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Coherence transfer from quadrupolar 27Al (I 5 5
2
) nuclei to

31P (I 5 1
2
) via INEPT experiments is investigated. 27Al 3 31P

INEPT experiments on a (CH3)3P–AlCl3 complex in zeolite
NaX are performed, and the results demonstrate that the 31P
INEPT signals strongly depend on whether or not the 27Al
pulses are applied synchronously with the rotor period, and on
the length of the 27Al pulses. A density-matrix calculation
involving the use of the spin operators for spin 3

2
and 1

2
nuclei has

been performed to help understand the evolution behavior of
the density matrix under the influence of the quadrupolar
interaction, the dipolar and J-couplings, and the pulse lengths
applied to the quadrupolar nuclei. The theoretical predictions
obtained from these calculations are consistent with the INEPT
experimental observations. © 1998 Academic Press

Key Words: J-coupling; INEPT; (CH3)3P–AlCl3; density matrix;
quadrupolar nuclei.

INTRODUCTION

Coherence transfer via theJ-coupling is one method often
used to study spin–spin interactions between nuclei in so-
lution NMR. Efforts have also been made to apply these
methods in the solid state: for example, homonuclearJ-
coupling NMR methods (COSY and INADEQUATE) have
previously been used by Fyfeet al. to establish the29Si–
O–29Si connectivities in zeolites (1). Klinowski and co-
workers reported that the 2DJ-scaled29Si COSY experi-
ment can improve the spectral resolution for a sample of
highly siliceous mordenite (2). More recently, Fyfeet al.
demonstrated that coherence transfer via heteronuclearJ-
coupling between spin1

2
and quadrupolar nuclei can be

achieved in the solid state with INEPT and DEPT experi-
ments (3). We have employed the INEPT experiment to
probe the interaction between surfaces and surface-bound
species, for the first time, and have determined a31P–27Al
J-coupling constant of 2706 10 Hz for trimethylphosphine
(TMP) bound to a Lewis acid site in dehydroxylated HY
with a 27Al 3 31P INEPT experiment (4). In this work, we
present the results of a systematic investigation of the27Al
3 31P INEPT experiment for a TMP–AlCl3 complex in
NaX. Density matrix calculations are performed to improve
the understanding of the INEPT experiment involving non-
integer spins in the solid state, under magic angle spinning

(MAS) conditions. AnI 5 1
2
, S 5 3

2
spin system is chosen to

simplify the calculations. Results from these calculations
are then employed to help rationalize and explain the ex-
perimental observations.

EXPERIMENTAL

Zeolite NaX was dehydrated by slowly heating up an ap-
proximately 0.3 g sample to 400°C over a period of 16 h in a
vacuum system. Subsequently, anhydrous AlCl3 (Alfa) was
physically mixed with the NaX sample in a glove box, under an
inert N2 atmosphere, and the resulting sample was heated at
80°C for a couple of hours. TMP (Alfa) was then introduced
onto the resulting zeolite sample through the vacuum line and
excess TMP was removed by degassing the sample at room
temperature.

Solid-state NMR experiments were performed with a Che-
magnetics CMX360 spectrometer equipped with a triple-tuned
7.5-mm probe which was tuned to the Larmor frequencies of
the 1H, 27Al, and 31P nuclei.31P chemical shifts are reported
relative to 85% H3PO4. The standard INEPT sequence, with
appropriate phase cycling, was employed for the27Al 3 31P
INEPT experiments and is shown below (5):

27Al ~U!y 2 t 2 ~2U !y 2 t 2 ~U !6x

31P ~p!y 2 t 2 ~p/ 2!y 2 Acquire.

Here (U)y is a pulse of lengthU/v1. Two sets of experiments
were performed. In the first, all the pulses were applied syn-
chronously with the rotor period (i.e.,t 5 (n/nr), wherenr is the
spinning speed, andn is an integer). In the second, the pulses
were applied asynchronously with the rotor period. INEPT
spectra were acquired as a function ofU and t. An 27Al RF
field strength of 55 kHz, measured with aqueous aluminum
sulfate, was used to excite the27Al spins. This corresponds to
a p/2 pulse length for aluminum sulfate of 4.5ms. 31P p/2
pulse lengths of 6ms and repetition times of 1 s were em-
ployed.

RESULTS

The 31P MAS NMR spectrum of a TMP–AlCl3 complex
in NaX is shown in Fig. 1a. A sextet is observed at243 ppm
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with a 31P–27Al J-coupling constant of ca. 300 Hz, which
results fromJ-coupling to the six Zeeman levels of27Al.
This is consistent with previous studies of the TMP–AlCl3

complex in HY and NaHY (6). In addition, a much less
intense doublet was also observed at around22 ppm, with
a 31P–1H J-coupling constant of ca. 550 Hz (7). This is due
to the protonated TMP species (TMPH1), formed from
reaction of TMP with acidic protons, possibly associated
with the AlCl3. Figures 1b–1d show the27Al 3 31P INEPT
spectra obtained under nonrotor synchronized conditions
with various values forU and 2U. A maximum INEPT
signal is achieved in principle, for a value fort of 1/4J

(0.833 ms), assumingT2 @ 1/J and thus, the value oft used
to acquire these spectra (0.75 ms) was chosen because it was
close to this optimal value but far from a multiple of the
rotor period (1/nr 5 0.277 ms). Only the27Al |11

2
& and |21

2
&

states coupled to31P give rise to INEPT signals when short
pulses (i.e.,U 5 p/6 and 2U 5 p/3, or 1.5 and 3.0ms,
respectively) were applied to the27Al spins (Fig. 1b). No
significant INEPT signals due to the coupling to27Al in the
|63

2
& and |65

2
& states were observed. However, as the values

for U and 2U were increased, peaks arising from coupling to
|63

2
& and |65

2
& states were also observed: WhenU 5 p/3 (and

2U 5 2p/3), peaks corresponding to the |63
2
& states are the

FIG. 1. The influence of the pulse lengths applied to the27Al spins on the27Al 3 31P INEPT spectra of a TMP–AlCl3 complex in zeolite NaX. (a)31P
one-pulse MAS spectrum. (b)–(d);27Al 3 31P INEPT spectra obtained with different27Al U and 2U pulses: (b)U 5 p/6 (1.5ms) and 2U 5 p/3 (3.0ms), (c)
U 5 p/3 (3.0ms) and 2U 5 2p/3 (6.0ms), and (d)U 5 p/2 (4.5ms) and 2U 5 p (9.0ms).27Al RF strength5 55 kHz; spinning speed5 3.6 kHz; the evolution
time (t) 5 0.75 ms.

314 KAO AND GREY



most intense peaks in the INEPT sextet (Fig. 1c), and only
small peaks are observed due to the |65

2
& states, while those

from the central |61
2
& states are extremely small. WhenU is

increased top/2, peaks corresponding to the |65
2
& states are

now the most intense (Fig. 1d). Note that the magnitude of
the intensities of the31P spins coupled to the |15

2
& and |25

2
&

states in the isotropic resonances are not equal, because
some of the intensity is distributed in the sidebands.

Coherence transfer between all27Al six Zeeman states
and 31P was achieved when27Al p/2 and p pulses were
applied synchronously with the rotor period (Fig. 2b). The

relative intensities of the individual peaks within the31P
INEPT sextet were not very sensitive to the pulse lengths
applied to the27Al spins, as long as the27Al p/2 and p
pulses are applied synchronously with the rotor period.
However, small variations were observed. For example, the
intensities of the31P resonances coupled to the |15

2
& and |25

2
&

states are more intense whenU 5 p/2 pulses are used, and
peaks corresponding to the |63

2
& states are maximized forU

5 p/3. A significant reduction in the intensities of the31P
INEPT signals was observed when27Al values forU greater
than p/2 (4.5 ms) were employed.

FIG. 2. 27Al 3 31P INEPT spectra of TMP–AlCl3 complex in zeolite NaX obtained when27Al U 5 p/6 and 2U 5 p/3 pulses (1.5 and 3.0ms) were applied
(a) asynchronously and (b) synchronously with the rotor period. Evolution times (t) of 0.75 and 0.833 ms were used, respectively. Spinning speed5 3.6 kHz;
27Al RF strength5 55 kHz. Spectra have been plotted on the same scale.
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DENSITY-MATRIX CALCULATIONS
FOR AN I 5 1

2
, S 5 3

2
SPIN PAIR

Density-matrix calculations were performed for the INEPT
experiment in order to rationalize some of the experimental
observations. Calculations were carried out for theI 5 1

2
, S 5

3
2

spin pair system to simplify the calculations considerably.
Many of the conclusions obtained from theI 5 1

2
, S5 3

2
system

can be readily applied to the spin-5
2

system, and the calculations
and the experimental results will be compared in the Discus-
sion section. The matrix representations of theS 5 3

2
spin

operatorsSx, Sy, andSz are listed in Appendix 1. A set ofS5
3
2

spin operators listed in Appendix 2 was first introduced by
Vega to investigate the MAS spin-locking of quadrupolar
nuclei (8, 9). These matrices are representations of the opera-
tors in the basis set of the spin wave functions |3

2
&, |1

2
&, |21

2
&, and

|23
2
&. Among these spin operators,Ci andTi (i 5 x, y, z) are

associated with the central transition and triple-quantum co-
herence operators, respectively.Rx and Ry represent single-
quantum coherence operators associated with the satellite tran-
sitions. Obviously, any operatorTi commutes with any
operatorCj (i, j 5 x, y, z). The quadrupole operator, [Sz

2 2
S(S1 1)/3], can be rewritten as=8Qz and thus, the first-order
quadrupole HamiltonianHQ is given by=2Q9Qz whereQ9, the
quadrupole splitting, is given by (vQ/2)[3 cos2u 2 1 1 h sin2u
cos 2f]. u andf are the polar angles that define the orientation
of the external magnetic field with respect to the electric field
gradient principal axis system,h is the asymmetry parameter,
and vQ 5 3e2qQ/[2S(2S21)] is the quadrupole frequency.
Useful commutation relations of these spin operators under the
influence of the quadrupolar interaction (HQ) and RF pulses
(Sx, Sy, andSz) are listed in Appendix 3.

If a pair of basis set operatorsOa andOb fulfills, with Oc,
commutation relations of the form

i @Oa, Oc# 5 nOb, i @Ob, Oc# 5 2nOa, [1]

then under the HamiltonianH5vcOc, r5Oa will evolve ac-
cording to (7)

exp(2ivcOct )Oaexp~ivcOct !

5 Oacos~nvct ! 1 Obsin~nvct ! . [2]

As seen from Appendix 3, the operators associated with the
outer satellite transitionsRx, Ry, Jx, andJy have commutation
relations withHQ following Eq. [1], and thus general expres-
sions for the evolution of these operators can be readily derived
from Eq. [2] and are listed in Table 1.

On the other hand, [Oc, Oa] 5 Ob and [Oc, Ob] 5 nOa, and
Oa Þ kOb, wheren andk are constants, then the evolution of
r 5 Oa under the influence of the HamiltonianH 5 vcOc can
be expressed as (10)

exp(2ivcOct )Oaexp~ivcOct !

5 Oacos~Învct ! 2 ~i /În!Obsin~Învct ! . [3]

The effect of the scalarJ-coupling (HJ 5 2pJIzSz) on a
two-spin system (I andS) with an initial density matrixr(0) 5
Rx can be considered in the following way. The commutation
relations between the spin operatorsRx andRy and the operator
IzSz are given by (see Appendix 3)

@I zSz, Rx# 5 iI zRy [4]

@I zSz, iI zRy# 5 2iI z
2@Ry, Sz#

5 1/4 Rx, [5]

where we have rewritten Eq. [5] by making use of the fact that
Iz

2 is equal to1
4

for a I 5 1
2

nucleus. The evolution of the density
matrixr(0) 5 Rx under the influence of theJ-coupling can now
be easily calculated from Eq. [3] and is given by

exp(2iI zSz2pJt) Rxexp~iI zSz2pJt!

5 RxcospJt 1 2I zRysin pJt . [6]

Analogous expressions for the evolution of other coherences
under the influence of theJ-coupling interaction are listed in
Table 2.

Considering now the following INEPT pulse sequence ap-
plied to an isolatedI (I 5 1

2
) 2 S (I 5 3

2
) pair (11):

S ~p / 2!y 2 t 2 ~p !y 2 t 2 ~p / 2!x

I ~p !y 2 t 2 ~p / 2!y 2 Acquire.

At thermal equilibrium, the reduced density matrix for theS
spins isSz. The effect of the first (p/2)y pulse that is applied to
the spinS 5 3

2
nuclei depends, however, on the size of the

quadrupole coupling constant (QCC) of theS5 3
2

nuclei. Two
cases are considered here. First, for case (a): with small to
moderate QCCs (i.e., the RF field strength applied to theS
spinsv1 $ vQ Þ 0), the first (p/2)y pulse will excite both the
central and satellite transitions. The density matrix after apply-
ing the first (p/2)y pulse is given by

TABLE 1
The Evolution of Rx, Ry, Jx, and Jy under the Influence of HQ

Rx 3 RxcosQ9t 2 Jxsin Q9t
Jx 3 JxcosQ9t 1 Rxsin Q9t
Ry 3 RycosQ9t 2 Jysin Q9t
Jy 3 JycosQ9t 1 Rysin Q9t
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r ~01! 5 Sx 5 2Cx 1 Î6Rx, [7]

whereCx andRx represent the terms in the density matrix that
correspond to the central transition and satellite transitions,
respectively (see Appendix 2). When the QCC is large (i.e.,v1

! vQ) (case (b)), only the central transition is efficiently
excited by the first pulse, for on-resonance irradiation, and thus
the density matrix after a (p/2)y pulse is now given by

r ~01! 5 Cx. [8]

The central transition coherence nutates at a frequency of
2n1 (for v1 ! vQ) when an on-resonance RF field is applied,
and the length of the (p/2)y pulse is now given by1

8n1
.

The coefficients of terms involvingCx in the density matri-
ces given in Eqs. [7] and [8] differ by a factor of two. Thus
the intensities of the resonances in one-pulse spectra ob-
tained from S 5 3

2
nuclei are dependent on the QCCs of

different species, if a pulse of length1
2n1

(or 1/n1) is applied.
Bloch-decay spectra are not, therefore, always quantitative
unless a short pulse is used (12).

Following the first pulse, theS 5 3
2

spins evolve under the
influence of the quadrupolar interaction, and the dipolar and
J-couplings,

H 5 Î2Q9 ~t !Qz 1 vD~t !I zSz 1 2pJIzSz, [9]

where=2Q9(t)Qz, andvD(t)IzSz represent the secular part of
the quadrupole Hamiltonian (HQ), and the dipolar coupling
Hamiltonian (HD), respectively. The time dependence ofQ9
and the dipolar frequency (vD) must be included for the MAS
experiment. Again, two cases are discerned. In the first, all the
p/2 pulses are applied synchronously with the rotor period. In
this case, the evolution of the spins underHQ and HD is
averaged to zero over the whole evolution period. However, if
the pulses are applied asynchronously, then we must consider
evolution under all the terms given in Eq. [9]. The effect of
chemical-shift evolution is ignored here, since the evolution of
the S spins under the chemical shift Hamiltonian is refocused
by the (p)y pulses, and thus no net evolution of the chemical
shift occurs. The evolution of the density matrixr(t) can be
obtained by solving the Liouville–von Neumann equation sep-
arately since all the terms in the Hamiltonian commute with
each other. For simplicity, any effects due toT2 are assumed to
be negligible. The reduced density matrix of theSspins during
the first and second evolution periods (t) of the INEPT exper-
iment is derived below.

Case (a): Small to Moderate QCCs

The evolution of the central transition coherenceCx, under
HQ and HD during the first evolution period, is shown sche-
matically as

2CxO¡
HQ

2CxO¡
v# DIzSz

2@Cxcos~v# D /2!t

1 2IzCysin~v# D /2!t#, [10]

where we have made use of the expressions given in Table 2.
v# D(a, b) represents the average dipolar frequency during the
evolution period, for a particular initial orientation of the
dipolar coupling tensor with respect to the rotor axis (defined
by a andb). When thep/2 andp pulses are applied to theS
spins synchronously with the rotor period,v# D is zero for all
values ofa and b and thus the last term in Eq. [10], i.e.,
2[Cxcos(v# D/2)t 1 2IzCysin(v# D/2)t ] is reduced to 2Cx. Fur-
ther evolution of the density matrix 2Cx under the influence of
the J-coupling is given by

2CxO¡
2pJIzSz

2~CxcospJt 1 2I zCysin pJt ! .

[11]

Unlike Cx, Rx does not commute withHQ (see Appendix 3) and
Rx evolves as

Î6RxO¡
HQ

Î6~RxcosQ# 9 t 2 Jxsin Q# 9 t ! , [12]

where Q# 9(u, f) represents the average quadrupole splitting
over the evolution period for a particular orientation of the
quadrupolar tensor with respect to the external magnetic field.

Rotor synchronized conditions.Assuming that thep/2 and
p pulses are applied to theSspins synchronously with the rotor
period, the quadrupole splitting averaged over an integral num-
ber of whole rotor period is also zero, and thus the term
=6(RxcosQ# 9 t2Jxsin Q# 9 t ) in Eq. [12] can be reduced to
=6Rx. Further evolution ofRx under the influence of the
dipolar andJ-couplings is similar to that ofCx and can be
schematically shown as

TABLE 2
The Evolution of Cx, Cy, Rx, Ry, Jx, and Jy under the Influence

of J-coupling (HJ 5 2pJIzSz)

Cx 3 CxcospJt 1 2I zCysin pJt
Cy 3 CycospJt 2 2I zCxsin pJt
Rx 3 RxcospJt 1 2I zRysin pJt
Ry 3 RycospJt 2 2I zRxsin pJt
Jx 3 JxcospJt 1 2I zJysin pJt
Jy 3 JycospJt 2 2I zJxsin pJt

Note.To calculate analogous expressions for evolution under the influence
of the dipolar coupling, 2pJ should be replaced byvD/2.
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Î6RxO¡
v# DI zSz

Î6RxO¡
2pJIzSz

Î6~RxcospJt 1 2I zRysin pJt ! . [13]

The (p)y pulses applied simultaneously to theI andSspins serve
only to refocus the chemical shifts, since a (p)y pulse applied to
theSspins leavesCy andRy unaltered and changes the sign ofCx

and Rx. The evolution of the density matrix during the second
evolution period can be treated in the same way as that during the
first evolution period, and the expression for the density matrix
after the second evolution period is given by

r ~2t ! 5 22Cxcos 2pJt 2 Î6Rxcos 2pJt

2 4I zCysin 2pJt 2 2Î6 I zRysin 2pJt .

[14]

Only the terms in Eq. [14] containingIz will result in observ-
able signals, following the finalp/2 pulses, and thus only terms
involving IzCy and IzRy need be considered further.

The effect of an RF pulseSx with flip anglev1t, wherev1

represents the RF field applied to theSspins andt is the pulse
length, on theCy and Ry terms can be determined in the
following way. From Appendix 3, we can obtain the following
commutation relations:

i @Cy, Sx# 5 2Cz 2 Î3/ 2Ly,

i @Cz, Sx# 5 22Cy 1 Î3/ 2Ry,

i @Ly, Sx# 5 2Ry 1 Î3/ 2~Cy 2 Ty! ,

i @Ry, Sx# 5 Ly 2 Î3/ 2~Cz 2 Tz! ,

i @Ty, Sx# 5 Î3/ 2Ly,

i @Tz, Sx# 5 2Î3/ 2Ry.

A general expression for the spin operatorCy, under the influ-
ence ofSx (i.e., H5v1Sx), can then be written in terms of a
linear combinations of six operators

CyO¡
Sx

a~t !Cy 1 b~t !Cz

1 c~t ! Ly 1 d~t ! Ry 1 e~t !Ty 1 f ~t !Tz [15]

with real, time-dependent coefficients. These coefficients obey
a set of differential equations that can be derived by substitut-
ing this expression into the Liouville–von Neumann equation,
yielding

3
a9
b9
c9
d9
e9
f 9

4
5 3

0 22 Î3/2 0 0 0
2 0 0 2Î3/2 0 0

2Î3/2 0 0 1 Î3/2 0
0 Î3/2 21 0 0 2Î3/2
0 0 2Î3/2 0 0 0
0 0 0 Î3/2 0 0

4
3 3

a
b
c
d
e
f
4 , [16]

where a9, for example, represents the first derivative of the
coefficient a with respect to timet. The above equation can be
solved to give expressions for each of coefficients at timet, by
substituting in their initial values at timet 5 0, i.e.,a 5 1, and
all other terms are zero. The effect of anSx pulse onRy can be
calculated in a similar way. The final expressions for spin
operatorsCy and Ry under the influence of anSx pulse as a
function of pulse lengtht are summarized in Table 3. ThusCy

andRy are converted toCz, Ly, andTz after the application of
a (p/2)x pulse,

Cy3 21/4 Cz 1 Î3/8Ly 1 3/4 Tz [17]

Ry3 Î3/8Cz 2 1/ 2Ly 1 Î3/8 Tz, [18]

whereLy represents a double quantum antiphase term in the
density matrix. However, summing together Eqs. [17] and [18]
with the appropriate scaling factors forCy andRy of 2 and=6,
respectively (from Eq. [7]), results in the cancellation of theLy

terms. Thus the effect of a (p/2)x pulse applied to theS spins
on the terms in Eq. [14] that containIz is

2 4I zCysin 2pJt 2 2Î6 I zRysin 2pJtO¡
~p / 2!x

22~Cz 1 3Tz!I zsin~2pJt ! . [19]

A (p/2)y pulse applied to theI spins convertsIz to Ix, and
observable INEPT signals result from terms in the density
matrix that are proportional to (Cz 1 3Tz)Ixsin2pJt . TheCzIx

and 3TzIx terms give rise to INEPT signals fromI spins coupled
to the central and outer Zeeman levels of theS spins, respec-
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tively. The sin 2pJt term results in the sinusoidal evolution of
the INEPT signal that is expected for aJ-coupling mechanism.

Non-rotor-synchronized conditions.The average quadru-
pole splitting and dipolar frequency are no longer zero at the
end of the evolution period if thep/2 and p pulses are not
applied synchronously with the rotor period. Under such con-
ditions, the effect of the quadrupolar interaction on the evolu-
tion of Cx can be ignored to first order since the spin operator
Cx commutes with the secular terms in the quadrupole Ham-
iltonian HQ 5 =2Q9 (t )Qz) (Appendix 3). In contrast,Rx

evolves as(RxcosQ# 9t 2 JxsinQ# 9t ) under the influence of the
much larger quadrupolar interaction (Table 1), whereJx rep-
resents an antiphase term in the density matrix associated with
the satellite transitions. SinceQ9(t) depends on the orientation
of the quadrupolar tensor with respect to the external magnetic
field and varies throughout the powder (and during the rotor
cycle), dephasing will occur. Terms involvingRy will also
dephase sinceRy evolves in theRx 2 Jx plane at a frequency
Q9(t) under the influence ofHQ. SinceQ9 @ J (andvD), and
long evolution periods of the order of 1/2J are used in order to
transfer magnetization effectively, significant dephasing will
occur during this time. This dephasing will not be refocused by
the (p)y pulse under non-rotor-synchronized conditions, allow-
ing us to ignore the terms involvingRx andRy. In other words,
the contribution ofRx to the intensity of INEPT signals can be
disregarded due to the very rapid dephasing of the outer sat-
ellite transition coherences under the influence of the quadru-
pole Hamiltonian.

The intensity of INEPT signals following the finalp/2
pulses, resulting from the central and satellite transitions, de-
pends on the coefficients ofCz and Tz, i.e., b(t) and f(t),
respectively, from Eq. [15]. The dependence ofb(t) andf(t) on
the pulse lengtht is listed in Table 3 and is plotted in Fig. 3 for

the evolution ofCy (central transition). At short pulse lengths,
b(t) grows very quickly, reaching a maximum atv1t ' p/6,
andCy is then converted into a combination ofCz, Ly, andTz.
In contrast, f (t) increases in size more slowly, reaching a
maximum atv1t 5 p/2. ThusCy is predominantly transferred
to Cz and the production ofTz is minimal if short pulse lengths
are used: for example,f(t) is close to 0.1 atv1t ' p/6. For short
pulses, we therefore expect to only observe peaks in the INEPT
spectrum resulting from theI spins coupled to the central two
Zeeman levels of theSspins, and the INEPT signal is given by
2(5

8
sin v1t 1 9

8
sin 3v1t)CzIzsin(2pJt), ignoring smaller terms

involving Tz. Magnetization is transferred to the outer levels of
the S spins when longer pulse lengths are applied, and peaks
from these coupled spins should be observed in the INEPT
spectrum under these conditions.

Case (b): Large QCCs

In this case, only the central transition is excited by the
initial on-resonance pulse applied to theS spins, and the
density matrix following the first pulse isCx (see Eq. [8]).
However, theS spins associated with the central transition
nutate at twice the frequency (i.e., 2v1), under the influence of
the RF pulse, as that in case (a). Thus an optimum conversion
to Cx is effected by applying ap/4 pulse, wherep/2 is the
optimum pulse length determined for a sample with a small-
to-zero QCC. (Ap/2 pulse should then be used as the second
pulse to focus evolution due to chemical shift offsets.)Cx

evolves in the same way during the evolution period as de-
scribed in case (a) to produce terms involvingIzCy (Eqs. [10]
and [11]). TheIzCy terms are converted toIxCz terms following
the last two pulses on theI andS spins. An antiphase doublet
will be observed in the INEPT spectrum, fromI spins coupled

TABLE 3
The Effect of an RF Pulse Sx with Pulse Length t on Terms in the Density Matrix Cy and Ry

r: Cy ~or Ry!O¡
Sx

a ~t !Cy 1 b ~t !Cz 1 c ~t ! Ly 1 d ~t ! Ry 1 e~t !Ty 1 f ~t !Tz

(i) Cy Ry

a(t) 7/16 cosv1t 1 9/16 cos 3v1t 3/4=3/8 cosv1t 2 3/4=3/8 cos 3v1t
b(t) 5/16 sinv1t 1 9/16 sin 3v1t 1/4 =3/8 sin v1t 2 3/4=3/8 sin 3v1t
c(t) 1/4=3/8 sin v1t 2 3/4=3/8 sin 3v1t 21/8 sinv1t 1 3/8 sin 3v1t
d(t) 3/4=3/8 cosv1t 2 3/4=3/8 cos 3v1t 5/8 cosv1t 1 3/8 cos 3v1t
e(t) 3/16 cosv1t 2 3/16 cos 3v1t 21/4=3/8 cosv1t 1 1/4=3/8 cos 3v1t
f(t) 9/16 sinv1t 2 3/16 sin 3v1t 5/4=3/8 sin v1t 1 1/4=3/8 sin 3v1t

(ii) v1t 5 p/2 v1t 5 p

Cy321/4Cz1=3/8 Ly13/4Tz 2Cy

Ry3=3/8Cz21/2Ly1=3/8Tz 2Ry

Note.Expressions for the coefficientsa(t) 2 f(t) defined above (and in Eq. [15]) are given in (i). Explicit values for the coefficients, calculated forv1t 5 p/2
andp, are listed in (ii).
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to the |61
2
& S states. If the pulses are applied asynchronously

with the rotor period, a decrease in the intensity of the INEPT
signal is expected, caused by interference arising from evolu-
tion under the dipolar coupling Hamiltonian,HD. In addition,
the second-order quadrupolar interaction may now become
more important. Evolution under this interaction is refocused
with the second pulse (p/2). Since this is a time-dependent
interaction, however, the effectiveness of the refocusing will
decrease if the pulses are applied asynchronously. Thus for
large QCCs it will be especially important to apply pulses
synchronously with the rotor period.

DISCUSSION

The adsorption of TMP on a mixture of HY zeolite and
aluminum chloride results in two TMP–AlCl3 complexes with
different stoichiometries (TMP–AlCl3 and (TMP)2–AlCl3) and
aluminum coordination numbers of 4 and 5, respectively.
These complexes have been extensively studied by Lunsfordet
al. (7), who reported27Al QCCs for the 4- and 5-coordinated
TMP–AlCl3 complexes of 0.373 and 4.70 MHz, respectively.
The 27Al RF strength (55 kHz) used in this work is almost
equal to the quadrupole frequency of the former species (56
kHz), which is the complex present in our samples. Thus the
intensities of the27Al 3 31P INEPT peaks are expected to
show similar behavior to that predicted for case (a) (v1 $ vQ)
of the density-matrix calculation section. Some differences are
expected, clearly, since the experimental data are forS 5 5

2
nuclei. As predicted, peaks due to coupling to all the Zeeman
levels are observed in the rotor-synchronized experiment (Fig.
2b). Under these conditions, any evolution due to the first-order
quadrupolar interaction and the dipolar coupling following the
first pulse is eliminated and only evolution due to theJ-
coupling is observed. Under non-rotor-synchronized condi-
tions, only peaks resulting from coupling to the27Al central
states are observed for short27Al pulses (U and 2U) (Fig. 1b).
This is consistent with the prediction that the evolution due to
the quadrupolar interaction results in the dephasing of terms in
the density matrix associated with the satellite transitions (i.e.,
Rx and Ry when S 5 3

2
). This dephasing is not effectively

refocused by the 2U pulse, and at the end of the evolution
periods only terms involvingCx andCyIz remain.

Short U pulses result in the conversion ofCy to Cz and
INEPT signals are only observed from coupling to the |61

2
&

states, under non-rotor-synchronized conditions. When longer
U pulses are applied to the quadrupolar nuclei, the percentage
of magnetization associated with the outer Zeeman levels in-
creases rapidly compared to that of the central levels (Fig. 3).
The coefficients for terms in the density matrix (a(t) 2 f (t),
defined by Eq. [15]) following a pulse were evaluated for aS5
3
2

nucleus. They are all functions of two separate terms that
oscillate with frequencies ofv1 and 3v1 (Table 3). Maximum
conversion toCz (i.e.,b(t)) was calculated to occur atU ' p/6.
The coefficient forTz, f (t), increases in magnitude for larger

values ofU, reaching a maximum atp/2. In addition, byU 5
p/2, b(t) has inverted in sign and is also opposite in sign tof(t).
(Notice, however, that even though the coefficients depend on
terms that oscillate at three times the RF field strength, the
nutation frequency of, for example, the off-diagonal termCy is
still v1, which is expected forvQ , v1, sincea(0) 5 a(v1t 5
2p) 5 2a(p).) Similar behavior may be expected for a spin5

2
nucleus. Now, however, the coefficients in the density matrix
that describe the effect of a pulse of lengthU on Cy are
functions of three terms that oscillate with frequencies ofv1,
3v1, and 5v1. The experiments follow the theoretical predic-
tions, qualitatively, and the successive population of the |61

2
&

levels, followed by the |63
2
& levels, and finally the |65

2
& 27Al

Zeeman levels, as the length of the final pulse applied to the
27Al spins is increased, is consistent with expectations. Unlike
predictions forS 5 3

2
coupled spins (Fig. 3), the phase of the

signals from the31P spins connected to the |61
2
& states remains

the same as those for |63
2
& and |65

2
& connected states; however,

a minimum in intensity is observed forU 5 p/3. This is
consistent with the more rapid transfer of magnetization from
the |61

2
& to |63

2
& states (and then to |65

2
&) that is expected for

S 5 5
2

nuclei (where the terms in the density matrix oscillate
with three frequenciesv1, 3v1, and 5v1).

The intensities of the central and satellite transitions in
one-pulse and echo spectra of noninteger spin quadrupolar
nuclei have been studied in detail by P. Man (13, 14). The
signal intensities were found to depend strongly on the pulse
lengths applied to the quadrupolar nuclei and the ratio of the
quadrupole frequency to the RF field strength. For simplicity,
we have only explored the small QCC and large QCC regimes,
and have not explored the effect of different pulse lengths on

FIG. 3. The effect of a pulse of phasex represented by the operatorSx on
the terms in the density matrix defined in Eq. [15], for an initial density matrix
(t 5 0): r 5 Cx. The values of the coefficients ofCz (solid line) andTz (dashed
line) are plotted as a function of the length of the pulsev1t (in the rangev1t 5
0 to p/2).
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the initial density matrix. In practice, the initial density matrix
is more complicated than derived here, and the final INEPT
signal intensities will depend, in principle, on the initial ratios
of the coefficients ofCx andRx following the application of the
first pulse to theSspins. Our experimental data were acquired
for the conditionvQ ' v1. Under these conditions, we are
close to the intermediate regime for quadrupolar nuclei (inter-
mediate between case (a) and (b)). In this regime, the nutation
frequencies of the off-diagonal terms of the density matrix
(e.g.,Cx, Rx), under the influence of a pulse, are intermediate
betweenv1 and 3v1 for S5 5

2
(andv1 and 2v1 for S5 3

2
), and

become a function of the orientation of the quadrupolar tensor
to the external magnetic field. All parts of the powder pattern
will not be excited evenly in our system, particularly for the
|65

2
& 2 |63

2
& outer satellite transitions. This is likely to be the

major cause of the deviations in the INEPT spectra of the
intensities (and phases) of the individual peaks of sextet (in the
non-rotor-synchronized experiment) from those predicted from
our model. The small variations in relative intensities of the six
peaks, seen as a function of pulse length in the synchronized
experiment, may also result from this. As demonstrated here,
however, a simple density-matrix calculation which neglects
the effect of the intermediate regime provides a satisfactory
explanation for many of the INEPT experimental observations.

Our experimental observations, however, are not consistent
with the results of INEPT experiments on a Ph3P–AlCl3 complex
reported by Fyfeet al. (3). They observed31P INEPT signals
resulting only from the central levels of the27Al spins, probably
due to the relatively weak27Al RF strength (16 kHz) used in their
experiments. Under these conditions,vQ . v1, and the experi-
mental observations are expected to be close to the predictions for
case (b). In addition, Fyfeet al. did not observe any additional
peaks in the INEPT spectrum acquired under rotor synchronized
experiments, which is again expected for case (b). This result is
consistent with our earlier INEPT study of the complex formed
when TMP binds to the Lewis acid site in the zeolite HY (4). We
measured a QCC of close to 11 MHz for this complex (4), and
thusvQ @ v1 (case (b)). Again, only the central two peaks of the
sextet were observed, consistent with predictions. Significant re-
ductions in intensity were observed under non-rotor-synchronized
conditions in the case of large QCC (4), due to dephasing caused
by the dipolar coupling and the second-order quadrupolar inter-
action, which also varies throughout the rotor period. This obser-
vation is in contrast to the results of Fyfeet al. (3), who observed
no attenuation of the INEPT signal in the non-rotor-synchronized
experiment, even thoughvD ' 2pJ. Thus, it is likely that the
intensity reduction observed for the large QCC Lewis acid com-
plex results in part from effects due to the second-order quadru-
polar interaction. We have performed1H 3 31P INEPT experi-
ments on the TMPH1 complex formed in zeolite HY on TMP
adsorption (15). This is the same species seen at' 22 ppm in
Fig. 1a. The31P–1H J- and dipolar-coupled spin pair in this
complex has aJ-coupling constant of approximately 550 Hz (7)
and a dipolar coupling constant of 34 kHz (16), and thus the

dipolar coupling is the dominant interaction. In this case, although
31P INEPT signals were observed under both synchronous and
asynchronous conditions, a significant reduction of intensity was
observed when the pulses were applied asynchronously with the
rotor period. Thus a large intensity reduction, under non-rotor
synchronized-conditions, is also to be expected forvD @ 2pJ.

Finally, the INEPT signals under rotor-synchronized condi-
tions from the |61

2
& states were observed to be less intense than

those obtained under non-rotor-synchronized conditions (Figs.
2a and 2b). ForS5 3

2
nuclei, terms involving bothIzCy andIzRy

will contribute to the INEPT signals under rotor-synchronized
conditions, following the final RF pulses on theI andSspins;
however, onlyIzCy will contribute under non-rotor-synchro-
nized conditions. The size of these terms can be evaluated from
expressions listed in Table 3, and the intensity of the inner two
peaks in the INEPT spectra is proportional to the size of the
coefficientb(t) (defined in Eq. [15]) following an RF pulse. For
rotor-synchronized conditions, the contribution fromRy actu-
ally results in a reduction in the intensity of the central peaks
of the INEPT spectrum for short pulses. Thus whenU 5 p/6
and 2U 5 p/3 pulses are applied, for example (conditions used
in Fig. 2), the intensities of the INEPT signals resulting from
the central states are calculated to be 0.5 and 1.44 for rotor- and
non-rotor-synchronized conditions, respectively, where the co-
efficients (b(t), Table 3), resulting from conversion ofCy and
Ry (to Cz), have been scaled by factors of 2 and=6, respec-
tively. A similar effect is expected forS 5 5

2
nuclei, and this

prediction is in qualitative agreement with the experimental
observations shown in Fig. 2.

CONCLUSIONS

Magnetization transfer via theJ-coupling mechanism from
all the six Zeeman levels of27Al was achieved for a TMP–
AlCl3 complex in NaX, in an27Al 3 31P INEPT experiment,
by applying the27Al pulses synchronously with the rotor
period. Under non-rotor-synchronized conditions, only31P
spins coupled to the central states of27Al were observed in the
INEPT spectrum when short pulses were applied to the27Al
spins. However, the outer levels (|63

2
& and |65

2
&) gave rise to the

most intense31P INEPT signals when longer27Al pulses were
employed. Simple density-matrix calculations involving the
use ofS 5 3

2
spin operators gave satisfactory explanations for

many of the INEPT experimental observations.
A reduction in the intensities of the31P INEPT signals was

observed when the pulses are not synchronized with the rotor
period. Thus, for INEPT experiments involving quadrupolar
nuclei in solids, where the evolution of the coherences associ-
ated with the outer satellite transitions, under the quadrupolar
interaction, will be significant, and evolution under the dipolar
coupling and second-order quadrupolar interaction (for a large
QCC) may also be large, rotor synchronization of the pulses
will be important to obtain optimal magnetization transfer.
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APPENDIX 1

The Matrix Representations of the S 5 3/2 Spin Operators Sx, Sy, and Sz

Sx 5
1

2 3
0 Î3 0 0
Î3 0 2 0
0 2 0 Î3
0 0 Î3 0

4 ; Sy 5
1

2 3
0 2i Î3 0 0

i Î3 0 2 2i 0
0 2i 0 2i Î3
0 0 i Î3 0

4 ; Sz 5
1

2 3
3 0 0 0
0 1 0 0
0 0 21 0
0 0 0 23

4
APPENDIX 2

Representations of the S 5 3/2 Spin Operators in the Basis Set of the Spin Wave
Functions |3

2
&, |1

2
&, |21

2
&, and |23

2
& (after Refs. (8) and (9))

Cx 5
1

2 3
0 0 0 0
0 0 1 0
0 1 0 0
0 0 0 0

4 ; Cy 5
1

23
0 0 0 0
0 0 2i 0
0 i 0 0
0 0 0 0

4 ; Cz 5
1

2 3
0 0 0 0
0 1 0 0
0 0 21 0
0 0 0 0

4
Tx 5

1

2 3
0 0 0 1
0 0 0 0
0 0 0 0
1 0 0 0

4 ; Ty 5
1

2 3
0 0 0 2i
0 0 0 0
0 0 0 0
i 0 0 0

4 ; Tz 5
1

2 3
1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 21

4
Rx 5

1

Î8 3
0 1 0 0
1 0 0 0
0 0 0 1
0 0 1 0

4 ; Ry 5
1

Î8 3
0 2i 0 0
i 0 0 0
0 0 0 2i
0 0 i 0

4 ; Jx 5
1

Î8 3
0 i 0 0

2i 0 0 0
0 0 0 2i
0 0 i 0

4
Jy 5

1

Î8 3
0 1 0 0
1 0 0 0
0 0 0 21
0 0 21 0

4 ; Mx 5
1

Î8 3
0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0

4 ; My 5
1

Î8 3
0 0 2i 0
0 0 0 2i
i 0 0 0
0 i 0 0

4
Lx 5

1

Î8 3
0 0 i 0
0 0 0 2i

2i 0 0 0
0 i 0 0

4 ; Ly 5
1

Î8 3
0 0 1 0
0 0 0 21
1 0 0 0
0 21 0 0

4 ; Qz 5
1

Î8 3
1 0 0 0
0 21 0 0
0 0 21 0
0 0 0 1

4
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APPENDIX 3

The Commutation Relations i[O, H] for the Operators O
and the Hamiltonians H 5 HQ, Sx, Sy, and Sz

O

i[O, H]

H 5 HQ H 5 Sx H 5 Sy H 5 Sz

Cx 0 2=3/2 Lx 22Cz 2 =3/2Ly Cy

Cy 0 2Cz 2 =3/2 Ly
=3/2Lx 2Cx

Cz 0 22Cy 1 =3/2Ry 2Cx 2 =3/2Rx 0
Tx 0 =3/2Lx 2=3/2Ly 3Ty

Ty 0 =3/2Ly
=3/2Lx 23Tx

Tz 0 2=3/2Ry
=3/2Rx 0

Qz 0 =3Jx
=3Jy 0

Rx 22=2Jx Lx Ly 2 =3/2(Tz 2 Cz) Ry

Ry 22=2Jy Ly 2 =3/2(Cz 2 Tz) 2Lx 2Rx

Jx 2=2 Rx Mx 2 =3Qz 2My Jy

Jy 2=2Ry 2My Mx 2 =3Qz 2Jx

Mx 22=2Lx Jx 2Jy 2My

My 22=2Ly Jy Jx 22Mx

Lx 2=2Mx 2Rx 1 =3/2(Cx 2 Tx) Ry 2 =3/2(Cy 1 Ty) 2Ly

Ly 2=2My 2Ry 1 =3/2(Cy 2 Ty) 2Rx 1 =3/2(Cx 1 Tx) 22Lx
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