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The behavior of intermolecular multiple-quantum coherences in
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
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collaborators §—11 some time ago. These multiple-quantun
coherences may be observed even when the spin system of
observed molecule is simple such as that in water, for whi
intramolecular multiple-quantum effects are not generally o
served. Thus, it is now possible to take advantage of multip
guantum spectroscopy techniques even for molecules with v
simple spin systems that provide only a single resonance li
The simplest basic pulse sequence, called a CRAZED
guence, is shown in Fig. 1a. It consists of a 90° pulse followe
by a magnetic field gradient pulse and an evolution pettiod,

Then a second 90° pulse is applied followed by a seco
gradient pulse ofi times the duration of the first. The resulting
signal is detected during the second evolution petigd?eaks

lar fields; echoes. in the indirectly detected dimension have the experimen

properties of multiple-quantum coherences between molecu
that are significantly separated in space. Thus, these coherel
depend on fundamentally different couplings from those cor
monly exploited and provide new opportunities for analytic
Observations of multiple-quantum (MQ) coherences in bogpplications that include spectral editing and characterizati
liquid- and solid-state magnetic resonance contribute signi@if inter- and intramolecular chemical dynamics.
cantly to the analytical power of the spectroscopy by providing The application of the magnetic field gradients in the puls
highly selective spectral editing filters and amplifying effectsequence provides a spatial encoding of the resonant spin
of frequency differences in chemical exchange and transthe sample that breaks the angular averaging of the dipc
tional diffusion experimentsl(7). The simplest conventional fields. The coherences between spatially separated molec
experimental approaches for MQ excitation and detection iare made observable by the resultant dipolar fields associe
volve three RF pulses (9017-90,~t,—90~t,). If 7is chosen with the precessing magnetization. Motions of the spins duri
to be at least comparable to the reciprocal of a typical couplitige pulse sequence may destroy the coherence and reduce
(50-500 ms in isotropic liquids, 1-10 ms in oriented matersignal intensity in a way similar to multiple-quantum experi
als), this sequence gives resonances corresponding to “forbitents that develop using three RF pulses. Because the co
den” (AM # 1) transitions in the indirectly detected dimenence orders potentially developed by the long-range interrn
sion. Even seemingly highly forbidden transitions (such as thecular coupling of dipolar fields may be very high, the
six-spin flip in oriented benzene) can be seen in MQ expegensitivity to diffusive motions may be significantly enhance
ments with transition intensities comparable to the alloweshich will permit study of slow translational motions using
transitions. These experiments depend on intramolecular couwedest magnetic field gradients that are too slow to be stud
plings and this intramolecular isolation has been very powerfusing conventional methods. As Johnson initially pointed ot
in the design of experiments that provide key structural applications of diffusion weighted spectroscopy may be ve
dynamic information. useful as a spectral editing tool that couples structural analy
It is now possible to obseniatermolecularmultiple-quan- with effective local transport dynamic43). What is poten-
tum effects in simple liquids using pulse sequences that involtially significant in the CRAZED-type experiment is that the
as few as two RF pulses, as pointed out by Warren andherence order that may be created does not depend on

I. INTRODUCTION
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in compartments that are separated by a glass boundary h
already been reported, as has contrast enhancement for in
ing in vivo.

The new opportunities provided by these “dipolar field e
fects” are not without limit, and the purpose of the prese
work is to examine the basic features of the effects in simg
chemical systems and provide a reasonably quantitative
scription of the effects. In particular, we examine the effects
chemical complexity, spin concentration, intramolecular ar
intermolecular dynamics, and temperature on the developm
and detection of multiple-quantum coherences created by
CRAZED-type sequence. An important aspect was to s
whether the currently used models can provide a quantitati

. =7 =8 n=d description of the experimental observations, which are see

.ﬁ n=6 ingly counterintuitive and were the subject of some discussi

n=d =9 in the literature {3—19. Since pulse sequences containing th

- _’_‘FS same blocks as CRAZED are routinely used in multidimel

=T %10 sional NMR spectroscopy, understanding these coherence

n=2 important if interpretive errors are to be avoided. Further, the
——r——r—r

effects may have interesting applications in their own right |
imaging and removal of inhomogeneous broadenity 17).

We show that any process that makes the Larmor frequer
time-dependent may interfere with the formation of these ec
oes. The echo amplitude responds to chemical exchange ev
in a way that is qualitatively similar to responses to puls
0 1 2 3sec sequences employing very different phase refocusing scher

FIG. 1. (a) The CRAZED pulse sequence. This is a two-pulse cOsiUt appears to be more sensitive for the high-order coheren
sequence modified with am-quantum filter. The first 90° pulse and gradient Reference 10) noted that the coherences created betwe
create MQ coherence, while the second makes it observable. The secaindlecules at significant separations behaved like more famil
gradient selects the coherence order. (b) Modified version of the CRAZErHtramoIecular muItipIe-quantum coherences and used the |

sequence used in this work. The evolution perindandt, were replaced with uage of multivle-quantum coherences to interpret the ¢
fixed delaysA andnA, respectively. The delay, was set to 150 ms except guag ple-q P

for Sephadex G-10 experiments where a 10-ms delay was used. The stre%ﬁvg_d data. _However' the onl_y quantit?tive treatmen_t us
of the gradient(3, was set to 3.27 G/cm; the duration of the gradient was 1 m#odified nonlinear Bloch equations that invoked the “dipol

(see text). (c) MQ coherences obtained with the pulse sequence representgfmagnetizing field,” observed in a completely different cor
water. text over a decade earlied§—20Q. What Warren and co-
workers have come to call the “classical treatment” was r
number of spins in the molecule. As we show experimentalptaced in Ref. 11) by a density matrix treatment that explicitly
below, even for water, coherences of order 10 may be detectemhtained intermolecular multiple-quantum operators. In eith
and exploited. treatment, the necessary couplings are provided by the dipc
The use of magnetic field gradients is now common in maiyteractions between distant spins in solution. The resu
NMR pulse sequences. As a consequence, multiple-quantprompted a careful exploration of the theoretical framewol
coherences arising from dipolar field effects may inadvertentynd the relationship between classical and density matrix tre
contribute to spectra and produce artifacts that may not only iments for interpreting these affects as genuine multiple-que
confusing but also lead to incorrect interpretations. Howevegm coherence(, 22. It is now clear that, in solution, either
the interest in these phenomena derives from a more fundaethod gives essentially the same answer; the density ma
mental possibility of exploiting the new information associatetleatment usually gives better intuition while the classic:
with the long-distance effects associated with the collectiteeatment is more convenient for calculations.
dipolar field. Because the coherences are developed betweelRor the experiments reported here we used the seque
spins separated in space by distances that are large compagpdesented in Fig. 1b. A 90° pulse is followed b¥-gradient
with molecular dimensions, there are new opportunities fpulse to encode the induced coherences with a phase incren
exploring effects between spins that are in different regions pfoportional to the coherence order. The delkyis set to 150
an inhomogeneous sample. Such situations are commonia except for the Sephadex G-10 experiments, where a 10.
biological systems but may include any system in which thedelay was used because of the very short signal decay times
is a concentration gradient. Cross-peaks between spins thatsseond 90° pulse is applied to make the coherence observ:

|
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and the coherence of ordeiis selected with a secorregradient vector and the direction of the applied magnetic field, gl
pulse of the same amplitude hutimes the duration of the first. the internuclear separation. The multitude of dipolar couplin
Figure 1c shows the echoes detected in water using this pufsea solid results in a significantly broadened resonance lir
sequence, which we call diffusion weighted CRAZED becaustowever, for nearby spins in a liquid, the rapid rotational ar
the substantial value & emphasizes the effects of translation. translational diffusive motions change the internuclear vectc
rapidly compared with the strength of the couplings. Becau
Il. EXPERIMENTAL ((3 cogh — 1)Ir® = 0, the dipolar couplings are expected t
o ) ) disappear. For pairs of spins that diffuse spatially over di
Liquid samples were sealed in a 1.5-mm-id, 0.3-mm-wallzces significantly greater than their initial separation, tr
thickness capillary tube (Kimble Glass Co.) and were placed ijgument is correct and accounts for the general observat
a 5-mm NMR tube filled with 99.9% [D (Cambridge 1S0tope hat dipolar splittings are not observed in most NMR spectra
Laboratories, Woburn, MA). Deuterated solvents (100%kqropic liquid phases. However, if the separation between t
CeDs, CD;CN, and CRCeDs, were purchased from Aldrich gins increases, the amount of motion required to effect
(Aldrich Chemical Co., Milwaukee, WI). Mixing of liquid complete average of the coupling also increases. For wate
samples was done by volume. _ room temperature, the diffusion coefficieflt, is about 2x
2-(_:h|oro-2-methylpropane (99%), 2,3-butanedione (97%)g5 cm? s* and spins diffuse approximately 14m in a
1,2-dichloroethane (99%)n-hexane (99.9%), cyclohexenegecong, which is approximately the time needed for acquisiti
(99%), anhydrous hydrazine (98%), cyclopentane (HPLE: 5 typical free induction decay signal. Because sample
grade), cyclohexane (99.9%), and cyclooctane (99%) Weigsnsions are generally much larger than 308, diffusive
obtained from (Aldrich Chemical Co.N-Decanol (99%) and otion does not average the dipolar coupling between m
dichloromethane (99.9%) were purchased from Sigma (Siggins in the sample. The usual argument that the long-dista
Chemical Co., St. Louis, MO). These liquids were used withyingjar effects are small rests on the fact that the coupli
out further purification. _ _ decreases as 1/ However, the probability that there is a spir
Sephadex G10, G25, G50, and G100 (Sigma Chemical Cgy) gistancer increases in proportion to?, so that the total
were soaked in pH 5 water for 10 h. The hydrated gels wefgermolecular dipolar coupling decreases as only. Thus,
placed in 5-mm NMR tubes which contained@sealed in @ peglecting the angular dependence, the integral over the wh
1.5-mm-id, 0.3-mm-wall-thickness capillary tube to provide 8ample diverges.
deuterium signal for the field-frequency lock signal. ~ The angular dependence of the dipolar coupling is the reas
Gels (7%) of bovine serum albumin (BSA) (Sigma Chemicg{y these long-range intermolecular effects are not usua
Co., A-7030), were cross-linked with glutaraldehyde by mixspserved. For a spherical sample of an isotropic liquid, t
ing 1.6 mL of 2.0 mM albumin in 10 mM phosphate buffer agying are distributed symmetrically, and the sum over all a
pH 7 with 1.3 mL of 25% aqueous glutaraldehyde (SigMgitional interactions such as that of the spins with a magne
Chemical Co.) atice temperature. The gels or 7% BSA solutigg|q gradient or long-range dipolar fields vanish. In well-fille
were placed in a 5-mm NMR tube which containegdlsealed ¢y jindrical sample tubes, the residual field gradients are sm
in a 1.5-mm-id, 0.3-mm-wall-thickness capillary tube t0 progng the effects not often noticeable. If the sample is n
vide a deuterium signal for the field-frequency lock. spherical or if the magnetization is modulated by an additior
All experiments were performed with a Varian Unity-Plugnteraction, the angular averaging does not eliminate the dif
NMR spectrometer (Varian Associates, Inc., Palo Alto, CA) oy effects. The magnetic field gradient pulses in a CRAZED
erating at a proton resonance frequency of 500 MHz with a Varigpijar pulse sequence defeat the angular averaging and
triple-resonance probe that provided a magnetic field gradientoifbmar effects may reappear.
the direction of th(=T magnetic f_ield. The proton 90° pulse width |, the classical picture, the interaction between spins
was 9.4us, the calibrated gradient strength was 3.27 G/cm, apddled by introducing an additional fieBi(r), called the

the recycle delay was 10 s. The duration of the first gradient p“‘%‘?polar demagnetizing field”12—14 or the “distant dipole
was set to 1 ms and the length of the second gradient pulse wag; (the latter term will be used here):

adjusted according to the selected coherence order. The standard

delay time,A, was 150 ms in all samples except the Sephadex

samples and the serum albumin samples for which it was reduced Ko ) 1 — 3 cogh,,

to 10 and 20 ms, respectively. Byr) =5 | dT or 1P

I11. THEORETICAL BACKGROUND X [BML(r' Az —M(r"))]. [1]

A. General Properties of the Distant-Dipole Field Equation [1] gives the secular part of the local magnetic fie

The dipolar interaction between two nuclei is proportional tat positionr generated by the direct dipole—dipole interactio
(3cogh — 1)Ir®, wheref is the angle between the internucleabetween distant spins. This interaction survives diffusion
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averaging in solution when the distances larger than the a
distance molecules diffuse on the time scale of the evolution —~
periods in the NMR pulse sequencB.(Equation [1] is then 2T i
used to modify the normal form of the Bloch equations, giving = 4T T
an additional contributionM X yB4(r)) to dM/dt. If the SE ]
magnetizatiorM (r) varies only in a single directioa (as can T8t Bl‘
happen if gradient pulses are only applied in a single direction), -10 - gj—
B4(s) may be reduced to the much simpler form -12 L1 8
1 2 3 4 a 5 6 7 8
, 1 b
B4(s) = MoAs( M,(s)z — 3 M (s)); 0 —
2k -
Ay=[3(8-2)%2—-1]/2, [2] =4} i
which depends only on the local value of the magnetization. s} g, g
Corrections for residual magnetization have been presented 10k D’
elsewhere14) and are included in the simulations presented in 12 e
this work. 0o 10 20 322 40 50 60
B. Expected Behavior of CRAZED Signals €0 : : :

Our experiments test a wide range of relaxation time values, 2 ]
diffusion rates, and magnetization densities and, in the end, we =4 ]
will compare the experimental results to simulations. However, Z -6 .
we can extend previously published analytical results to give a -8 gl-
reasonable estimate of the expected behavior. Ignoring relax- 10 D
ation and diffusion, the-quantum signal behaves as a Bessel o | . !

1
function of corresponding order, 100200 300 400

FIG. 2. The logarithm of the simulated MQ signal intensity as a functio
M* =i M n(TD>J (_ t2> (n # 0) [3] of coherence order (a), squared coherence order (b), and cubed coherence
n 0 t, n ™ ! ! (c). Different curves refer to different diffusion coefficients. All simulations
were made with the same parameters as experiments except for the streng
the gradient, which was set to 10 G/cm to make functional behavior mc
whereM; is the equilibrium Boltzmann magnetizatianis the  pronounced.

coherence order, = (yuoM,) " is the dipolar time (which

may be thought of as the inverse of the precession frequency in

the effective dipolar field),, is the evolution time (equal oA  the first pulse but subsequent pulses refocus an echo-=at
for this pulse sequence), addis the Bessel function of order nA. Still ignoring relaxation and diffusion, the echo intensity i
n. When the argument of the Bessel function is much less

than unity (which corresponds to the limif < ntp), the IMi] (yroMeA) ™D 1
Bessel function may be approximated as M, = on n=1)! (m)" 1, [6]
3 = i X " 4] Equation [6] gives nearly a straight line in a graph of the log ¢
"Tpt\2 the signal versus. This does not agree with experiment (Fig

2), which more commonly shows a nearly straight line with th

H 2
In this case, the intensity of the-quantum coherencs, is 09 Of the signal versua®, _ _
proportional to thenth power of the equilibrium Boltzmann _The dependence arf is due to relaxation and translationa
magnetization: diffusion. The effects of relaxation are most easily visualize

in the quantum picturel@). The dominant pathway for gen-

o1 eration of observable signal is evolution of intermolecule
M| = (ymo) <n—1>MS$ (tz) ) 5] n-quantum coherences (e.¢)ly, . .. l,,) during the interval
2(n—Dr\2 A. This n-quantum operator decays by exp{A/T,) during

the interval A. Such coherences are partially converted in
Due to inhomogeneous broadening the signal is lost followirane-quantum,n-spin coherences (e.gll, ...1,,) by the
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second 90° pulse and requira (- 1) dipolar couplings to lo]\Y] M+ Myg)  (M,— M)z

become observable magnetization (d.g.orl,,). Duringt, = ar - YM X B - T, - T, - [7]
nA the one-quantumn-spin coherence decays by exp/
T)exp(—(n — Dt,/T;) = exp(—nA/T,)exp(—(n — 1)nA/ L . . : .
T,). The total decay is then exp@nA/T,)exp(—(n — 1)nA/ The magnetic fieldB in Eq. [7] includes the distant-dipolar

: . ; field By(r) (Eq. [2]) after a correction for any residual magne
;QF’ Wl"(.:l.h makes the log of the signal nearly proportionaito tization (L6), which for z-modulated magnetization gives
17 2+

In most of our experiments, however, the dominant signal
decay mechanism is diffusion. To understand the effects of B ., 1
diffusion, recall that the dipolar coupling is only capable of Bd(s) = “0{(MZ(S) ~(M)z = 5 (M(s) = <M>)}‘ (8]
creating observable magnetization because the first magnetic
field gradient destroys the effective symmetry of the magnefj-; s includes an additional fie®

zation. For example, in an-quantum CRAZED experiment, o, rent induced in the coil by the oscillating magnetizatio

the n-quantum,n-spin operatoll,, . . . I, Picks up a phase (hs s known as radiation damping38). It can be expressed
shift during the first gradient pulse of expGT(z, + z, +

...Z,)). The second gradient pulse (witttimes the duration)
gives a phase shift of exp{yGTz) to then-spin, one-quan
tum operatord ;1 ,, . .. 1,,. The net effect is a partially refo B — (My) { (M g, = 1 9]
cused term of the form oyMor T YMoT T T yreMo(nQ/2)

which is produced by the

wherer, is the radiation damping time is the filling factor,
Lol -« 1,04 yGT(2, — 2,)) ... co$yGT(z, — z))),  andQ is the quality factor of the probe. In contrast to thi
distant dipolar fieldB, is position-independent and depends o
the average magnetization only.
which depends only on relative position and is made observ-The Bloch equations modified to include the dipolar dema
able by @ — 1) dipolar couplingsD;;. netizing field, radiation damping, diffusion, and relaxatio
Diffusion along the direction between spins 1 andt any processes become
time after the first gradient pulse destroys this labeling. Decay
of the modulated operators can be calculated by the usuaIM(Z)
diffusion relations as exp{2"°D(yGT)t). In the presence of
inhomogeneous broadening, signal is observable only about dt
the echo maximum, and the total evolution time for tie [M(2) X (Mp%]  [M(2) X (Mp¥]
guantum CRAZED is approximately (+ 1)A; then-quantum +

= 7[M(2) X Bo(2)] + ¥[M(2) X poM,(2)Z]

CRAZED requires f — 1) independent dipolar couplings to Mo Mo

convert the i — 1) modulated terms into observable signal. (MX+ M§) (M, — My)2Z d®M(z)
The net effect is a predicted decay of ex®"°D(yGT)?*(n — - T, - T, +D dzZ -
1)(n + 1)A). In the limit where diffusional decay dominates

all other terms (easily achieved in practice for the long evolu- [10]

tion times here), the log of the signal is expected to be pro-
portional ton® This is very similar to the dependence oHereB,(2) = (AAw/y + G2)2 is the magnetic field due to
conventional multiple-quantum echoes utilized in the contegtadients and resonance offset dbds the translational dif-
of translational diffusion experiment23-27. One practical fusion coefficient. In our simulations these equations we
way to view this result is that observing coherences of onrdemumerically integrated using the fifth-order Cash—Karp Rung
increases the effective gradient strength by the factdihere- Kutta method; the procedure details have been described
fore, slow diffusive motions may be studied without resort tprevious studies1@). This one-dimensional model assume
large gradients, provided other effects such as very short uniformly modulated magnetization (except for the observe
values do not quench the coherence. A practical case maysignal) and thus some discrepancy between simulated :
water diffusing in a bounded but tortuous medium. experimental results is expected because of intrinsic magne
Numerical simulations were based on the solution of tHeeld inhomogeneity. We have recently extended our simul
modified Bloch equations, using independently determined gns to include three-dimensional magnetization structu
rameters such as relaxation times, diffusion coefficients, a(®b, 30, which would be feasible here if the exact structure
proton densities. The time evolution of the uncoupled spitise residual magnetic field inhomogeneity were known; hov
including relaxation processes is described by the Bloch equeer, the agreement between the dynamics predicted by Eq.
tions: and experiment is reasonable.
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1IV. COMPARISON WITH EXPERIMENT

-]

The results of many experiments using the pulse sequence of
Fig. 1 are generally linear when the logarithm of tith-order
signal intensity is plotted against. This dependence is con
sistent with numerical simulations carried out for a range of
diffusion constants while other experimental parameters are

held constant. The logarithm of the signal intensitynandn?® -12 L TR L
show significant deviations from linearity. Thus, we summa- 0 20 40,60 80 100
rize data by plotting the logarithm of the echo amplitude vs the
square of the coherence order. b 5 . . . .
4r n=5
A. Magnetization Density Effects 3L i
= n=3
The signal intensity of thath echo is strongly dependent Tr / e |
on the magnitude of the net magnetization and is a function 1t / .
of both the static magnetic field strength and the concentra- 0 PO
tion of the observed spins. Figure 3a shows the results of 0-2 ﬁ‘m /&(’) 08
diluting the water proton spin concentration with deuterium. b
The intensity and the number of detectable high-order co- ¢ o
herences decreases significantly as the proton spin concen- T
tration drops. The dashed lines represent the experimental ~ 2 ]
data while the solid lines were simulated numerically as £ . 1
described above. The simulations describe the data well, = -6 &hcl A T
except for large values af’ in a few cases. We believe this S T e T
discrepancy is due to intrinsic static field inhomogeneity, -10 F ' (CH,),CO
since the simulations used a one-dimensional model that B

. . . 0O 10 20 30 40 50 60
assumes uniformly modulated magnetization (except for the n’

observed signal). The offset frequency of thequantum
signal and the acquisition delay in the CRAZED experimentFIG. 3. (a) The logarithm of the MQ coherence intensity vs square
aren times larger than that of the one-quantum and thus tﬁ(g\eren_ce_order for water samples with d_|fferer_1t deuter_|um mole fract|c_)r
. . . L . ' e solid lines refer to the results of the simulations, while the dashed lin
S|gnal isn times more sensitive to the effect of mhomer&onnect the experimental points. The simulations were made with the follo
neity. As expected, the discrepancy between experimeniwl parametersT, = 2.1 s,T, = 1.8 5,D = 1.83- 10°° cm¥s. (b) The
and simulated results in Fig. 3a is larger for the high-ordémarithm of the relative MQ signal intensity as a function of the logarithm c
coherences than that of the smaller orders. the relative equilibrium magnetization. The slopes of the lines correspond

Simulations for samples with different deuterium concentr4le coherence order, in accordance with Eg. [11]. () The logarithm of the M
. . . . coherence intensity vs squared coherence order for a number of simple sol
tions were made with the same Iongltudlnal and transverggtems that present a single resonance line. The dashed lines connec
relaxation times as those for pure water, although these parafprerimental points; the solid lines refer to the simulations, which use t
eters increase significantly with increasing of deuterium molglowing parameters: CHGI T, = 1.8 5,T, = 1.5 5,D = 1.15- 10°°
fraction. However, sincd,, T, > 7, even for dilute samples ¢M/s; CHCly: T, = 1.5 5,T, = 1.5 5,D = 1.85- 10°° cm/s; CHCN:
they have no influence on observed spin dynamics and thus =Szbof,T12 2:8?'1305,1?(:;2?5'55' 107 cm's; (CHy).CO: T, = 5.8 5T, =
differences in relaxation rates for the samples with different” ™ ’ '
deuterium mole fraction may be neglected.

Equation [3] implies that for two spin concentratiomd,,
andM,,, the ratio ofnth-order echo intensities is given by Eq
[11],

is valid, the slope of the log—log plot implied by Eq. [11] equal

the coherence order. Figure 3b shows that the water data i
described by Eq. [11].

The dependence of multiple coherence order detection

In ﬁ % nin % [11] spin density is also reflected in a variety of simple solve

Sz Moy systems that have only a single detected resonance line (|

3c). All data as well as simulations of these results demonstr

whereS,; andS,, are the intensities of the echoes of coherendbat the dominant effect on the observability of high-orde

ordern, andM,, andM,, are the equilibrium magnetizationscoherences is the decline in the net equilibrium magnetiz

associated with spin concentrations, 1 and 2. If this relationshipn, M.
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6 — T T over the temperature range shown in Fig. 5a, which is sign
] icant because of the power law dependence ofntifieorder

echo amplitude oM,. The high-temperature data of Fig. 5¢

are similar to the 80% kD data of Fig. 3a; however, the

1 equilibrium magnetization is somewhat higher. Thus, the effe

i of the equilibrium Boltzmann magnetization may account f

| Lnexane | Cyciohexane most of the decline in observable high-order echoes wi

0 10 20 30, 40 50 60 increasing temperature. The increasing effects of diffusion

! the magnetic field gradients may account for the small ad

FIG. 4. The logarithm of the MQ signal intensity vs squared coherenggonal decline. Thus, for r|g|d molecules, the increasing ten

order_for he)_(ane, cyclohexane, e_and cyclohexene, demonstrating the EﬁECtBQFature will make high-order coherences more difficult |

chemical shifts and scalar couplings. . . .

detect, partly because of increased effects of diffusion, k

largely because of effects of the Curie law. Some discrepar

B. Spectral Complexity Effects between numerical and experimental results can be accour

) for by the magnetic field inhomogeneity effects as describ
A related feature of the pulse sequence is the dependencg g, o

the echo intensity on the complexity of the spectrum. In the
case where a single resonance line is observed, echoes of gtRelaxation and Exchange Effects

order may be detected; however, when the spectrum has sev- )
eral lines (for example, due to resolved scalar couplings), onlyCyclohexane demonstrates an opposite temperature bet

a few echoes are generally observed. This result may i8¢ from water, i.e., more echoes are detected at high temp
qualitatively understood based on the partitioning of the tot@fure- This behavior reflects the loss of phase coherence ca
spin among different Larmor frequencies. In effect, the mag ime-dependence in the Larmor frequency. Cyclohexane
netization that enters Eq. [5] is the magnetization associategassic fluxional mol_ecule that was carefully characterized
with each distinct line or Larmor frequency in the spectrum €t and Boumng3). Figure Sb shows data for cyclohexane @
Thus, for a doublet, thath-order intensity is reduced by 172 Several temperatures together with the results of numeri
and the attenuation proportionally larger for greater spectidnulations. Although a single resonance line is genera
partitioning of the magnetization. Furthermore, the distribution
of Larmor frequencies makes dephasing much more rapid, and
the sum of these effects is dramatic attenuation of high-order
coherences. For example, Fig. 4 shows that seven echoes are
readily observed for cyclohexane, while only two or three
echoes are readily observed forhexane and cyclohexane, .
which have more complex spectra. We note that when scalar 8L 323K el
couplings are resolved, there is a competition between intramo- 10 b 283 K4
lecular J-couplings and intermolecular dipolar couplings. It 12 T R R

In{I(n))

})

In(I(n))

0

2 =

4 b e J
6 ‘ . o -
8

was shown 31, 32 that the scalar contributions are in an- 0 20 40 60 ,80 100120 140

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

=3

In(I(n))

C. Temperature Behavior of Multiple-Quantum Coherences

Figure 5a shows data for water at two temperatures. At 283
K, 11 echoes were detected, but at 323 K only 7 echoes 12 L L . !
appeared. The difference arises from changes in relaxation n’
times, T, andT,, effects of _d_lffL_JSIOI‘], and e_ffec_ts of tempera_ FIG.5. (a) The logarithm of the MQ signal intensity vs squared coheren
ture on the Boltzmann equilibrium magnetization. The persigrger for water at several temperatures. The solid lines represent the resul
tence of high-order coherences depends on relatively losigiulations while the dashed lines connect the experimental points. (b) T
relaxation times. In water, botfi, and T, increase with in logarithm of the MQ coherence intensity vs squared coherence order
creasing temperature; thus. limitations from the I,e|axatidzlgiclohexane at several temperatures. The dashed lines connect experim
times become less s,e ere’ ith increasina temperature %i ts; the solid lines refer to the simulations which were made with tt
I . v _WI I - Ing P u lowing parameters: for 298 KT, = 3.3 s,T, = 0.27 s,D = 2.42-10°°
cann_ot _explaln the _obs_ervatlons of Fig. 5a. Th_e BoltzmanRys: for 318 K:T, = 3.4 5,T, = 0.55 5,0 = 2.5+ 10~° cn?/s; for 280
equilibrium magnetization changes by approximately 13% T, = 3.2's,T, = 0.08 s,D = 2.35- 10°° cm/s.
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FIG. 6. The logarithm of the MQ coherence intensity vs squared coher-

. ) . FIG. 7. The logarithm of the MQ signal intensity vs squared coherenc
ence order for water in 1.0 M solutions of LiCl, MgCMgSQ,, and AICL.

order for water in samples of Sephadex G-10, G-25, G-50, and G-100.

observed, the chair—chair interconversion largely averages o -nce is significantly broadened by the exchange with

both axial-equatorial chemical shifts and the scalar couplirﬁgst aluminum coordination sphere, and only two echoes we
between these positions. Rates for the interconversion are Qi ctable '

the order of 10s™* at room temperature. As in other refocusing
experiments, the time-dependence of the Larmor frequengy, Heterogeneous Systems
from whatever source, may interfere with the echo formation. ] )
The more rapid the conformational interconversion, the moreSolutions of macromolecules and dynamically heterog
completely the effective average Larmor frequency dominatB§0Us Systems are important for many applications of the
the time evolution of the magnetization, and the longer tfgeneral approaches. Sephadex is a microporous carbohyc
decay may persist. This effect is demonstrated in Fig. 5b. Wged routinely for size-exclusion chromatography. Figure
280 K, the chair—chair interconversion rate is slower and on'ghOWS data taken on Sephadex samples of different pore s
four echoes are detected. At 318 K, the rate is more rapid aftdl0 has the smallest pore size and G-100 the largest pore s
nine echoes are detected on the same sample. The experimdtigdl-order coherences are attenuated in all samples relative
data in Fig. 5b fit quite well to the results of the simulationgvater. Part of the decrease in high-order echo observabil
which incorporate the effects of chemical exchange in t{Bay be caused by decreased water proton density; howe
simulation at the level of changes in the transverse relaxatihs cannot be the dominant effect. The initial echo intensity
time that were measured experimentally. Short transverse Rgarly the same for all Sephadex samples, but the G-10 san
laxation time values and their strong temperature-dependeMéi the smallest pore size and highest surface area provi
indicate that this parameter is mostly defined by the excharf@fdy two echoes while four echoes are observable in the G-1
effects. sample. The Sephadex provides rotationally immobilized r
Water is a particularly important solvent and provides a wid@xation sites that affect botfi, and T, (34). For Sephadex
range of time-dependent interactions, particularly with simpfé-10 sample,T, was 0.018 s. In this case, it is likely that
electrolyte ions often present as buffers or supporting elect@<change events involving very rapid transverse relaxation
lyte species. Figure 6 shows several data sets for 1 M solutidif¥ind water sites and chemical exchange with OH sites of 1
of several electrolytes. For simple alkali metal salts, the effe@@mPplex carbohydrate cause the significant drop in the wa
of echo attenuation are small; the results for lithium chlorid@0ton T.. A consequence is that transverse magnetizati
are representative. The small effects for the alkali metal saft@es not last long enough to refocus higher order coherenc
are expected because of the very rapid chemical exchange dft Vivo applications involve protein solutes. Figure 8 sum
water molecule protons between electrolyte ion coordinatiharizes data for bovine serum albumin samples at 7%
sites and the bulk aqueous environment. This exchange makes
the effective Larmor frequency time-independent during the
evolution times of the pulse sequence. However, the group Il
and group Il metal ions are much less labile, which makes the
chemical shift of the water resonance time-dependent as in the
cyclohexane case. Thus, magnesium salts attenuate the water
echoes significantly, and only three echoes are readily detected
in the sulfate solution. The additional attenuation of the echo
train by the sulfate ion relative to the chloride ion may be 2 1
caused by the proton equilibrium with hydrogen sulfate ion, 0 10 X2 0 0
which provides an additional source of time-dependence in thPFIG. 8. The logarithm of the MQ coherence intensity vs squared cohe

proton resonance frequency. The effects for aluminum ion alige order for water in aqueous 7% bovine serum albumin and cross-linked
dramatic. At a resonance frequency of 500 MHz, the watBévine serum albumin.

In(I(n))

7% solution}

7%‘ cross—lirllked gel
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