1

hH Q j [5]incommensurate phase of bis-(4-chlorophenyl) sulfone
(BCPS) at 77 K. BCPS was chosen because at this tempera-
ture it has a line with two sharp edge singularities separated HH r f (w)Å ∑

N

jÅ1

1
2
v1(Aj cos w/ Bj sin w)Å ∑

N

jÅ1

hH rfj , [6]
by about 300 kHz and a third rather broad intermediate peak
(1) . Therefore, it is a very appropriate candidate for testing
the method. where DvQj Å vQj 0 vr f defines the offset frequency and

v1 Å gH1 . The single-spin operators Aj and Bj which depend
on (uj , fj) are identical to those given by Pratt (7) .THEORY

The reduced thermal equilibrium density matrix, r(0) , is
expressed as (10)

In the systems of interest the dipolar line broadening is
much smaller than the inhomogeneous broadening. We seek

r(0) Å C HQ Å ∑
N

jÅ1

C

2
vQ jQj Å ∑

N

jÅ1

rj(0) . [7]the response of a noninteracting spin-3
2 system to a

( tw(1)
)w(1)

– t– ( tw(2)
)w(2)

excitation sequence involving two rf
pulses of durations tw(1)

and tw(2)
with phases w (1) and w (2) , The evolution of the density matrix in the QIF and after the

respectively. Phase cycling could be necessary since the echo second pulse of the spin-echo sequence can be expressed as
produced can be corrupted by the FID of the second pulse
and even by remnants of the FID due to the first pulse (8) .

r*( t) Å ∑
N

jÅ1

r*j ( t) Å ∑
N

jÅ1

Tj( t)rj(0)Tj( t)01 [8]The Hamiltonian for an ensemble of noninteracting spin-
3
2 nuclei experiencing electric quadrupole coupling and in
the presence of an rf field is given by with

Tj( t) Å T0j( t)Rj(2)
( tw(2)

, w (2) )Toj(t)Rj(1)
( tw(1)

, w (1) ) , [9]HT( t) Å HQ / Hr f ( t) . [1]

where t is measured from the end of the second pulse. Rj( tw,
The quadrupolar and rf Hamiltonian may be written as (7, 9) w) is the time-evolution operator during the application of

the rf pulses; it includes effects of hH Q j and hH rfj(w) . T0j( t) is
the free-evolution operator governed only by hH Q j .

HQ Å
1
2

∑
N

jÅ1

vQ jQj [2] The experimentally observed signal, S( t) , will be propor-
tional to the time-varying expectation value of the total spin
component, IT , resolved along the rf coil axis, where (7, 9)

and

I*Tcoil Å ∑
N

jÅ1

Aj cos vt 0 Bj sin vt / Cj [10]

Hr f ( t) Å gH1cos(vrft / w) ∑
N

jÅ1

(Ixjsin uj cos fj

S( t) Å »I*Tcoil ( t) … Å ∑
N

jÅ1

Tr[r*j ( t)(Aj cos vt

/ Iyjsin uj sin fj / Iz jcos uj) , [3]

0 Bj sin vt / Cj)] Å ∑
N

jÅ1

Sj( t , DvQ j , uj , fj) .

where vQj and Qj are the resonance frequency and the quad-
[11]rupolar operator (9) at the site of spin j , respectively. The

orientation of the PAS at the site of spin j relative to the rf
coil axis is given by Euler angles uj and fj . The density- Now Sj is the contribution to the signal from the j th nucleus

with a particular orientation of the EFG given by (uj , fj) .operator formalism introduced by Pratt (7) will be used to
follow the evolution of the spin system in the quadrupole In a straightforward, but tedious, process, the commuta-

tion properties of the operators Qj , Aj , and Bj (7) can beinteraction frame (QIF) defined by the operator U( t) Å
exp[ i(vr f /2)Qt] with Q Å (j Qj . The time-independent part used to calculate the evolution of Qj , Aj , and Bj under the

influence of R( tw, w) and T0( t) . These transformations areof the transformed total Hamiltonian in the QIF has the form
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226 BUSSANDRI AND ZURIAGA

given in Appendix I. Using these results, the density matrix The complex amplitudes for the FID signals due to the first
and second pulse are given in Appendix II.given in Eq. [8] can be written

Assuming that there is no correlation between vQ j and uj ,
fj , it is possible to simplify Eq. [11] by introducing the
quadrupolar frequency distribution g(v) . The result isr*j ( t) Å C *j

2
vQ jQj / r*j(1 Fid)

( t / t)

/ r*j(2 Fid)
( t) / r*j(Echo)

( t 0 t) . [12] S( t , u, f) Å *
`

0`

g(v*)S( t , v* 0 vr f , u, f)

1 e i (v=0vrf) ( t0t )dv*In this expression the first term does not contribute to the
signal, the second term corresponds to the FID following

Å *
`

0`

[SABe iq]e i (v=0vrf) ( t0t )dv*, [16]the first pulse, the third term is due to the FID after the
second pulse, and the fourth term corresponds to the echo
signal. The expressions for each component are given in

whereAppendix II.
With r*j ( t) given above, the induced signal Sj (Eq. [11])

SAB (v 0 vr f , v1 , u, f) Å g(v)(S 2
A / S 2

B )1/2 [17]is calculated to be

q(v 0 vr f , v1 , u, f) Å arctan
SA

SB

. [18]Sj( t , DvQ j , uj , fj) Å Sj(1 Fid)
e iDvQ j( t/t )e iw(1)

/ Sj(2 Fid)
e iDvQ j te iw(2)/ Sj(Echo)

e iDvQ j( t0t )e i (2w(2)0w(1)) , [13]
The physical picture described by Eq. [16] is as follows.
For a given set of parameters tw(1)

, tw(2)
, Dv, and v1 , the

where Sj(1 Fid)
, Sj(2 Fid)

, and Sj(Echo)
are the complex amplitudes projection of the magnetization on the plane defined by A

and they do not depend on the pulse phase, w. From this and B after two pulses gives an absorption component SB in
equation it is clear that coaddition of signals resulting from the B direction, and a dispersion component SA in the A
four-step phase cycling, w (1) Å 0, 1807, 0, 1807 and w (2) Å direction. The equations for SB and SA (Eq. [14] and Eq.
0, 907, 1807, 2707, would result in the selection of only the [15]) are similar to those found for NMR spectroscopy,
echo component. This phase cycle is similar to that employed except for the angular dependence of l. SAB is the pure ab-
in NMR spectroscopy (11) . It is valid for arbitrary (u, f) sorption spectrum, and if g(v) is a slowly varying function
values, and therefore for polycrystalline samples. The same of v, then SAB basically reflects the power spectrum of the
phase cycle was derived using a tensor-operator formalism rf pulse:
for the particular case tw(1)

Å tw(2)
, DvQj Å 0, and for orienta-

tion u Å p
2, f Å 0 of the PAS with respect to the rf coil pS Å (S 2

B / S 2
A)1/2 . [19]

axis. Using these values the expression obtained by Sunitha
et al. (8) for the amplitude of the signal is reproduced in The response of a polycrystalline specimen is obtained by
Eqs. [AII.4] , [AII.5] , and [AII.6] . considering an average over all orientations,

The complex amplitude for the spin-echo signal is given
by

»S( t) … Å 1
4p *

V

S( t , u, f)dV

Sj(Echo)
Å CvQ jl

2
j jj(2)

(0ej(1)
/ iaj(1)

) Å SBj
/ iSAj

,

Å *
`

0`

»SAB…e
i (q )e i (v=0vrf) ( t0t )dv*, [20]

where

where »SAB… Å g(v)( »SA …
2 / »SB…

2) 1/2 and »q… Å arc-
tan( »SA … / »SB…) .SBj

(DvQ j , v1 , uj , fj) Å 0CvQ jl
4
j
v 3

1

v 3
ej

sin(vejtw(1)
)

We have used a computer simulation to obtain pS (Eq.
[19]) and q (Eq. [18]) as a function of the offset parameter

1 [1 0 cos(vejtw(2)
) ] [14] Dv /v1 for single crystals with h Å 0, and for powder sam-

ples with h Å 0 and h Å 1. The width of the first pulse tw1

SAj
(DvQi , v1 , uj , fj) Å CvQ jl

4
j
DvQ jv

3
1

v 4
ej

and frequency v1 were set such that
√
3
2v1tw(1)

Å p
2 and tw(2)

Å 2tw(1)
. This represents the usual (p /2)0– t– (p)0 spin-

1 [1 0 cos(vejtw(1)
) ][1 0 cos(vejtw(2)

) ] . [15] echo experimental conditions for a single crystal with u Å
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227SPIN-ECHO MAPPING SPECTROSCOPY APPLIED TO NQR

This shows that the maximum of the echo occurs for t Å t
/ 2

ptw(1)
as in the NMR case (12) . Even though this result

is exact only for the case of single crystals with h Å 0, u Å
907, and fÅ 07, it has been confirmed experimentally, within
the limit of the digitalization (0.5 ms) , for all the measured
spin echos. Acquiring the echo from this time on and per-
forming the Fourier transform of »S( t *) … we obtain the pure
absorption spectrum

F(v, vr f ) Å 2pg(v)( »SB…
2 / »SA …

2) 1/2

Å 2pg(v) »pS … [24]

FIG. 1. Plot of the rf pulse spectrum p(Dv /v1) (Eq. [19]) for different
cases. The solid line corresponds to p(Dv /v1) calculated for a single within the region Dv Å {1.36v1 , with no need of phase
crystal; the dashed and dotted lines are for powder samples with h Å 1 and

adjustment.h Å 0, respectively.
If the linewidth dv of g(v) is much smaller than v1 , then

for the region where g(v) is different from zero the power
907 and f Å 07. The results are shown in Fig. 1 and Fig. 2, spectrum is constant. In these situations
respectively.

It is clear from Fig. 1 that the primary difference between
single crystals and powders with arbitrary h is a deterioration F(v, vr f ) Å cte g(v) . [25]
of the magnetization. The reason is that quadrupolar nuclei
for which the z axis of the EFG is oriented along the coil
axis do not contribute to the signal. The first pair of nodes This is exactly the same result as for FT NQR spectroscopy
of the rf power spectrum pS appear at Dv Å {1.5v1 . Within of narrow lines.
this region, as shown in Fig. 2, the phase q varies almost If dv @ v1 , the pulse sequence can excite only those
linearly with Dv /v1 in the three cases analyzed. The first nuclei which resonate at a frequency near the carrier fre-
discontinuities of q also occur at approximately Dv Å

quency vr f . Spin-echo mapping spectroscopy in NQR can{1.5v1 . A pure absorption spectrum can be obtained in
therefore be formulated as in NMR, defining the function

this region by the conventional phase-adjustment procedure.
(choosing the center of the entire mapped spectrum as theHowever, the behavior of q allows us to find a simple rela-
origin)tionship between phase and frequency offset. From Eq.

[18] it follows that, for a single crystal with h Å 0 and√
3
2v1tw(1)

Å p
2, the phase q has the form

q(x) Å arctanF x

(x 2 / 1)1/2 tanSp4 (x 2 / 1)1/2DG [21]

with x Å (2/
√
3)(DvQ/v1) . It is easily seen that this result

can be approximated by q(x) Å 0x . Therefore, the depen-
dence of the phase in single crystals as well as in powders
with arbitrary h is well represented by

»q(Dv /v1) … á 0 2√
3

Dv

v1

Å 0 2
p

tw(1)
Dv. [22]

This approximation is shown in Fig. 2; it is valid up to DvQ
FIG. 2. Dependence of the signal phase w on the offset Dv /v1 . Solidà {1.36v1 . Substituting Eq. [22] into Eq. [20] we have

lines were calculated for a single crystal using Eq. [21]. Dotted and dot–
dashed lines correspond to powder samples with h Å 0 and h Å 1, respec-
tively. The dashed line was calculated using the linear approximation given»S( t) … Å *

`

0`

»SAB…e
i (v=0vrf) ( t0t02/p tw

(1)
)dv*. [23]

by Eq. [22].
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228 BUSSANDRI AND ZURIAGA

G(v) Å ∑
N

nÅ0N

F(v, vrf Å nL)

Å 2pg(v) ∑
N

nÅ0N

»pS(v 0 nL, v1) …

Å 2pg(v)P(v) , [26]

where 2N / 1 is the number of spectra recorded, and L is
the mapping step. As mentioned above (see Eq. [24]) F(v,
nL) already represents the pure absorption spectrum for the
region Év 0 nLÉ ° 1.36v1 . Retaining only the central part
of pS within this range, Eq. [26] may be written as

G(v) Å 2pg(v) ∑
N

nÅ0N

»pS(v 0 nL, v1) …

Å 2pg(v)P(v) [27]

with

»pS(v 0 nL, v1)… Å 0 for Év 0 nLÉ ¢ 1.36v1 . [28]

For G(v) to trace precisely g(v) , P(v) should be constant
within the region of interest. We have calculated the function
P(v) with different mapping steps and different relations
between v1 and tw(2)

. In NQR the relation between the flip
angle and the duration of the applied pulse varies with the
asymmetry parameter, h (7) . In Fig. 3 we show the results
for P(v) mapping about 0.6 MHz. For the mapping step L
° v1 , P(v) is approximately constant within the mapping
region in a similar manner to NMR. The figure also illus-
trates that by working with low power, or short pulses, oscil-
lations may be avoided. Therefore under conditions which FIG. 3. Plot of the function P(v) with the window filtering defined in
are not very difficult to optimize in practice, the mapped Eq. [28] and with different mapping step (L) and pulse width tw(2)

: (a–c)
spectrum G(v) records exactly the same spectral features √

3
2v1tw2 Å 0.8 p and L Å 0.5v1 , v1 , and 1.5v1 , respectively. (d–f)

as g(v) . √
3
2v1tw2 Å p and L Å 0.5v1 , v1 , and 1.5v1 , respectively. (g–i)

√
3
2 v1tw2 ÅFor v Å vr f , Eq. [24] gives

1.2p and L Å 0.5v1 , v1 , and 1.5v1 , respectively.

F(vr f ) Å 2pg(vr f ) »l sin(lv1tw(1)
) [1 0 cos(lv1tw(2)

) ] … .

[29] was set such that t @ T*2 in order to eliminate distortions
from the FIDs due to the pulses.

To obtain the mapped spectrum, we first recorded a setThis relation can be used to trace out g(v) point-by-point
of spin echoes, decreasing the carrier frequency by a seriesin the same manner as the conventional method.
of constant steps over the region of the signal. These spin
echoes were then Fourier transformed and added. The map-EXPERIMENTAL RESULTS
ping step was chosen so that it could be obtained by simply
shifting an integral number of spectral points. To determineIn this section we will describe the experimental procedure
v1 , we first performed a p-pulse calibration to determineand present some experimental results to test the procedure
the pulse width, tw, which gave zero signal for the 35Cl NQRdeveloped above. The 35Cl NQR experiments were carried
narrow line in pure p-dichlorobenzene (dn õ 1 kHz). It isout using an automated, homemade NQR spectrometer with
known (13) that for a powder this occurs when

√
3
2v1tw Åquadrature detection. The conventional Hahn echo sequence,

(p /2)0– t– (p)0 , was used to record the spectra. The t value 1.155 p.
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229SPIN-ECHO MAPPING SPECTROSCOPY APPLIED TO NQR

FIG. 4. Room-temperature 35Cl NQR spectra in molecular alloys of
PDCB70–PDBB30 obtained by the spin-echo point-by-point method.

FIG. 6. 35Cl NQR spectra in molecular alloys of PDCB(10x ) –PDBBx

with x Å 0.1 and x Å 0.3 at 77 K. The presence of two lines and their
relative intensities are in agreement with the model developed in Ref. (3) .Molecular alloy of PDCB(10x) –PDBB(x) . The p /2 pulse

width used was 15 ms which corresponds to a value for n1

Å v1 /2p of about 22 kHz. The value of t was set to 80 ms
formulated from Eq. [26] and Eq. [28]. One can clearly seeand the number of scans was 400. The acquisition time for
that Fig. 5b reproduces faithfully the whole spectrum, aseach spin echo was 512 ms. The mapping step was 11.696
expected from the theory. NQR spectra of two molecularkHz (á0.5n1) which represent a six-point shift. We show
alloys were obtained at 77 K and they are shown in Fig. 6.for comparison, Fig. 4, the 35Cl NQR spectrum obtained with
The relative intensities of the two peaks observed in eachthe spin-echo point-by-point method. In the region d á 4n1
spectrum are in accord with the theoretical model (3) .around the peak, the spectrum is almost symmetric and can

Bis-(4-chorophenyl) sulfone (BCPS). The p /2 pulsebe relatively well represented by a Gaussian function with
length in this case was 10 ms which gives n1 Å 33 kHz. Thes á 22 kHz. Thus, a single FT spectrum recorded in this
acquisition time for each spin echo was 512 ms. The mappingregion by means of a spin echo should reproduce the charac-
step was 27.343 kHz (á0.8n1) which represents a 14-pointteristics of the theoretical spectrum given by Eq. [24] with
shift. The value of t was set to 300 ms and the number ofg(v) Å exp(0(v 0 v0) 2 /2s 2) . This is confirmed in Fig.
scans was 400. Figure 7 shows the 10 individual spectra5a where we have plotted theoretical and experimental spin-
necessary for mapping the full spectrum. The overall line-echo FT spectra. In Fig. 5b we present the mapped spectrum
shape is in very good agreement with that shown in Ref.
(1) , as determined point-by-point with about 100 points.
Therefore, for an equal number of scans the time consumed
is reduced by a factor of 10, due to the fact that each point of
each subspectra provides information about the lineshapes. It
is worth noting that in Fig. 7a the nodes in all the subspectras
are separated from their respective peaks by approximately
1.36 n1 as predicted by the theory.

CONCLUSIONS

We have shown theoretically that, under typical conditions
for spin-echo experiments to study broad NQR lines, spin-
echo mapping spectroscopy can precisely reproduce the
NQR spectrum with arbitrary linewidth by choosing a suit-
able constant mapping step in a manner analogous to NMR.
We have seen that the maximum of the spin echo occurs at

FIG. 5. (a) 35Cl NQR spectra of single spin-echo FT spectrum in t Å t / 2
ptw(1)

after the second pulse, either for narrow or
PDCB70–PDBB30 with the carrier frequency set at the peak of the line. The for broad lines. By acquiring the signal from the top of
experimental data (solid line) are superimposed with the spectrum obtained

the echo, no phase-adjustment procedure is required. Thefrom Eq. [17] (dotted line) where the pure NQR line g(v) was assumed
experimental results confirm this theoretical prediction. Thiswith a root-mean-squared deviation of 22 kHz. (b) The mapped spectra by

NSEMFTS formulated by Eq. [26] and Eq. [28]. result is most important when the line has sharp features
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RjQjR01
j Å (aj cos w / ej sin w)Aj

/ (aj sin w 0 ej cos w)Bj / gjQj [AI.3]

RjAjR01
j Å xjAj / kjBj 0 jj sin w(Aj sin w 0 Bj cos w)

/ l2
j (0ej sin w / aj cos w)Qj [AI.4]

RjBjR01
j Å 0kjAj / xjBj

/ jj cos w(Aj sin w 0 Bj cos w)

/ l2
j (ej cos w / aj sin w)Qj [AI.5]

gj Å
Dv 2

Q j

v 2
ej

/ l2
j v

2
1

v 2
ej

cos(vejtw); ej Å
v1

vej

sin(vejtw);

aj Å
v1DvQ j

v 2
ej

[1 0 cos(vejtw)]

xj Å
Dv 2

Q j

v 2
ej

cos(vejtw) / l2
j v

2
1

v 2
ej

; kj Å
DvQ j

vej

sin(vejtw);

jj Å
l2

j v
2
1

v 2
ej

[1 0 cos(vejtw)]
FIG. 7. (a) The full set of 35Cl NQR experimental spectra of single

spin-echo FT of BCPS at 77 K. (b) Lineshape obtained by adding all
vej Å

√
Dv 2

Q j / l2
j v

2
1individual FT spin-echo spectra.

lj(uj , fj) Å
√
3

2a
sin ujF1 / h

2
3

cos(2fj)

because the manual phase-adjustment procedure is time con-
suming. Spin-echo mapping spectroscopy has certain advan- / h 2 (1 / 4 cot2uj)

9 G1/2

tages over the conventional point-by-point method, the most
important of which is the reduction in the time required to
obtain the spectrum, especially when it has sharp features. a Å

√
1 / h 2

3
,

It is important to notice that if there is a correlation be-
tween vQj and the orientation of the PAS given by (uj , fj) ,

where h is the asymmetry parameter of the EFG.the assumptions that allow one to obtain Eq. [16] and Eq.
[20] are not valid. Such correlations exist in the same incom-

APPENDIX IImensurate system, but not for BCPS (14) where the incom-
mensurate distortion consists of a modulation of the dihedral

The terms of the density matrix appearing in Eq. [12]angle between the benzene rings and the Cl–S–Cl plane
are as follows (the subscripts (1) and (2) indicate that thewhich preserves the direction of the PAS.
coefficients refer to pulses (1) and (2), respectively):Finally, one might note that by using the evolution of the

operators Qj , Aj , and Bj given in Appendix I one can calcu-
C*j Å C {gj(1)

gj(2)
/ l2

j [(aj(1)
ej(2)

/ aj(2)
ej(1)

)late the response of a quadrupolar-spin ensemble to a multi-
ple-pulse excitation sequence with rf pulses of arbitrary dura-

1 sin(DvQ jt / w (1) 0 w (2) )tion and phase.
/ (aj(1)

aj(2)
0 ej(1)

ej(2)
)

APPENDIX I
1 cos(DvQjt / w (1) 0 w (2) ) ]} [AII.1]

The transformation properties of the Q , A, and B operators
r*j(1 Fid)

( t / t) Å C

4
vQ j{Aj[(a

j(1)
(2xj(2)

0 jj(2)
)under T0( t) and R( tw, w) are as follows:

/ 2ej(1)
kj(2)

)cos(DvQ j( t / t) / w (1) )T0j( t) Å e0 ihH Q j t ; Rj( tw, w) Å e0 i (hH Q j/hH rf j(w )) tw

/ (ej(1)
(2xj(2)

0 jj(2)
) 0 2aj(1)

kj(2)
)T0jAjT01

0j Å Aj cos(DvQ jt) / Bj sin(DvQ jt) [AI.1]

T0jBjT01
0j Å 0Aj sin(DvQ jt) / Bj cos(DvQ jt) [AI.2] 1 sin(DvQ j( t / t) / w (1) ) ]
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/ Bj[0(ej(1)
(2xj(2)

0 jj(2)
) 0 2aj(1)

kj(2)
) Sj(2 Fid)

Å CvQ jl
2
j jj(2)

(ej(2)
/ iaj(2)

)

1 cos(DvQ j( t / t) / w (1) ) Å CvQ j2l
2
j v1

v 3
ej

(Dv 2
Q j/ l2

j v
2
1cos(vejtw(2)

) )
/ (aj(1)

(2xj(2)
0 jj(2)

) / 2ej(1)
kj(2)

)

1 sin(DvQ j( t / t) / w (1) ) ]} [AII.2] 1 Hsin(vejtw(2)
)/ i

DvQ j

vej

[10 cos(vejtw(2)
) ]J

r*j(2 Fid)
( t) Å C

2
vQ jgj(1)

{Aj[aj(2)
cos(DvQ jt / w (2) ) [AII.6]

Sj(Echo)
Å CvQ jl

2
j jj(2)

(0ej(1)
/ iaj(1)

)/ ej(2)
sin(DvQ jt / w (2) ) ]

/ Bj[0ej(2)
cos(DvQ jt / w (2) ) Å CvQ jl

4
j v

3
1

v 3
ej

[1 0 cos(vejtw(1)
) ]H0sin(vejtw(1)

)

/ aj(2)
sin(DvQ jt / w (2) ) ]} [AII.3]

/ i
DvQ j

vej

[1 0 cos(vejtw(1)
) ]J . [AII.7]

r*j(Echo)
( t 0 t) Å C

4
vQ jjj(2)

{Aj[aj(1)
cos(DvQ j( t 0 t)

/ 2w (2) 0 w (1) ) 0 ej(1)
sin(DvQ j( t 0 t)
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