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The phase-twisted lines, resulting from a double complex Fou-
ier transform, can greatly alter the quality of two-dimensional
pectra. This problem, which is generally overcome by experimen-
al procedures (requiring twice as much time as a standard mea-
urement), is inevitable in the two-dimensional J-resolved exper-
ment. This experiment is revisited theoretically and a
ostprocessing treatment, leading to pure 2D J-spectra, is de-
uced. Quantitative fully J-decoupled homonuclear spectra are
ccordingly obtained by means of a projection onto the F2 axis
fter a 45° tilt. © 1999 Academic Press

INTRODUCTION

In the early days of two-dimensional NMR, the obtention
ure absorption spectra was thought to be impossible be
f the hypercomplex nature of the data (of the fo
xp(2ipn 1t 1)* exp(2ipn 2t 2)). This time modulation rests

he necessity of “quadrature detection” in both dimensi
rising from instrumental and practical considerations (i.e.
etting of the carrier frequency somewhere near the midd
he conventional one-dimensional spectrum). A double Fo
ransform of the above time-domain data leads invariably
ixture of absorption and dispersion lines (referred belo
hase-twisted lineshapes) which proves impossible to co
y data processing. One method for overcoming this draw
onsists of creating a cosine (or sine) modulation in tht 1

imension instead of the exp(2ipn 1t 1) modulation. This is
asily achieved in a heteronuclear experiment by (i) settin
arrier frequency at one extremity of the spectrum and
voiding the phase cycling which yields the complex expo

ial modulation. In homonuclear experiments, as one prefe
eep the advantage of quadrature detection in thet 2 dimension
for sensitivity and for limiting the transmitter power), th
ethod would require the carrier frequency to be shifted p

o the t 1 evolution period with the major problem of pha
etrieval at the beginning of thet 2 acquisition period. Fortu
ately elegant strategies have been devised for effectively
ot physically) moving the carrier frequency toward one

remity of the spectral window. They are based either on
ncrementation of the initial pulse phase for eacht 1 increment
ivided by 2 with the respect to the normal increment (T
PPr
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rocedure (1)), or by repeating the experiment with the init
ulse shifted by 90° in a separate acquisition block (STA
rocedure (2)). Yet these methods fail for the simple spin e
xperiment and numerous studies based on postprocess

he raw data have been proposed to overcome this diffic
hese studies could be divided into two categories. On
and, the approach of Freeman and co-workers based
nalysis of the multiplet patterns allows them to extract e

ndividual chemical shift in a coupled crowded proton sp
rum and leads to a quantitative “decoupled” proton spec
3, 4). This clever method is restricted to theJ-resolved exper
ment (i.e., arising from a homonuclear spin-echo experim
nd does not solve the general phase-twist problem. O
ther hand, one can find methods based on a partial or
nalysis of the data (considered a sum of damped sine

ions). ALPESTRE (5) (a linear predictive estimation of sign
ime reversal) uses a backward linear prediction to recons
ull echoes in thet 1 dimension and that way achieves a pa
nalysis of the signal. Furthermore, an emergent algor
alled filter diagonalization method (FDM) (6, 7) has bee
uccessfully applied to obtain (i) decoupled proton spe
8, 9) and (ii) pure absorption spectra in electron spin e
xperiments and gradient HSQC experiments (10, 11). In this
aper, we expand our previous work on quantitative ti
omain analysis of two dimensional data (12) to derive a
eneral algorithm for getting rid of phase-twist problems in
pectra. It will be applied here with the aim of obtain
uantitative fully decoupled homonuclear spectra. The
ection presents a detailed analysis of theJ-decoupled expe
ment and mathematically demonstrates the potentiality o
pproach for obtaining (1) pure absorption 2D spectra and
s a by-product, fully decoupled homonuclear spectra
hich a theoretical expression provides the undisputed
ence of their quantitative nature.

THE J-DECOUPLED EXPERIMENT REVISITED

The relevant experiment corresponds to the classical
imensional sequence used in the so-called homonucleJ-
esolved spectroscopy,
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313PURE ABSORPTION 2DJ-SPECTRA
~p/ 2!x–t1/ 2–~p!y–t1/ 2–Acq~t2!. [1]

ecause the centralp pulse removes all chemical shift effe
with the chosen radiofrequency phases, refocusing o
long they axis of the rotating frame), evolution arises o

rom the indirect couplingJ, so that, at the beginning of t
cquisition period (maximum of the echo), thex andy com-
onents of magnetizations associated witha1 anda2 (Fig. 1)
re, respectively,

I x0

1 5 sin pJt1 I y0

1 5 cospJt1 @2a#
I x0

2 5 2sin pJt1 I y0

2 5 cospJt1. @2b#

ach of these quantities should be multiplied by exp(2t 1/T2),
rovided that the two lines are affected by the same trans
elaxation processes (i.e., in the absence of CSA-dipolar c
orrelation; otherwise two transverse relaxation timesT2

1 and
2
2 should be introduced). Physical detection duringt 2 is
ssumed to be of the quadrature type with, as a conve
ampling of the quantity (I y 1 iI x).
It is easy to see thatI x0 and I y0 lead, respectively, to th

ignal

iI x0exp~2ipn0t2! [3a]

I y0exp~2ipn0t2!, [3b]

heren0 is the precession frequency in the rotating fram
he considered line. Fora1 anda2, we obtain

a1:exp~ipJt1!exp@2ip~na 1 J/ 2!t2# [4a]

a2:exp~2ipJt1!exp@2ip~na 2 J/ 2!t2#, [4b]

here the amplitude of each signal has been set to unity
here relaxation damping factors have been omitted.
A double Fourier transform with respect tot 2 and t 1 yields

wo signals at (n 1 5 J/ 2, n 2 5 n a 1 J/ 2) and (n 1 5 2J/ 2,
2 5 n a 2 J/ 2) as schematized in Fig. 2. Tilting the tw
imensional map by 45°, i.e., transforming the frequency

FIG. 1. Left: A schematic representation of the spectrum of aJ-coupled
ines a1 anda2 at the echo maximum.
r

rs

se
ss-

n,

f

nd

i-

blen2 into n92 5 n2 2 n1, produces two peaks at (n 1 5 J/ 2,
92 5 n a) and (n 1 5 2J/ 2, n92 5 n a); thus their projectio
pon the n92 axis results in a single peak atn a, that is a
ecoupled spectrum. This is of course the objective of
xperiment. However, a major drawback arises from the
ercomplex form of expressions [4] for which double Fou

ransform leads invariably to phase-twisted peaks, improp
urther operations (tilt and projection). One possibility
vercoming these difficulties is to calculate the amplit
pectrum with the inconvenience of broadened lines invol
mportant wings.

It is well known that a phase-sensitive two-dimensio
pectrum can be obtained by switching from at 1 phase mod
lation to a t 1 amplitude modulation with, in addition, th
ecessity to shift the frequency origin in then1 domain so tha
ll signals appear (in this frequency domain) at a pos

requency. As indicated in the Introduction, this is usu
chieved by a phase incrementation simultaneously with

ime incrementation (1). Alternatively, the same goal can
eached by devising two experiments, one leading, int 1, to a
ine modulation and the other leading to a cosine modul
2). In the present experiment, the only possibility lies in
elative phases of the two pulses. It turns out that choos
p) x pulse (instead of a (p) y pulse in the experiment discuss
ntil now) yields

-spin-12 system with the notations used in the text. Right: The state of the

FIG. 2. Location of the two cross-peaks arising from thea lines in the
wo-dimensional diagram obtained after double Fourier transform of
esulting from the spin echo experiment.
two
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314 MUTZENHARDT, GUENNEAU, AND CANET
a1:2exp~ipJt1!exp@2ip~na 1 J/ 2!t2# [5a]

a2:2exp~2ipJt1!exp@2ip~na 2 J/ 2!t2#, [5b]

hich would substitute to [4]. Clearly, except for the triv
ign change, this experiment does not offer any new info
ion. It allows us, however, to compensate for instrume
mperfections through the widely employed EXORCYC
13) phase scheme.

Since the latter approach fails, one may consider sam
he whole echo or the echo in its reconstruction if it is
vailable in its totality. If we suppose that it is possible
ample negativet 2 values, the signal fora1 and a2 can be
xpressed as

a1:exp~ipJt1!exp@2~t1 1 t2!/T2#

3 exp@2ip~na 1 J/ 2!t2#exp~2ut2u/T92! [6a]

a2:exp~2ipJt1!exp@2~t1 1 t2!/T2#

3 exp@2ip~na 2 J/ 2!t2#exp~2ut2u/T92!, [6b]

here t 1 is strictly positive and fixed (whereast 2 is a time
ariable) and where the contribution from field inhomogen
o signal damping (T92) has been explicitly introduced. It can
tressed that the “J-echoes” are neither symmetric (for the r
art) nor antisymmetric (for the imaginary part). Let us c
ider the contribution from thea1 line (ignoring damping
ffects due to transverse relaxation); the real and imag
arts can be written, respectively,

cos 2pFnat2 1
J

2
~t2 1 t1!G [7a]

sin 2pFnat2 1
J

2
~t2 1 t1!G . [7b]

bviously, due to the terms (J/ 2)(t 2 1 t 1), symmetry prop
rties are lost, precluding the direct reconstruction of the w
cho from a single half echo.
Now, let us calculate the Fourier transform with respectt 2

f the whole echo, again for thea1 contribution (whose max
mum occurs att 2 5 0), that is,

F~n! 5 exp~ipJt1!exp~2t1/T2! E
2`

1`

3 exp@2ip~na 1 J/ 2t2!#exp~2ut2u/T*2!dt2. [8]

alculating the Fourier transform first with respect tot 2 . 0
nd then with respect tot 2 , 0 and summing up the two resu
as this must be done in practice, owing to the curre
vailable algorithms;it can be noticed that the Fourier tran
 a
a-
l

g
t

y

l
-

ry

le

y

orm calculation for t2 , 0 requires us to reverse t2 but also
o reverse the frequency scale), we obtain

F~n! 5 exp~ipJt1!exp~2t1/T2!$A@~na 1 J/ 2! 1 iD ~na

1 J/ 2!# 1 @A~na 1 J/ 2! 2 iD ~na 1 J/ 2!#%

5 exp~ipJt1!exp~2t1/T2!2A~na 1 J/ 2!, [9]

hereA andD represent the absorption and dispersion spe
espectively. In practice, because of the phase modific
ntroduced at the receiver level, a zero-order phase corre
the same for allt 1 increments) should yield the result given
9]. Of courseF(n) is complex but both real and imagina
arts are amplitude modulated bypJt1 according to cosine an
ine functions, respectively. This is due to the fact thatF(n) is
pure absorption spectrum as long as the Fourier trans
ith respect tot 2 is considered;this property removes imm
iately the phase-twist problemsince, after the first Fourie

ransform (with respect tot 2), it suffices to retain the real pa
f the second Fourier transform (with respect tot 1) so as to
btain pure absorption spectra in both dimensions.

DATA ALGORITHM TO GET RID OF THE TWISTED
PHASE PROBLEM IN 2D J-SPECTRA

The problem of reconstructing the whole echo in the t
omaint 2 remains. It can be pointed out that a similar atte
as been carried out by Nuzillard (5), who reconstructed art
cial echoes along thet 1 dimension again with the aim
scaping from the phase-twist problem. Fundamentally
pproach, based on linear prediction, is close to the on
cribed here. However,t 1 spectra are likely to be less predi
ble thant 2 spectra, as the former arise from an unknowJ
odulation while the latter are simply conventional NM

pectra, amplitude, and/or phase modulated. Thus, onc
ines in the standard NMR spectrum have been identified
nly issue is to quantify their modulation features accordin

he t 1 time evolution. It occurred that reconstructing miss
arts (actually the missing left part) int 2 echoes poses seve
roblems associated with instabilities of linear prediction
orithms. It was then decided to reconstruct thewholeleft part
f a t 2 echo, recognizing that the actual information neces

or this operation is actually contained in the echo right p
hich is of course available in its totality.
Let us go back to Eq. [6] and change for conveniencet 2 in

. Any contribution (labeled by the subscriptm) to the right
art of thet 2 echo signal6(t) can be written as

amexp~2t1/T2m!exp~iwm! zm
t , [10]

ith zm 5 exp[21/T*2m 1 2ipnm], nm standing for the
ffective precession frequency (n a 6 J/ 2 in (6)), whereaswm

rises fromJ modulation duringt
 1(ipJt1 in [6]) and where the



e d
(
e

(

w
m

t thm
( ac
t rm
o ind
l
¥ on

j y into
i
6

w tra,
r
D

of
F tual
e q.
[ e

ruker DRX
s the spectral
p om
r

315PURE ABSORPTION 2DJ-SPECTRA
ffective transverse relaxation timeT*2m has been reintroduce
1/T*2m 5 1/T2m 1 1/T92). Altogether assuming thatM differ-
nt signals contribute to6, one has

6~t! 5 O
m51

M

amexp~2t1/T2m!exp~iwm! zm
t . [11]

Let us assume in the following equations thatt is positive
right half of the echo). Equation [11] can be rewritten as

6~t! 5 O
m

bmzm
t , [12]

ith bm 5 amexp(2t 1/T2m)exp(iwm) 5 a9mexp(iwm).
The parametersbm andzm can in principle be deduced fro

he right half echo (e.g., by Hankel decomposition algori
HD) (14) or any other time-domain analysis method) for e
1 increment. We shall now try to mimic the Fourier transfo
f a whole echo (see Eqs. [8] and [9]). With this goal in m

et us, for eacht 1 increment, construct a signal69(t) 5
b ( zt )* (where the asterisk stands for the complex c

FIG. 3. First stage of the algorithm: Data analysis. Top: Standard
pectrometer operating at 9.4 T. 16 K complex time domain data, sp
arameters provided by an HD analysis of the whole time-domain data. B
esidual signals.
m m m
h

-

ugate, which amounts to change any resonance frequenc
ts opposite). Taking the Fourier transform of both6(t) and
9(t) yields

FT @6~t!# 5 O
m

a9m@coswm 1 i sin wm#@A~nm! 1 iD ~nm!#

[13a]

FT @69~t!# 5 O
m

a9m@coswm 1 i sin wm#

3 @A~2nm! 1 iD ~2nm!#0 [13b]

FT@6~t!# 1 FT@69~t!# 5 2 O
m

a9mexp~iwm! A~nm!, @13c#

hereA and D stand for absorption and dispersion spec
espectively, and where the propertiesA(2nm) 5 A(nm),
(2nm) 5 2D(nm) have been used.
Therefore, further reversing the frequency scale

T[69(t)] (as should be done for the left part of an ac
cho) and adding it toFT[6(t)] leads to a result similar to E

9] (that is, the disappearance ofD(n ), which represents th

on spectrum of tanscrotonaldehyde (TCA) measured on an Avance B
al width: 5000 Hz, four scans. Middle: Reconstructed spectrum with
m: Difference of the two spectrum multiplied by a factor of 5, exhibiting se small
prot
ectr
otto
m
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316 MUTZENHARDT, GUENNEAU, AND CANET
ondition for avoiding phase-twist problems). It can be n
hat this transformation amounts to changet into 2t without
ffecting the phase factor included inbm. Finally, it can be
mphasized that the whole process rests on a successfu
sis of the standard NMR spectrum, that is, a search fo
esonance frequenciesnm and their associated effective tra
erse relaxation timeT*2m.
We now summarize the above-described procedure w

an be considered a general method for obtaining phase
itive 2D spectra whenever phase modulation (and not a
ude modulation) leads to phase-twist lineshapes:

(1) Extract thezm’s from a reference spectrum.
(2) For eacht 1 increment, deduce the relevant comp

mplitudes (bm) from the corresponding experimental da
enoted by6(t).
(3) Construct69(t), compute its Fourier transform, a

everse the frequency scale.
(4) Add this result to the Fourier transform of6(t). This

eads to an absorption spectrum, with a complex modul
actor depending ont 1. Further Fourier transform with respe
o t will yield a real part exhibiting absorption features alo

FIG. 4. Second stage of the algorithm: Reconstruction oft 2 echoes an
xtracted from aJ-resolved experiment on TCA after the Fourier transform
see text). Phase twist is seen to be completely removed, the intensity o
ouplings during thet 1 period.
1 ng
d

nal-
e

h
en-
li-

,

n

oth n1 andn2. This removes the phase-twist problem aris
rom the hypercomplex nature of data along botht 1 and t 2.

(5) Continue the processing in a standard way, that i
ompute the Fourier transform alongt 1 without using magni
ude calculation.

The outline of this algorithm is close to the one use
xtract quantitative information from the two-dimensio
eteronuclear Overhauser effect (HOE) some time ago12).
he problem of finding the best analysis method wh
ields reliablezm’s at the first stage may be critical. W
hose the HD method derived from the Hankel sing
alue decomposition (15) because it can be used as a bla
ox and does not need prior knowledge of the signal.

otal number of linesM contained in the FID has only to b
verestimated since any extra line yields negligible am

ude. It can be pointed out that any analysis method, su
DM or nonlinear least squares, which is capable of
ating the four spectral parameters for each line (i.e.,
uency, damping factor, amplitude, and phase), coul
sed instead of the HD algorithm.

ddition to the experimental data. Top: A selectedt 1 increment (t 1 5 30 ms)
thet 2 dimension. Bottom: Same spectrum after the addition of reconstructed
ch line reflecting a cosine modulation which arises from the sole evoluof scalar
d a
in

f ea
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317PURE ABSORPTION 2DJ-SPECTRA
PROJECTION AND QUANTITATIVE HOMONUCLEAR
“DECOUPLED” SPECTRA

Let S(n 1, n 2) be a pure absorption cross-peak of amplit
at frequenciesn01 andn02 in the frequency domainsn1 andn2

btained by the method described in the previous section

S~n1, n2! 5 a
T2

1 1 4p 2T2
2~n01 2 n1!

2

3
T*2

1 1 4p 2T *2
2~n02 2 n2!

2 , [14]

hereT2 andT*2 are the effective transverse relaxation time
1 andn2, respectively. The 45° tilt amounts to changen2 into
92 5 n2 2 n1, yielding

S~n1, n92! 5 a
T2

1 1 4p 2T2
2~n01 2 n1!

2

3
T*2

1 1 4p 2T *2
2~n02 2 n92 2 n1!

2 . [15]

he projection upon then92 axis corresponds to an integral w
espect ton ,

FIG. 5. Partial comparison of finalJ-resolved 2D spectra of TCA. Righ
he algorithm described in the text. A better resolution is obtained in bo
ata (t 2) were collected. Spectral width: 5000 Hz, eight scans, EXORCY
1

e

s~n92! 5 a E
2`

1` T2

1 1 4p 2T2
2~n01 2 n1!

2

3
T*2

1 1 4p 2T *2
2~n02 2 n92 2 n1!

2 dn1, [16]

hich can be recast in terms of inverse Fourier transform

s~n92! 5 a E
2`

1`

$Re@FT~exp@2ipn01t1#exp~2t1/T2!!#

3 Re@FT~exp@2ip~n02 2 n1!t2#

3 exp~2t2/T*2!!#%dn1. [17]

aking the Fourier transforms explicit, we can write [15]

s~n92! 5 a E
2`

1` E
2`

1` E
2`

1`

expS2
ut1u
T2

2
ut2u
T*2

D
3 cos@2p~n01 2 n1!t1#

3 cos@2p~n 2 n9 2 n !t #dt dt dn . [18]

tandard processing (2D FT, 45° tilt, magnitude mode). Left: Data proces
imensions. Acquisition parameters: 512t 1 increments of 10 ms and 8 K complex
E phase cycling. Final 2D map size 8 K3 512 points.
t: S
th d
02 2 1 2 1 2 1
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Rearranging the trigonometric functions, we obtain

s~n92! 5
a

2 E
2`

1` E
2`

1`

expS2
ut1u
T2

2
ut2u
T*2DH cos 2p@n01t1

1 ~n02 2 n92!t2# E
2`

1`

cos@2pn1~t1 1 t2!#dn1

1 sin 2p@n01t1 1 ~n02 2 n92!t2#

3 E
2`

1`

sin@2pn1~t1 1 t2!#dn1 1 cos 2p@n01t1

2 ~n02 2 n92!t2# E
2`

1`

cos@2pn1~t1 2 t2!#dn1

FIG. 6. n2 projections of the 2D spectra shown in Fig. 5. Top: Conve
btained by the procedures described in this paper. Line areas are with
tandardJ-resolved experiment exhibiting a large broadening due to the
1 sin 2p@n01t1 2 ~n02 2 n92!t2#

3 E
2`

1`

sin@2pn1~t1 2 t2!#dn1Jdt1dt2. [19]

he n1 integrals involving a sine function are zero wher
hose involving a cosine function lead to a dirac functiond.
his yields

s~n92! 5
a

2 E
2`

1` E
2`

1`

expS2
ut1u
T2

2
ut2u
T*2

Dcos@2p~n01t1!

1 2p~n02 2 n92!t2#d~t1 1 t2!dt1dt2

nal proton spectrum displayed at the same scale. Middle:Quantitativeprojection
% identical to those of the conventional spectrum. Bottom: Normal projon of the
gnitude mode.
ntio
in 5
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1
a

2 E
2`

1` E
2`

1`

expS2
ut1u
T2

2
ut2u
T*2

Dcos@2p~n01t1!

2 2p~n02 2 n92!t2#d~t1 2 t2!dt1dt2. [20]

rom the properties of dirac distributions, the first inte
ecomes

E
2`

1`

expS2
ut2u
T2

2
ut2u
T*2

Dcos@22pn01t2

1 2p~n012 2 n92!t2#dt2

5 E
2`

1`

expF2U t2U S 1

T2
1

1

T*2
DG

3 cos@2p~n02 2 n01 2 n92!t2#dt2.

his is just a Lorentzian function representing a signa
esonance frequencyn92 5 n02 2 n01 and of transverse rela
tion timeT2T*2/T2 1 T*2. It can be recalled that for themth
omponent of a multiplet centered on frequencyn0, one has
02 5 n 0 1 mJ (or n0 1 mJ/ 2) andn 01 5 mJ (or mJ/ 2), m
eing an integer or a half-integer, positive or negative, so
9

FIG. 7. Partial comparison of the finalJ-resolved spectra for 4-androst
ata processed with the algorithm described in the text. Note the better
2.5 ms and 2 K complex data (t 2) were collected. Spectral width: 1500 H
K 3 512 points.
2 5 n0.
l

f

at

The same result is obtained for the second integral
nally,

s~n92! 5 a

T2T*2
T2 1 T*2

1 1 4p 2S T2T*2
T2 1 T*2

D 2

~n0 2 n92!
2

. [21]

quation [21] provides the analytical function for the linesh
n the decoupled spectrum. It is a Lorentzian function, wh

aximum occurs of course atn92 5 n0, and whose linewidt
orresponds to an effective transverse relaxation timeT2

eff such
hat 1/T2

eff 5 1/T2 1 1/T*2. This line broadening in the d
oupled spectra is quite negligible compared with convent
mplitude spectra.

RESULTS AND DISCUSSION

The described algorithm has been applied to a samp
ranscrotonaldehyde (TCA) as a pedagogical example. A
ard homonuclearJ-resolved experiment was run with
vance DRX Bruker spectrometer operating at 9.4 T. It m
e pointed out that, due to the mathematical expression o
rojection, which involves bothT2 andT*2, quantitative result
annot be reached without collecting a complete data
igure 3 shows the conventional 1D proton spectrum of
ompound, compared with a spectrum reconstructed by m

-3,17-dione. Right: Standard processing (2D FT, 45° tilt, magnitude mo
paration of the two peaks at 2.44 ppm. Acquisition parameters: 512t 1 increments o
ight scans, EXORCYCLE phase cycling, repetition time 10 s. Final 2D m
ene
se
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f the spectral parameters provided by a HD analysis o
hole time-domain data. Knowing the list of frequencies
amping factors (i.e., thezm’s of previous paragraph), a line

east squares fit was applied for eacht 1 increment, thus yield
ng the complex amplitude of the spectral components.
hen possible to reconstruct, for each increment, the left
issing part of the echo69(t). After (i) Fourier transforming
f these reconstructed data, (ii) reversing the frequency s
nd (iii) adding them to the Fourier transform of the genu
xperimental data, the phase modulation is completely
oved as demonstrated in Fig. 4 for a givent 1 increment
ultiplets exhibit a pure cosine modulation in thet 1 dimension
nd the resulting 2D data set is processed in a standard w
pplying Fourier transform to thet 1 dimension, prior to a 45

ilt. It can be compared (Fig. 5) with the resulting 2D spe
btained through the conventional processing (2D FT, ma

ude calculation, and a 45° tilt). As expected, by removing
hase-twist feature this procedure can considerably imp
esolution of theJ-resolved spectra; this point will be bet
llustrated by the forthcoming example. The

FIG. 8. n2 projections of the 2DJ-resolved experiment of 4-androste
ompared with the projections. Middle: Normal projection of theJ-resolved e
ode. Bottom:Quantitativeprojection obtained by the procedure descr

orresponds to one proton, except the two methyl groups which are ea
vercrowded spectra.
n2 projections of d
e
d

is
d

le,
e
e-

by

a
i-
e
ve

oth 2D spectra are shown in Fig. 6. Homonuclear decou
s undoubtedly achieved and a quasi-perfect Lorentzian
hape is obtained as predicted by Eq. [21]. The integral of
ine demonstrates the quantitative feature of this spectrum
eviation with the conventional spectrum lying within a ra
f 5%. We turn now to a more demonstrative example co

uted by a medium size molecule, namely 4-androstene-
ione. This compound was chosen because it allows the r

o directly compare our results with those obtained by Free
3, 4) and co-workers. TheJ-resolved experiment was pe
ormed with a Bruker AMX operating at 14.09 T and data w
rocessed as described previously for the TCA molecul
art of the corresponding 2D spectra, displayed in Fig
xhibits an enhanced resolution with respect to the con

ional procedure and therefore leads to an easier analy
oupling patterns in then1 dimension. The projection alongn2

Fig. 8) shows a fully decoupled proton spectrum. Some
t 2.4 and 1.0 ppm are a little bit distorted because o

imitations inherent to the determination of frequencies

3,17-dione at 14.09 T. Top: Conventional proton spectrum scaled in or
riment exhibiting a large broadening and a poor resolution due to the ma
d in this paper. Note the increased resolution and the quantitativity

identifiable). A remarkable simplification occurs with respect to the cional
ne-
xpe
ibe
sily
amping factors which are involved in the first step of the
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ime-domain analysis. The set of spectral parameters obt
y HD certainly leads to the best fit with experimental dat

he expense of their physical meaning. This point has
eveloped in a previous paper (12) in the case of a linesha
ltered by field inhomogeneities. Moreover, harmonic in
ion of frequencies (reconstruction of the missing half e
an be rather tricky and may introduce some distortions in
nal spectrum. Nevertheless, we obtained a promising r
ith some potentiality regarding the quantitative analysi
omonuclear crowded spectra. Finally, it must be mentio

hat if only highly resolved qualitative spectra are neede
aluable solution, which requires only a fewt 1 increments, ha
een proposed recently (16).

CONCLUSION

We have proposed an algorithm to get rid of the phase-
roblem which can be useful when this drawback canno
ircumvented by experimental procedures. Application of
lgorithm to theJ-resolved experiment leads to pure absorp
D spectra but, most importantly, to quantitative fully
oupled spectra. Of course, its performance could be impr
y more robust processing at the step of the initial analys

he conventional one-dimensional spectrum.
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