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Abstract

The inverse-gated-decoupling sequence enables quantitative 'H decoupled '*C spectra to be obtained. We modified this sequence so as
to obtain the same result in less time for molecules containing carbons with various relaxation properties. For that, we determined the
optimal '*C longitudinal-magnetization initial value for a faster relaxation while 'H decoupler is stopped. This value can be calculated
precisely via the nuclear Overhauser effects, the longitudinal relaxation times, together with the determination of the relaxation rate con-
stants of carbons while 'H are out of equilibrium. A supplementary delay of 'H decoupling and/or a series of selective pulses applied at the
beginning of the recovery delay allow an acceleration of '*C longitudinal relaxation. We applied this method to the molecule of vanillin.
The simultaneous quantification of all carbons was carried out with a recovery delay divided by two compared to the usual sequence.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

13C NMR spectroscopy offers a high potential for the
quantitative analysis of complex mixtures, due to the broad
spectral range and, usually, an absence of interference
between peaks. Various quantitative applications of this
method have been performed, such as food analysis [1],
authentication of natural products [2] or metabolites quan-
tification [3].

It suffers, however, from poor sensitivity due to the low
abundance and small magnetic moment of the '*>C nucleus.
This sensitivity is further diminished if the conditions of
quantitative  NMR—inverse-gated-decoupling procedure
with decoupling on during the acquisition only [4] and a
recovery delay, from the end of the acquisition to the next
read pulse, between 5- and 10-times the longest spin—lattice
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relaxation time [5-7}—are employed. In fact, the use of
these acquisition conditions may lead to unacceptably long
accumulation times to obtain a spectrum with an accept-
able signal/noise ratio for a solute in small concentration.

An alternative is to add a paramagnetic relaxation
reagent [8], such as triacetylacetonatochromium (III)
Cr(AcAc);, which shortens the relaxation times. The
unwanted side-effect of adding Cr(AcAc); is that it leads
to line broadening. Furthermore, it may not always be
desirable to add a paramagnetic relaxation reagent to a
biological sample, as this could modify it. Another method
is to detect the signal in non-quantitative conditions for
comparing concentrations of molecules with similar relaxation
properties [9]. It may only be employed to study a mixture
of alike molecules. The DEPT sequence [10], when adapted
[11]can also be applied for quantification, but only to com-
pare alike carbons which resonate in a small spectral range.

Finally, when a precise '>*C NMR quantitative spectrum
is needed for a sample with different carbons in a 200 ppm
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range, the inverse-gated-decoupling sequence is still
employed with a recovery delay of about seven times the
largest 77, for the different carbons of interest [2].

In a recent article [12], we described an improvement of
the inverse-gated-decoupling sequence to obtain quantita-
tive results in less time, by adding a supplementary decou-
pling delay and a pulse at the beginning of the recovery
delay. We showed that with an adequate adjustment of
these parameters, '°C longitudinal magnetization goes
back faster to equilibrium. However, our method was
applied to a simple model molecule (N,N-dimethylaceta-
mide) for which one selective pulse before the recovery
delay was sufficient to optimize the pulse sequence, as the
non-quaternary carbons of this molecule resonate in a
small window, far away from the quaternary carbon, and
have similar relaxation properties. In most cases, this
method will not be sufficient because the spectrum may
be more complex, with a wide chemical shift range. We
propose here to improve this pulse sequence so that it
can be applied to various molecules, by adding a series of
selective pulses before the recovery delay. This method will
be applied to the molecule of vanillin, a flavouring com-
pound widely used in food industry, for which *C NMR
has been proved to be an efficient tool for origin discrimi-
nation by isotopic analysis [2].

2. Theory

2.1. General description of the magnetization time course
during the recovery delay

We use the same conventions as in [12]. We first consider
a simple spin system IS (/, insensitive: °C; S, sensitive: 'H),
coupled by intramolecular dipole-dipole relaxation. At the
beginning of the recovery delay 7, I, and S may both be out
of equilibrium, because of the previous S saturation during
the acquisition and because / may be amplified by NOE
build-up.

The behaviour of 7 and S is described by the two differ-
ential equations, first derived by Solomon [13]:

d(l2)/dt = =R, ((I-) — 1o) — us((S) — So),

A(S./dt = —Rs((S.) — So) — a5y (L) — Io). M

where I. and S. are the z components of the 13C and 'H
magnetizations; R; and Rg are the inverse of the carbon
and 'H longitudinal relaxation times, respectively. The
quantities a;5 and a7 are cross-relaxation terms which, in
the case of two spins 1/2, are equal: 6;3 = 65; = 6. From
these coupled equations, it is possible to find /. magnetiza-
tion at any time ¢ during the delay 7'

(I.y =1y + C,exp[—/A.t] + C_exp[—A_1], (2)
with
Je = 1/2{R; + Rs £ [(Rs — R))* + 4¢°]'/*} (3)
and

osfEe e ()
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if one considers that at t = 0, {S.) = 0. Indeed, as S was sat-
urated during all the acquisition time and its magnetization
became rapidly null, it was set to zero immediately before
the beginning of the recovery delay 7.

This means that /. goes back to equilibrium biexponen-
tially. The relaxation rates A, and /_ are both functions of
R;, Rg, and g, with A larger than A_. Therefore, the corre-
sponding exponential term exp[—A.+ ¢] should vanish more
rapidly than exp[—A_ ¢]. Then, I. returns to equilibrium
more rapidly if C_ <« C;.. In that case, equilibrium should
be reached for ¢ = 5//,.

It is interesting to determine the value of (I.(0)) for
which C_ becomes null. It is called (1.(0))opt

0O =10 (1227 ). )

The nuclear Overhauser enhancement factor # is defined by
the relationship

o S()O'
N"=1r" (6)
Then, (I.(0))opt can be written:
(O =10 1= 20 )
R;
~Iy| 11— .
0 ( Rs — R, ’7) (8)

This shows that (.(0))op: can vary in a wide range. In most
cases, it should be possible to adapt the NMR sequence so
that at the beginning of the delay T, (I.) = (I.(0))p instead
of the value of (I.) at the end of acquisition, which we call
(I)aq. This would enable I, to go back to equilibrium
faster.

Globally, two different situations may occur. For qua-
ternary carbons, the relaxation rate R; will be very small
compared to the rate A4, and the coefficient 7 will not be
very large. Then, (1.(0))op Will be close to Iy. A supplemen-
tary decoupling delay should be added at the end of the
acquisition to increase /. to the expected value (/.(0))op.
For other carbons, (I.(0)),p may be smaller than (/;)sq.
For these nuclei, /. magnetization should be reduced at
the end of the acquisition for a faster relaxation. This
can be done by applying a pulse at their frequency, eventu-
ally preceded by a supplementary decoupling delay. This
optimization is better performed if (I.(0))opt is known
precisely.

2.2. Determination of {I.(0))op

The exact value of {/.(0))op can be deduced from the
measurement of the Overhauser enhancement coefficient
n together R; and Ry determination by inversion—recovery
[12]. The constant 14 can be deduced from these values via
Egs. (3) and (6). The value of (/.(0))op is then deduced
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Fig. 1. Pulse sequence enabling the characterization of I. biexponential
relaxation after 'H inversion. T is the recovery delay for L. to reach its
equilibrium value and 7, is a variable delay.

from Eq. (7). Though, the value found by this way is only
exact at the express condition that one type of nuclei S
cross-relaxes with 7.

In the general case where various protons may be dipo-
larly coupled to 7, I. will still have approximately a biexpo-
nential behaviour and the precedent model will still be
useful but A, and A_ will not depend on a given proton
relaxation time in the same way. Hence, it will not be pos-
sible to determine (/. (0))op by this way.

Another method to determine (I.(0))op is to determine
directly the relaxation-rate constant /. while the other
parameters are measured in the same way as previously.
This can be done by studying /. relaxation time course
from equilibrium after S inversion. The corresponding
sequence is presented in Fig. 1. During the variable delay
T, I. time course is: (I.(1)) =1Iy+ Cl(exp(—4i_ 1)) —
exp(—/A+ 1)] with C= Syo/(A+ —4_), and a biexponential
fit gives /2, and A_ values. Here again, the value of (1. (0)op
is deduced from Eq. (7).

2.3. Optimization of the sequence

Three cases can  be  considered. (i) If
(I)aq <{I-(0))opt < 1o, it is possible to saturate S during
a delay Ty, after the acquisition until (1) = (I.(0))op. In
that case, T, is adjusted so that

](](1 + 7])[1 - CXp(—RI(TAQ + Tsat))] = <IZ(O)>opl' (9)

(i) If —(I)aq < {-(0))opt <{I-)aq, {I-) can be reduced to
the desired value by applying a RF pulse of angle 0. (iii)
If —Io(1 + 1) <{(0))opt < —(I-)aq, {I-) can be amplified
by saturating S after the acquisition until (I, = —(Z.(0))op-
An inversion pulse will then enable one to obtain the de-
sired value for {Z.).

Carbons with different relaxation parameters may be
present in a same sample. In that case, a global optimiza-
tion can still be obtained by saturating S during a delay
T, sufficient for increasing '*C magnetization with the
larger value of (I.(0))opt, then replacing the RF pulse of
angle 0 by a series of selective pulses with adequate flip
angles for each carbon.

The corresponding sequence is represented Fig. 2 for
different types of carbons. As in [12], the sequence consists

(BseL) 1 (Bse|)2 90° —

(esc])"
Tsat . I T

()= (0o

D=y

— decoupling decoupling —

Fig. 2. Inverse-gated-decoupling sequence optimized for a faster quanti-
fication. A supplementary delay Ty, is added at the end of the acquisition,
together with a series of selective pulses. The values of Ty, and 0y, are
adjusted so that (I.) = (1.(0)),p for the different carbons at the beginning
of the recovery delay 7.

in inverse-gated optimized decoupling, so we call it
“InGOD2.”

3. Materials and methods

A 3.3 mol L™ aqueous solution of vanillin was obtained
by dissolving 500 mg hemisynthetic vanillin, produced
from lignin and obtained from Sigma-Aldrich, in 1 mL
acetone-dg. All NMR spectra were recorded at 299 K, on
a Bruker Avance 400 DPX spectrometer operating at
9.4 T. '3C spectra were recorded at a spectrometer frequen-
cy of 100.62 MHz with a 5 mm dual probe. Proton decou-
pling was obtained with the WALTZ16 mode. The
standard "H decoupled "*C spectrum of vanillin is repre-
sented in Fig. 3, together with the molecule of vanillin.
The carbon sites were numbered in decreasing chemical
shift, and the peaks attribution is the same as in [2].

Free induction decays (FIDs) were accumulated in 64K
channels, with a spectral width of 20.08 kHz, an acquisition
time of 1.63 s, using 90° read pulses of duration 6.7 pus, and
32 transients.

An exponential apodisation function of 5.0 Hz was
applied to the FID prior to Fourier transformation.

Longitudinal relaxation times of '*C were determined by
using an inversion-recovery sequence with the decoupler
on continuously. An inversion-recovery sequence was
employed for 'H longitudinal relaxation times determina-
tion. The baseline was corrected automatically and the
areas of the peaks were analysed within the Bruker
software.

Nuclear Overhauser enhancement factors () for the dif-
ferent carbon sites were obtained by comparison of the cor-
responding peak areas Iy, and I, determined by Lorentzian
deconvolution when "H were decoupled and inverse-gated
decoupled, respectively [4], waiting 240 s between the end
of the acquisition and the read pulse. They are defined
as: I /Iy=1+n.

The relaxation rate constants 2, and 4_ of the '*C were
determined by studying the transient state of '*C magneti-
zation after a 'H inversion by a 180° pulse of duration
19.4 ps applied at 'H frequency. These values could be
obtained via the pulse sequence described in Fig. 1. There,
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Fig. 3. Vanillin molecule with carbon sites numbered in decreasing chemical shift (A) and '*C NMR spectrum of vanillin recorded at 299 K, in a 9.4 T

spectrometer with 32 transients (B).

the relaxing delay 7 should be sufficient for all quaternary
carbons to go back to equilibrium, that means 7 T’ ,ax, and
would be followed by a 'H inverting pulse and a variable
delay 7, between 3 us and 100s. Preliminary relaxation
measurement showed us that the delay 7 necessary for such
an experiment would be about 184 s and hence, the exper-
imental time would be very long. Experiments performed in
[12] showed us that the relaxation of quaternary carbons
was faster when a 'H saturating delay T, setting '*C lon-
gitudinal magnetization to (/.(0))op; Was included between
the end of the acquisition and the beginning of the recovery
delay. Measurements of '>C and 'H longitudinal relaxation
times, together with the NOE enhancement coefficient #,
enabled us to estimate approximately (/.(0))op. It was
equal to 0.73, 0.89, and 0.82 for C-2, C-3, and C-4, respec-
tively. Hence, after a saturation delay of 10 s, the intensities
of the carbons C-2, C-3, and C-4 were, respectively, 0.99,
0.66, and 0.91. As C-3 relaxes the slower, we consider it
is sufficient that it relaxes for all carbons to go back to
equilibrium. Its magnetization is lower than (I.(0))op:.
Then, it should go back to equilibrium almost as fast as
if it would relax exponentially with the relaxation rate
T1(C-3). Then, a delay T of 50 s after the saturation delay
of 10 s should be sufficient for all carbons to go back to
equilibrium. This calculation enables us to do the corre-
sponding experiment significantly faster. It is not very pre-
cise but even if magnetization was not gone to equilibrium
at the beginning of the variable delay t,, the constants A
and A_ could still be measured. Their values would only
be less precise.

Phase and baseline were corrected manually. For each
carbon, the evolution of the intensity was determined by
peak picking. Biexponential curves were adjusted to the
corresponding data via a least-square fit to determine the
relaxation rate constants A, and A_.

The recovery of the '*C magnetization was studied by
applying either an inverse-gated-decoupling sequence or
the optimized sequence (Fig. 2) and waiting delays from
3 ps to 240 s between the end of the decoupling delay and
the read pulse. The optimized sequence was obtained by
applying a saturating delay T, of either 0.7 s, 9s, or 12s
eventually followed by a series of low-power-rectangular

Table 1
Properties of the selective pulses applied successively during the optimized
inverse-gated-decoupling sequence, with a saturation delay of 12's (a) or
0.7 s (b)

Carbon Pulse Pulse power Applied Rotating
duration attenuation frequency angle
(ms) (dB) (kHz) (degrees)

(a)

C-2 1.740 54 4.8 54

C-4 0.650 46 25 24

(b)

C-1 1.670 46 8.7 125

C-5 4.270 54 22 128

C-6 and C-7 1.280 42 0.8 150

C-8 2.356 46 -4.9 177

Measurements were performed at 299 K, in a 9.4 T spectrometer. The
pulse power attenuation was compared to the read pulse power. The
applied frequency was measured relative to the central frequency of
the spectrum at 105 ppm.

pulses centred at the desired frequencies and then the
recovery delay from 3 ps to 240s. The duration, power,
applied frequency, and rotating angle of the low power
pulses are given in Table 1. The spectra were analysed in
the same way as for the experiment where the relaxation
rate constants A, and 1_ were determined.

4. Results and discussion

At the temperature considered, vanillin is composed of 1
CHj; group, 4 non-equivalent CH, and of 3 quaternary car-
bons, as shown in Fig. 3. The measured relaxation times of
vanillin are given in Table 2, together with the nuclear
Overhauser enhancement 7 at steady state while '"H were
saturated. For each carbon, the longitudinal relaxation
time of the closer '"H group was also reported. The mea-
sured 'H relaxation times correspond to 'H bonded in
majority to '*C, whereas those bonded to '*C would inter-
est us. We neglect the difference between these values. The
coeflicient (/. (0)),,¢ Was calculated in two ways. It was first
deduced from 7y ('*C), T, ('H) and 5 via Egs. (3), (6), and
(7). The result, normalized to Iy, is represented in Table 2,
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Table 2
Relaxation properties for the different carbons and for the protons
dipolarly coupled to them

Carbon 7,(*C) T, (‘H) n & (?0))“‘“ Ji(sh %
(s) (s) (a) (b)
C-1 2.76 3.53 1.71 —4.12 0.79 —-0.89
C-2 17.0 3.69 1.00 0.72 0.22 0.65
C-3 26.3 3.02 0.86 0.89 0.34 0.89
C-4 16.7 3.02 0.81 0.82 0.43 0.87
C-5 1.97 3.05 1.82 —4.81 0.74 —1.21
C-6 2.25 3.69 1.92 —4.90 0.77 —1.80
C-7 2.25 3.02 1.94 —4.15 0.75 —1.49
C-8 2.77 1.81 1.99 —1.39 0.72 —1.70

Measurements were performed at 299 K, in a 9.4 T spectrometer. The
acquisition time was 1.63 s. The optimal value (I-(0))opc was deduced from
the relaxation parameters T (*C), T, ('H), and # (a), and from T} ("*C),
A+, and 5 (b).

column (a). (/-(0))op; Was also deduced from /4, measure-
ment via Eq. (7). The corresponding result is also repre-
sented in Table 2, column (b).

One observes important differences for (I.(0))op¢ calcu-
lated via the two methods, particularly for carbons C-1,
C-5, C-6, and C-7. More than one group of 'H may inter-
act with these carbons. There, the method (a) should be less
appropriate that the method (b) where A, is measured
directly. Then, we will consider the method (b) gives the
expected value. In the presence of non-quaternary carbons
close to more than one 'H group, it is important to use the
method (b) even though the preliminary optimization is
then longer. For quaternary carbons, parameters obtained
via the method (a) are less precise but they should be useful
each time a faster return to equilibrium is needed and there
is not much time for preliminary optimization measure-
ments. We performed simulations of C-2, C-3, and C-4
where the saturation delay before the recovery delay T
was either deduced from 'H and '’C longitudinal relaxa-
tion times (method (a)), and A, T;(**C) (method (b)).
These simulations were performed with the program
Microsoft Excel 2003. The magnetization time course of
each carbon during the recovery delay 7" was modelized
as a biexponential with the relaxation rates Ay and 4_
measured experimentally. We then determined the delay

Table 3

T necessary for a recovery of the corresponding magnetiza-
tion at 1% (Table 3). For a comparison, the recovery of
quaternary carbons was also simulated after an inverse-gat-
ed decoupling sequence with an acquisition time of 1.63 s
and after a saturation delay T, setting I. to I,. Here again,
the delay necessary for a recovery at 1% was determined.

One observes that for a carbon with a very long T, as
C-3, it is not necessary to measure A for a good optimiza-
tion; an approximate value deduced from 'H and '*C lon-
gitudinal relaxation times gives a quite well-optimized
sequence. As a matter of fact, for the other carbons whose
magnetization biexponential behaviour is more pro-
nounced, the global time necessary for magnetization
recovery will become significantly longer with the method
(a) compared to the method (b). But whatever the method
for determining (/. (0))op, the sequence will be significantly
time-saving compared to the standard inverse-gated-decou-
pling sequence. The sequence obtained this way is also far
more efficient that if '*C magnetization was set to I, by a
long enough 'H saturating delay T, at the beginning of
the recovery delay 7. This is because in this last case, as
'H are out of equilibrium, '*C magnetization will be ampli-
fied. One should note that in certain cases, herein for car-
bons C-3 and C-4, setting I. to I, at the beginning of the
recovery delay gives worse results than the standard
inverse-gated-decoupling sequence.

In the same way, if one wants to study a sample in dif-
ferent conditions, changing its temperature and/or concen-
tration, the longitudinal relaxation times may be modified.
Then, the coefficient (/.(0))op: and hence the saturating
delay Ti,, deduced from an initial measurement, may differ
from the effective optimal value. We performed simulations
where the initial saturation delay was inadequate, due to
over- or underestimation of the relaxation times of 10%.
Then, the calculated value of T, was modified. As in the
previous simulations, we determined for each carbon the
time necessary for a recovery at 1%. The result is presented
in Table 4. One observes that the recovery is longer than
when the sequence is well optimized. But it is still signifi-
cantly faster than in the standard inverse-gated-decoupling
sequence. For larger fluctuations of the relaxation parame-
ters, optimization of the sequence may be necessary again.

Calculation for various acquisition parameters of the delays necessary for the magnetization recovery to I, with a 1% precision

Carbon Global recovery delay (s) with a 1% precision
Inverse-gated-decoupling Optimization method (a) Optimization method (b) Sequence where (I_(0))s., = Iy
C-2 62.8 39.9 22.6 68.4
C-3 62.7 24.9 24.2 54.4
C-4 85.7 40.4 16.9 64.3

Global recovery delays include the acquisition time, the saturating delay 7%, and the recovery delay 7 described in Fig. 2. The hypothesis were that for
each carbon C-i, (1) relaxes exponentially during Taq + Tsar, With the measured relaxation time 7' (C-i), and relaxes biexponentially during the delay 7,
from (7. (0))sac to Iy, with the measured relaxation rates 14 and Z_. In each simulation, the delay T, was adjusted for (/. (0))s. to be set to the expected
value. Both optimization procedures (method (a), using 7y ('*C) and T, (*H) and method (b), using 7; ('*C) and /) are compared to the inverse-gated-
decoupling sequence and to the sequence where (I (0))s,, Was set to Ip. In each case, the duration of the sequence necessary for a global relaxation is given

by the carbon which has the slower magnetization recovery (printed in bold).
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Table 4
Calculation of the delays necessary for the magnetization recovery to I
with a 1% precision when the relaxation parameters are badly estimated

Carbon Global recovery delay (s) with a 1% precision
Optimization Overestimation Underestimation of
method (b) of 10% of the 10% of the
relaxation times relaxation times
C-2 22.6 31.5 34.0
C-3 24.2 452 42.8
C-4 16.9 47.1 46.2

Simulations were performed in the same way as in Table 3. The bad
estimation of the relaxation parameters modified the expected value of T,
and hence (I.(0))s,; and the delay 7. In each case, the duration of the
sequence necessary for a global relaxation is given by the carbon that has
the slower magnetization recovery (printed in bold).

Here again, if the optimization needs to be done rapidly,
the measurement of 7;('*C), T ('H), and 5 will be
sufficient.

All these simulations show us that for quaternary car-
bons the choice of an initial saturation delay Ty,,, deduced
from preliminary optimization measurements, enables a
faster return to equilibrium than with the standard
inverse-gated-decoupling sequence. It also shows that the
preliminary optimization measurements can be shorten if
necessary. We will now check whether similar results are
obtained experimentally.

The value of (I.) at the end of the acquisition, called
{I-)aq, was measured by applying an inverse-gated-decou-
pling sequence where the delay 7 is null. It is reported in
Table 5 for quaternary carbons C-2, C-3, and C-4. For
these carbons, a supplementary saturating delay Ty, at
the end of the acquisition accelerates their relaxation dur-
ing the delay 7. The optimal value of Ty, was deduced
from Eq. (9) and is also reported in Table 5. One observes
that the optimal value of T, is very different for C-2, C-3,
and C-4. We simulated these carbons time course via Eqgs.
(2)—(4) and (6) after different saturating delays Ts,,. These
simulations show that the optimal delay T, for a global
faster relaxation is Ty, =9 s.

We decided first to detect all carbons previously
enhanced during a delay T, of 9 s. The result of this exper-
iment was compared to a simple inverse-gated-decoupling
sequence. For the quaternary carbons C-2 to C-4, the

Table 5
Longitudinal magnetization at the end of the acquisition for each
quaternary carbon of vanillin during the inverse-gated-decoupling
sequence

Carbon <I:>AQ/10 ( Tsal)opl (S)
C-2 0.18 4.92

C-3 0.11 15.6

C-4 0.17 9.32

Measurements were performed at 299 K, in a 9.4 T spectrometer. The
acquisition time was 1.63s. The normalized value (I.)aq/lo is reported
together with the optimal saturation delay (7, )op: for a faster magneti-
zation recovery.

sequence where a saturation delay of 9s is added at the
beginning of the recovering delay is slightly better than
the standard inverse-gated-decoupling sequence, even
though all non-quaternary carbons go back to equilibrium
in a longer time. The global return to equilibrium is still
limited by the quaternary carbons.

Then, we decided to focalize our attention on quaterna-
ry carbons relaxation. We added a decoupling delay T, of
12 s after acquisition to allow C-3 magnetization to reach
its optimum value. For C-2 and C-4, I. magnetization at
the end of this delay was estimated via the equation

(L(0)) 0 = Lo(1 +m)[1 — exp(=R;(Taq + Tar))]- (10)

Then, the magnetization of the carbons C-2 and C-4 along
z axis was reduced by applying a selective pulse 0, de-
duced from the equation:

(LO0))oy
08 {0on) = <<Iz<0>>m>’

where (1.(0))op is the value written in Table 2, column (b).

The corresponding values are given in Table 6. We
applied selective pulses on C-2 and C-4 to reduce their
magnetization at the end of the saturating delay. Their
properties are given in Table 1, column (a).

The result of this experiment was compared to the
inverse-gated-decoupling sequence. The '*C magnetization
time course of C-3 is represented in Fig. 4 as a function of
T for the optimized pulse sequence (M), for the standard
inverse-gated-decoupling sequence (O), and for the
sequence where a T, delay of 9 s is added (A). The delay
necessary for each carbon magnetization to go back to
equilibrium is given in Table 7. One observes that quater-
nary carbons magnetization recovers faster when the opti-
mized sequence with a delay Ty, of 12 s is employed. One
can notice that the relaxation of non-quaternary carbons is
still faster than those of the quaternary carbons, even if no
selective pulse is applied on them. Globally, the duration of
the optimized sequence is divided by two compared to the
usual inverse-gated-decoupling sequence.

Finally, in the present case, optimization of quaternary
carbons relaxation is sufficient to shorten the recovery
delay as much as possible. A similar result should be
obtained each time few carbons relax significantly slower
than the others.

(11)

Table 6
Determination of the optimal rotating angle 0, for a faster recovery of
quaternary carbons of vanillin after a 12 s saturation delay

Carbon <IZ>AQ/IO <IZ(0)>sat/IO Gopt (degrees)
C-2 0.18 1.10 5391

C-3 0.11 0.75 —

C-4 0.17 0.85 24.43

Measurements were performed at 299 K, in a 9.4 T spectrometer. The
acquisition time was 1.63 s. The normalized value (I.)aq/lo is reported
together with (I.(0))s.¢/Io, the normalized magnetization at the end of the
saturating delay T, and 0, the optimal rotating angle after a saturating
delay T, = 12s.
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Fig. 4. 13C longitudinal magnetization time course as a function of the
recovery delay 7, for C-3. The signal detected after the optimized sequence
(Tsa = 12 s and selective pulses applied on C-2 and C-4) () is compared
to those detected after the standard inverse-gated-decoupling sequence
(O), and after a sequence where only a saturation delay of 9 s is added (A).

Table 7
Global recovery delays (including the acquisition time) of vanillin '*C
magnetization for which (Z.) = I, with a 2% precision

Carbon Global recovery delay (s)
Inverse-gated-decoupling Optimized sequence

C-1 14.8 25.8
C-2 457 349
C-3 69.8 33.9
C4 47.1 17.6
C-5 10.1 21.6
C-6 13.3 24.8
C-7 13.2 24.1
C-8 13.8 27.3

Comparison between the inverse-gated-decoupling sequence and the
optimized sequence with Ty, = 12 s and selective pulses applied on qua-
ternary carbons. In each case, the duration of the sequence necessary for a
global relaxation is given by the carbon which has the slower magneti-
zation recovery (printed in bold).

Some samples may exist, where various carbons are
present, but without any quaternary carbon with a much
longer longitudinal relaxation time. Then, we decided to
optimize the sequence for the same sample, considering
non-quaternary carbons only. All '*C magnetization was
enhanced during a delay T, of 0.7 s. For each carbon, I.
magnetization at the end of the saturating delay was calcu-
lated via Eq. (10). Then, 0, was deduced from Eq. (11) for
the different carbons, where (/.(0))op is the value written in
Table 2, column (b).

The calculated values of (/.(0))s, and 0, are represent-
ed in Table 8 for each carbon.

From these theoretical values, we decided to apply selec-
tive pulses on C-1, C-5, C-8, and on the middle of C-6 and
C-7. All their properties are given in Table 1, column (b).
By this way, the '*C magnetization of the non-quaternary

Table 8
Determination of the optimal rotating angle 0, for a faster recovery of
non-quaternary carbons of vanillin after a 0.7 s saturation delay

Carbon <1:>AQ/IO <IZ(O)>sal/10 eopt (degrees)
C-1 1.21 2.33 112.4
C-5 1.59 1.98 127.7
C-6 1.50 1.91 160.5
C-7 1.52 1.93 140.5
C-8 1.33 1.73 169.3

Measurements were performed at 299 K, in a 9.4 T spectrometer. The
acquisition time was 1.63 s. The normalized value (I.)aq/Iy is reported
together with {I.(0)).¢/Io, the normalized magnetization at the end of the
saturating delay T, and 0, the optimal rotating angle after a saturating
delay T, =0.7s.

carbons was significantly reduced before the evolution
delay T.

The result of this experiment was compared to a simple
inverse-gated-decoupling sequence. Fig. 5 represents, for
C-5, '*C magnetization time course as a function of 7 for
the optimized pulse sequence (W) compared to the
inverse-gated-decoupling sequence (O). For comparison,
a simulation of C-5 magnetization recovery from I is also
reported (—). It would correspond to the signal detected
with a selective pulse setting I, to I at the beginning of
the recovery delay 7. One observes as expected that the
choice of (I.(0))op¢ as initial magnetization leads to a faster
return to equilibrium for the optimized sequence than for
the other ones.

So as to compare the efficiency of the optimized and the
inverse-gated-decoupling sequences for the non-quaternary
carbons, we determined for each one the delay necessary
for the return to equilibrium after the read pulse, with a
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Fig. 5. 13C longitudinal magnetization time course as a function of the
recovery delay 7, for C-5. The signal detected after the optimized sequence
(Tsat = 0.7 s and selective pulses applied on non-quaternary carbons) (W) is
compared to those detected after the standard inverse-gated-decoupling
sequence (O), and to a simulation where a signal with similar relaxation
properties in initially set to I, (—).
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Table 9
Global recovery delays (including the acquisition time) of vanillin *C
magnetization for which (I.) = I, with a 2% precision.

Carbon Global recovery delay (s)
Inverse-gated-decoupling Tsae = 0.7 s and selective pulses
C-1 14.8 9.2
C-5 10.1 11.3
C-6 13.3 8.7
C-7 13.2 7.9
C-8 13.8 10.5

Comparison between the inverse-gated-decoupling sequence and the
optimized sequence with Ty, = 0.7 s, with selective pulses applied on non-
quaternary carbons. In each case, the duration of the sequence necessary
for a global relaxation is given by the carbon which has the slower mag-
netization recovery (printed in bold).

precision of 2%. The corresponding delays are given, for
each sequence, in Table 9. For each sequence, the delay
necessary for all carbons to go back to equilibrium is print-
ed in bold.

One observes that the optimized sequence can be per-
formed in about 24% less time than the inverse-gated-de-
coupling sequence. Though, the saving of time is much
less interesting than in the presence of quaternary carbons.

5. Conclusion

We have shown that the inverse-gated-decoupling
sequence can be improved for quantitative analysis in a
shorter time even in a molecule with carbons of various
relaxation properties in a large spectral range. If all the car-
bons of interest have short relaxation times and a large val-
ue of 7, applying a series of selective pulses, eventually
preceded by a saturation delay, after the acquisition time,
can accelerate the recovery of their magnetization. In the
presence of quaternary '>C with various relaxation times
and short 5 factor, this result can be obtained by applying
at the beginning of the recovery delay, a saturation delay
where the carbons magnetization will be increased by
nuclear Overhauser enhancement, followed by a series of
selective pulses that diminish the magnetization of some
carbons too amplified. The optimal longitudinal magneti-
zation for each carbon can be deduced precisely from its
NOE enhancement at steady state, its longitudinal relaxa-
tion time, together with the determination of the larger lon-
gitudinal relaxation rate constant A, depending on 'H
nuclei dipolarly coupled to it.

The method is particularly efficient for a sample contain-
ing quaternary carbons that relax very slowly. For the
vanillin sample that we studied, the application of a satura-
tion delay divided by 2 the recovery time of the slower qua-
ternary carbon. Two selective pulses applied on the other
quaternary carbons were then sufficient for a global accel-
eration of relaxation.

Even if considerable time is necessary for the sequence
optimization, it will still be useful when a large number
of experiments are required on similar samples, as for the
determination of natural-compounds origin. For alike sam-
ples where the relaxation times fluctuate in a 10% range,
the precedent optimization is less efficient but it still gives
better results than the inverse-gated-decoupling sequence.
Also, when a less precise optimization is needed, the only
measurement of '"H and '*C longitudinal relaxation times,
together with the NOE enhancement factor #, will still
enable a saving of time compared to the standard
inverse-gated-decoupling sequence.

This method was tested by '*C NMR but it may be
applied on any other nuclei dipolarly coupled to 'H. It
may be developed in many fields where precise quantitative
NMR is needed despite the presence of dipolar couplings.
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