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Abstract

A method is described for the absolute quantification of double-quantum filtered spectra of spin-3/2 nuclei (**Na). The method was
tested on a model system, a cationic exchange resin for which the number of Na' binding sites was quantitatively controlled. The the-
oretical and experimental approaches were validated on samples with different Na™* concentrations. An excellent agreement between the
results obtained by double-quantum and single-quantum acquisitions was found. This method paves the way for absolute quantification
of both bound and free fractions of Na™, which are determining factors in the characterization of salted/brined/dried food products.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

NMR measurements on spin-3/2 quadrupolar sodium
nuclei (**Na) are widely used to investigate structure and
dynamics in material science, e.g., in porous materials
[1,2], in biopolymers [3], biological tissue such as cartilage,
skeletal muscle and brain [4,5] and in living plants [6], and
more recently in food science [7-10]. In this last field, it is
well known that sodium chloride is one of the most widely
used ingredients in food processing. It affects the sensory
and technological properties of food products, e.g., flavor,
texture and shelf life. In particular, because sodium intake
exceeds nutritional recommendations in many industrial-
ized countries, reducing salt content is currently a challenge
for the food industry [11]. There is thus a need to charac-
terize and quantify the state and content of sodium ions
in such products.

For this purpose, 2*Na NMR offers a unique means to
assess the content and binding state of Na™* ions non-inva-
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sively. 2*Na multiple-quantum-filtered (MQF) NMR has
been shown to be useful for selectively detecting sodium
ions experiencing anisotropic motion due to their interac-
tions with ordered structures [12]. However, only a few
studies have focused on the absolute quantification of
Na™ concentration [13-15].

The objective of this study was to demonstrate that dou-
ble-quantum-filtered (DQF) **Na NMR spectroscopy
could be used to determine bound Na™ concentration pre-
cisely. To this end, a quantitative experimental design was
developed, based on double-quantum and single-quantum
(DQ and SQ) experiments, with appropriate data analysis.
To test and validate the method, an ion exchange resin was
chosen as a model. This original system makes it possible
to define and control the nature and number of sodium
ion binding sites.

2. Theoretical background

The dominant relaxation mechanism of spin-3/2 nuclei is
the fluctuating quadrupolar interaction between the nuclear
electric quadrupole moment and the local electrostatic field
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gradient [3,16]. Biexponential relaxation is observed when
the extreme narrowing condition does not hold [17]. Under
such conditions the outer transitions (—3/2 — —1/2 and 1/
2 — 3/2) decay more quickly than the inner transition (—1/
2 — 1/2). The transverse relaxation times T»g and T»g char-
acterize these “Fast” and “Slow” decays, respectively. Biex-
ponential relaxation induces violations of coherence transfer
selection rules that can be described by representing the evo-
lution of coherence in terms of irreducible spherical tensor
operators [18,19]. DQ coherences can be selected using a
phase-cycled pulse sequence

(7'c/2)¢ —1/2— (7'5)(/7+90 —1/2— (n/2)q) —0—(n/2), fAcq(t)q),,

where 7 is the double-quantum creation time and ¢, the DQ
evolution time. The basic four-step phase cycle of the se-
quence to eliminate SQ coherences is: ¢ =0°, 90°, 180°,
270°; ¢’ =2 (0°, 180°) [12]. In a homogeneous B; field
and for short § duration (some ps) this phase cycle yields
detectable DQF free induction decay at resonance given by

M(t,t) = Mo(3/20)[exp(—7/Tas) — exp(—1/Tar)]
x [exp(—t/T5s) — exp(—/T5g)], (1)

where M, is the equilibrium longitudinal magnetization
and T3y and T are the Bjy-inhomogeneity-broadened
forms of T»g and T,y related by

1/T5 =1/T5+yABy (i=S or F), (2)

where yAB, is the inhomogeneity factor.
After Fourier transformation of Eq. (1), the amplitude
of the resulting spectrum is

S(w, 1) = Mo(3/20)[exp(—7/Tas) — exp(—7/T2r)|[Flw),
(3)
where F(w) is the lineshape function written in terms of the

spin—spin relaxation rates Ry and R;. (equal to 1/T5¢ and
1/T5g, respectively) as

F(w) = R/ (R + ) — Ryp/(Raf + 00”). (4)

To estimate the unknown parameter M, from Eq. (3),
the relaxation times 7,5 and T5f, and the B, -inhomogene-
ity (ABy) must be quantified. For the two transverse relax-
ation times, this is achieved by recording a series of DQ
experiments at different t values and fitting the three-
parameter function

ke x [exp(—t/Tas) — exp(—7/Tar)]; (5)

to the peak heights (at w = 0) of the associated DQ spectra
[20].

The natural linewidth 1/77; measurement with an SQ
experiment and the 7, relaxation time determination with
a CPMG sequence allow ABj to be evaluated using Eq.
(2). T5g and T5; were then calculated, once again using
Eq. (2) and previously determined 7,5 and T values.

Finally, the optimum duration of 7 (z°*") that maximizes
the amplitude of the DQ signal is determined using the fol-
lowing expression (deduced from Eq. (5))

Pt — ln(RZF/R2S) ) (6)
Rop — Ros

Egs. (1), (3) and (4) state that DQ filtration places the
two relaxing magnetizations in antiphase and that the
absorption spectrum is the sum of two lines (L* and L™)
of equal areas (4”7 =|4P?7|) but different widths
(Fig. la), L and L~ widths being related to 1/nT5g and
1/nT5, respectively. To determine the area under the
DQ lineshape, an approach roughly similar to that de-
scribed by Allis et al. [13] was used. It consists in defining
the area under the DQ peak as the integral of the lineshape
function F(w) (Eq. (4)) between the two zero derivative
points, defined by +w ', of the function (see Fig. 1b).
The area thus determined (see Ref. [13] for details), is given
by

APQ = My (3/20)fexp(—t/ Tas) — exp(—t/Toe)]
x [tan~! (o' Tg) — tan™ ' (o' T5p)], (7)

where

of = [(VRRS: ~ VRRR)/ (VRS - VES)] T ®)

a
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Fig. 1. Experimental (grey circles) DQ spectrum of resin sample
(INa*]1=0.71 M). (a) The lines L* and L~ (of area AP?" and 4P?")
and their sum (thick line) result from experimental data processing. (b)
The lineshape form is given by Eq. (4). and the zero derivative points, +w’,
are defined in Eq. (8). The dashed area AP is expressed by Eq. (7), and
can be estimated by 4P?7 (see text).
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Fig. 1b illustrates how AP< (dashed area) was estimated.
The experimental DQ lineshape (grey circle) is the same as
that of Fig. 1a, but the L line is presented with a down-
ward translatory to set its baseline tangential to the two
zero derivative points at o’ and —w’. A" is clearly an
excellent estimator of 4°%.

To relate M, to the concentration of bound Na™ ions, a
calibrated external reference (saline solution) of magnitude
MgEr, and frequency shifted from the 2Na resonance of
the sample, must be used. The area under the SQ reference
peak acquired after a /2 pulse is obtained by

AR¥r = Mrgrm, 9)

This area can be related to the area under the DQ
peak (4PQ), combining Eqgs. (7) and (9), and M, to be
calculated

10m 4PQ N3Q _
Mo = Mrer == 55~ 375 [exp(—1/Tas) — exp(—1/Tap)] "
REF
x [tan~! (@' T7g) — tan™ (o' T3p)] ', (10)

with N3 and NP? the number of scans acquired in SQ and
DQ experiments, respectively.

3. Experimental
3.1. Sample preparation

A cationic exchange resin (Dowex 50 W x 2, Sigma—
Aldrich) was used as model system. Sodium chloride
solution (4 M, pH = 5.5) was added to the H" form of
the resin, of exchange capacity 0.7 M, to replace H' by
Na™ ions. The solution was filtered out and the pH of
the eluate measured. To ensure complete exchange, mix-
ing and filtering operations were repeated until the pH of
the eluate had the same value as the NaCl solution.
From this resin sample, three other samples were pre-
pared by mixing it with the H" form of the resin in pro-
portions of 25, 50 and 75%, to obtain theoretical Na*
ion concentrations of 0.52, 0.35 and 0.17 M, respectively.
A calibrated (0.5 M) aqueous solution of Na;Dy(PPP),
was prepared and used as external reference to check
(i) the sodium ion content of the four samples, the
Dy(PPP);f ion inducing an upfield shift of Na® (=
17 ppm) from the resin resonance position, and (ii) the
efficiency of the DQF pulse sequence in suppressing the
Na™ signal associated with the free ions. The composite
phantom thus prepared consists of two coaxial tubes of
10 mm (external: containing resin) and 5 mm (internal:
containing reference). The volume ratio Vwrgsin/VREF
of 3.26 was obviously taken into account for the Na
quantification.

After these preliminary experiments, SQ and DQ spectra
were recorded on resin samples without inserting an exter-
nal reference, the resin becoming its own reference
(My = Mggr in Eq. (10)), all Na™ ions contained in the re-
sin samples being in a bound state.

3.2. NMR experiments and data processing

All NMR experiments were performed at 106 MHz
(**Na) on a Bruker DRX-400 (9.4 T) instrument using a
10 mm double-tuned "H/**Na NMR probe built in-house.
Samples were maintained in the spectrometer at 25 °C.
The on-resonance /2 pulse length was 17 ps. Na™ relaxa-
tion times 7', and T, of the four resin samples were deter-
mined from inversion-recovery (16 inter-pulse delays from
1 to 500 ms) and CPMG (64 echo times from 2 to 128 ms)
experiments.

Double-quantum filtered NMR spectra were acquired
for 16 7 values, ranging between 200 ps and 60 ms, to deter-
mine T, T>r and calculate t°"" values. SQ (/2 pulse) and
DQ (using t°") acquisitions were then recorded on the four
samples with identical numbers of scans (128), repetition
times (250 ms) and receiver gains.

SQ and DQ spectra were analyzed with PeakFit soft-
ware. Gaussian—Lorentzian sum was used as the lineshape
function for the lineshape adjustment.

4. Results and discussion
4.1. Sample characterization

Na™ concentrations of the four resin samples ([Nal’)
were estimated as described in the experimental part, from

the comparison between the area of resin and external ref-
erence SQ signals (452 and 433 as follows:

A% [Na?
Na]>® =~ REF 11
[Na] 427 326 (11)

The values thus determined (0.71, 0.54, 0.33 and 0.16 M)
were in close agreement with those expected (0.70, 0.52,
0.35 and 0.17 M). This also indicates that all Na™ ions con-
tained in the resin, despite being in a bound state, were
detected.

The SQ and DQ Na™ signals of the resin (0.71 M) con-
taining the external reference (0.5 M) are shown in Fig. 2.
Two remarks can be made: (i) the DQ signal intensity of
the resin is very weak compared with the SQ signal inten-
sity (factor of 40 between the two spectra), and (ii) there
is a very small residual signal from the reference in the
DQ spectra. The first remark will be discussed in the quan-
tification section. The second is explained by the off-reso-
nance position of the reference peak, which lowers the
efficiency of the DQ filter.

In our experimental conditions, 77 and 7, relaxation
curves were closely fitted to mono-exponential functions.
Their values were found to be similar for the four samples:
24.4 + 0.1 and 18.5 £ 0.1 ms, respectively.

Fig. 3 presents the variation of the DQ peak intensity
(IPQ) as a function of the DQ creation time 7 for the resin
at 0.71 M. A similar evolution was obtained for the four
samples studied and the mean 7°°" value of 4.8 4 0.1 ms,
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Fig. 2. SQ (black line) and DQ (grey line) spectra of resin
(INa™]=0.71 M) with the inserted reference ([NaCl] = 0.5 M). Note that
the DQ spectrum is magnified by a factor of 40.

T(ms)

Fig. 3. DQ peak intensity evolution of resin sample ((Na*]=0.71 M) vs.
the creation time 7. Solid line is the curve obtained by fitting Eq. (5).

deduced from the fitting procedure (Eq. (5)) and using Eq.
(6), was then used to obtain the maximum DQ signal.

4.2. Absolute quantification

After SQ and DQ spectra adjustment, two ratio mean
values (homogeneity of results for the four samples
studied) were calculated: 4°?"/|4P27| =1.03 £ 0.02 and
(AP?T +14P27))/ 432 = 0.022 £ 0.001. The first ratio val-
idates the data processing by corroborating that the DQ fil-
ter leads to a lineshape that is the sum of two lines in
antiphase with equal area (Fig. 1a). The second states that
experimentally, the total DQ area represents only 2.2% of

the SQ area ([Na]ED)?P = 0.022 x [Na]*?). This demonstrates
that it is not possible to quantify the Na* bound fraction,
which is 100% for the present model system, directly from a
basic analysis of the experimental peak areas.

In our experimental conditions, Eq. (10) can be rewrit-
ten as

SQ and DQ parameters necessary for the quantification
procedure are summarized in Table 1. Substituting 7%5¢ and
T3 into Eq. (8) gave ' = 1254 £ 25 rad s~!, corresponding
to a frequency width 2w'/2n of 400 Hz, which agreed per-
fectly with experimental spectra (see Fig. 1b). Finally, substi-
tuting all these parameters by their values in Eq. (12), the
Na™ concentrations calculated ([Na]23, ) for the four resin
samples are: 0.69, 0.53, 0.34 and 0.15 M. These results are
presented in Fig. 4, which also shows concentrations deter-
mined from the DQ lineshape area analysis ([Na]Pg,).
The associated linear regressions are: [Na]og . = 0.98x
[Na*?(R? = 0.997) and [Na]pd, = 0.022  [Na]*¢(R? =
0.995). Thus although the residual DQ signal is only 2.2%
of the SQ signal, instead of the 100% expected, the quantifi-
cation procedure developed allows us to obtain the true con-
centrations of Na™ bound ions in the resin system used
(INa] Ry c = [NaJ*?).

With all sodium ions bound to the resin, there are equal
populations contributing to the SQ and DQ signals. The
equality of SQ and DQ signals makes it possible to validate
the sodium concentration quantifications (see Fig. 4, black
circles). Table 1 highlights a significant difference between
T, and T»s, even though it is generally accepted that they
are equal in the case of no contribution of second rank ten-

Table 1

Relaxation times, inhomogeneity factor (yAB,), optimal double-quantum
creation time (t°"') and zero derivative point (') of the lineshape function
Flw) for Na* in resin

SQ-DQ combination
T35 =1.78 £0.03 ms
T5p = 1.09+0.01 ms
(VEq. (8))

o' =1254+25rad s

DQ experiments
Ths = 12.7+£ 0.2 ms
Top=23+0.1ms
({Eq. (6))
°P'=4.8 £ 0.1 ms

SQ experiments
T,=185+0.1 ms
T5; =1.87+0.08 ms
(VEq. (2))

yABy = 480 + 30 s

The standard deviations (%) indicated were calculated from (n=4)
different resins.

[Nalg, ¢ [Nalg
0.8 0.08
0.6+ r0.06
0.4+ +0.04
0.2 r0.02
o —*
-
o
0.0 T T T 0.00
0.0 0.2 0.4 0.6 0.8
[Na]%@

Fig. 4. Sodium concentrations calculated with Eq. (12) ([Na]2Q «; black
circles) and estimated from the DQ lineshape area ([Na]ED)?p; grey circles)
vs. those obtained from SQ spectra analysis, for the four resin samples
studied. Straight lines result from linear regressions (see text for details).
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sor (T»,) to the DQ transverse relaxation [17]. The ob-
served difference can be explained by this tensor’s contribu-
tion [21], which is consistent with the lower T,g value
compared to T5.

Finally, we can note that the efficiency of DQ signal gen-
eration depends not only on the ratio T»g/To>r [22,23] but
also on yAB, via the ratio Tsg/T5r, a decrease in one (or
both) of these ratios inducing a decrease in the DQ signal
amplitude. In the case of our model system, the relatively
high value of yAB,, probably due to an internal magnetic
susceptibility effect (presence of small air bubbles), explains
why the residual DQ signal is only 2.2% of the SQ signal.

5. Conclusions

We have shown how signals from bound sodium ions
can be precisely quantified by double-quantum filtration.
The analytical approach presented needs the accurate deter-
mination of T,g, T>r and ABy. This method can be applied
to a large set of systems for which sodium ions interact
strongly with their environment and need to be quantified.
Work on the use of this approach is currently in progress
for the study of processed food products, e.g., smoked sal-
mon fillets, hams and cheeses. The aim is to reduce the
quantity of salt added without adversely affecting either
the shelf life of the product or consumer satisfaction in
terms of taste. For this purpose, there is a need to charac-
terize and quantify the content and evolution of salt (NaCl)
in these products subject to salting/brining/drying pro-
cesses. This can be done through the SQ and DQ detection
of sodium nuclei. In addition, the precise quantification of
Na™ bound and free fractions is of particular interest as re-
gards their relative contributions to the salt taste.
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