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Intermolecular zero-quantum coherences (iZQC) induced by the  multispin operators in the equilibrium density matrix and are
dipolar demagnetizing field can give both P- and N-type cross peaks. made observable by dipolar couplings.
This paper shows_ that the reI_ative intensities of the two types of iZQC In recent years, our group has concentrated its attention
peaks follow a simple relation, tan® (6/2), from both the quantum  jntermolecular zero-quantum coherences (iZQCs). Such cohe
(Sp.'n density matf'x) and classical (mOd'f'.ed B.IOCh equat'on) calcu- ences have magnetic properties that are quite different from t
Iafuons. The e>_<p(_er|mental d_a_ta anq numerical _S|mulat|0ns agree well higher M h 48.16.F le. iZOC
with the prediction. In addition, higher-order iZQCs are experimen- igher MQ C_O erencedg, 19. For exar_np e’.l QCs can suppress
tally examined for the first time and are explained by the quantum Iong-r_ange I_nho_mogeneous broadening since they e_v_olve at_t
picture in which dipolar couplings convert four-spin operators into ~ chemical shift differences between two spins. In addition, whil
observable magnetization.  © 1998 Academic Press MQ-selective experiments using two pulse gradients (dephasi
and rephasing) can give only one of fReor N-type cross peaks
corresponding to the relative direction of two gradient pulses, tf
INTRODUCTION HOMOGENIZED sequencen(2), — t; — G — 6, — t, uses only
a dephasing gradient, and hence it can give botRtfaadN-type
Numerous 2D NMR experiments in solution give anomalougoss peaksl@). The relative intensity of the two types of peaks
cross peaks in the indirectly detected dimension because of Wages according to the second RF pulse flip angle.
dipolar demagnetizing field and radiation dampirig-13. This paper reports analytical solutions for the relative intens
Radiation damping is usually the more significant effect witties of the two types of peaks in the intermolecular ZQ coherenc
most gradient-free sequences (e.g., a simple COSY-type between two different molecules, from both the quantum (densi
guence) 1, 3, 10; however, sequences with multiple-quantunmaitrix) and the classical (modified Bloch equation) perspective
selective field gradient pulses (e.g., CRAZED or HOMOGREWe also present numerical simulations and experimental data 1
NIZED experiments) to suppress radiation damping exhilibmparison which show various higher-order ZQ coherenc
strong cross peaks due to the demagnetizing fi@l®,9, 13. (corresponding to four-spin flips) for the first time.
In uncoupled spin systems (e.g. mixtures of single-line sol-
vents) radiation damping does not generate cross peaks be- QUANTUM CALCULATION USING DENSITY
tween spins at different resonance frequenciesg { w,| > MATRIX THEORY
1/7,, wherer, is the radiation damping time) but such inequiva-
lent-spin cross peaks are quite strong with the demagnetizingrhe observable zero-quantum coherences can be calcula
field (3). Hence in the most common case (complex moleculapalytically using both the density matrix and the modified Blocl
in a concentrated single-line solvent such as water) radiatieguation. First we will sketch out the quantum calculation, whicl
damping effects are mainly confined to the solvent, but demagadily predicts the relative intensities of the different peaks; the
netizing field effects can give solvent—solute cross peaks. we will derive the explicit analytical expression classically. In the
The additional peaks can havel0% of the intensity of the quantum picture we start with the equilibrium magnetizapgp
diagonal peaks in a normal COSY experiment and can fm two different kinds spind and S (uncoupled homonuclear
guantitatively understood with either classical (modified nospins) without the high-temperature approximatisng
linear Bloch equation) or quantum (density matrix) treatments.
These dipolar demagnetizing field effepts, spatially modulatgd, peq=2"""[IT (21— 31, x [T(1-3S0];
could act even as a source for extracting structural information i K
(14, 15. Hence, understanding the actual physical mechanism
for generating a dipolar demagnetizing field may be important. ~x r(ﬁ“’o) 1]
Generally the quantum approach gives a clearer understanding '
of their physical origin: the peaks come from intermolecular
multiple-quantum coherences (iMQCs) which originate iwhere the indicesandk run up to the number dfandS spins
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in the sample. The firstr/2 pulse rotates the equilibriurm  Only the first two terms are one-quantum coherences and th

magnetization into transverse magnetization can be made observable by commutation with the dipol
couplings. This result implies that the observable signal inter

p=2"MWITT 1 -3 X[ 1 -3S)]1, [2] sity will be proportional to sin & and we can get the maxi-
i K mum intensity of the zero-quantum coherence when /4.

However, no zero-quantum coherence will be produced by

which contains intermolecular zero-quantum coherences sugf2 pulse. For the inequivalent-spin case, we have to separ:

asll_;andl,;S_,in the 32 terms. The second-order termshe two zero-quantum coherences since their evolution fr

give double- and zero-quantum coherences, qguencies durind, period differ from each other:

6,pulse
+iS.k(Aw, — Aws) = 1Sy + 1S+ i1,4Sk — il Sy———

1iSxC0s 0 sin 6 + 1,,S4c0s6 sin 6 + il ;Susin 6 — il ;S,sin 6
~ \ + unobservable terms

| — Sdipolar coupling

— (lyicos0 sin 6 — S,cos0 sin 6 + iS,sin @ + il ,;sing), [5]

6, pulse
I_iSik(Aws— Aw)) = 1,4Sk+ lyiSK— “xisyk"‘ ilyiS(k—)

1iSxC0s 0 sin 6 + 1,,S4cos 6 sin 6 — il ;S,sin 6 + il ;S,sin 6
~ \ + unobservable terms

| — Sdipolar coupling

— (lyicos@ sin 6 + S,cos0 sin 6 + iSysin 6 — ilsin6). [6]

1 We can deduce the relative intensity of two observable zert

Lalyg = 2 [0l + 1l + (il +151)] quantum coherenceB{andN-type). When spit is detected, the
intensity of that coherence can be calculated by taking the trace
the density matrix Tg) (t;, to)vA (I, + il )]. Thus the relative in-
tensity of two observable zero-quantum coheren&esatd N-
type) can be written as the simple relation
During the delayt, the terml .;S_, evolves at the difference of
resonance offset_ﬁx_@, - Awg), the terml ;1 _; will not evolvg at M*' (Awg — A, Awy)  sin6(1 — cos)
all if the susceptibility is same in all sample regions. During the - =
first gradient pulse the operatar,S_, evolves atfw, + yGz) — M7 (Ao — Aws, Aw)  sin6(1 + cos6)
(Aws + ¥G3), the operatot ;1_; evolves a_lt 1Gz - ¥G32). . Sirk(0/2)

The secondf pulse transfers these iZQCs into two-spin =m:tanz(6/2). [7]
single-quantum terms such &gl,; and I,;S,, which can be
rendered observable by a number of small intermolecular di-
polar couplings (of the form®;l,,; or Dyl,S,). These di- TheSspin magnetization is also obtained by simply switching
polar coupling operators remove thgerm, leaving one-spin the indexl to S The relative intensity calculations for these
single-guantum coherences for detection. For the equivaleitQCs induced by dipolar couplings can be directly tested b

1
liSu= Z[(I+is—k+ 1-iSu) + (1S + 1S9 [3]

spin case(l 1 + 1 51,;) = (1l + lyly) comparison with numerical simulations and experimental da
since the other dynamics effects on both coherences might
O,pulse 1 similar to each other.
— 3 (I4l,5c086 sin 6 + 1,l,;c0s6 sin 6 The relative intensity of the four spin related high order zero
quantum terms (in th&* terms),| _; 1SS andl 1S, S,

+ 14l,Si0 + 131,,c080 + 1,ly). [4]  at 2Aw, — Awd and 2Qws — Aw,), can be obtained in a
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similar way. The relative intensity relation for all high- M'* = My{cosf coAwt, + yGTz)
er-order terms also follows the same relation ?tarp).

However, these peaks are relatively small since they +isinAot + ¥GT2)}

need additional weak dipolar couplings to render them X expi{Awt, — sin 0] 75 cofAw t; + yGT2)
observable. )
+3 7o COJAwgt;, + yGT2)]t,},
CLASSICAL CALCULATION USING THE MODIFIED
BLOCH EQUATIONS MS* = M3{cosf codAwst; + yGT2)
We introduce the classical calculation based on non- + i sin(Awst; + yGT2)}

linear Bloch equations including only the dipolar de-
magnetizing field (ignoring radiation damping, relax-
ation, and diffusion), which gives an easy way to 2

predict the signal intensity. At equilibrium the magni- + 3 TarcodAoty + yGT2)]t,}, [10]
tude of the magnetization is given by

X expi{Awst, — sin O] T;acofAwst; + yGT2)

wherery, = (ymoMp) tis the dipolar demagnetizing time of

Mo = M)+ MS. [8] spinl. Using the identity
After the second pulse, as well as free evolution during expliz cosx) = >, im™J,(z)exp(imx), [11]
the t; and the gradient pulse, the longitudinal and trans- m=—c
verse magnetizations are the observable magnetization becomes

1
> cosO{expi(Awt, + yGT2z) + exp(—i (Aw t; + yGT2))}
M = Mg 1 expi(Awty)

+ E{expi (Aw ity + yGT2) — exp—i(Awit, + yGT2))}

. b . _ 21 :
X > im,l —sin BT— expi(mAwt, + ymGT2 X > i'J| —sin 957— expi(lAwst; + yIGTZ). [12]
M= — 0 di = —co d
M, = —sin 8{MycogAwt, + yGT2) The Sspin magnetization is obtained by simply switching the inde:
S | to S To find the effect of the spatial modulation imposed by the
+ MgcogAwst; + yGT2)} gradient, we collect all the position-dependent terms as follows:

M'* = M, + iM} = My{cos8 cogAwt; + yGT2)
{expiyGTz) + exp(—iyGT2)} >, expliymGT2
M®" = M3+ iMJ = Mg{cos§ cofAwst; + YGT2) X S expiviGT2) = 3 3 [expi{(1 + m+ 1)yGTZ
+ i sin(Awgt, + yGT2)}. [9] ! m
Texpi{(-1+m+1)yGTz]. [13]

+ i sin(Awt; + yGT2)}

After precession during,, we have the following equa-
tion if the resonance frequencies of two spins differ by  In order for the magnetization to be nonzero after spatial avera
much more than the reciprocal of the dipolar demagne- ing, one of the terms in the sum in Eq. [13] must be constant wit

tizing time @), respect to position and thus must have a coefficient of zerp for
direction. Therefore, we require the following condition for there
M, = —sin 6{M\cogAw t; + yGT2) to be a signalm + | = *1. Using the Bessel function relation

. J_,(X) = (—=1)"J,(x), we can see that whemr m = 0, we have
+ MgcogAwst, + yGT2)} cross peaks at the axial positions, £y, or Aw):
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M'* =i cosf MyexpiAwm t,) the zero-quantum coherence is
t 2t M'* = —i(—D*Myexpidowt,)explik (Aw, — Aws)t; }
X Jl(—sin 02)J0<—sin 03Z) [14] oexplifa t,)exp ' s
T Tq 9 03 o t, (1 — cos0) Ty
cos k=1 —sin Tdl B Sln 0 t2

For 6 = /2 (a zero-quantum CRAZED sequence), the equiv-
alent-spin signal will vanish as mentioned earlier. Using the N © . t,

Taylor series expansiody(X) ~ x/2 for the Bessel function, X d msin 6 (I —sinO ). [16]
this equation can be rewritten as

Tdl

This equation implies that high order zero-quantum co
herences such &5, = 2(Aw, — Awg) can be observed, and
that the two zero-quantum magnetizationsAab, — Awg
(a kind of P-type ZQ coherence) andhws — Aw, (a

Thus the flip angle of the second RF pulse to get the maximuiﬁwnd of N-t_ype 2Q coherence) have different intensi-
coherence ist/4 (13, 1, which agrees with Eq. [4]. ties according to the flip angle of the second RF pulse

In the case of cross peaks between inequivalent spins, \I/Qe magnetization for the cross peak At — Aws, Aw)

get more complicated equations| = —kandm = k = 1 then
cross peaks appear &Aw, — Awg), Aw,). Using the Bessel

M ! sin 26 t,
- : 0 4 Tdl

explidwt,). [15]

function identities M'* = iMbexpliAw ty)expli (Aw, — Aws)ty)
ot (1 —coso) 7,
2n X {cosGJ()(—sm 02> = T d
‘]n—l(x) + ‘]n+l(X) = ? ‘Jn(X)y Td' sin 0 t2
N 2t
Joo1(X) = Jpe1(X) = 235(X), X J| —=sin@—|J;| —sin65—], [17]
Tdl 3 Tgs
J; J n J
n(X) = Jn2(X) =5 In(X), but that at Aws — Aw;, Aw) is
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FIG. 1. (a) A two-dimensional spectrum (256 1024 data points) = 75°) of the intermolecular zero-quantum coherences for a mixture of 5006ad
50% DMSO in the normal tube on a Varian 500-MHz Inova NMR spectrometer at 298 K and (b) corresponding numerical simulation based on the m
Bloch equation including all spin dynamics, relaxation, diffusion, radiation damping, and dipolar demagnetizing field. The relative intensities are listed con
to the P-type two-spin iZQC.
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,\/Il+ = —IMIOGXHIAOW tz)eX[Xl (A(DS - Aﬁ)| )tl) AwA ACUB AU)C

) (1—cosh) Pl = by Aac) ¢
X {c0s0d,| —sinf— | ————— — (Hz) ] é . .

T4 sSin @ tz 7 ° 8

-1500-] . _ _ _
2 aine BV (_aing? 18 ]y werheatien 6.
X J;| —sin ) [2 —sin 31e) [18] -1000-E & ‘6‘ v
-500] ’ -2(Awg -Awc) 1 ;

] 3 ¢

If we select the relative intensity part from Eqgs. [17] and [18], °_ < Awg-Awgc 3
and again use _the Taylor series expansions for the Bessel 500 . —(280p- Aos-Aoc) § .

functions, this gives i Y 6,
1000? - Y 3
1500 : ' ¢

M (Aws — Aw,, Aw) 1 — cog6) ] o 2(Awy- Awp) 8
M™ (Aw, — Aws, Aw) 1+ cog6) 2000 1 . 2hoa-bog-foc ;

nZ( /2) 2500 AHHWT'\HHwH|mmm|mwlemw‘nHH|HH|HH|vr>'|ml|m!]”
Sine(e -600 -1000 -1400 -1800
=——5—— =tarf(6/2), 19
co2(0/2) (6/2) [19] F2 (Hz)

FIG. 3. Atwo-dimensional spectrum (512 2048 data points} = 90°)
o of the intermolecular zero-quantum coherences for a mixture gd,H
which is exactly the same as the result from the densityso, and acetone on a Varian 500-MHz Inova NMR spectrometer at 29

matrix calculation, Eq. [7]. From Eq. [16], we can also gef which shows various high-order iZQCs along the indirectly detectec
the intensity information about the high-order Zero_quantuﬁqnension. Several representative resonance frequencies alofg éxés

. . are marked (see text), wher® B, and C represent HO, DMSO, and
coherences at (A, Awg), Aw) and (2Qws — Aw), etone, respectively. The initial 512 data pointstjnare truncated to

. 4 . a
A00|)-_ Using the Taylor Series expansions for the BeSSéduce the strong residual magnetization signal while enhancing the sign:
functions,J,(x) ~ x?/8, the relative intensity is also propor-from the high order iZQCs.

tional to tarf(6/2).

The utility of analytical expressions such as these derives
from their predictive power. Changing the second pulse flip RESULTS AND DISCUSSION
angle changes the ratio of the peaks. Fer 7/4 the intensity

ratio is about 6:1 from Eq. [18]. Far= /2 the signal does not o samples used in the relative intensity study consiste

vanish (unlike the one-component case mentioned earlier), %lfltH O and DMSO, placed in a 5-mm NMR sample tube
2 1

the ratio is 1:1. and/or in a 1-mm capillary tube. We added the same amou

of acetone for the three-component experiment. All 2L

experiments were performed at 298 K using a Varian Unit
2 Inova 500-MHz spectrometer. A gradient ¢&& = 10
—tan2(6/2) Gauss/cm was applied along tkalirection. The RF pulse

o Simulation width for a flip anglen/2 is 5.2us. TheT, relaxation times

51| « Exp. with normal tube * are 1.3 and 2.3 s for }© and DMSO, respectively. We set
o Exp. with capillary tube o the pulse repetition time enough long to avoid the possibilit
of stimulated echoes (at least IQ in every experiment)
(17, 18.

Figure 1 shows a zero-quantum 2D-spectrum and a sin
ulation (including all spin dynamics, relaxation, diffusion,
radiation damping, and dipolar demagnetizing field) witt
75° as the second RF pulse angle. From these results, we ¢
see clearly the high-order zero-quantum coherences
20w, — Awg and 20ws — Aw,) along the indirectly
detected dimension even though the intensity is muc
FIG. 2. Comparison of the relative intensities of tReandN-types cross \yeaker than those of the two-spin-related zero-quantu

peaks in the experimental data. The experimental data from the normal tubeherences The simulational results (relative intensit ) ir
show some deviation from the expected curve, while those from the capilla ’ y

tube show better agreement. A few of the points derived from numeric@ Udi_ng all mechanisms agree very well with the_ simple
simulations are also presented for clarity. relation, taR (6/2), deduced by quantum and classical cal

Relative intensity Ratio

0 15 30 45 80 75 90 105
Flip Angle (Degrees)
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T : ences in three-component systems such as a mixture,©f H
] DMSO and acetone. In principle, the quantum approach, in th
uncoupled inequivalerABG-spin system, can predict and ex-
plain that there are 36 kinds of four-spin iZQCs. They can b
° generated by the combinations of two positive spin operato
(14, 18, 1%) and two negative spin operatoié (I8, I€) at 19
different resonance frequencies (including each axial positio
along the indirectly detected dimension. Figure 3 shows a
possible four-spin-related iZQCs<(0% of two-spin-related
iZQCs) in this spin system and can be easily assigned by tl
guantum approach. For example, the cross pealdaf (—
° 350 msec 4 ° Awe, Aw,), which cannot be generated by two-spin iZQCs
without J-coupling, comes from th& 1*181€ term during the
t, period. In addition, the intensity of each higher-order iZQC
can also be deduced by the quantum approach. For examg
2000 LT T e e the intensity of the iZQC at Rw, — Awg — Awg, Awy)
2300 -500  -700  -900 -1100 -1300 corresponding t¢/ 12141 term during the; period is stronger
than those of the other spin positions aA @, — Awg — Aw,
_ . _ _ Awg or Awg). The absence (or weakness) of the cross peaks
FIG. 4. A two-dimensional sp(_ectrum WIth two_ _FIDs_usmg the pgls Aws — Awg), Awg) verifies that the small cross peaks
sequence to suppress the undesirable axial position signal (changmge(t%g A B/ c . . P
second RF pulse from 45t0 135 and coadding spectra). The ratiomOStIy Ca.me from f.ourTspln-rleIated iZQCs. We can _also S€
between the intensities &F- and N-type peaks is near|y 1. The upper F|Dthat the Slmp|e relative IntenSIty rule works well on this three
is obtained from the experiment using 4aulse for the second RF pulse component system.

while the lower one is obtained from the coadding experiment. Coadding Figure 4 shows a 2D-spectrum and two FIDs using a repre
FIDs (mostly iZQC) shows a clearly different profile from those of CONgantative pulse sequence,

ventional multiple-spin echoes.

F2 (Hz)

/12),—t, — G — (6,, —0),) — 1,
culations in the previous sections which ignored radiation (m/2), =t (B, (m = 8)) ~ Lz

damping, diffusion, and relaxation.

The experimental results also give similar trends, but # SuPPress the undesirable axial position signals. If th
the case of the sample in the normal tube, it shows smaficond pulse flip angle is changed frofd5° to —135° the
deviations from the expected results (see Fig. 2). Note the&k& coherences (at the axial position) are unaffected, but tt
are strong axial position signals (at zero frequency offthe cohergnces from re&duzﬂmagneﬂzatmn are inverted. Thus
axis) which come from residuamagnetization due to RF c0adding spectra could give mostly ZQ coherences (see F|
pulse imperfections, relaxation and radiation damping dupofiles). Even though this experiment might lose the rela
ing t,. In addition, strong noise arises all along tReaxis tive intensity information and could not suppress radiatiol

since there is no rephasing gradient pulse (selecting oflgmPing effect in each sequence, the FID signal show
one MQ coherence) after the second RF pulse. Con&d€arly that this coherence differs from just multiple-spin

quently, the total magnetization after the second RF pulse§§Noes.
large enough to generate radiation damping during tthe
period, and this effect may act as a *‘soft” puls&dj. This CONCLUSION
makes the net effect of the second pulse flip angle smaller,
and therefore the relative intensities also should becomeWe produced detailed predictions of the relative signe
smaller. However, in the case of the sample in a capillamtensities betweeR- andN-type intermolecular ZQ coher-
tube (located inside of a 5-mm normal NMR tube witlences by introducing a simple quantum calculation using th
D,0), the results agree pretty well with the simple calculspin density matrix. This is exactly the same as the result «
tional curve because the effects of the radiation damping dhe classical calculation using the modified Bloch equatior
negligible in this thin tube. In the case of 80%® and 20% We showed that numerical simulations and the experiment
DMSO sample (not shown), each cross peak intensity b@ata agree very well with this expectation, and that variou
tween inequivalent spins becomes smaller than that in thigher-order iZQCs could be simply explained by the quan
case of the equivolume sample$0%), and the high-order tum picture.
ZQCs are further reduced<Q0%). However, the relative
intensity still keeps the general rule. ACKNOWLEDGMENT
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