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Abstract

In this paper, signals originating from a pure specific coherence of intermolecular three-spin orders were separated and charac-
terized experimentally in highly polarized two-component spin systems. A modified CRAZED sequence with selective radio-fre-
quency excitation was designed to separate the small signals from the strong conventional single-spin single-quantum signals.
General theoretical expressions of the pulse sequence with arbitrary flip angle pulses were derived using dipolar field treatment.
The expressions were used to predict the relaxation and diffusion properties and optimal experimental parameters such as flip angles.
For the first time, relaxation and diffusion properties of pure intermolecular single-quantum, double-quantum, and triple-quantum
coherences of three-spin orders were characterized and analyzed in one-dimensional experiments. All experimental observations are
in excellent agreement with the theoretical predictions. The theoretical results show that the quantum-mechanical treatment leads to
exactly the same predictions as the dipolar field treatment. The quantitative study of intermolecular multiple-quantum coherences of

three-spin orders presented herein provides a better understanding of their mechanisms.

© 2004 Elsevier Inc. All rights reserved.

Keywords.: Intermolecular dipolar interactions; Multiple-quantum coherences; Three-spin order; Diffusion; Relaxation

1. Introduction

Intermolecular multiple-quantum coherence (iMQC)
is a very important and versatile tool in NMR studies.
For samples of concentrated solutions and with large
gyromagnetic ratios in high magnetic field, multiple-spin
echoes (MSEs) [1-3] or iMQC:s [4,5] are usually gener-
ated by COSY revamped by asymmetric z-gradient echo
detection (CRAZED) sequence, consisting of two radio-
frequency (RF) pulses in combination with pulsed-field
gradients (PFGs). When the ratio of the PFG areas
(amplitude-duration product) before and after the sec-
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ond RF pulse in the CRAZED sequence is 1:n, iMQCs
or MSEs of order n are observed [4]. Lee et al. [5] and
Jeener [6] pointed out that MSEs and iMQCs originate
from the dipolar field representing the collective distant
dipolar coupling among the dipoles of the spin ensem-
ble. Although effects originating from higher-spin terms
are readily observable at high fields, most of the iMQC
applications have used intermolecular zero-quantum
and double-quantum coherences (iZQCs and iDQCs),
which originate from the two-spin terms in equilibrium
density matrix and produce the largest signals in most
common cases [7-18]. Recently, we demonstrated theo-
retically and experimentally that the intermolecular sin-
gle-quantum coherence (iISQC) signals originating from
the two-spin terms are selectively excited in a two-com-
ponent sample with high efficiency, which have the same


mailto:Chenz@jingxian.xmu.edu.cn 

Z. Chen et al. | Journal of Magnetic Resonance 171 (2004) 244-252 245

amplitude as those from iDQCs and iZQCs [19]. How-
ever, the yields of high-order coherences become inevita-
bly low due to the hierarchical generation of iMQC.
There are only a few papers to discuss triple- and high-
er-quantum CRAZED experiments. Ahn et al. [20] em-
ployed three (w/2) pulses in separated time intervals and
phase cycling to choose signals from a specific iIMQC.
There are different transfer pathways during the time
interval between the second and the third pulses. Since
dipolar fields may be created by the second and the third
pulses, respectively, it is difficult to describe the evolu-
tion behavior of the magnetization. Ardelean et al.
[21,22] discussed single-quantum filter from homonu-
clear three-spin terms (i.e., third-order spin interactions)
in Hahn echo sequence. Recently, Warren et al. [23]
investigated the iSQC signals from homonuclear inter-
molecular longitudinal three-spin orders, including
relaxation and molecular diffusion in theoretical analy-
ses and computer simulations. Since the signals from
three-spin interactions are usually much smaller than
those from two-spin interactions, it is difficult to sepa-
rate ““pure” iSQCs signals of intermolecular three-spin
orders from the much stronger conventional SQCs in
homonuclear experiments. To the best of our knowl-
edge, in the work published to date, some important is-
sues such as how to separate “pure” iSQC signals from
three-spin orders and how to characterize their relaxa-
tion and diffusion properties experimentally, have not
been resolved yet. Therefore, complete theoretical
expressions and quantitatively experimental character-
izations are of fundamental importance for our under-
standing of their physical mechanisms.

Warren et al. [24] demonstrated that the excitation
efficiency of conventional multiple-quantum coherences
is improved by increasing selectivity. Our recent works
[19,25] showed that selective excitation CRAZED se-
quence with a two-component sample may provide a
method to resolve the problem mentioned above. In this
paper, we extend the selective excitation techniques to
separate and characterize different NMR signals from
intermolecular three-spin orders that have not been
quantified previously. A pulse sequence was designed
in such a way that different signals from three-spin terms
may be detected selectively. Thorough analyses of the
pulse sequence were performed using the dipolar field
and iIMQC treatments, respectively. Moreover, depen-
dence of the signals on the flip angles is measured and
analyzed to verify the theoretical predictions.

2. Theoretical formalism

To quantify the signals from intermolecular three-
spin orders, we first study the simple model of a homo-
geneous liquid mixture in which some molecules bear a
single spin 1/2 of type I, and other molecules bear a sin-

gle spin 1/2 of type S. Spins I and S could be protons,
for instance, with different chemical shifts. To simplify
the quantitative comparison of the results in our previ-
ous papers [19,25], here we follow the same notation
as much possible: 7] and T} are the longitudinal relaxa-
tion times, 7% and T3 are transverse relaxation times,
and D', and D} are the translational self-diffusion coeffi-
cients of 7 and S spins in conventional SQC experiments,
respectively. The pulse sequence shown in Fig. 1 was de-
signed in order to characterize relaxation and diffusion
properties of different signals from longitudinal three-
spin orders, in which the RF pulses may be hard or
Gaussian soft pulses. Small intermolecular nuclear
Overhauser effects are ignored, and radiation damping
effects are effectively suppressed using gradients immedi-
ately following the o« and f# RF pulses and detuning of
the probe [25]. The desired coherence order is selected
by choosing the relative area n of the gradient (with hor-
izontal shade) immediately after the f RF pulse with re-
spect to the one before. The magnitude G and duration
0, of these gradients during a given evolution period 7 is
kept constant to maintain a fixed dipolar correlation dis-
tance, d = /(yGd,), in which y is the gyromagnetic ratio
[5]. Since the sample dimension in our experiments is
much larger than the dipolar correlation distance d, ef-
fects of sample shape can be neglected [3]. The first
two gradients with the magnitude G, and duration
(with vertical shade) form an ““active” diffusion weight-
ing module, which allows the diffusion process during
the evolution period to be investigated quantitatively
[26,27]. Therefore, diffusion weighting factor is adjusted
by incorporating only the parameter G, as a variable,
which causes attenuation of signal only due to diffusion.
Two different frequency offsets were used in the com-
bined DANTE selective pulse to control the selective
pre-saturation irradiation of two resonance peaks from
I and S spins. The longitudinal relaxation process is
probed by incorporating the saturation recovery time
A as a variable [28]. To simplify the discussion, the spec-
trometer frequency is set to coincide with the resonance
frequency of 7 spin (in absence of dipolar field shift) so

RF (Saturatio;‘
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Fig. 1. A modified CRAZED sequence for detection of iMQC signals
from longitudinal three-spin orders. Full vertical bars stand for RF
pulses, and dash rectangles stand for gradient pulses. The first RF
pulse is selectively pre-saturating for / or S spins, or both. Other
experimental parameters are defined in the text.
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that we only need to deal with the resonance frequency
offset wg of S spin in the rotating frame. M}, and M are
the equilibrium magnetization densities of the 7 and S
spins, respectively. The 7 and S spins are first saturated
by the appropriate pre-saturating RF pulses, then relax-
ation acts during the time interval 4.

2.1. Dipolar field treatment

The dipolar field treatment provides simple expres-
sions for uniformly modulated magnetization [3], so it
is first employed to analyze the modified CRAZED se-
quences. For simplicity, we restrict ourselves to the
treatment of dipolar field effects arising solely from
coherence evolution in the #, interval. The following dis-
cussion will be limited to the case: (1) the dipolar corre-
lation distance d is much smaller than the sample size;
(2) the gradients are along the direction of the external
magnetic field (By); and (3) the frequency offset wg/2n
in unperturbed NMR frequency is much larger than
the precession frequency due to the maximum dipolar
field alone, |ws| > |uyyM}|, in which g is the magnetic
permeability constant.

When the («), RF pulse is non-selective and the (f),
pulse is selective to the I spin (see Fig. 1), the resulting
signal with a quadrature detection scheme is described
by Eq. (16) in [25]:

Mt:tal(A Fr+b) = M{)i(nﬂ){nj”T@ —0.5[J,.1(8)
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where J,(¢) and J,(&) are the n-order Bessel functions;
by = Y*G351 (4, — 6,/3) is the “active” diffusion weight-
ing factor, in which 4; is the time interval between the
first pair of gradient pulses; b, = yszég /3 is the diffu-
sion weighting factor of the coherence-selection gradi-
ent immediately before the (f), RF pulse; the
diffusion weighting factors b3 and bs are complex
expressions depending on both the two gradients
immediately before and after the (f), RF pulse and
the detection time #, , and the diffusion weighting fac-
tor by = n*y?G*85(8,/3 + 1,) is due to the gradient after
the (), RF pulse and continuing diffusion decay dur-
ing detection period ¢»; E=2¢3 and &= WOM{) sin o
sin (1 — e—A/T{)e—r/Téef(lerbz)D’T[1 _e—(kZD’T+l/T11)tZ](k2D1T +
l/T{)fl, in which k£ =7yGJ, is the magnetization helix
created by the gradient before the (), pulse.

When the (), RF pulse is selective to the / spin and
the (f), pulse is non-selective (see Fig. 1), the resulting
signal with a quadrature detection scheme is described
by Eq. (9) in [19]:

Mtftal(A +14 fz) _ M(I)i(nJrl){M — 0.5[-],171(5)

¢
~Ju1(8)] cos /3} sino(1 — e“‘/T{)

% e*(fﬂz)/Tée*(b] +by+b3)Dl,

+ M(I)ifnnLlJn(é)

x sin flcos ae /71 (1 — e~ 4/T1)
+(1 N e—r/T’l)]e—tz/Tée—b4DIT
+MGi",(E) sin B

% (1 _ efA/T‘lg)ei(ugtgeftz/Tgefb‘;D; ) (2)

Egs. (1) and (2) provide general analytical expressions
for signals from different coherence orders selected by
varying the ratio n of coherence-selection gradients.
The first two terms in Eq. (1) represent the detectable
signals of 7 spin, which is the same as the first two terms
in Eq. (2). The first terms in Egs. (1) and (2) include the
conventional Hahn echo when n=+1 or anti-echo
when n = —1 for I spin. When the diffusion and relaxa-
tion are neglected and the flip angle = n/2, the obser-
vable signals of I spin are identical to the results
reported previously [21-23]. The second terms in Egs.
(1) and (2) are the residual conventional SQC signal
of I spin. The third terms in in Egs. (1) and (2) provide
the quantitative relationship between the experimental
parameters and observed S signals originating from
iIMQCs. Since the properties of S signals are different
from those of I signals, we will quantitatively investigate
the properties of the S signals in the following
discussion.

First, we discuss the experimental conditions cor-
responding to Eq. (1). Since the properties of S sig-
nals originating from »=0 and n =12 iMQCs have
been discussed in detail in our previous paper [25],
here we will focus on the properties of S signals
from the third-order spin interactions (i.e., three-spin
orders) in the cases of n=1=x1 and n=23. In the
case of n=—1, the S signal in Eq. (1) can be written
as:

M5 (A 414 16) = M3iJo() sina(1l — e /™)
% eimg(r+t2)e—(r+tz)/T§ef(b1+b2+b5)D§. (3)
Since the condition of small dipolar field effects, &’ < 1,
is safely satisfied under ordinary experimental situations
[29], the Taylor expansion of the Bessel function results
in Jo(&)=~1- &4, Substituting the above-given rela-
tion into Eq. (3), we have
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The first term in Eq. (4) is a gradient echo without dipo-
lar field effects, and the second term is the S signal from
1SQCs of the third-order spin interactions. Clearly, the
small signal described by the second term in Eq. (4) is
difficult to be selectively detected underneath the strong
conventional SQC signal described by the first term.
This phenomenon has been reported recently [21-23].

In the case of n=+1, Eq. (1) yields the following
form after some algebra manipulations:
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Eq. (5) provides an analytical expression to quantify the
S signal of n = +1 from the third-order spin interactions,
which can be selectively detected from other coherence
transfer paths. In the case of n = —3, Eq. (1) yields the
following form after some algebra manipulations:
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_ 1 205 si 1 —4/1%
=g ¢ My sin a(l —e )

> ei(/)s(ertz)e*(THz)/Tge*(b1+bz+b5)DST

o sin’a sinzﬁ(l — e*/‘/Tﬁ)z(l _ e*A/Tf)

2/T§+1/T§)7t2/]'§ef(b1 +b;)(Dh+D3)—bsDS. ]

(6)
Eq. (6) provides an analytical expression to quantify the
S signal of n= —3 from the third-order spin interac-
tions. It is the same expression as the n = +1 case, so it
can be selectively detected, too.
In the case of n=+3, Eq. (1) yields the following
form after some algebra manipulations:
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Eq. (7) suggests that the signal of n = +3 is too weak to
be observed.

Now we discuss the experimental conditions corre-
sponding to Eq. (2). In the cases of n = £2, we have

MS(4+ T+ 1) = M3J5(&) sin p(1 — /7))

; S S
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It suggests that the signal of » = £2 from the third-order
spin interactions can be selectively detected and has the
same amplitude as that described by Eq. (5) when diffu-
sion and relaxation processes are neglected.

In the case of n =0, we have

M5(A+ T+ 1) = MyJo(&) sin (1 — e /™)

% eiwslz e 2 /75 e—b4D5T'
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The first term in Eq. (9) is a conventional SQC signal,
and the second term is the S signal from iZQC of the
third-order spin interactions. Clearly, the small signal
described by the second term is difficult to be selectively
detected underneath the strong conventional SQC signal
described by the first term. Our previous report has
pointed out this phenomenon [19].

2.2. iMQC treatment

As a complementary method, iMQC treatment is em-
ployed to intuitively demonstrate that the S signals orig-
inate from intermolecular longitudinal three spin-orders.
In what follows, we will focus only on the intermolecular
longitudinal three-spin order, labeled as 1, 2, and 3. If
the spins 7 and S stand for protons from different com-
ponents of the mixture, let us consider a longitudinal
three-spin order, 7. I,. S3., originating from higher-or-
der expansion terms of the equilibrium density operator.
For simplicity, the flip angles of « and f are set to w/2.

When the experimental conditions corresponding to
Eq. (1) are employed, the term proportional to 7;.15.S5.
in the equilibrium density operator is rotated into
11,85, by the first ©/2 pulse. Due to small residual
dipolar coupling and short evolution period 7, the resid-
ual dipolar interaction is unimportant during t. The
term I,,.,,.S3, can be rewritten as a combination of
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SQCs and triple-quantum coherences (TQCs) which
evolve at four different frequencies during the evolution
period:

(1/2), 1
[12122S3z — le[2xS3X = g (IT];S; + ITI;S;

+ 1L ST+11;ST
+ 17 Sy + 171585
+ 1787+ 171, S5). (10)

There are six triple-spin SQC terms and two triple-spin
TQC terms in Eq. (10). Since only density operator com-
ponents with coherence order p = —1 in the final density
operator can contribute to the observable signal [30], all
components with coherence order p # —1 can be disre-
garded. After the second n/2 pulse, which is selective
to spin 7 is applied, the term /{/;S; for n=+1, the
two terms /; 1,85 and /{15 S; for n = —1, and the term
171585 for n = =3 can be converted to the potential ob-
servable coherence term [;.[5.S;, which requires two
dipolar couplings to generate the observable S~ signal.
However, all S7 terms are impossible to be converted
to the observable S~ signal by the selective n/2 pulse
and the following evolution process. The longitudinal
three-spin order, 81;.1,.S5., converts into a potential ob-
servable term, /,./,.S;, through the following pathways:

(n/2),
811:15.83, — 811283,
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B 11+12’S; +11’12+S; (m/2),+(1:~1) gradient ratio 2112122S;
ITI;S; (m/2);+(1:+1) gradient ratio [0S
including S terms (x/2) (1) radient o No signal
(11)

A similar analysis can be carried out for experimental
conditions corresponding to Eq. (2). We shall not go
through detailed analysis. The coherence paths can be
sketched as follows:

(r/2)]
8112122S32 - 8[lx[2rS3z

(/2),+(1:=2) gradient ratio

2UI5S. 1028
. (7/2),+(1:0) gradient rati B
=9 20715 +1;15)S. . Y A
(m/2),+(1:42) gradient rati
2IFIES. e A
(12)

Eq. (12) shows that the signals of a three-spin order in
the cases of n = 22 have the same efficiency as the cases
of n=+1 and n= -3 in Eq. (11), which are also the
same as those described in Egs. (5) and (6) using the
dipolar field treatment. The efficiency in the cases of
n=—11in Eq. (11) and » = 0 in Eq. (12) seems to be high,

but these signals cannot be selected from the strong con-
ventional SQC signals as described in Egs. (4) and (9). In
contrast to the dipolar field treatment which provides
completely quantitative predictions, the iMQC treat-
ment given here provides quantitative relations between
observables in similar multi-quantum experiments, not
quantitative predictions about the actual magnitude of
each observed signal.

3. Experimental

All experiments were carried out at 298 K using a
Varian Unity plus 500 MHz spectrometer equipped with
self-shielded z-gradient coils and a S mm HCN triple-
resonance RF coil of 1.5 cm effective length. A two-com-
ponent sample of benzene (Cg¢Hg) and acetone
(CH5COCHj3) was used. About 30% (by volume) ace-
tone-dg was added to the sample for field lock and shim-
ming of the spectrometer as well as for reducing
radiation damping effects. The diffusion weighting gradi-
ents had amplitude G;=0.065T/m and duration
01 =2ms, and the coherence-selection gradient had
amplitude G =0.065 T/m and duration 6, =2 ms. w/2
pulse width of a RF hard pulse was extended from 6
to 140 us by detuning the probe to further suppress
the radiation damping during the evolution and detec-
tion periods. w/2 Gaussian pulse had the pulse width
of 4 ms. Acquisition time was 1.5 s, and a long pulse rep-
etition time of 50 s was applied to avoid the possibility
of stimulated echoes.

4. Results and discussion
4.1. Relative signal intensities

To compare the relative signal intensities of different
coherence orders from intermolecular three-spin orders,
several typical spectra were acquired under different
conditions. The conventional 1D spectrum is shown in
Fig. 2A. The flip angles of o and f§ were set to n/2. When
the f RF pulse was used to selectively excite the benzene
peak (I spin), the spectra shown in Figs. 2B-E corre-
spond to the signals in the cases of n=—1, +1, —3,
and +3, respectively. Since the conventional anti-echo
for I spin and gradient echo for S spin were formed by
the n = —1 coherence-selection gradients, both the S
and 7 signals as shown in Fig. 2B are very strong. In
the case of n = +1, Fig. 2C shows a strong Hahn echo
for I spin predicted by the first term in Eq. (1) and a
weak S signal predicted by Eq. (5). It provides a conve-
nient way to separate the weak iSQC signal of S spin
from the strong Hahn echo of 7 spin. It is the first time
to successfully separate the pure iSQC originating from
homonuclear three-spin orders. In the case of n = —3,
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A l Conventional SQC
B
n=-1,x1

1 n=+1 " x400,
D n=-3, x 400
E n=+3, x 400
FJ{\ n=-2, x 400
G l n=+2, x 400
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3500 2500 1500 Hz

Fig. 2. Signals from different coherence orders. (A) Single-pulse 'H

phase-sensitive spectrum of a mixture of benzene (left) and acetone
(right). When the experimental conditions corresponding to Eq. (1)
were employed, (B) n=—1, (C) n=+1, (D) n= -3, and (E) n=+3.
When the experimental conditions corresponding to Eq. (2) were
employed, (F) n=-2 and (G) n=+2. Data inside the box are
amplificatory times.

Fig. 2D shows that the S signal as predicted by Eq. (6)
and the 7 signal originate from intermolecular three-spin
orders. In the case of n = +3, Fig. 2E shows that only the
I signal originating from intermolecular three-spin oper-
ators is observed. Such peculiar a feature can be ex-
plained by Eq. (7). When the o RF pulse was applied
to selectively excite the 'H signal of benzene (I spin),
the signals of 7 and S spins originating from n = +2
and n = —2 coherence orders are shown in Figs. 2F
and G, respectively. The signals of / spin are mainly
from two-spin terms, i.e., the second-order spin interac-
tions, which have been discussed in most literature
[4,25]. However, the signals of .S spin from iDQCs pre-
dicted by Eq. (8) are from three-spin terms, i.e., the
third-order spin interactions, which have not been dis-
cussed in literature yet. Our theoretical and experimen-
tal results indicated that the S signals from iDQC of
three-spin orders (Figs. 2F and G) almost have equal
intensity as those from iSQC (Fig. 2B) or iTQC (Fig.
2D) of three-spin orders. Although the relative signal
intensities of S spin with different coherence orders
may be quite different, all experimental results men-
tioned above are in agreement with the theoretical
predictions.

Now we discuss the relative signal intensity between
the iISQC and convention SQC. In the case of n = —1,
the first term in Eq. (4) is a gradient echo, so the strong
S signal as shown in Fig. 2B is almost equal to the con-
ventional SQC signal under the same experimental con-
ditions. In the case of n=+1, the iSQC signal
originating from intermolecular homonuclear three-spin
orders is shown in Fig. 2C. The magnitude of S signal
from iSQC is about 800 times weaker than that of the
conventional S signal. Since the pure iSQC signal origi-
nating from homonuclear three-spin orders is much
smaller than the conventional SQC signal, it is difficult
to characterize the properties of iSQC signals from inter-
molecular three-spin orders when the iSQC and conven-
tional SQC signals overlap [21-23]. In principle, the
experimental results can be compared with the corre-
sponding theoretical predictions from Eqgs. (4) and (5).
However, Eq. (5) includes complex diffusion and relaxa-
tion processes which compete with the action of the
dipolar field. A quantitative analysis of the problems
will be given elsewhere in a separated paper.

4.2. Optimal RF flip angles

Since the S signals may be selectively detected, the
quantitative relationship between the relative signal
intensities and optimized flip angles can be investigated
using the flip angles o and f as independent variables.
The relative intensities of S signals described by Egs.
(5) and (6) are simplified as

fs(o, ) o sin’osin®f (n = 41 or — 3). (13)

Similarly, the relative intensity of .S signals described by
Eq. (8) is simplified as

fs(a, B) o sin*asin®f - (n = +2 or — 2). (14)

Eqgs. (13) and (14) suggest that both optimal RF flip an-
gles of o and f§ for S signals are n/2, but their relation-
ships between relative intensity and flip angles are
different. The former is directly proportional to sin’a
sin’ # while the latter is directly proportional to sin’u
sin®f. To verify the theoretical predictions, the depen-
dence of normalized signals on RF flip angles « and f
was measured. The pre-saturation unit and the “active”
diffusion weighting module were set to zero. The relative
signal intensities of acetone (S spin) from three-spin or-
ders were measured as a function of flip angles with o or
f varied from 0° to 180°. A fixed evolution time T = 3 ms
was used, to minimize signal attenuation due to trans-
verse relaxation during the evolution period. In Fig. 3,
normalized theoretical curves based on Egs. (13) and
(14) are plotted as a function of o or f together with
experimental observations. For comparison, normalized
theoretical curves sinx and sinf were also plotted as a
function of flip angles. Experimental results showed that
both the relative signal intensities and the optimal flip
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Fig. 3. Normalized signal intensities from intermolecular three-spin
orders are plotted as a function of the flip angles. The sample is a
mixture of benzene and acetone, in which benzene was selectively
excited. The symbol “A” indicates experimental observations of the 'H
signal of acetone with the conditions corresponding to Eq. (5), and the
solid line is its normalized theoretical curve, sin’o sin?f. The symbol
“A” indicates experimental observations with the conditions corre-
sponding to Eq. (8), and the dashed line is its theoretical curve, sin®o
sin® . The dashed-dotted line is the theoretical curve of sinasin ffunc-
tion. (A) varying flip angle o with f = n/2 and (B) varying flip angle f
with o = /2.

angles of o and f for the S signals from three-spin orders
are in excellent agreement with the theoretical
predictions.

4.3. Longitudinal relaxation

The S signals originating from iSQCs of three-spin or-
ders are dependent on the recovery period 4 of magneti-
zation from pre-saturation. The analytical expression
described by Eq. (5) predicts that S signals follow a spe-
cific relaxation relationship. The longitudinal relaxation
times of "H NMR signals in a mixture of benzene and
acetone were measured by the conventional saturation-
recovery method. Experimental data of normalized inte-
grated amplitudes with 4 varied from 0.5 to 35s were
used to estimate the longitudinal relaxation time. The
longitudinal relaxation times from best-fit based on the
mono-exponential function (1 —e 4/71) are T} = 8.144+
0.8 s for benzene and 77 =7.03+£0.8s for acetone.
When [ and S spins were saturated simultaneously and
the 'H signal of benzene was selectively excited by the
(), RF pulse, the experimental observations of the '"H
signal of acetone were indicated by the symbols “A”.

1.0
0.8
0.6

Normalized intensity

0 10 20 30 40 50 60
Saturation recovery time A (s)

Fig. 4. Normalized signal intensities due to longitudinal relaxation
process are plotted as functions of the saturation recovery time A with
the experimental conditions corresponding to Eq. (5). For a mixture of
benzene and acetone, the conventional SQC longitudinal relaxation
times of the 'H signals of benzene and acetone were found to be 8.14
and 7.03s, respectively. The symbols “A” indicate experimental
observations of the 'H signal of acetone when the 'H signals of
benzene and acetone are saturated simultaneously. The solid line is
fitted using the theoretical expression (1 —e 4/7)*(1 —e /1) with
T\ =8.14s and T} =7.03s, the dash-dot line is fitted using the
expression (1 — e /1) with T} = 8.14 s, the dash line is fitted using the
expression (1 — e /1) with T% = 7.03 s, and the dot line is fitted using
a mono-exponential expression (1 — e 4/71), resulting in 7} = 15.8 s.

Data for n = +1 longitudinal relaxation process of 'H
signal of acetone, together with fitting of different func-
tions are shown in Fig. 4. The solid line is fitted using
the theoretical expression (1 —e 4/71)* (1 — e 4/T1) with
T} =8.14s and T§ = 7.03 s, the dash dot line is fitted
using the expression (1 —e 4/71) with 7! = 8.14ss, the
dash line is fitted using the expression (1 —e 4/"1) with
75 = 7.03 s, and the dot line is fitted using a mono-expo-
nential expression (1 — e~4/™1), resulting in T = 15.8 s. It
demonstrates that the experimental observations are in
good agreement with the multiple-exponential relaxation
relationship, (1 —e 4/71)*(1 — e 4/™), predicted by Eq.
(5). This unusual longitudinal relaxation behavior can
be explained as follows: the simultaneous pre-saturation
RF pulse reduces the initial 7/ and S magnetization by an
amount of (1 —e 4/71) and (1 — e /"), respectively; the
S signal of iISQC originates from three-spin order term,
I,.1,.S3., so the longitudinal relaxation behavior of the
S signal for m=+1 follows the relationships,
(1 —e /M) (1 —e /M),
4.4. Diffusion properties

Apparent diffusion coefficients, D‘;app, of S signals in
different coherence orders during the evolution period
are predicted by Egs. (5), (6), and (8). A series of diffusion
measurements were performed in order to verify the pre-
dictive power. The experiments were carried out for an
appropriate set of gradient amplitude G; values so that
the signal decay due to diffusion can be monitored. First,
the conventional SQC diffusions of benzene and acetone
were measured according to the gradient echo sequence
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and the self-diffusion coefficients of the mixture were
yielded: D} = (3.88+£0.01) x 10 m~2s for benzene
and DS = (5.20 +0.01) x 10~? m~2s for acetone. Experi-
mental results are displayed in Fig. 5. Experimental data
were fitted against the function derived theoretically in
the previous section. When the experimental conditions
corresponding to Egs. (5) and (6) were employed, the fit-
ted apparent diffusion ratios for S signal are D} jgoc =
(1259 £0.12) x 10° ~ 2DL + D5 for n=+1 and
D} iroc = (12.63£0.15) x 10 ~ 2D}, + D} for n = —3.
Since the experimental data of » = —3 almost overlap
those of n = +1, the data of n = —3 are not shown in
Fig. 5. When the experimental conditions corresponding
to Eq. (8) (n = +2) were employed, the fitted apparent dif-
fusion ratio for S signal is Dj poc = (7.61 £0.08)x
107" ~ 2D These results are in excellent agreement with
our theoretical predictions.

In addition, Eqgs. (5) and (6) also predict that appar-
ent transverse relaxation time, 75,,, of S spin from
three-spin orders for n = +1 and n = —3 during the evo-
lution period follows the relationship 1/75,, =
2/Th + 1/T5, which is similar to the theoretical results
in a single-component three-spin system reported by
Warren et al. [23]. However, Eq. (8) predicts that appar-
ent transverse relaxation time of S spin from three-spin
orders for n = * 2 during the evolution period follows
the relationship 1/75,, = 2/T5. On the other hand,
methods for efficiently exciting multiple-quantum coher-
ence are central building blocks in iMQC experiments.
For a two-component mixture in which one component
only bears a single spin 1/2 of type I and the other only
bears a single spin 1/2 of type S, the long-range intermo-
lecular dipolar interactions between I and S spins are

0.0 g
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[¢)]
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-3.0 T T T T 1
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Fig. 5. Measurements of apparent diffusion rates of a mixture of
benzene (I spin) and acetone (S spin) G; was used as independent
variable to control signal attenuation, and natural logarithms of the
signal intensity versus b; = y2G26%(4, — 8,/3) are plotted. The symbol
“Hl” stands for the experimental data of conventional SQC diffusion
decay for I component, “[1” for S component due to conventional
SQC diffusion, “A” for S component with the experimental conditions
corresponding to Eq. (8), and “A” for S component with the
experimental conditions corresponding to Eq. (5). Solid lines are best
fits to the experimental data. The apparent diffusion rates calculated
from the slope of the best fitting are 3.88, 5.20, 7.61, and
12.59 x 1072 m?s~!, respectively.

very weak. From the viewpoint of selective excitation,
I and S spins can be thought of as isolated spin systems.
It makes selective excitation easy to accomplish. The
theoretical predictions and experimental results demon-
strated that selective excitations are suitable for efficient
acquisition of signals from intermolecular multiple-spin
orders. These results confirm the validity of the theoret-
ical developments given in the previous section.

5. Conclusions

In this paper, different signals originate from homo-
nuclear intermolecular three-spin terms in the equilib-
rium density matrix were analyzed by dipolar field and
iIMQC treatments. Valuable insights about diffusion
and relaxation features from intermolecular three-spin
orders are obtained from the analytical expressions.
Dependence of the signals of three-spin orders on flip
angles can be predicted by the analytical expressions.
Even though detection of the signals from three-spin
operators may be hampered by the strong conventional
SQC signals in the past, it has been demonstrated in the
present paper, that selective excitation and two-compo-
nent spin system can be employed to separate the differ-
ent NMR signals (including weak iSQC signals) from
the strong conventional SQC signals. For the first time,
the weak iSQC signals from three-spin orders was sepa-
rated and characterized experimentally. We showed that
3-spin n-quantum coherences (n = +1, £2, and —3) are
effectively separated from other coherences. These novel
homonuclear techniques based on intermolecular
“third-order” dipolar interactions appear to be comple-
mentary to the existing iMQC methodology based on
“second-order” dipolar interactions. The theoretical
predictions of diffusion and relaxation properties of
the signals from the three-spin orders are verified and
characterized in detail. All experimental observations
are in excellent agreement with the theoretical predic-
tions. Since the signals from three-spin orders are usu-
ally much smaller than those from two-spin orders, it
seems that the signals from three-spin orders are difficult
to find general utility. However, our experimental
scheme based on a two-component sample with selective
RF pulses supplies a convenient way to understand the
pronounced mechanism of the different signals from lon-
gitudinal three-spin orders. Moreover, the selective exci-
tation concept in iMQCs may prove useful in other
fields such as the high-resolution NMR spectra in inho-
mogeneous fields via intermolecular dipolar field.
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