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Abstract

We explore the possibility for elemental analysis by NMR. To keep the efficiency of
the signal acquisition common for all spin species, we propose to fix the frequency
and vary the magnetic field to cover the isotopes involved in a sample. We introduce
constant-frequency receptivity for quantitative elemental analysis in the frequency-
fixed NMR experiment. Field-variable NMR experiments are demonstrated using
a cryogen-free superconducting magnet. In addition to elemental analysis in liquid

solution, solid-state NMR under magic-angle spinning is also described.
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1 Introduction

To analyze the composition of atoms in unidentified materials of chemical
interest, a number of elemental analysis techniques have been established|[1].
They include combustion method, Atomic Absorption Spectrometry (AAS)[2],
Electron Probe MicroAnalyser (EPMA)[3], Electron Spectroscopy for Chem-
ical Analysis (ESCA)[4], Inductively Coupled Plasma (ICP), Secondary Ion
Mass Spectrometry (SIMS)[5], and so on. In most techniques, the sample is
destroyed by the measurement, except for EPMA, which, however, can only
analyze the elements on solid surfaces. Currently, there is no convenient way
of nondestructive elemental analysis of bulk samples that include living organ-
isms. In this work, we explore the possibility of complementing these existing

techniques by NMR spectroscopy.

The NMR elemental analysis that we propose here can be categorized into
those observing isotopes. The isotopes can be identified by their mass number.
For radioactive isotopes, radiation from the material and its decaying profile
tell their existence. NMR enables us to access another important attribute of
the isotope: the spin. There are many atomic elements possessing the spin.
Each has a specific gyromagnetic ratio ~, giving the magnitude of the nuclear
Zeeman interaction according to wy = —v By, where By and wy is the magnetic
field and the Larmor frequency. Hence, by observing the NMR signal at wy,

one can tell the existence of an atom with ~.

Here, we aim at verifying the existence of the nuclear spin species in the
sample of interest from a set of NMR measurements covering the resonance

conditions. In the conventional NMR system using a high-field superconduct-



ing magnet, one encounters practical difficulties toward this goal. That is, in
order to realize the resonance conditions of a number of different spin species,
it would be necessary to vary the resonance frequency of the NMR probe cir-
cuit. However, retuning or replacement of the radiofrequency (rf) circuit would
be quite tedious and elaborate. Even though one endures to do it, quantitative
comparison of the signal intensities of different spin species becomes difficult.
One solution may be to employ a non-resonant transmission line probe that
enables broadband excitation and detection[6], in which one still have to cal-
ibrate the frequency responses of the other rf circuits, such as filters, mixers,

and so on.

In this work, we adopted an unconventional option of fixing the resonance
frequency and varying the external magnetic field. As shown below, this al-
lows quantitative NMR measurement of different spin species. For the variable
external field, an electromagnet using iron cores may be convenient. However,
the maximum attainable field is low. It is difficult to vary the field of the su-
perconducting magnets used in the conventional NMR systems. In this work,
we therefore employ a cryogen-free, field-variable superconducting magnet. In
the following, we describe the principle of NMR elemental analysis and an ex-
perimental setup we have developed. Then, we show demonstrations in liquid

solution and solid samples.

2  Principle

Using a probe tuned at a frequency |wy|, we are to observe NMR signals from
a set of nuclear spin species with gyromagnetic ratios v (k = 1,2,3,...) by

varying the external field By,. The resonance condition for the k-th nuclear



spin species is given by
)
By, = ——. 1
Yk (1)

In thermal equilibrium at temperature 7', the magnetization Mj of the k-th
nuclear spin species is represented by the Curie’s law as

M f—
k 3kpT

(2)

Here, kg is the Boltzmann’s constant, and [, and N} are the spin quantum
number and the number of the spins in the sample, respectively. Using the
number N, of the atoms and the natural abundance x, N, may be expressed

as
At the resonance condition (Eq. (1)), Eq. (2) is rewritten as

— 2 Ny T (I + 1)wo

M, = . 4
k 3kpT (4)

The NMR signal induced across the terminals of the coil after pulse excitation
is given by the time derivative of the magnetic flux penetrating through the
loop of the coil. Thus, the signal intensity is proportional to both the mag-
netization M) and the frequency wy. In the present work, wy is fixed, so that
the efficiency of signal transmission from the probe to the preamplifier of the
spectrometer is common for all nuclear spin species. For excitation, since the
nutation rate is proportional to the gyromagnetic ratio 7, the pulse width
7 has to be adjusted to 7 = 6/(|x|B1) to ensure the common tip angle 6 of
the pulse with an intensity B; for all target spin species. The relative signal
intensity Sy can thus be determined solely by the magnetization M; with the

present approach, which depends linearly on the gyromagnetic ratio ~; and



the number N}, of the spins:

Since v, and [ are constants, the relative number Ny of the nuclear spins in

the sample can be calculated straightforwardly from Sj.

For comparison, let us briefly discuss the case of a constant static field, where
the thermal magnetization M and the Larmor frequency are proportional
to 72 and 7, respectively, resulting in the overall signal intensity given by
the cube of the gyromagnetic ratio[7]. For this reason, the receptivity D is

conventionally defined as[8]
D = x|y L (I + 1). (6)

However, the y3-dependence of the signal intensity has to be modified if we
take account of the efficiency of the circuit, which depends on the frequency
and thereby the gyromagnetic ratio. In contrast, the proposed experiment
at a constant frequency leads to unambiguous measurement of the nuclear
magnetization, because of the common circuit efficiency. In order to look at
how the signal intensity depends on the nucleus, we define constant-frequency
receptivity (CFR) Dcp, which, in contrast to the conventional receptivity D

given in Eq. (6), is represented as

To compare the frequency-variable and the field-variable experiments, D and
Dcy are plotted in Fig. 1(a)(b) for several nuclear spin species. In both cases,
the vertical scales are normalized to the value for the 'H spins. As well known,

the conventional receptivity is the highest for 'H, due to its natural abundance



close to 100%, the largest gyromagnetic ratio v among the stable isotopes,
and the y*-dependence of D. In terms of CFR, however, 'H is no longer the
most sensitive spin species. Since D¢r increases only linearly with «, the gain
with the higher gyromagnetic ratio is much smaller compared to the case
of the conventional receptivity. Hence, in the case of Dcr, the effect of the
I? = I(I + 1) term becomes important. Indeed, CFRs for many nuclei are
higher than that of 'H. For example, 2*Na (I = 3/2) has a gyromagnetic ratio
of 11.270 MHz/T, which is lower than that of 'H (42.577 MHz/T)[8]. However,
with the I(I + 1) term of ?*Na five times higher than that of 'H, the CFR of

23Na is ca. 1.3 times larger than the CFR of 'H.

3 Experimental

Fig. 2(a) shows a diagram of the experimental setup for NMR elemental anal-
ysis. In addition to a home-built NMR spectrometer[9-11], a cryogen-free,
field-variable superconducting magnet (mCFM-7T-50-H3, Cryogenic Ltd) is
equipped. This desktop magnet, shown in Fig. 2(b), has an external refrigera-
tor to keep the temperature of the magnet wire below 4 K. The static field can
be varied up to 7 T by heating a part of the wire of the magnet, breaking super-
conductivity, and altering the electric current flowing through it. On switching
the heater off, the magnet begins to operate in the persistent-current mode
again. The current and heater are controlled by a host computer via a GPIB
interface. Full field-sweep from 0 to 7 T takes several minutes. The computer

is also used for command/data communication with the NMR spectrometer.

The nominal field homogeneity of this magnet is ca. 0.1% over the volume of

1 cm? at its center. The field distribution over the sample volume is rather



large compared to that in the current typical high-resolution NMR systems.
Broadening of the resonance line can obscure the diverse nuclear spin interac-
tions which are otherwise measurable, including chemical shifts, J couplings,
and so on. Nevertheless, when the atomic composition alone is of interest, this

magnet suffices our purpose, as demonstrated below.

The diameter of the magnet bore was 51 mm. We built two probes with an
outer diameter of 50 mm (Fig. 2(c)), one of which was for stationary samples
while the other was for magic angle spinning (MAS) experiments. For the
static-sample probe, we wound a 6-turn solenoid coil with a diameter of 4
mm and length of 6 mm using a coated copper wire, and made a balanced
tank circuit resonating at 30.03 MHz. In the MAS probe, we used a 3.2 mm

spinning module (Agilent) tuned at either 75.0 MHz or 106.0 MHz.

4 Results and Discussion

First, we performed an NMR elemental analysis experiment in 5.00 M aqueous
solution of sodium dihydrogen phosphate (NaHsPO,), aiming at detecting the
existence of the 'H, 3P, and 2*Na spins in the sample. Fig. 3 shows NMR
spectra obtained at a fixed frequency of 30.03 MHz. The first NMR signal was
found at 0.7054 T (Fig. 3(a)), which corresponds to the resonance condition of
the 'H spin. We also found NMR signals in 1.742 T and 2.665 T (Fig. 3(b) and
(e)), which were assigned to be 3'P and ?3Na, respectively. In addition, NMR
signals appeared in 2.477 T and 2.653 T (Fig. 3(c) and (d)). These magnetic
fields correspond to the resonance conditions of °Cu and %Cu. They were
due to the copper nuclei inside the wire of the sample coil, as the signals

were detected even without the sample and disappeared when we replaced the



copper wire with a silver wire. We found no other signals in the magnetic fields
of up to 7 T. We also measured the empty sample tube as well, and found a 'H
background signal. Accordingly, we made a correction in the 'H experiment
described below, so that the contribution of the probe background signal to

the elemental analysis was not counted.

In the present sample (5.00 M NaH,PO, aq), the molar fractions of the 'H,
31P, and **Na spins are 24.1:1:1. In order to study the quantitative aspect
of NMR elemental analysis, we performed measurements at a fixed frequency
of 75.0 MHz and compared the signal intensities. Here, it should be noted
that prior knowledge of the spin-lattice relaxation time is required, in order
to make sure that the spin system is in thermal equilibrium. This may be
verified by examining the signal intensities with various recycling delays of
signal accumulation. In the present case, the signal was accumulated with

recycle delays of 2.5 s, 7.5 s, and 50 ms, for *H, 3P, and ?*Na, respectively.

In addition, the signal decay due to the spin-spin relaxation time during the
receiver dead-time should also be taken into account. In a single pulse experi-
ment, the excitation pulse is to be immediately followed by signal acquisition.
In general, however, one has to wait for an interval of the order of ten microsec-
onds. In the present case, the receiver dead time was 20 us. This was due to
the trailing edge of the pulse lasting for ~ 2Q)/wy. Using the Carr-Purcell-
Meiboom-Gill (CPMG) method, we measured the spin-spin relaxation times
in the present sample of aqueous solution of NaHyPOy4 to be 29.9 ms, 228 ms,
and 8.98 ms for *H, 3P, and ?3Na, respectively. Since they were much longer

than 20 us, the signal decay during the dead time was negligible.

The measured relative peak-area intensities of the 'H, ?*Na, and 3!P spectra



was 59.4:3.24:1.00. By dividing these values by Dcr (Eq. (7)), we determined
the relative amount of the H, P, and Na atoms to be 24.1:0.994:1.00. Here, we
repeated the identical experimental operations ten times, and took the average
value of the results. The error was estimated from the standard deviation to
be 4.1%. The result is in agreement with the expected ratio 24.1:1.00:1.00,
confirming that the constant-frequency receptivity introduced in this work is
a reasonable measure of the sensitivity for the frequency-fixed, field-variable
experiments. The error was caused by the noise. By increasing the number of
signal averaging, the signal-to-noise ratio and thereby the accuracy of NMR
elemental analysis would be improved. The price to pay would be the longer

experimental time.

Next, we carried out NMR elemental analysis of a powder sample of tin phos-
phide (SnyP3) under MAS. Fig. 4 shows MAS spectra of the 3P, 119Sn, and
H7Sn nuclei measured at a fixed frequency of 106.0 MHz and magnetic fields of
6.141 T, 6.621 T, and 6.929 T, respectively. From the measured signal intensi-
ties, we determined the ratio of the numbers of the nuclei to be 10.1:1.10:1.00
for the 3P, 198n, and ''7Sn spins. The error was estimated to be 5.3%. This

is also consistent with the theoretical value of 9.77:1.12:1.00.

We chose to measure tin phosphide, as it is a candidate for a negative elec-
trode in lithium-ion batteries[12]. It attracts interest, because both P and Sn
are electroactive to Li. Thus, stoichiometric studies on the electrochemical re-
action of tin phosphide with lithium are of importance. We showed that the
present approach of NMR elemental analysis would be suitable for quantifying

Li, P, and Sn nuclei in the electrode during the charge/discharge processes.

It is worth mentioning that the gyromagnetic ratio of 3P is positive, whereas



those of 11°Sn and '7Sn are negative. Since the configuration of the spectrom-
eter was the same throughout the elemental analysis experiment, the issue
on how the sign of gamma and that of the radio-frequency phase affect the
relative sign of the spectral intensities of positive and negative ~ is delicate
and can cause problems. Levitt gave in-depth explanation[13] that the sense
of the sign of the rf phase changes with that of the gyromagnetic ratio. In
the present case of the simple single-pulse experiment, we found no apparent
problem with the phase of the spectra of the positive and negative nuclei, as
demonstrated in Fig. 4. However, it is important to keep this point in mind.
In general, it is safe to follow the instructions recommended by Levitt and Jo-
hannessen[14], in particular when NMR elemental analysis is combined with

multiple-pulse experiments.

In principle, extension of NMR elemental analysis to diverse solid samples is
straightforward. In practice, however, one should keep the following difficul-
ties and limitations in mind. In solids, the anisotropic interactions can broaden
the resonance line considerably, and it would be important to make sure that
all spin packets are within the excitation bandwidth of the pulse. One may
encounter the case in which the resonance line is too broad to be excitable at
a time. For nuclei with large chemical shifts or Knight shifts, such as 27Pb,
19Hg, 19Pt, and so on, even isotropic shift distribution can exceed the width
of rf pulse excitation. In such cases, quantitative analysis would become un-
reliable. One may, nevertheless, be able to tell the existence of the isotope.
There is another possible problem associated with the large shifts. For a pair
of such spin species that their gyromagnetic ratios are close to each other,
their spectral ranges can overlap. For unknown samples, it would be difficult

to distinguish which species the resonance peak belongs to.
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In 'H-rich organic materials, it is common to apply decoupling rf irradiation
to the 'H spins, when one measures the NMR signal of other spin species.
However, double resonance experiments are outside the scope of the present

work where the magnetic field is varied.

For nuclei with half-integer spins, the pulse width giving the maximum trans-
verse magnetization depends on the magnitude of the interaction[15-17]. Thus,
it would be difficult to retain the quantitative feature. Conversely, one may
take advantage of the diversity of the spin interactions in solids, in order to
filter out the nuclear spins being subjected to specific spin interactions. In solu-
tion, the signals due to the satellite transitions can be significantly broadened

beyond detection.

5 Summary

In this work, we have shown a new approach to elemental analysis using NMR,
which allows one to access information as to the existence of atomic nuclei pos-
sessing spin. The condition for detecting the signal of a certain nuclear spin
species depends on whether the combination of the carrier frequency and the
magnetic field satisfies Eq. (1). Thus, one can distinguish the different spin
species by making NMR measurements at a fixed frequency for various mag-
netic fields. The field switching over a wide range has become feasible using
a field variable, cryogen-free superconducting magnet. The advantages of the
variable static-field experiments are (i) probe re-tuning is not necessary. (ii)
Thereby, the efficiency of signal transmission/detection can be fixed through-
out the experiment. (iii) Furthermore, the Zeeman energy separation is the

same for all spin species at resonance, giving the common Boltzmann popula-
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tion distribution over the Zeeman levels. The relative signal intensities simply
depend on the spin quantum number and the amount of the spins involved in

the sample.

We introduced constant-frequency receptivity (CFR), which is a convenient
measure of the signal intensity per unit number of the spins. In this definition,
CFR for 'H can be less than those for nuclei having the larger spin quantum

number. This prediction has been confirmed experimentally.

The nondestructive nature of NMR is a unique feature that is not found in
other existing elemental analysis methods, and would thus find interest in bi-
ology, geology, and material science, where noninvasive or in-situ measurement
is essential. Extension of the present work to NMR imaging would also be of

wide interest. These works are in progress and will be presented elsewhere.
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Figure Captions

Figure 1

(a) The receptivity versus the resonance frequency in a magnetic field of 7 T
for several nuclear spin species. The receptivity was calculated according to
21|V [P Ik (I}, + 1) and normalized by the proton receptivity. (b) The Constant-
Frequency Receptivity (CFR) plotted as a function of the resonance field at a

constant frequency of 30 MHz.

Figure 2

(a) A schematic diagram of the experimental setup for NMR elemental analy-
sis. It consists of an NMR system and a field-variable, cryogen-free supercon-
ducting magnet. The magnetic field is remotely controlled by the computer
via a GPIB interface. (b) A snapshot of the system. An OPENCORE NMR
spectrometer is used[9-11]. The desktop magnet has a bore with a diameter of
51 mm, and is capable of producing static fields of up to 7 T. (¢) A home-built

probe. The diameter of the aluminum shield is 50 mm.

Figure 3

NMR spectra obtained in 5.00 M aqueous solution of NaH,PO, at a carrier
frequency of 30.03 MHz. The magnetic field was (a) 0.7054 T, (b) 1.742 T, (c)
2.477 T, (d) 2.653 T, and (e) 2.665 T. The peaks were assigned to be 'H, 3!P,
65Cu, 53Cu, and 23Na, respectively. The ®Cu and %3Cu signals came from the
copper nuclei in the wire of the sample coil. A common receiver gain was used
except for the case of 'H, in which the signal was attenuated by 11.0 dB. The
signals were accumulated over 3600 times. The pulse delays were 5 s and 10 s

for 'H and 3!'P, and 0.1 s for %°Cu, %Cu, and ?*Na.
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Figure 4

MAS spectra obtained in a powder sample of tin phosphide at 106.0 MHz. The
spinning frequency was 10 kHz. The signals were accumulated over 200000
times with a recycle delay of 20 ms, 80 ms, and 10 ms for 3'P, 9Sn, and

H178n, respectively.
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