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It is shown that fully J-decoupled homonuclear spectra involv-
ing Lorentzian lines can be readily obtained by straightforward
processing of the 2D data arising from a conventional spin echo
sequence (w/2-t,/2—-m-t,/2-Acq(t,)) used in the so-called J-re-
solved experiment. The method simply rests on power spectra with
the drawback of lines having meaningless relative intensities. In
principle, the experiment should also yield transverse relaxation
times. Several tests demonstrate that this is not so, due to pulse
imperfections and nonresolved long-range J couplings. Con-
versely, longitudinal and rotating frame relaxation times can be
easily determined by means of an appropriate preparation period
(for instance, a saturation-recovery period in the case of longitu-
dinal relaxation) inserted before the 2D spin echo sequence. Since
one is dealing with a single line per nucleus, relaxation measure-
ments become reliable and accurate. © 1999 Academic Press

INTRODUCTION

illusory. Nevertheless, the quality of the decoupled spectt
obtained in this way and the simplicity of the procedure sug
gests that the two-dimensional spin echo sequence can

employed as a sort of “black-box” for probing any evolution
which may occur prior to its application. This feature will be
invoked here for determining longitudinal and rotating frame
relaxation times in proton systems whose normal spectra are
overcrowded that standard measurements prove to be untr:
table.

THEORY

At the onset, let us consider a single line represented in tt
time domain by

f(t) — aeft/Tzei(pGZirrvot, [1]

“Decoupled” proton NMR spectra, based on two-dimerg being its intensity,T, the transverse relaxation time,the
sional J-spectroscopy 1), require invariably heavy data pro-phase factor, and, the resonance frequency. The Fouriel
cessing 2, 3), a satisfactory outcome not always being waitransform off(t) yields
ranted. This is due to the inherent hypercomplex nature of the

data which precludes directly obtaining pure absorption spec-

F(v) = FTLf(1)]

tra, leading to lines affected by the so-called phase-twist prob-

lem. Magnitude spectra are of little help because their peaks
involve important wings which result in a degraded resolution;

= [cosA(v — vy) — sineD(v — vy)]
+i[coseD(v — vy) + sin A(v — vy)]

moreover, as explained below, such spectra are not quantita-

tive. To circumvent this problem, one possibility lies in the

construction of whole echoes either in the(4) or thet, (5)

= Re+iIm. [2]

dimension. However, the success of such a strategy is strongland D being the absorption and dispersion spectra, respe
dependent on the algorithm used for analyzing the experimefrely,
tally available half-echo and anyway involves a large amount

of calculations. In the present study, it is shown thatver
spectraremove the phase-twist problem in a rather straightfor-
ward manner while leading, at the same time, to high-resolu-
tion Lorentzian lines, however, at the expense of meaningless
relative intensities in the fully decoupled spectrum. Because
such spectra arise from spin echo experiments, it was hoped

T,
Alv = w) =a 1+ 47%Ti(v — vy)?
27T5(v — wo)
D(v = vo) _a1+4772T§(v— Vo) 2’ [3]

that transverse relaxation times would be attainable as well.
Unfortunately, various experimental factors render this hoféie power spectrum (Re+ Im?) is readily calculated:
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T3 X [FT(exg2im(v, + /2

P(v) = a? — 5. 4
SO T O 4 — vyt ]exp— |t/ T5) T}dw. [9]

It is just aLorentzian lineof the same linewidth as the absorp-
tion spectrum, of intensity equal &3 T,. This feature is in fact Consistent with [8], the first Fourier transform in [9] is as-
the key to the method presented here because it affordSuaned to yield a, frequency function and the second ong,a
high-resolution spectrum irrespective of the phase factor &fequency function. Thus, making explicit the Fourier trans
fecting the considered signals. forms, we can write [9] as

Now, we must consider the standartiresolved” spin echo
sequence [/ 2)-t./2—(m)-t,/2—Acq(t,)] applied to a dou-

blet of splitting J. In the time domain, the two lines are N R I
represented by p.(v2) = (@716)T.T7
fi(ty, ty) = (a/2)exp(—ty/T,)exp(iwJt t t
H(ty, 1) = ( yexp(—t,/T,)exp(imdt,) ><exp<—‘_|_l‘—‘_I_i‘>exp[27-r(\]/2—v1)t1]
X expl—t/THexd 2im(v, + I 2)t,], [5] 2 2
X exg2m(vy + J/2 — v — vy)t,|dt dt,dv,.
and [10]

f_(ty, tp) = (a/2)exp(—t,/T,) exp(—imdt,)

X exp—t,/ Ty exd 2im(v, — U2)L,],  [6] Eq. [10] can be written as

T, andT?% being the effective transverse relaxation times in the do [ 4o Ity
time domainst, andt,, respectively. We first deal with the p,(v}) = (a2/16)T2T’§J J expg — Tfl
signal f, recognizing that conclusions regardifig can be e J 2

drawn by changing) into —J. The corresponding power
spectrum, in the frequency domain, can be expressed as t
P quency P - |T2|) exp(mdt)exd 2 (v, + 32 — vi)t,]
2

2
2

1+ 47%T3(J2 — v,)?
182
“TH An T+ 2= w2 U]

p.(v1, vo) = (a%4) o
X [ f exd —2mv,(t, + tZ)]dVl] dt,dt,. [11]

It is well-known that a decoupled spectrum can be obtaifgd (The v, integral is just twice the Dirac functiod(t, + t,).

(i) by a 45° tilt which amounts to changg into v, = v, — v, Using one of the properties of Dirac functions (i.e.,
and (i) by a projection upon the, axis, which corresponds to S 2= f(t)8(t)dt = (0)), we cantransform [11] as

an integral with respect to,. This yields

a’ o to| Ity
e T, p (v’)=<)T T*J exp<——)

N — 2 * + 2 212 *
p+(V2) = (a /4-)T2T2JA 1 T 47721_3(\]/2 — Vl)z 8 . T2 T2

—

T X exd 2m(v, — vh)t,]dt,. [12]
2

X TH An TR vy + 32— vy — w2 W (8]

It appears now clearly that,(v5) is a Lorentzian function
which can be recast in terms of inverse Fourier transforms,associated with a signal at the frequeney = v, and of
transverse relaxation tim@ {T%)/(T, + T%). It can be noticed
i that [12] is, as expected, independentJpfconsequently the
p.(v)y) = (a2/16)T2T§f same result is obtained fgr_(v5) and the final spectrum is
. devoid of anyJ-splitting. The analytical function for the line-
shape in the decoupled (power) spectrum arising from a do
X {[FT(explimdt)exp(—[t,]/T,))] blet is obtained by calculating the integral in [12]:
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FIG. 1. Top: the conventional (200 MHZH spectrum ofrans-crotonaldehyde. Bottom: the corresponding fully decoupled spectrum (in the power mo
exhibiting sharp lines, devoid, however, of any quantitative meaning. There werg §k2ements of 40 ms (one scan for each increment with the sequen
(ml 2),-t,/ 2—(7),~t:/ 2—Acq(t.)). Recycle time: 100;s8 K in thet, dimension for a spectral width of 3000 Hz.

P.(vh) AN ATTEMPT TO DETERMINE THE TRANSVERSE
) o RELAXATION TIME FROM FULLY
( a) (T2T2) 1 DECOUPLED SPECTRA
T (T e o < sesing wih 2 5
T,+T% a 2 Owing to the fact that one is dealing with a spin-echc

sequence and thaf-modulation is ultimately suppressed
[13] through fully decoupled spectra, one may hope to determir
T . o transverse relaxation times. Indeed, Eq. [13] contains in prir
The lack of quantitativity is evident from [13] and is simply due 'Ble the relevant information, the problem being to extract th

: i
o the fact' that the square of a sum is not equal to theisum of ﬁ:luﬁ T, (the effective relaxation time acting during thetime
squares (it can be noted that, for the same reason, this drawbai: : .

. . Interval), although this goal cannot be reached directly due
would also affect magnitude spectra). Nevertheless, high-res Elj complicated dependence of [13] upBaand T, A first
tion spectra are very easily (without any special data processin . 2

; - . approach would be to perform a series of exponential mult
obtained as exemplified by Figs. 1 and 2. From the above trea“-Cations in thet, domain and to monitor the changes in a

ment, it can be seen that the linewidth at half height is slightp

increased with respect to a conventional spectrum; insteadg#:;i\l;gzr%f ms die(?ﬁggfeda?r??ﬁg?rr:uL:r:cus dgi:;)tesbﬁ
1/(wT3%), we have 14T,) + 1/(#T%) for the actual “fully de- P q y Hoy

" . . its height, and by w its linewidth at half height. First, it can
coupled” spectra, which represents a minor penalty largely cog1- . L
- . e seen that the sum of the inverses of relaxation times can
pensated for by the ease of obtaining such spectra. This featur |a : . i
: L0 . educed fromLw or, alternatively, from the ratiéVH:
especially visible in the spectrum of 4-androstene 3,17-dione (FIg-
2; abbreviated below as androstene) where, starting from an
. . : _ 1 1 A
overcrowded spectrum, we finally end up with a series of well Ch = olw [14]
resolved singlets which, in spite of the lack of quantitativity, T, T3 H '
should greatly facilitate the assignment of the numerous protons in

this molecule 2). Suppose now that we treat the raw data set with differer
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FIG. 2. Top: the conventional spectrum (600 MHz) of 4-androstene 3,17-dione (androstene). Middle: the fully decoupled spectrum in the magnitude
Bottom: the fully decoupled spectrum in the power mode (note the improved resolution and the overall quality). The experiments were carriedBoukevith a
AMX spectrometer. There were 512 increments of 12.5 ms (eight scans for each increment with the EXORCY6)Lh@se cycle). Repetition time: 10 s;
2 Kin thet, dimension for a spectral width of 1500 Hz.

exponential multiplications in the, domain. Letx; equal the with small line-broadenings (not exceeding 10% of the ex
relevant line broadening ang equal the inverse of the am-pected natural linewidth). However, tfig value determined
plitude under these conditions of exponential multiplicationhat way is seen to be strongly dependent on experiment

From [13] we can write conditions: the experiments from which data of Fig. 3 are
extracted are of the type CPM@)(with autocompensated

2 2m 180° pulses. These results clearly indicate that increasing t
Vi~ o, T e X (151 umber of 180° pulses would presumably lead to the True

value (which, because extreme narrowing conditions preva
and easily extract the slope and intercept of this linear repshould be of the order of;, equal to 16 s). This suggests

sentation. Their ratio leads to tig value replacing the single 180° pulse of the echo sequence by
CPMG pulse train. Unfortunately, this method fails probably

slope due to a distribution of flip angles over the whole sampile

intercept: T2 [16] (having its origin in the radiofrequency field inhomogeneity).

This distribution entails an incomplete coherence transfer, tht
As illustrated in Fig. 3, the method proved to be efficierdn imperfectl modulation leading to poorly decoupled spectra
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FIG. 3. An attempt to determin&, from the evolution of fully decoupled spectra with line broadening (Ib) applied in,tbdenension. The linear evolution
of 1/A (A, amplitude) obtained for the aldehydic protonti@ns-crotonaldehyde yields an effectiie (see Eq. [16]). Experiments performed with the sequence
(pseudo CPMG): 4/ 2),~[t./(2n)—(m),~t./(2n)]—Acq(t,). (@)n = 1, (b)n = 2, (c)n = 4, (d)n = 8. There were 512, increments of 40 ms (one scan
for each increment). Recycle time: 1008K in thet, dimension for a spectral width of 3000 Hz.

The deleterious effect of 180° pulse imperfections (partin the middle of the doublet). When the origin in the time
corrected by a train of pulses in the CPMG manner)Tgn domain is shifted by a quantit, we obtain
determination has been confirmed by a second approach which
makes use of a series of data sets, each involving a different
shift of the origin in thet, time domain (denoted below hy).
This amounts to delay the sampling By meaning that the
various data sets should differ only by damping factors of théith A = (aT3)/(2(1 + #°T3J%) and tanu = (27 T,J)/
form exp(—A/T,). Because we are dealing with power spectrgl — #°T3J%).
each line in the decoupled spectrum should decrease accordiny can be seen thd, tends toP, whenA goes to zero. It
to exp[—A/(T./2)] and thus afford a straightforward determimust be emphasized that the above results concern a doutk
nation of T,. However, most evolution curves exhibit oscillaand are therefore oversimplified with respect to actual situ:
tions superimposed to the expected exponential decay as xas. For instance, the decay curve of Fig. 4 corresponc
emplified in Fig. 4. This feature can be explained by thgresumably to a quartet resulting from a long-range couplin
existence of small-couplings whose values are comparable toetween the aldehydic proton and the methyl protonisasfs-
the resolution in any of the two dimensions. In order to undetrotonaldehyde (TCA). Moreover, only one dimension is con
stand this modulation, we have carried out some tedious csidered in these calculations. Indeed, a simulation (Fig. °
culations which are summarized below. The line height in thgrresponding to the totality of the two-dimensional data trea
power spectrum for an unresolved (or poorly resolved) doublegient employed here exhibits qualitatively the same behavior

P, = Aexd —A/(T,/2)][1 + cog2mIA — u)] [18]

of splitting J is given by in Fig. 4, confirming the modulation appearing in Eq. [18]. It
is interesting to note that the analysis of the oscillatory dece

aT, 2 leads to (i) an apparent, consistent with the one deduced

Py = <1+772'|"§JZ> , [17] from the first approach (see Figs. 3 and 4) and (ii) a reasonal

J-coupling value.

Finally, we must admit that it is difficult, if not impossible,
wherea/ 2 is the amplitude of each line in the doublet and thi extract a propef, value from fully decoupled spectra even
height is assumed to be measured at the resonance frequéhoygh such spectra arise from spin echo experiments. T
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FIG. 4. The decay of the aldehyde proton line in the decoupled spectrutnangcrotonaldehyde (power mode). Filled diamonds are considere
experimental data as they have been obtained by shifting by a quAntfity origin in the time domait,. The continuous curve is calculated from the fitted
values ofA, T,, B, J, ande in A exp(—A/T,)[1 + B cos(2mJA + ¢)]: T, = 6.8 s;B = 0.15;J = 0.24 Hz;¢ = 1.74 rad. The data arise from the experiment

of Fig. 3b.
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FIG.5. The decay obtained from two-dimensional synthetic data treated in the same way as in Fig. 4. The data are based on a doubletict splizéing

Hz with T, = 6.4 s andT% = 1.1 s.



256 GUENNEAU ET AL.

TABLE 1 nonselectiveT,, except in the case of methyl protons. For
'H Relaxation Parameters (in s) of TCA protons 1, 2, and 3, this is easily explained by the absence
cross-relaxation contribution in the selective relaxation mes

Proton number ! 2 3 4 surement, a well-known property usually dubbedeffect”

T, inversion-recovery 14.9 13.2 19.4 79 (12) and roughly verified here. Of course, for methyl protons
T,, saturation-recovefy 15.4 12.9 19.4 8.2 the essential relaxation contribution arises from dipolar intel
T,, saturation-recovery, fully 16.3 13.8 18.5 8.1 action within the methyl group, making almost identical selec

decoupled spectruin tive and nonselectivd, values.
T, saturation-recovefy 16.2 134 20.6 87 Due to large relaxation times[,, measurements require
T,, selectivé 22.7 18.9 27.1 9.1 . . . P

@< T, >/2) (236) (2000 (292) (123 Very long spin-locking periods (several tens of seconds). T
T,, semiselectivé 17.5 25.7 prevent any damage to the probe, low-power radiofrequent
Ty, 19.3 17.2 18.0 7.1 fields must be employed making it impossible to spin-locl
Ty, fully decoupled spectruf 16.9 185 simultaneously the magnetization of all protons. Results re

prted in Table 1 must therefore be considered as selective 1

Note.ln DMSO-d; 50% v/v; carefully degassed; measurements performed .
the aldehydic proton as well as for the methyl protons. It can k

25°C. For proton numbering, see Fig. 1.

9.4 T; Bruker Avance DRX. observed thafl,, is slightly smaller than the corresponding
®4.7 T; homemade spectrometer. selectiveT ,, which is not surprising due to expected additiona
:gf"cu'ated with the average of all available nonselectiys. contributions to transverse relaxation (exchange for instance

otons 2 and 3 inverted simultaneously. The case of ethylenic protons is not so easily interpreted. Tt

¢ Selective (protons 1 and 4 individually excited) or semiselective experi- . . .
ments (protons 2 and 3 excited simultaneously). relevant magnetizations are simultaneously spin-locked and t

T,, are seen to be almost identical and close to the mean val
of the corresponding nonselectivig. This amazing feature
major obstacle comes from 180° pulse imperfections, withady be attributable to a sort of equilibration by Hartmann-
further Comp"cations arising from |Ong ran@ecoup”ngs if Hahn transfersl(3) and not to cross-relaxation as indicated by
the method involving a shift of the time domainis retained. the results of a homologous, experiment (see Table 1;
These observations suggest using decoupled spectra solely $&aiselective inversion of ethylenic protons).
tool for probing spin dynamics. This is further discussed in the We turn to the determination of, or T,, from fully de-

next section. coupled spectra. The relevant experiments just imply a pertu
bation prior to the two-dimensional spin echo sequence; th

EULLY DECOUPLED SPECTRA AS A TOOL FOR perturbation must fulfill the two following conditions (i) being,
MEASURING T, AND T,, RELAXATION TIMES of course, sensitive to the considered relaxation parameter a

IN COUPLED SPIN SYSTEMS (ii) not involving a sign change for the signals which are

thereafter subjected to the decoupling procedure because
The validity of our experimental approach (to be describeélaxation parameter is extracted from power spectra. Wi
below) was checked with longitudinal and rotating frame rehese requirements in mind, we have used the following s
laxation intrans-crotonaldehyde. The proton NMR spectrunguences forT, (saturation-recovery) andl,, (spin-lock; SL)
of this molecule extends over a wide chemical shift range (2 veasurements, respectively:
9.5 ppm) and exhibits well-separated multiplets with a wealth

of splittings. Indeed, the separation between the different mul- (@) (20) ~7—(7] 2)—t,] 2—( )ty 2—Acq(t,)
tiplets is sufficient for performing relaxation measurements by
conventional methods. Furthermore, this small spin system (71 2) =7 (51 ~ta/ 2= (m) —tu/ 2-Acq(ty).

lends itself to a relatively simple interpretation of the experi-

mental results. All results concerning TCA are gathered Ih can be recalled that a two-dimensional measurement
Table 1. Standard nonselectivig measurements have beeractually associated with eaehvalue.

performed according to the fast inversion-recovery techniqueGenerally, the EXORCYCLE phase cyclé) (vas used for
(8) (waiting time: 60 s) or to the saturation-recovery techniquée echo sequence. In the case of TCA, Theexperiment was
(9) with, in this case, two long (2 and 4 ms, respectivelydgain performed in a semiselective way in order to limit the
saturating pulses of the formu)(2«), applied prior to the power deposition during the spin-lock period. Owing to the
evolution period and practically no waiting time. Selective important duration of each experiment, the verification wa
relaxation times were obtained by selectively inverting thémited to the spectral region corresponding to protons 2 and
multiplet of interest with a DANTE pulse trairlQ, 1. It can The experimental data are exploited by following, as a functio
be seen from Table 1 that all nonselectivedeterminations of r, the intensity of a given line in the fully decoupled
are consistent within experimental error. However, selediive spectrum. It can be recalled that power spectra are employe
show a marked increase with respect to the correspondifig a consequence the evolutions must be accounted for
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]
PPM 2.60

FIG. 6. An example ofT,, determination by means of fully decoupled spectra of androstene. Only one part of the spectrum is displayed. To
conventional spectrum. The successive traces correspond to the follewahges: 0, 25, 50, 100, 150, 200, 300, 400, 500, 600, 800, 1000, 1300, and 1600 |
The experiment was carried out with a Bruker Avance DRX spectrometer operating at 9.4 T. There wiréint&3nents of 12.5 ms (eight scans for each
increment). Repetition time: 1Q & K in thet, dimension for a spectral width of 900 Hz.

[K(1 — e ”™)]? and [Ke "™]? K being a scaling factor experimental accuracy) to those obtained by standard measu
specific to each line. The method is seen to be valid as indients. Once validated, the method can be applied to a mc
cated by the data given in Table 1 which are identical (withiemonstrative case. The complexity of the conventional spe

TABLE 2
'H Relaxation Parameters (in s) of Androstene

Proton number 1 2-3 4 5 6 7 8-9 10 11 12
T, inversion-recovery n/a n/a n/a n/a 1.22 n/a n/a 1.01 n/a n/a
T,, saturation-recovery, fully
decoupled spectrum 1.19 1.06 1.12 0.96 1.22 0.73 0.85 1.00 1.39 0.
Ty, n/a n/a n/a n/a 1.01 n/a n/a 0.85 n/a n/a
T,,, fully decoupled spectrum 1.02 0.89 0.85 0.85 1.01 0.73 0.90 0.84 0.91 0.¢
Proton number 13 14 15 16 17 18 19 A B
T,, inversion-recovery n/a 0.96 0.75 n/a n/a 0.95 1.32 1.16 1.4
T,, saturation-recovery, fully
decoupled spectrum 0.68 0.96 0.76 1.36 1.05 0.94 1.29 1.18 1.4
Ty, n/a 0.94 0.85 n/a n/a 0.90 0.91 1.03 1.30
T,,, fully decoupled spectrum 0.80 0.94 0.83 0.97 0.94 0.87 0.98 1.02 1.2

Note.2% in weight in CDCJ; carefully degassed; measurements performed at 25°C with a Bruker Avance DRX spectrometer operating at 9.4 T. For
numbering, see Fig. 2. Amplitude of the spin-lock radiofrequency fidj{27+ = 2 kHz. Overlapping multiplets are responsible for missing values (n/a) in th

standard measurement rows.
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