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The technique of multiple-quantum J-resolved NMR spectros-
copy (MQ-JRES) is introduced and applied to the spin system
SI,-M (such as in the example given here, the *CH,~*CH in
alanine). The Sl spin system was excited to its highest quantum
state (8S,I,1,1,), which consists of four coherences: quadruple
quantum of (31 + S), double quantum of (31 — S), double quantum
of (I + S), and zero quantum of (I — S). In the MQ spectrum
generated from the projection onto the F; dimension, the reso-
nances of the different multiple-quantum coherences are resolved
by their coupling constants to the remote spin (M). The absorptive
lineshapes in both F, and F, dimensions enable accurate measure-
ments of transverse relaxation rates, and both amplitude and
relative signs of the long-range coupling constants are to be de-
rived from either frequency or time domain data. The selective
detection of MQ-JRES spectra of the individual MQ coherences
using either phase cycling or pulsed field gradients is
presented. © 2000 Academic Press

Key Words: multiple quantum; relaxation times; J-resolved; cou-
pling constant.

INTRODUCTION

to its possible highest quantum ordem) (using a pulse
scheme of 90°~90°, where the delay is set according to
the coupling constants. The spin-echo sequence is applied
generate relaxation attenuation and, at the same time, 1
remove any chemical shift precession and field inhomoge
neity. The experiment is normally carried out in a 2D
manner with the MQ spectrum appearing in thedimen-
sion. The transverse relaxation rate of the MQ transition is
established from the linewidth at half-height. The selective
detection of a desirable MQ transition, especially a highel
order one, requires intensive phase cycling, which is nor
mally time consuming. General methods for the systematic
design of phase cycle schemes have been described in det
(5, 6), and the TPPI method has been used successfully fc
separation of the MQ transitiong,(8). Use of pulse field
gradients (PFG) can greatly simplify the procedure and lea
to higher selectivity at the expense of a loss of sensitivity
(9-11). Furthermore, the effects of eddy currents and of
molecular self-diffusion, both associated with the use of
PFGs, can influence the accurate measurement of the rela
ation rates.

Multiple-quantum (MQ) coherences have been widely \we have described previously a method for enhancing th
used in high-resolution NMR spectroscopy as a filter tect of the applied gradient strength using the MQ transitions o

simplify the spectrum or as a frequency modulator to cre

afife *CH, system, and applied this to self-diffusion coefficient

the second domain in a two-dimensional (2D) experimenfeaqyrementlp). The method is based on maximum-guantum
In addition, the relaxation rate of the MQ transition Containﬁltering NMR spectroscopyl@, 14, and it is now modified here
information on the spectral density function at the MQor the measurement of MQ relaxation rates ¢f@H; group in

frequency {-6). Previous studies of MQ relaxation WerGhe CH—CH segment of the alanine molecule. It is shown that for

mainly concerned with the case where all of the spins afe, 3CH, system at the maximum-quantum status, a spin-ech

involved in the MQ transition. Difficulties in the measure- : . : ;
. . experiment gives rise toraultiple-quantumJ-resolved spectrum
ment of MQ relaxation rates include the effects of th P 9 Peq P

remote counling and the disoersive lineshape. These or Q-JRES). The MQ-JRES consists of four doublet splittings in
piing a P shape. 1h Pres F, dimension corresponding to the MQ coupling constant
lems are, conventionally, avoided by using a specially chg-~  © . . ! .
. : . N ’ ~, combinations to the remote proton (in the CH moiety). This ther

sen spin system, and anspin system, ideally with identical . . .
. : enables accurate measurement of the linewidths or relaxation re

coupling constants, is normally chosen for the study of th o . .

o . . .. of the MQ transitions, as well as determining the amplitude anc
n-quantum transition. Generally, the spin system is excited .. . . :
relative sign of the MQ coupling constants. The phase cycling

" To whom correspondence should be addressed. Fax: 86-(0)27-878652gram and ratios of the PFG strength for selective detection c
E-mail: ml.liu@nmr.whcnc.ac.cn. individual MQ J-RES spectra are also presented.
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278 LIU AND ZHANG

o, & 9, the remotel couplings of the sping and S with the spinM
(denoted®J,, andJsy) and the transverse relaxation remain
active. At the end of the incremental period (position b in
Fig. 1), the observable terms may be written as

3 o, = %o(MQ)
BC($) | |_| | CPD = 0(QQ + o(DQ1) + ¢(DQ2) + o(SQ  [1a]
a(QQ) = (BLI,S, — 3LLI,S, — LLLS, + 1,1,1,S)
G, X cof (33 + Jewtilexd —t/Toogl  [1b]
Gradient ﬁ § a(DQ1) = (3L, S, + 3I,L,1,S — LILLS, — LI1,S)
X cog (3 — Iswtilexd —ti/ Topol [1c]
: DQ2) = (1L 1,S, + LS+ LLLS, + 11,
3313§f5 o(DQ2) = ( Sy vSx S vy ny)
X Coi'ﬂ'(\]”w + ‘JSM)tl]eXF[_tl/TZDQZ] [1d]
: SQ: H
o 20 H-c o(ZQ) = (LI1yS, = LLI,S + LLLS, = 11,1,S)
__________________________ ‘ X cog (I — Jswti]exd —ti/Tozl. [1e]
2Q: H-C
DQ2:H+C
After the mixing scheme of —9Q(1)—A—-180,,(1)90,,(S)-A—
DQIL: 3H - C the detectable signals become (position ¢ in Fig. 1)
QQ: 3H+C
FIG. 1. Pulse sequence fonultiple-quantumJ-resolved NMR spectroscopy omg = K I,co42¢, — ¢1) — Lisin(2¢, — ¢4)]
(MQ-JRES) showing the coherence transfer pathways. Narrow and open bar
symbols represent 90° and 180° pulses, respectively. The pulse field gradient X COS(CDMQ)COS(W JMQtl)eXF(_tll TZMQ)' (2]

pulses are shown using filled bar symbols. All pulses are applied alongpttis
unless otherwise indicated. The phase cycling programs for selective detectio

niess : ; P > 0f Selee "ffe parameters for the four multiple-quantum coherences at
given in Table 1. Decoupling during the acquisition period is optimal.

defined as

PULSE SEQUENCE AND THEORY QQ: k= 3/8; Dyg=3¢;+ dps; Jug = 3w + Jsm;
DQ1:k =3/8; ®yg =3¢ — ¢ds; Iug = 3Im — Iswm
The pulse sequence (Fig. 1) used in the experiment is similar tdPQ2: k = 1/8; ®yo = ¢1 + ds; Iug = Jiw + Jsw
that used for the diffusion coefficient measuremeifl).(The ZQ:k=1/8; ®yg= b1~ da; Iug = Jiv — Jsm
modification is to insert two incremental times before and after the [3]
two 7 pulses in the middle of the pulse sequence. The detailed

description of the MQ generation has been described previouglghould be noted that for the MQ coherences, the compositio
(13, 14. We now focus on the analysis of the precession of th# a coupling constant combinatiod () and the phase factor
remote spin coupling, transverse relaxation, and the selectfgs,.), as well as the effective chemical shift and PFG-inducec
detection of the desired MQ coherence. For a spin systempifase-shift12), are identical to, and depend on, the composi-
Sk-M (representing”“CH,—"*CH in the alanine molecule), thetion of the MQ coherence. Whend2 — &) is kept constant
pulse sequence generates a transverse spin operatht,b83 at 0 or w, only the terms containing, gives rise to NMR

immediately before the evolution time (position a in Fig. 1). Theignals and the expression in Eq. [@hwo, is simplified to
operator gives rise to four different MQ transitions: quadruple

quantum (8 + S QQ), double quanta (3- S DQ1) and [+ S = (1/8)1.[3 cogmIat)exo —t./T
DQ2), and zero quantunt & S ZQ). 02 = (L/B)1,[3 cotmlgdty) exp(~ti/Tood
Since all of the spins in th8l, system are involved in the + 3 cog mIpoits) eXp(—ty/ Topgy)

trlansverge operator (BnyS_.y), _there is no direct coupling + cos mIposty) eXH —ty/ Ton0)
(*Jis). Simultaneously application of the two 180° pulses on

spinsl andS in the middle of the evolution time refocuses all + cog I oty) expl—ty/ Tozg) . [4]
chemical shift f, s) precessions, removes field inhomogene

ity, and, more importantly, ensures no interchange of tleguation [4] implies absorptive lineshapes in b&thandF,
multiple-quantum coherences during theperiod. However, dimensions after the 2D Fourier transformation. This should be
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TABLE 1
Phase Cycling Programs for Nonselective and Selective Detected MQ-JRES

Pulse
phases Nonselective QQI(3 9 DQ1 (3 — 9 DQ2 (I + 9 ZQ (I —9
b, 0° 15°, 135°, 255° 15°, 135°, 255° 15°, 255° 15°, 255°
b, 0° 7.5° 67.5° 127.5° 7.5° 67.5° 127.5° 7.5°, 127.5° 7.5°, 127.5°
o 0°, 180° 6(0°), 6(180°) 6(0°), 6(180°) 4(0°), 4(180°) 4(0°), 4(180°)
b4 0°, 0°, 180°, 180° 3(135°), 3(315°) 3(45°), 3(225°) 2(135°), 2(315°) 2(45°), 2(225°)
o, 0°, 180°, 180°, 0° 3(0°), 6(180)°, 3(0°) 3(0°), 6(180)°, 3(0°) 180°, 0°, 0°, 180°, 0°, 0°, 180°, 180°, 0°, 80°,

180°, 180°, 0° 0°, 0°, 180°

very useful for accurate measurements of the spin couplingpresenting”CH,—*CH in the alanine molecule at natural
constants and the transverse relaxation rates of the MQ trabundance. The coupling constants,, 2Js,, and®J,, are
sitions. The selective detected MQ-JRES spectrum can 19.7, 4.52, and 7.27 Hz, respectively, as obtained from th
achieved by cycling the phasés and¢, according to Eqgs. [2] high-resolution 1D NMR spectra.

and [3]. The general phase program is given in Table 1.All experiments were carried out using a Bruker ARX500
Alternatively, the use of PFG can provide a more effective wapectrometer with a gradient unit capable of deliverizefiald

of obtaining separated MQ-JRES spectra. In the simplest cageadient up to 49 mT/m. The operating frequencies'fband

the MQ coherence-encoding gradier,J may be applied

during the evolution period and the decoding gradient pulse g

(Gy) before data acquisition. After considering the effect of the _—
PFG, the observable term becomes "

O3mQ = IyCqu)MQ) 005{ ll’MQ + 'YHGdS) W A ! \ -

X cog mIvgty) expl—t4/Towg), (5] S A g8 g ¢ L 10

L 23 g3 0

whereW o, = yueG.d represents the rotation angle induced by -~ == g g g g L 10
the gradient pulse, ang,, is the effective gyromagnetic ratio i —— e Hz
and is defined as @ + yc), Byw = ¥o), (yu + ¥, and S ;B 06 - o0 L_w
(vu — vc) for the QQ, DQ1, DQ2, and ZQ coherences, respec = 350+ oy oo
tively. G and é are the gradient strength and duration. For =~ " | o - o6 g
selective detection, the required gradient strength ratios of i ! r———;;—* Hz
GGy are—8:26 for QQ,—8:22 for DQ1,—8:10 for DQ2,and ="~ ic LI °e _ 1o
—8:6 for ZQ if the shape and the duration of the PFG pulses are k3 35 2y 0
the same. However, application of PFGs for the MQ coherence | . " b
o (-4 Z

selection can lead to a sensitivity loss and can also increase the |
relaxation rates because of the eddy currents induced by gra- - D 10

dient pulse. It should be stated that the use of PFG as depicted . .% s o 5 3,,+7, = - Lo
in the pulse sequence requires back-prediction oft thiater- L 10
ferograms due to the finite width of the encoding gradi&( o - e 7 Hz
The MQ coupling constants and the transverse-relaxation [ e
times can be obtained directly from the splittings and the half - - ] Y- M - T

linewidth in theF; dimension of the MQ-JRES spectra; re -+ - -

spectively. More accurate measurements can be achieved by ! i __ i Hz

fitting the time domain data to Eq. [4]. For this purpose, the T T T

selective detected MQ-JRES spectra can greatly simplify the

procedure. FIG. 2. Multiple-quantumJ-resolved NMR spectra of #CH; group in an

Sl,-M spin system obtained by (A) nonselective and (B) selective detection of the

guadruple-guantum [3t+ S), (C) double-quantum (3— ), (D) double-quantum

(I + 9, and (E) zero-quantunh < S) coherences. The projectionf shows the

. . *H NMR spectrum of the methyl group protons with the signal flé@H protons
The test sample was 30 mg alanine (Shanghai Kong@ging suppressed. The projection into Eaelimension represents the correspond

China) in 0.5 ml BO. The spin system was therefoB#;M, ing MQ spectrum and is given at the left side of the 2D plot.

ppm L5 1.4 1.3

EXPERIMENTAL
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B ' - L before Fourier transformation, and there was no weighting ir

| the F, dimension in order not to affect the lineshapes in that
‘ ‘ dimension. The phase programs listed in Table 1 were used f
Q@ @g nonselective and selective measurements.

. N \ ‘ 10 A 1-ms sine-shaped gradient pulse was used for the PFC
j ga @B ] selected experiments. The encoding and decoding gradie
"‘ § [ strengths G.: G, in units of mT/m:mT/m) were-8:26 for QQ,

I —8:22 for DQ1,—8:10 for DQ2, and—8:6 for ZQ. An extra
i delay of 1 ms is required in the last part tofif the gradient
L o pulse is used.

RESULTS AND DISCUSSION

g Q @ ﬂ : i MQ-JRES spectroscopy Figure 2 shows nonselective (Fig.
o A ~ 1 Y™ 2A) and a series of selective (Figs. 2B—2E) MQ-JRES spectr
‘ M QD : of the ®CH; protons in theS1,—M spin system, where the large
i ' ' splitting (139.7 Hz) in theF, dimension is caused by the
i | one-bond coupling constant)s). The MQ spectrum obtained
‘ | ‘ ~ ruz from the projection into thé, dimension is given at the left
\ \ ‘ T L I side of the corresponding 2D plot. Although,Bl,S, is a
ppm 16 e 4 pemo 18 e b single operator, it contains four MQ transitions as described b
FIG. 3. PFG-selected (A) quadruple-quantum (8 S) and (B) double- Eq. [1] in the previous section. Each MQ transition shows a
quantum (3 — ) J-resolved NMR spectra. The smaller splitting of the QQyifferent combination of spin coupling to the remote proton
gg:::22?33?3:0;;z§ Jt::e opposite relative signs of the long-range couplipg ;i 7). which results in four, well-resolved doublets in the
nonselective MQ-JRES spectrum (Fig. 2A) representing the
resonances of the four MQ coherences. The measured intens
¥C were 500.13 and 125.76 MHz, respectively. The pulsatios of the MQ peaks are 3.1:2.9:1.1:0.9 (QQ:DQ1:DQ2:ZQ),
sequence and the coherence transfer pathways used indbse to the theoretical ratios of 3:3:1:1. Using the phase
experiment are shown in Fig. 1. A BIROL%) approach fol- program listed in Table 1, the selective MQ-JRES spectra o
lowed by a recovery delay of 0.5 s was used before the mahe individual MQ coherences are obtained and show in Figs
part of the pulse sequence to suppress the signaldCéf, 2B-2E, in which the composition of the MQ coupling con-
groups. The delayX) was set to 3.58 ms corresponding's  stants are labeled.
of 139.7 Hz. The spectral widths were 100 and 1000 Hz in theln the individual MQ-JRES spectral(QQ) (Fig. 2B) is
F, and F, dimensions, respectively. Typically, 16 transientsmaller thanJ(DQ1) (Fig. 2C), andJ(DQ2) (Fig. 2D) is
were co-added into 1024 complex data points infhelimen  smaller than]J(ZQ) (Fig. 2E). These is a result of the opposite
sion without decoupling during the acquisition. A total of 128igns of the coupling constarit)s,, to that of®J,, (assumed
increments were acquired in thg dimension using the phase-positive) (L6). The negative sign ofJg, is confirmed by the
sensitive mode of the standard Bruker QSEQ methodi/24 gradient-selected QQ-JRES (Fig. 3A) and DQ1-JRES (Fig. 3B
phase-shifted sine-shaped window function was applidg,in spectra. Referring to Eq. [3], it is possible to derive the values

TABLE 2
Multiple Quantum Relaxation Rates and Linewidths at Half-Height Obtained from the Nonselective
and Selective (Sel-) MQ-JRES Measurements

Name QQ (3H+ C) DQ BH—C) DQ2 (H+ C) ZQH-C)
Peak Area*+ Std® 3.10+ 0.10 2.94+ 0.08 1.09* 0.05 0.86%+ 0.05
R, = Std (s1)* 7.01=0.30 6.04= 0.22 1.84+ 0.21 1.26x 0.19
vip (HZ) 2.64+0.12 2.25+ 0.12 1.30*= 0.12 1.09* 0.12
R, = Std (s7) 8.29+ 0.38 7.07+ 0.38 4.08+ 0.38 3.42+ 0.38
SelR, = Std (s1)* 7.56* 0.15 6.19* 0.13 2.14+ 0.34 1.21+ 0.29
Selwvy, (Hz) 2.35+0.12 1.97+0.12 1.00= 0.12 0.93+ 0.12
SelR, + Std (s) 7.38+ 0.38 6.19+ 0.38 3.14+ 0.38 2.92+0.38

@ Obtained from fitting the time domain data to Eq. [2].
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signal evolution (open-circle symbols), also known as the

LT T I ! I ! I T I ' 1 T ]
L2r 3 ' free-induction decay (FID), of th&8l; system during the,
081 % period in nonselective (Fig. 4A), QQ-selective (Fig. 4B),
04 and DQl-selective (Fig. 4C) experiments. The solid lines
0.0 E represents the fitting of the time domain signals to Eq. [4].
- The dotted lines in Figs. 4B and 4C indicate the relaxation
4T decay of the corresponding MQ transition. The parameter
08 £ derived from the fitting are listed in Table 2. The excellent
12 match between the experimental data and the theoretical f
0s b is demonstrated in Fig. 4 and Table 2.
= 04 i It can be seen from Table 2 that the transverse-relaxatio
z 1 rates established from the linewidth analysis are larger tha
;E_e 0.0 - those from the time domain data in the nonselective experi
=~ 04| ment. The difference becomes significant when the effective
sk quantum order becomes smaller. This may be caused by da
) truncation since the evolution time in the dimension is only
12 635 ms. The selective measurements result in a much bett
0.8 | agreement with relaxation rates obtained from the frequenc
04 - and time domain data and, at the same time, greatly simplif
- the fitting procedure because of the unit single-frequency mod
00T ulation (Juo) and monoexponential decaiR4yo, dotted line).
0.4 The®J,, value of 7.25+ 0.01 Hz and’Js,, value of —4.57 =
o8k & 0.02 Hz obtained from the fitting are very close to those
010 "ol 02 03 04 05 o6 determined from the 1D and 2D MQ-JRES spectra.
Time (s)
FIG. 4. Time domain signal evolutions (open-circle symbols) in the (A) SUMMARY

nonselective, (B) quadruple-quantuml!(3- S), and (C) double-quantum
(3l — 9) selective MQ-JRES experiments. The MQ transverse-relaxation rates

gnd the coupling constant_s tp the remote pro‘ton‘are revealed by fitting experTwo-dimensional MQ-JRES NMR spectroscopy is pre-
imental dat_ato Eq. [4] (solid line). The dotted line in (B) and (C) representsttéeented and used for measuring the transverse-relaxatic
MQ relaxation curve. rates of the MQ transitions by either frequency or time
domain data analysis. The method can also be applied, as :
of the scalar coupling constants &s, and °J,, from the alternative method, to determine the amplitude and sign o
combination of any of the two MQ coupling constants. Thghe long-range hetero- and homonuclear coupling constant
method thus provides an alternative way of determining thg the nonselective experiment, the resonances of differer
sign and amplitudes of the long-range coupling constants. T{i&) transitions are resolved by their effective coupling
values ofJ,y andJsy are 7.20% 0.15 and—4.51+ 0.15 Hz, constants to the remote proton. This straightforwardly re-
derived from the nonselective MQ-JRES SpeCtrUm, and 1.24su|ts in a high_reso|ution NMR Spectrum of the MQ coher-
0.15 and—4.52 = 0.15 Hz from the selective eXperimentSences from projection into thie, dimension with a two-step
respectively. These values agree with the coupling constantgghse cycling at the minimum. The selective MQ-JRES
7.27 and—4.52 Hz measured direCtIy from the 1D Spectra. approach is useful in S|mp||fy|ng the Spectrum and in in-
It is not surprising to find that the spectral linewidths atreasing the accuracy of the measurement of the paramete
half-height ) of the MQ transitions are, as expected, in thghentioned above. The phase program and the gradier
order of »,,(QQ) > »,,(DQ1) > v1,(DQ2) > v.,(ZQ). The strength ratios for obtaining the selective MQ-JRES spec
linewidth can be converted into the transverse-relaxation rai§m are presented.
according toR, = mv,,,. The results are listed in Table 2.

Measurement of the g, and"J using the time domain data.
The time domain l;lMR data3 can also be _used.for the mea- ACKNOWLEDGMENTS
surements oRyyo, “Jsw, and>Jyy. As described in Eq. [4],

the nonselective signal consists of four components corre-_ . _ _ _
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