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The behavior of intermolecular multiple-quantum coherences in collaborators (8–11) some time ago. These multiple-quant
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a variety of simple liquids with different chemical and magnetic
properties is investigated experimentally and modeled by numer-
ical simulations based on modified Bloch equations. The effects of
spin concentration, temperature, intramolecular conformational
flexibility, chemical exchange, and spin–spin coupling on the for-
mation of high-order coherences are examined. It is shown that
any process that makes the Larmor frequency time-dependent
may interfere with the formation of these coherences. Good agree-
ment is achieved between experiments and simulation, using in-
dependently known values of the magnetization density, the rate
constants for translational diffusion, spin–spin and spin–lattice
relaxation, and radiation damping. © 2001 Academic Press

Key Words: multiple quantum; CRAZED; intermolecular dipo-
ar fields; echoes.

I. INTRODUCTION

Observations of multiple-quantum (MQ) coherences in
liquid- and solid-state magnetic resonance contribute sig
cantly to the analytical power of the spectroscopy by provi
highly selective spectral editing filters and amplifying effe
of frequency differences in chemical exchange and tra
tional diffusion experiments (1–7). The simplest convention

xperimental approaches for MQ excitation and detectio
olve three RF pulses (90x–t–90x–t 1–90x–t 2). If t is chosen

to be at least comparable to the reciprocal of a typical cou
(50–500 ms in isotropic liquids, 1–10 ms in oriented ma
als), this sequence gives resonances corresponding to “f
den” (DM Þ 1) transitions in the indirectly detected dim
sion. Even seemingly highly forbidden transitions (such a
six-spin flip in oriented benzene) can be seen in MQ ex
ments with transition intensities comparable to the allo
transitions. These experiments depend on intramolecular
plings and this intramolecular isolation has been very pow
in the design of experiments that provide key structura
dynamic information.

It is now possible to observeintermolecularmultiple-quan
tum effects in simple liquids using pulse sequences that inv
as few as two RF pulses, as pointed out by Warren
2001090-7807/01 $35.00
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coherences may be observed even when the spin system
observed molecule is simple such as that in water, for w
intramolecular multiple-quantum effects are not generally
served. Thus, it is now possible to take advantage of mul
quantum spectroscopy techniques even for molecules with
simple spin systems that provide only a single resonance
The simplest basic pulse sequence, called a CRAZED
quence, is shown in Fig. 1a. It consists of a 90° pulse follo
by a magnetic field gradient pulse and an evolution periodt 1.
Then a second 90° pulse is applied followed by a se
gradient pulse ofn times the duration of the first. The result
ignal is detected during the second evolution period,t 2. Peaks

in the indirectly detected dimension have the experime
properties of multiple-quantum coherences between mole
that are significantly separated in space. Thus, these cohe
depend on fundamentally different couplings from those c
monly exploited and provide new opportunities for analyt
applications that include spectral editing and characteriz
of inter- and intramolecular chemical dynamics.

The application of the magnetic field gradients in the p
sequence provides a spatial encoding of the resonant sp
the sample that breaks the angular averaging of the di
fields. The coherences between spatially separated mole
are made observable by the resultant dipolar fields asso
with the precessing magnetization. Motions of the spins du
the pulse sequence may destroy the coherence and redu
signal intensity in a way similar to multiple-quantum exp
ments that develop using three RF pulses. Because the
ence orders potentially developed by the long-range inte
lecular coupling of dipolar fields may be very high,
sensitivity to diffusive motions may be significantly enhan
which will permit study of slow translational motions us
modest magnetic field gradients that are too slow to be st
using conventional methods. As Johnson initially pointed
applications of diffusion weighted spectroscopy may be
useful as a spectral editing tool that couples structural ana
with effective local transport dynamics (12). What is poten
tially significant in the CRAZED-type experiment is that
coherence order that may be created does not depend
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number of spins in the molecule. As we show experimen
below, even for water, coherences of order 10 may be det
and exploited.

The use of magnetic field gradients is now common in m
NMR pulse sequences. As a consequence, multiple-qua
coherences arising from dipolar field effects may inadverte
contribute to spectra and produce artifacts that may not on
confusing but also lead to incorrect interpretations. Howe
the interest in these phenomena derives from a more fu
mental possibility of exploiting the new information associa
with the long-distance effects associated with the colle
dipolar field. Because the coherences are developed be
spins separated in space by distances that are large com
with molecular dimensions, there are new opportunities
exploring effects between spins that are in different region
an inhomogeneous sample. Such situations are comm
biological systems but may include any system in which t
is a concentration gradient. Cross-peaks between spins th

FIG. 1. (a) The CRAZED pulse sequence. This is a two-pulse C
equence modified with ann-quantum filter. The first 90° pulse and gradi

create MQ coherence, while the second makes it observable. The
gradient selects the coherence order. (b) Modified version of the CRA
sequence used in this work. The evolution periodst 1 andt 2 were replaced wit
fixed delays,D andnD, respectively. The delay,D, was set to 150 ms exce
for Sephadex G-10 experiments where a 10-ms delay was used. The s
of the gradient,G, was set to 3.27 G/cm; the duration of the gradient was
(see text). (c) MQ coherences obtained with the pulse sequence represe
water.
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already been reported, as has contrast enhancement for
ing in vivo.

The new opportunities provided by these “dipolar field
fects” are not without limit, and the purpose of the pre
work is to examine the basic features of the effects in sim
chemical systems and provide a reasonably quantitativ
scription of the effects. In particular, we examine the effec
chemical complexity, spin concentration, intramolecular
intermolecular dynamics, and temperature on the develop
and detection of multiple-quantum coherences created b
CRAZED-type sequence. An important aspect was to
whether the currently used models can provide a quantit
description of the experimental observations, which are s
ingly counterintuitive and were the subject of some discus
in the literature (13–15). Since pulse sequences containing
ame blocks as CRAZED are routinely used in multidim
ional NMR spectroscopy, understanding these coheren
mportant if interpretive errors are to be avoided. Further, t
ffects may have interesting applications in their own righ

maging and removal of inhomogeneous broadening (16, 17).
We show that any process that makes the Larmor frequ
time-dependent may interfere with the formation of these
oes. The echo amplitude responds to chemical exchange
in a way that is qualitatively similar to responses to p
sequences employing very different phase refocusing sch
but appears to be more sensitive for the high-order cohere

Reference (10) noted that the coherences created betw
olecules at significant separations behaved like more fam

ntramolecular multiple-quantum coherences and used th
uage of multiple-quantum coherences to interpret the
erved data. However, the only quantitative treatment
odified nonlinear Bloch equations that invoked the “dip
emagnetizing field,” observed in a completely different c

ext over a decade earlier (18–20). What Warren and co
orkers have come to call the “classical treatment” was
laced in Ref. (11) by a density matrix treatment that explici
ontained intermolecular multiple-quantum operators. In e
reatment, the necessary couplings are provided by the d
nteractions between distant spins in solution. The re
rompted a careful exploration of the theoretical framew
nd the relationship between classical and density matrix
ents for interpreting these affects as genuine multiple-q

um coherences (21, 22). It is now clear that, in solution, eith
ethod gives essentially the same answer; the density m

reatment usually gives better intuition while the class
reatment is more convenient for calculations.

For the experiments reported here we used the seq
epresented in Fig. 1b. A 90° pulse is followed by aZ-gradien
ulse to encode the induced coherences with a phase incr
roportional to the coherence order. The delay,D, is set to 150
s except for the Sephadex G-10 experiments, where a 1
elay was used because of the very short signal decay tim
econd 90° pulse is applied to make the coherence obse

ond
D

gth
s
d in
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pulse of the same amplitude butn times the duration of the firs
Figure 1c shows the echoes detected in water using this
sequence, which we call diffusion weighted CRAZED bec
the substantial value ofD emphasizes the effects of translatio

II. EXPERIMENTAL

Liquid samples were sealed in a 1.5-mm-id, 0.3-mm-w
thickness capillary tube (Kimble Glass Co.) and were plac
a 5-mm NMR tube filled with 99.9% D2O (Cambridge Isotop

aboratories, Woburn, MA). Deuterated solvents (100
6D6, CD3CN, and CD3C6D5, were purchased from Aldric

(Aldrich Chemical Co., Milwaukee, WI). Mixing of liqui
samples was done by volume.

2-Chloro-2-methylpropane (99%), 2,3-butanedione (97
1,2-dichloroethane (99%),n-hexane (99.9%), cyclohexe
(99%), anhydrous hydrazine (98%), cyclopentane (H
grade), cyclohexane (99.9%), and cyclooctane (99%)
obtained from (Aldrich Chemical Co.).N-Decanol (99%) an
dichloromethane (99.9%) were purchased from Sigma (S
Chemical Co., St. Louis, MO). These liquids were used w
out further purification.

Sephadex G10, G25, G50, and G100 (Sigma Chemica
were soaked in pH 5 water for 10 h. The hydrated gels
placed in 5-mm NMR tubes which contained D2O sealed in

.5-mm-id, 0.3-mm-wall-thickness capillary tube to provid
euterium signal for the field-frequency lock signal.
Gels (7%) of bovine serum albumin (BSA) (Sigma Chem
o., A-7030), were cross-linked with glutaraldehyde by m

ng 1.6 mL of 2.0 mM albumin in 10 mM phosphate buffe
H 7 with 1.3 mL of 25% aqueous glutaraldehyde (Sig
hemical Co.) at ice temperature. The gels or 7% BSA sol
ere placed in a 5-mm NMR tube which contained D2O sealed

in a 1.5-mm-id, 0.3-mm-wall-thickness capillary tube to p
vide a deuterium signal for the field-frequency lock.

All experiments were performed with a Varian Unity-P
NMR spectrometer (Varian Associates, Inc., Palo Alto, CA)
erating at a proton resonance frequency of 500 MHz with a V
triple-resonance probe that provided a magnetic field gradie
the direction of the magnetic field. The proton 90° pulse w
was 9.4ms, the calibrated gradient strength was 3.27 G/cm
he recycle delay was 10 s. The duration of the first gradient
as set to 1 ms and the length of the second gradient puls
djusted according to the selected coherence order. The st
elay time,D, was 150 ms in all samples except the Seph

samples and the serum albumin samples for which it was re
to 10 and 20 ms, respectively.

III. THEORETICAL BACKGROUND

A. General Properties of the Distant-Dipole Field

The dipolar interaction between two nuclei is proportiona
(3 cos2u 2 1)/r 3, whereu is the angle between the internucl
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the internuclear separation. The multitude of dipolar coup
in a solid results in a significantly broadened resonance
However, for nearby spins in a liquid, the rapid rotational
translational diffusive motions change the internuclear ve
rapidly compared with the strength of the couplings. Bec
^(3 cos2u 2 1)/r 3& 5 0, the dipolar couplings are expected
disappear. For pairs of spins that diffuse spatially over
tances significantly greater than their initial separation,
argument is correct and accounts for the general observ
that dipolar splittings are not observed in most NMR spect
isotropic liquid phases. However, if the separation betwee
spins increases, the amount of motion required to effe
complete average of the coupling also increases. For wa
room temperature, the diffusion coefficient,D, is about 23
1025 cm2 s21 and spins diffuse approximately 110mm in a
second, which is approximately the time needed for acquis
of a typical free induction decay signal. Because sampl
mensions are generally much larger than 100mm, diffusive
motion does not average the dipolar coupling between
spins in the sample. The usual argument that the long-dis
dipolar effects are small rests on the fact that the cou
decreases as 1/r 3. However, the probability that there is a s
at distancer increases in proportion tor 2, so that the tota
intermolecular dipolar coupling decreases as only 1/r . Thus
neglecting the angular dependence, the integral over the w
sample diverges.

The angular dependence of the dipolar coupling is the re
why these long-range intermolecular effects are not us
observed. For a spherical sample of an isotropic liquid
spins are distributed symmetrically, and the sum over al
ditional interactions such as that of the spins with a mag
field gradient or long-range dipolar fields vanish. In well-fil
cylindrical sample tubes, the residual field gradients are s
and the effects not often noticeable. If the sample is
spherical or if the magnetization is modulated by an additi
interaction, the angular averaging does not eliminate the
lar effects. The magnetic field gradient pulses in a CRAZE
similar pulse sequence defeat the angular averaging an
dipolar effects may reappear.

In the classical picture, the interaction between spin
handled by introducing an additional fieldBd(r ), called the
“dipolar demagnetizing field” (12–14) or the “distant dipol
field” (the latter term will be used here):

Bd~r ! 5
m0

4ð E d3r 9
1 2 3 cos2u rr 9

2ur 2 r 9u 3

3 @3Mz~r 9 ` z 2 M ~r 9!!#. [1]

quation [1] gives the secular part of the local magnetic
t positionr generated by the direct dipole–dipole interac
etween distant spins. This interaction survives diffusi
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istance molecules diffuse on the time scale of the evol
eriods in the NMR pulse sequence (1). Equation [1] is the
sed to modify the normal form of the Bloch equations, giv
n additional contribution (M 3 gBd(r )) to dM /dt. If the

magnetizationM (r ) varies only in a single directions (as can
happen if gradient pulses are only applied in a single direct
Bd(s) may be reduced to the much simpler form

Bd~s! 5 m0DsSMz~s!ẑ 2
1

3
M ~s!D ;

Ds 5 @3~ŝ z ẑ! 2 2 1#/ 2, [2]

hich depends only on the local value of the magnetiza
orrections for residual magnetization have been pres
lsewhere (14) and are included in the simulations presente

his work.

. Expected Behavior of CRAZED Signals

Our experiments test a wide range of relaxation time va
iffusion rates, and magnetization densities and, in the en
ill compare the experimental results to simulations. Howe
e can extend previously published analytical results to g

easonable estimate of the expected behavior. Ignoring r
tion and diffusion, then-quantum signal behaves as a Be

function of corresponding order,

M n
1 5 i n21M0nS tD

t2
DJnS2

t2

tD
D , ~n Þ 0!, [3]

hereM 0 is the equilibrium Boltzmann magnetization,n is the
oherence order,tD 5 (gm 0M 0)

21 is the dipolar time (whic
may be thought of as the inverse of the precession frequen
the effective dipolar field),t 2 is the evolution time (equal tonD
for this pulse sequence), andJn is the Bessel function of ord
. When the argumentx of the Bessel function is much le

than unity (which corresponds to the limitt 2 ! ntD), the
Bessel function may be approximated as

Jn 5
1

n! S x

2D
n

. [4]

In this case, the intensity of then-quantum coherence,Sn is
roportional to thenth power of the equilibrium Boltzman
agnetization:

uM n
1u 5 ~gm0!

~n21!M 0
n

1

2~n 2 1!! S t2

2D
n21

. [5]

Due to inhomogeneous broadening the signal is lost follo
n

g

),

n.
ed
n

s,
we
r,
a
x-
l

in

g

the first pulse but subsequent pulses refocus an echo at 2 5
nD. Still ignoring relaxation and diffusion, the echo intensit

uM n
1u

M0
5

~gm0M0D! ~n21!

2n

1

~n 2 1!!
~n! n21. [6]

quation [6] gives nearly a straight line in a graph of the lo
he signal versusn. This does not agree with experiment (F
2), which more commonly shows a nearly straight line with
log of the signal versusn2.

The dependence onn2 is due to relaxation and translatio
diffusion. The effects of relaxation are most easily visual
in the quantum picture (18). The dominant pathway for ge

ration of observable signal is evolution of intermolec
-quantum coherences (e.g.,I x1I y2 . . . I yn) during the interva

D. This n-quantum operator decays by exp(2nD/T2) during
the intervalD. Such coherences are partially converted
one-quantum,n-spin coherences (e.g.,I x1I z2 . . . I zn) by the

FIG. 2. The logarithm of the simulated MQ signal intensity as a func
of coherence order (a), squared coherence order (b), and cubed coheren
(c). Different curves refer to different diffusion coefficients. All simulati
were made with the same parameters as experiments except for the stre
the gradient, which was set to 10 G/cm to make functional behavior
pronounced.
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become observable magnetization (e.g.,I x1 or I y1). During t 2 5
nD the one-quantum,n-spin coherence decays by exp(2t 2/
T2)exp(2(n 2 1)t 2/T1) 5 exp(2nD/T2)exp(2(n 2 1)nD/
T1). The total decay is then exp(22nD/T2)exp(2(n 2 1)nD/
T1), which makes the log of the signal nearly proportional tn2

if T1 ' T2.
In most of our experiments, however, the dominant si

decay mechanism is diffusion. To understand the effec
diffusion, recall that the dipolar coupling is only capable
creating observable magnetization because the first ma
field gradient destroys the effective symmetry of the mag
zation. For example, in ann-quantum CRAZED experimen
the n-quantum,n-spin operatorI x1I y2 . . . I yn picks up a phas
hift during the first gradient pulse of exp(igGT( z1 1 z2 1

. . . zn)). The second gradient pulse (withn times the duration
gives a phase shift of exp(nigGTz1) to then-spin, one-quan-
tum operatorsI x1I z2 . . . I zn. The net effect is a partially ref-
used term of the form

I x2I z2 . . . I zncos~gGT~ z1 2 z2!! . . . cos~gGT~ z1 2 zn!!,

hich depends only on relative position and is made ob
ble by (n 2 1) dipolar couplingsDij .
Diffusion along the direction between spins 1 andn at any

time after the first gradient pulse destroys this labeling. D
of the modulated operators can be calculated by the
diffusion relations as exp(221/ 2D(gGT) 2t). In the presence o
inhomogeneous broadening, signal is observable only a
the echo maximum, and the total evolution time for then-

uantum CRAZED is approximately (n 1 1)D; then-quantum
CRAZED requires (n 2 1) independent dipolar couplings
convert the (n 2 1) modulated terms into observable sig
The net effect is a predicted decay of exp(221/ 2D(gGT) 2(n 2

)(n 1 1)D). In the limit where diffusional decay domina
ll other terms (easily achieved in practice for the long ev

ion times here), the log of the signal is expected to be
ortional to n2. This is very similar to the dependence

conventional multiple-quantum echoes utilized in the con
of translational diffusion experiments (23–27). One practica

ay to view this result is that observing coherences of ordn
ncreases the effective gradient strength by the factorn. There-
ore, slow diffusive motions may be studied without resor
arge gradients, provided other effects such as very shoT2

values do not quench the coherence. A practical case m
water diffusing in a bounded but tortuous medium.

Numerical simulations were based on the solution of
modified Bloch equations, using independently determine
rameters such as relaxation times, diffusion coefficients
proton densities. The time evolution of the uncoupled s
including relaxation processes is described by the Bloch e
tions:
al
of
f
tic

ti-

v-

y
al

ut

.

-
o-

xt

o

be

e
a-
nd
s
a-

dt
5 gM 3 B 2

T2
2

T1
. [7]

The magnetic fieldB in Eq. [7] includes the distant-dipol
eld Bd(r ) (Eq. [2]) after a correction for any residual mag-

tization (16), which for z-modulated magnetization gives

Bd~s! 5 m0H ~Mz~s! 2 ^Mz&!ẑ 2
1

3
~M ~s! 2 ^M &!J . [8]

It also includes an additional fieldBr which is produced by th
current induced in the coil by the oscillating magnetiza
(this is known as radiation damping) (28). It can be expresse
as

Br 5
^My&

gM0t r
x̂ 1

^Mx&

gM0t r
ŷ, t r 5

1

gm0M0~hQ/ 2!
, [9]

heretr is the radiation damping time,h is the filling factor
and Q is the quality factor of the probe. In contrast to
distant dipolar field,Br is position-independent and depends
the average magnetization only.

The Bloch equations modified to include the dipolar dem
netizing field, radiation damping, diffusion, and relaxa
processes become

dM ~ z!

dt
5 g@M ~ z! 3 B0~ z!# 1 g@M ~ z! 3 m0Mz~ z!ẑ#

1
@M ~ z! 3 ^My&x̂#

M0t r
1

@M ~ z! 3 ^Mx&ŷ#

M0t r

2
~Mxx̂ 1 Myŷ!

T2
2

~Mz 2 M0!ẑ
T1

1 D
d2M ~ z!

dz2 .

[10]

Here B0( z) 5 (\Dv/g 1 Gz)ẑ is the magnetic field due
gradients and resonance offset andD is the translational di
fusion coefficient. In our simulations these equations w
numerically integrated using the fifth-order Cash–Karp Run
Kutta method; the procedure details have been describ
previous studies (14). This one-dimensional model assum

niformly modulated magnetization (except for the obse
ignal) and thus some discrepancy between simulated
xperimental results is expected because of intrinsic mag
eld inhomogeneity. We have recently extended our sim
ions to include three-dimensional magnetization struc
29, 30), which would be feasible here if the exact structur
he residual magnetic field inhomogeneity were known; h
ver, the agreement between the dynamics predicted by E
nd experiment is reasonable.
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The results of many experiments using the pulse sequen
Fig. 1 are generally linear when the logarithm of thenth-order
signal intensity is plotted againstn2. This dependence is co-
sistent with numerical simulations carried out for a rang
diffusion constants while other experimental parameters
held constant. The logarithm of the signal intensity vsn andn3

show significant deviations from linearity. Thus, we sum
rize data by plotting the logarithm of the echo amplitude vs
square of the coherence order.

A. Magnetization Density Effects

The signal intensity of thenth echo is strongly depende
on the magnitude of the net magnetization and is a func
of both the static magnetic field strength and the conce
tion of the observed spins. Figure 3a shows the resul
diluting the water proton spin concentration with deuteri
The intensity and the number of detectable high-order
herences decreases significantly as the proton spin co
tration drops. The dashed lines represent the experim
data while the solid lines were simulated numerically
described above. The simulations describe the data
except for large values ofn2 in a few cases. We believe th

iscrepancy is due to intrinsic static field inhomogene
ince the simulations used a one-dimensional model
ssumes uniformly modulated magnetization (except fo
bserved signal). The offset frequency of then-quantum
ignal and the acquisition delay in the CRAZED experim
ren times larger than that of the one-quantum and thus
ignal isn times more sensitive to the effect of inhomo
eity. As expected, the discrepancy between experim
nd simulated results in Fig. 3a is larger for the high-o
oherences than that of the smaller orders.
Simulations for samples with different deuterium concen

ions were made with the same longitudinal and transv
elaxation times as those for pure water, although these p
ters increase significantly with increasing of deuterium m

raction. However, sinceT1, T2 @ tD even for dilute sample
they have no influence on observed spin dynamics and thu
differences in relaxation rates for the samples with diffe
deuterium mole fraction may be neglected.

Equation [3] implies that for two spin concentrations,M 01

andM 02, the ratio ofnth-order echo intensities is given by E
[11],

ln
Sn1

Sn2
} n ln

M01

M02
, [11]

hereSn1 andSn2 are the intensities of the echoes of cohere
ordern, andM 01 andM 02 are the equilibrium magnetizatio
associated with spin concentrations, 1 and 2. If this relation
of
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is valid, the slope of the log–log plot implied by Eq. [11] equ
the coherence ordern. Figure 3b shows that the water data
described by Eq. [11].

The dependence of multiple coherence order detectio
spin density is also reflected in a variety of simple sol
systems that have only a single detected resonance line
3c). All data as well as simulations of these results demons
that the dominant effect on the observability of high-o
coherences is the decline in the net equilibrium magne
tion, M 0.

FIG. 3. (a) The logarithm of the MQ coherence intensity vs squ
coherence order for water samples with different deuterium mole frac
The solid lines refer to the results of the simulations, while the dashed
connect the experimental points. The simulations were made with the fo
ing parameters:T1 5 2.1 s,T2 5 1.8 s,D 5 1.83 z 1025 cm2/s. (b) The
ogarithm of the relative MQ signal intensity as a function of the logarith
he relative equilibrium magnetization. The slopes of the lines correspo
he coherence order, in accordance with Eq. [11]. (c) The logarithm of th
oherence intensity vs squared coherence order for a number of simple
ystems that present a single resonance line. The dashed lines conn
xperimental points; the solid lines refer to the simulations, which us

ollowing parameters: CHCl3: T1 5 1.8 s, T2 5 1.5 s, D 5 1.15 z 1025

cm2/s; CH2Cl2: T1 5 1.5 s,T2 5 1.5 s,D 5 1.85 z 1025 cm2/s; CH3CN:

1 5 2.0 s,T2 5 2.3 s,D 5 0.55 z 1025 cm2/s; (CH3)2CO: T1 5 5.8 s,T2 5
.2 s,D 5 1.28 z 1025 cm2/s.
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B. Spectral Complexity Effects

A related feature of the pulse sequence is the depende
the echo intensity on the complexity of the spectrum. In
case where a single resonance line is observed, echoes o
order may be detected; however, when the spectrum ha
eral lines (for example, due to resolved scalar couplings),
a few echoes are generally observed. This result ma
qualitatively understood based on the partitioning of the
spin among different Larmor frequencies. In effect, the m
netization that enters Eq. [5] is the magnetization assoc
with each distinct line or Larmor frequency in the spectr
Thus, for a doublet, thenth-order intensity is reduced by 1/n

and the attenuation proportionally larger for greater spe
partitioning of the magnetization. Furthermore, the distribu
of Larmor frequencies makes dephasing much more rapid
the sum of these effects is dramatic attenuation of high-o
coherences. For example, Fig. 4 shows that seven echo
readily observed for cyclohexane, while only two or th
echoes are readily observed forn-hexane and cyclohexan

hich have more complex spectra. We note that when s
ouplings are resolved, there is a competition between intr
ecular J-couplings and intermolecular dipolar couplings
as shown (31, 32) that the scalar contributions are in

tiphase to the dipolar demagnetizing field effects, and
combination of the two types of couplings generates e
cross-peaks with the multiplet structures far different f
conventional multiplets.

C. Temperature Behavior of Multiple-Quantum Coherenc

Figure 5a shows data for water at two temperatures. A
K, 11 echoes were detected, but at 323 K only 7 ec
appeared. The difference arises from changes in relax
times,T1 andT2, effects of diffusion, and effects of tempe-
ture on the Boltzmann equilibrium magnetization. The pe
tence of high-order coherences depends on relatively
relaxation times. In water, bothT1 and T2 increase with in-
creasing temperature; thus, limitations from the relaxa
times become less severe with increasing temperature
cannot explain the observations of Fig. 5a. The Boltzm
equilibrium magnetization changes by approximately 1

FIG. 4. The logarithm of the MQ signal intensity vs squared coher
order for hexane, cyclohexane, and cyclohexene, demonstrating the eff
chemical shifts and scalar couplings.
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icant because of the power law dependence of thenth-order
cho amplitude onM 0. The high-temperature data of Fig.

are similar to the 80% H2O data of Fig. 3a; however, t
equilibrium magnetization is somewhat higher. Thus, the e
of the equilibrium Boltzmann magnetization may accoun
most of the decline in observable high-order echoes
increasing temperature. The increasing effects of diffusio
the magnetic field gradients may account for the small a
tional decline. Thus, for rigid molecules, the increasing t
perature will make high-order coherences more difficu
detect, partly because of increased effects of diffusion
largely because of effects of the Curie law. Some discrep
between numerical and experimental results can be acco
for by the magnetic field inhomogeneity effects as descr
above.

D. Relaxation and Exchange Effects

Cyclohexane demonstrates an opposite temperature b
ior from water, i.e., more echoes are detected at high tem
ature. This behavior reflects the loss of phase coherence c
by time-dependence in the Larmor frequency. Cyclohexa
a classic fluxional molecule that was carefully characterize
Anet and Bourn (33). Figure 5b shows data for cyclohexane
several temperatures together with the results of nume
simulations. Although a single resonance line is gene

e
s of

FIG. 5. (a) The logarithm of the MQ signal intensity vs squared coher
order for water at several temperatures. The solid lines represent the re
simulations while the dashed lines connect the experimental points. (b
logarithm of the MQ coherence intensity vs squared coherence ord
cyclohexane at several temperatures. The dashed lines connect expe
points; the solid lines refer to the simulations which were made with
following parameters: for 298 K:T1 5 3.3 s,T2 5 0.27 s,D 5 2.42 z 1025

cm2/s; for 318 K:T1 5 3.4 s,T2 5 0.55 s,D 5 2.5 z 1025 cm2/s; for 280
: T1 5 3.2 s,T2 5 0.08 s,D 5 2.35 z 1025 cm2/s.
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observed, the chair–chair interconversion largely aver
both axial–equatorial chemical shifts and the scalar cou
between these positions. Rates for the interconversion a
the order of 105 s21 at room temperature. As in other refocus
experiments, the time-dependence of the Larmor frequ
from whatever source, may interfere with the echo forma
The more rapid the conformational interconversion, the m
completely the effective average Larmor frequency domin
the time evolution of the magnetization, and the longer
decay may persist. This effect is demonstrated in Fig. 5b
280 K, the chair–chair interconversion rate is slower and
four echoes are detected. At 318 K, the rate is more rapid
nine echoes are detected on the same sample. The experi
data in Fig. 5b fit quite well to the results of the simulatio
which incorporate the effects of chemical exchange in
simulation at the level of changes in the transverse relax
time that were measured experimentally. Short transvers
laxation time values and their strong temperature-depend
indicate that this parameter is mostly defined by the exch
effects.

Water is a particularly important solvent and provides a w
range of time-dependent interactions, particularly with sim
electrolyte ions often present as buffers or supporting ele
lyte species. Figure 6 shows several data sets for 1 M solu
of several electrolytes. For simple alkali metal salts, the ef
of echo attenuation are small; the results for lithium chlo
are representative. The small effects for the alkali metal
are expected because of the very rapid chemical exchan
water molecule protons between electrolyte ion coordina
sites and the bulk aqueous environment. This exchange m
the effective Larmor frequency time-independent during
evolution times of the pulse sequence. However, the gro
and group III metal ions are much less labile, which make
chemical shift of the water resonance time-dependent as
cyclohexane case. Thus, magnesium salts attenuate the
echoes significantly, and only three echoes are readily det
in the sulfate solution. The additional attenuation of the e
train by the sulfate ion relative to the chloride ion may
caused by the proton equilibrium with hydrogen sulfate
which provides an additional source of time-dependence i
proton resonance frequency. The effects for aluminum io
dramatic. At a resonance frequency of 500 MHz, the w

FIG. 6. The logarithm of the MQ coherence intensity vs squared co
ence order for water in 1.0 M solutions of LiCl, MgCl2, MgSO4, and AlCl3.
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resonance is significantly broadened by the exchange wit
first aluminum coordination sphere, and only two echoes
detectable.

E. Heterogeneous Systems

Solutions of macromolecules and dynamically heter
neous systems are important for many applications of
general approaches. Sephadex is a microporous carboh
used routinely for size-exclusion chromatography. Figu
shows data taken on Sephadex samples of different pore
G-10 has the smallest pore size and G-100 the largest por
High-order coherences are attenuated in all samples relat
water. Part of the decrease in high-order echo observa
may be caused by decreased water proton density; how
this cannot be the dominant effect. The initial echo intensi
nearly the same for all Sephadex samples, but the G-10 s
with the smallest pore size and highest surface area pro
only two echoes while four echoes are observable in the G
sample. The Sephadex provides rotationally immobilized
laxation sites that affect bothT1 and T2 (34). For Sephade

-10 sample,T2 was 0.018 s. In this case, it is likely th
exchange events involving very rapid transverse relaxati
bound water sites and chemical exchange with OH sites o
complex carbohydrate cause the significant drop in the w
proton T2. A consequence is that transverse magnetiz
does not last long enough to refocus higher order cohere

In vivo applications involve protein solutes. Figure 8 su
marizes data for bovine serum albumin samples at 7%

r- FIG. 7. The logarithm of the MQ signal intensity vs squared coher
order for water in samples of Sephadex G-10, G-25, G-50, and G-100.

FIG. 8. The logarithm of the MQ coherence intensity vs squared co
ence order for water in aqueous 7% bovine serum albumin and cross-link
bovine serum albumin.



weight. One is cross-linked by glutaraldehyde to provide a
, th
ca
ate
ica
ate

t
f th
c wa
p lds

rot
the
en
ate
ho
ite
is
ed
ally

th
e

t atio
T c
c hig
fi

pte
tio
e e
f t
hig
en
firs
na
e
Q
eo
e
es
ke
hig
to

tim
ncl
ted

r. T

REFERENCES

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

208 ZHANG ET AL.
model for immobilized components of tissue. In both cases
water echo train is attenuated relative to the protein-free
There is a well-known magnetic coupling between the w
protons and those of the protein which involves chem
exchange of labile protein protons as well as a few w
molecules with specific sites on the protein (35). An importan
eature of Fig. 8 is that the results are the same for
ross-linked and the mobile protein cases. Changes in
roton T1 are observable but relatively small at high fie

when proteins are added because the effects of the p
largely disperse with the rotational correlation time of
protein in the range of several MHz. The present experim
are well above this relaxation dispersion. Effects on w
protonT2 are larger and are caused by the exchange of w
water molecules as well as protons with protein-binding s
The integrated effect of these various exchange events,
decreaseT2. T2 will be somewhat shorter for the cross-link
gel, but apparently not sufficiently different to substanti
attenuate the echo train. The protein solute may slow
translational diffusion of the water (34), which may decreas
he effects of the field gradients at constant pulse separ
hese effects are opposite to those observed. Thus, we
lude that the dominant effects in the protein system at
eld are caused by changes in the water protonT2.

V. CONCLUSIONS

This experimental study pushes the limits of the acce
theoretical model by exploring a wide range of magnetiza
densities, diffusion rates, and relaxation parameters. Th
perimental data are in good agreement with the results o
numerical simulations. These results demonstrate that
order coherences may be detected even in CRAZED sequ
that weight diffusion significantly. These data show for the
time that the log of the signal intensity is linearly proportio
to the square of the coherence order for a wide rang
conditions, similar to known results for intermolecular M
coherences. In general, diffusion and residual inhomogen
broadening cause this dependence, largely because of th
atively slow growth of signal from high-order MQ coherenc
These data show that chemical exchange events that ma
Larmor frequency time-dependent may be studied with
sensitivity. Finally, high-order coherences will be difficult
exploit in any system with a short transverse relaxation
such as heterogeneous systems; however, lower orders i
ing zeroth-order coherences may be very fruitfully exploi
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