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Coupling constants in proton systems provide access to useful structural information. Several methods have been
proposed to measure these constants in high-resolution spectra, but many of them are not well suited when the
coupling constants are comparable to the spectral linewidth. In such a case the measurement of the apparent
splitting, obtained from conventional NMR or from two-dimensional correlation spectroscopy (COSY), can cause
a miscalculation of the true coupling constant value. In this work, data processing for extracting small coupling
constants is described. Signals are obtained from spin-echo experiments and analysed in the time domain in such a
way that couplings are apparently multiplied by n + 1, where n is positive. Small coupling constants in 4-methyl-
1,3-dioxane were obtained by this method. 1997 by John Wiley & Sons, Ltd.(
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INTRODUCTION

The measurement of scalar coupling constants gives
valuable information in structural conformational
analysis.1,2 Various methods have been developed for
evaluating coupling constants : two dimensional J,d
spectroscopy,3,4 E-COSY,5 Z-Ðltered COSY6 and
COSY.7 The last approach has proved to be an efficient
and powerful technique for extracting coupling con-
stants in complex molecules. It is especially powerful for
analysing proton spin systems. The DISCO
technique8,9 can also be used when in-phase and anti-
phase structures of a given spin multiplet are available
from the COSY spectrum. It simpliÐes the Ðne structure
of the multiplet and improves the accuracy of the mea-
surement. The coupling constant is particularly difficult
to measure when it is of the order of the linewidth. In
the COSY spectrum, for example, the overlap of anti-
phase absorption signals (or partially resolved in-phase
absorption signals) leads to interference and cancel-
lation e†ects10 and causes an erroneous evaluation of
coupling constants. In the technique developed by
Titman and Keeler,11 two di†erent homonuclear
spectra, a double quantum-Ðltered COSY12,13 and a
TOCSY14h16 or HOHAHA17 were compared. The
spectra contained cross peaks at an identical frequency
but having di†erent internal multiplet structures.
Recently, other methods have also been proposed for
evaluating coupling constants when the linewidth
becomes comparable to J. In the so-called J-doubling18
method, the time-domain signal corresponding to the
multiplet is isolated and multiplied by sin(nJ*t), where
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J* is a trial coupling constant. An automated search
program detects the case where J* \ J. The coupling
constant J is then doubled. In the J-deconvolution19
method, the corresponding time-domain signal is
divided by sin(nJ*t), and a search algorithm Ðnds the
condition where J* \ J.

We suggest here a simple method which simultan-
eously increases all coupling constants in the spectrum
and hence provides accurate estimates. This method
also allows the complete suppression of the J-
modulation20 e†ect. The conventional spin-echo
sequence, 90¡Èq/2È180¡Èq/2ÈAcq(t), described by Aue et
al.4 is used for di†erent values of q and the analysis is
performed in the time domain.

THEORY

For two weakly coupled spin-1/2 systems, the observed
magnetization, corresponding to one resonance line, is
given by4

M(t, q) \ M0 exp([q/T2)exp([t/T 2`)

] exp[inJ(t ] q)]exp(idt) (1)

where

1
T 2`

\ 1
T2

] 1
T 2*

is the transverse relaxation time, describes theT2 T 2*damping due to the magnetic Ðeld inhomogeneity and d
is the chemical shift of the considered line.

The aim of the work is to evaluate the integral :

M@(t)\
P
~=

= P
0

=
M(t, q)exp[inl(q[ nt)] dq dl (2)
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where n is a positive real and l is a variable measured in
Hz.

Equation (2) can be approximately written as

M@(t) \
P
~=

= P
0

Tm
M(t, q)exp[inl(q[ nt)] dq dl (3)

assuming that M(t, q) \ 0 for thent [ Tm ,

M@(t) \ g(t)
P
~=

= P
0

Tm
exp([q/T2)exp[inJ(t ] q)]

] exp[inl(q[ nt)] dq dl (4)

where g(t) \ M0 exp([t/T 2`)exp(idt). (5)

M@(t) is equivalent to

M@(t) \ g(t)
P
~=

= P
0

Tm
exp([q/T2)expMinJ[(1[ n)t

] (q[ nt)]Nexp[inl(q[ nt)] dq dl (6)

M@(t) can be written as

M@(t) \ g(t)exp[inJ(1 ] n)t]
P
~=

= P
0

Tm
exp([q/T2)

] exp[inJ(q[ nt)]exp[inl(q[ nt)] dq dl (7)

Now, by substituting f \ J ] l, M@(t) becomes

M@(t) \ g(t)exp[inJ(1 ] n)t]
P
~=

`= P
0

Tm
exp([q/T2)

] exp[inf (q[ nt)] dq d f (8)

The integration of M@(t) [Eqn (8)], with respect to q
gives

M@(t) \ [T2 g(t)exp[inJ(1 ] n)t]

]
P
~=

=
Mexp([Tm/T2)exp[inf (Tm[ nt)]

[ exp([infnt)N(1 ] inf T2)
1 ] (n f T2)2

df (9)

As the sine function is odd, Eqn (9) reduces to

M@(t) \ 2T 2 g(t)exp[inJ(1 ] n)t]

]
P
0

= G
exp([Tm/T2)cos[nf (Tm[ nt)]

[ nf T2 sin[nf (Tm[ nt)]
1 ] (n f T2)2

[ [cos(n fnt) [ n f T2 sin(nfnt)]
1 ] (n f T2)2

H
df (10)

Finally, one obtains

M@(t) \ [T2 g(t)exp[inJ(1] n)t]

] Mexp([Tm/T2)[A(t) ] B(t)]] C(t) ] D(t)N

(11)

where the four terms A(t), B(t), C(t) and D(t) are calcu-
lated using the property

P
0

= cos(mx) dx
x2] a2 \ n

2a
exp([ oma o ) (12)

Then A(t) becomes

A(t)\
P
0

= cos[n f (Tm[ nt)]
1 ] (n f T2)2

d f

\ 1
2T2

exp
A
[
K Tm[ nt

T2

K B
(13)

The calculation of B(t) can be deduced from Eqn (13) by
noting that

B(t) \ [
P
0

= n f T2 sin[n f (Tm[ nt)]
1 ] (n f T2)2

d f

\ [ T2
n

d[A(t)]
dt

(14)

and consequently

B(t) \ [ 1
2n

d
dt
C
exp
A
[
K Tm[ nt

T2

K BD
(15)

The terms C(t) and D(t) are evaluated likewise :

C(t) \ [
P
0

= cos(n fnt)
1 ] (n f T2)2

d f \ [1
2T2

exp([nt/T2) (16)

and

D(t) \ [
P
0

= n fT 2 sin(n fnt)
1 ] (n f T2)2

d f \ T2
n

d
dt

[C(t)] (17)

which gives

D(t)\ [1
2T2

exp([nt/T2) \ C(t) (18)

Two cases have to be considered :
(i) If Tm\ nt :

A(t) \ B(t) \ 1
2T2

exp[[(nt [ Tm)]

and

C(t) \ D(t) \ [1
2T2

exp
A
[ nt

T2

B

then M@(t) cancels ;

(ii) If Tm[ nt

C(t) \ D(t)\ [1
2T2

exp
A
[ nt

T2

B
,

and

A(t) ] B(t)\ 0

then the integral M@(t) is given by

M(t) \ 2g(t)exp([nt/T2)exp[inJ(1 ] n)t] (19)

After substituting g(t) from Eqn (5) in Eqn (19), one
obtains the Ðnal expression for M(t)@ :

M@(t) \ 2M0 exp([t/T 2*)exp[[t(n ] 1)/T2]
] exp[inJ(1] n)t]exp(idt) (20)

These results show that M@(t) leads to the convention-
al spectrum with couplings multiplied by n ] 1. If the
apparent coupling constant, is deÐned byJappt , Jappt\
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Figure 1. 300 MHz proton spectra of 4-methyl-1,3-dioxane in chloroform-d. (A) Normal spectrum acquired for s. SpectralT
acq

¼1.8
width, 1400 Hz; relaxation delay, 3 s ; eight scans were used for each echo. (B), (C) and (D) show the expansion of multiplets at 1470.63,
1350.58 and 1170.50 Hz, respectively.

(n ] 1)J, M@(t) can be written as

M@(t)\ 2M0 exp([t/T 2*)exp[[t(n ] 1)/T2]
] exp(inJappt t)exp(idt) (21)

The Fourier transformation of M@(t) gives a pure
absorption signal, where splittings are multiplied by
n [ 1, and where the natural linewidths are increased
and given by (n ] 1)/nT2 .

APPLICATION OF THE METHOD

In practical situations, one may replace Eqn (3) by

M@(t) \
P
~F

F P
0

Tm
M(t, q)

] exp[inl(q[ nt)] dq dl if FT2? 1 (22)

When F? J, Eqns (22) and (9) lead to the same expres-
sion of M@(t).

As the variables q and l ae independent, we can inter-
vert the order of integration in Eqn (22)

M@(t) \
P
0

Tm P
~F

F
M(t, q)exp[inl(q[ nt)] dl dt (23)

After integration with respect to l, Eqn (23) becomes

M@(t)\ 2
P
0

Tm
M(t, q)

sin[Fn(q[ nt)]
n(q[ nt)

dq (24)

If a set of spin-echoes is recorded by incrementing q, Tmmust be chosen such as where is theTm[ nTacq , Tacqsignal acquisition time. Each echo is then multiplied, in
the time-domain, by h(t, q)\ 2 sin[nF(q[ nt)]/n(q[ nt).
The new set of signals is used to perform calculation in
Eqn (24) using the Romberg integration method.21

Note that in Eqn (21), the lineshape distortions due
to J modulation are fully suppressed. After Fourier
transformation of M@(t), the spectrum can be phased
and it is not necessary to use the absolute value mode,
as is usually done in spin-echo experiments. If n is large,
the term can be compensated by multi-exp([nt/T2)plying M@(t) by exp(nct), where LinecB 1/(T2)average .broadening caused by the term is thenexp([nt/T2)limited.

PRACTICAL EXAMPLE

The method was applied to analyse the proton spec-
trum of 4-methyl-1,3-dioxane observed at 300 MHz
[Fig. 1(A)]. A set of 100 spin-echoes was recorded using

s and an increment of q equal to 19 ms. EightTacq\ 1.8
scans were used for each echo. The echoes were pro-
cessed by taking F\ 40 Hz and s. The aimTm\ 1.9
was to measure coupling constants in the AX system
between 1350.58 and 1530.66 Hz. By setting n \ 3, the
coupling constants were multiplied by 4 (Fig. 2) and
easily measured. For the doublet at 1470.63 Hz, J was
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Figure 2. 1H 300 MHz spectra of 4-methyl-1,3-dioxane. (A), (B) and (C) show the expansion of multiplets at 1470.63, 1350.58 and
1170.50 Hz, respectively, obtained from 100 processed half spin echoes. Acquisition time, 1.8 s ; spectral width, 1400 Hz; increment of the
delay, q¼19 ms; relaxation delay, 3 s, eight scans were used for each echo. F and are equal to 40 Hz and 1.9 s, respectively. CouplingT

m
constants are multiplied by 4, by taking n ¼3, which allows small couplings to be measured. The total acquisition time of echoes is 1.46 h.
The data processing needs only 1 mm in (D), (E) and (F) are the expansion of the same multiplets as in (A), (B) and (C) obtained from the
normal spectrum.

found to be 0.62 ^ 0.05 Hz and for the doublet at
1350.58 Hz, the coupling constants HzJ1\ 0.1^ 0.05
and Hz were evaluated. Couplings inJ2\ 0.2^ 0.05
the multiplet at 1170.50 hz were also measured and
were between 0.68 and 0.92 Hz.

DISCUSSION

The proposed method is closely similar to conventional
J-spectroscopy. Indeed, the projection of the J-
spectrum on to the axis (by using the usual tilt, forF2example) gives a spectrum where the sizes of splittings
are enhanced. This increase depends on the tilt angle.
Nevertheless, the spectrum obtained exhibits lineshape
distortions because the signal is made of phase-twist
peaks. The advantage of the projection of J-F2spectroscopy is that the apparent increase of splittings
does not entail any treatment. The proposed method
produces absorption lines and it can be used with a
small number of echoes (usually less than 100).

CONCLUSION

The proposed method is simple and does not entail iso-
lation of the multiplet of interest for measuring coupling
constants. The modulation of the signal by the scalar
coupling is suppressed and the resulting spectrum is
shown in the absorption mode. Nevertheless the
method causes an increase in the linewidth. For large
values of n, the linewidth can be improved by using an
apodization technique. Since the chemical shift d is not
multiplied by n [ 1, the number of lines in the spectrum
must be restricted to a low value in order to overlap in
the processed spectrum. When a large number of lines is
present, one can isolate the multiplet (as in J-doubling
or J-deconvolution methods) prior to data processing.
The method is especially useful in the presence of inho-
mogeneously broadened lines (T 2* > T2).
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