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1 Introduction

The measurement of proton gyromagnetic ratio }'p'
has been the object of an intensive experimental
program for several decades [l]-[3]. The
gyromagnetic ratio of the proton is defined as a
resonance frequency «p divided by a magnetic field
Bo [4], when a spherical water sample at 25°C is
applied by a magnetic field. The ?P' for a defined
pure water sample is somewhat difficult to measure
because of the weak absorption due to the long
relaxation time of the proton [5]. In order to
reduce the relaxation time, paramagnetic ions
are added to the water sample [6]. However,
as the concentration of paramagnetic ions
increases, the resonance point of *H shifts and
differs according to the sample shapes.
The purpose of present work is to investigate the

effect of paramagnetic ions(Fe3*, Mn2*, Co2*, and
Cu2*) on the lH NMR in paramagnetic aqueous
solutions [Fe(NO3)3- 9H2O, FeCl3, MnCl2-4H2O,
CoCh-2H2O, and CuCl2-2H2O]. !H NMR in
aqueous solution containing paramagnetic ions was
measured as a function of concentration for the
fixed spherical and cylindrical sample shapes, and
the spinning cylindrical sample shape. The
magnetic susceptibility per unit volume of the
paramagnetic solution has also been measured as a
function of concentration at room temperature.
The interaction between the ' H nucleus and

paramagnetic ion is discussed in terms of the
shift of >H resonance point measured with two
sample shapes and the magnetic susceptibility of
the solution. From these experimental results,
we discuss the paramagnetic solution having a
short relaxation time and nearly zero shift of
resonance point to implement the precision
measurement of proton gyromagnetic ratio in a
low magnetic field.

2 Experimental Method

*H NMR experiment was performed by a
Brucker model MSL 200 FT pulse spectrometer.
l H NMR of paramagnetic aqueous solutions in
high magnetic field of 4.7 and 11.74 T, and
frequency of 200.13 and 500 MHz was
measured with two sample shapes at room
temperature. The magnetic susceptibility has
been measured using the Gouy magnetic balance.

2.1 *H NMR and Relaxation Time in
Paramagnetic Aqueous Solutions

The paramagnetic aqueous solutions [Fe(NO3)3-
9H2O, FeCb, MnCl2-4H2O, CoCl2-2H2O,
CuCl2-2H2O] were prepared by dissolving
paramagnetic ions of various concentration in
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distilled water. The linewidth and the shift of 'H
resonance point were measured at room
temperature according to the shape of the
sample tube and the paramagnetic ion
concentration of aqueous solution. The
linewidth and the resonance point of *H NMR
in pure water were also measured.

The spin-lattice relaxation time (7"i) and
spin-spin relaxation time (T2*) were determined
from the signal of lH NMR at room
temperature by the inversion recovery method
and the inverse of linewidth, respectively.

2.2 Magnetic Susceptibility of Paramagnetic
Aqueous Solution

The density of paramagnetic aqueous solution
was measured with the mass and volume, and
the magnetic susceptibility per unit volume was
obtained with the susceptibility per unit mass.

3 Experimental Results

3.1 Shift of !H Resonance Point and Linewidth

In case of cylindrical sample tube, the
resonance point of rH NMR was shifted to the
negative direction with respect to that of pure
water according to the concentration of
paramagnetic ion as shown in Figure 1. It was
nearly unchanged with the variation of
concentration of paramagnetic ion in
Fe(NO3>3-9H2O solution. However, the identical
Fe3+ ion in FeCb shows the largest shift of the
resonance point. Since the distribution of
valence electrons is influenced by the chemical
bqnding of an atom, it could be explained that
the displacement of nuclear magnetic resonance
frequency depends upon the chemical
environment [7].

Figure 2 shows the linewidth of }H NMR
according to the concentration of paramagnetic
ions. Here we have used the Lorentzian
absorption lineshape, and the linewidth
corresponds to the full width at the half
maximum. The Co2+ and Cu2+ ions are
almost ineffective to the linewidth. Whereas the
paramagnetic aqueous solutions containing Fe3+

ion influence the linewidth as a function of
concentration of paramagnetic ions. The trend
in aqueous solution containing the Mn2+ ion
differs from those in other paramagnetic ions.

For the case of spherical sample shape, the
shift of resonance point as a function of
concentration of paramagnetic ions is shown in
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Figure 1. The frequency shift of 'H NMR signal as
a function of concentration of paramagnetic ions in
aqueous solution contained in a fixed cylinder (* is
the resonance point of 'H in pure H2O).
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Figure 2. The linewidth of 'H NMR signal as a
function of concentration of paramagnetic ions in
aqueous solution contained in a fixed cylinder (* is
the linewidth of 'H in pure H2O, 0.15 kHz).

Figure 3. The resonance point of 'H NMR was
shifted to the positive direction compared with
that of pure water. The frequency shift was
nearly unchanged with the variation of the
concentration of paramagnetic Cu2+ ion. The
linewidth of *H NMR in the spherical shape is
the same as that in the cylindrical one as shown
in Figure 2, i.e. the linewidth has no difference
between the cylindrical and spherical samples
within the experimental error.
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Figure 3. The frequency shift of 'H NMR signal as
a function of concentration of paramagnetic ions in
aqueous solution contained in a sphere (* is the
resonance point of 'H in pure H2O).

However, the shift of the resonance point of
lH in case of spinning cylindrical sample
shows the similar trend as that of the fixed
spherical sample, but with the larger shift than
the fixed sphere as shown in Figure 4. Each
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Figure 4. The frequency shift of *H NMR signal as
a function of concentration of paramagnetic ions in
aqueous solution contained in a spinning cylinder (*
is the resonance point of 'H in pure H2O).

line in these figures was determined by the least
square fit with the experimental data.

3.2 l H Relaxation Time

Figure 5 shows the *H spin-lattice relaxation
time (Ti) for the cylindrical and spherical
samples measured by the inversion recovery
method. As the concentration of paramagnetic
ions increased, the relaxation time was
shortened. The 'H relaxation time of
paramagnetic ions containing Co2* or Cu2+ was
longer than that of Mn2 + or Fe3 + . The 'H
spin-lattice relaxation time of 2.51 s measured in
pure water was consistent with the previously
reported value of 2.3 s at 20°C and 29 MHz
[8]. Figure 6 shows the spin-spin relaxation
time (7*2 *) for the cylindrical and spherical
samples obtained with the inverse linewidth of
the resonance line. This result shows the
similar trend as that of Ti. However, the JH
relaxation time 7z* is shorter than Ti in
aqueous solutions.
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Figure 5. Spin-lattice relaxation time Ti of 'H due
to the paramagnetic ions in aqueous solution
contained in the fixed cylindrical and spherical
shapes. Both shapes have the same values within
experimental error.

3.3 Magnetic Susceptibility

The magnetic susceptibility per unit volume
of the paramagnetic aqueous solution was
obtained by the Gouy magnetic balance as a
function of concentration of paramagnetic ions
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Figure 6. Spin-spin relaxation time r2* of >H due
to the paramagnetic ions in aqueous solution
contained in the cylindrical and spherical shapes.
Both shapes have the same values within
experimental error.

at room temperature as shown in Figure 7.
The susceptibility was proportional to the
concentration of paramagnetic ions.

4 Analysis and Discussion
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Figure 7. The magnetic susceptibility of aqueous
solution as a function
paramagnetic ions.

of concentration of

The lH resonance point in pure water differs
from that in the paramagnetic aqueous
solution. The paramagnetic aqueous solution
induced the shift of resonance point due to the
presence of paramagnetic ions. In this study,
we have tried to search a suitable paramagnetic
solution, having the short relaxation time and
nearly zero shift of resonance point in order to
obtain the correct proton resonance frequency in
a low magnetic field.

4.1 The Shift of 'H Resonance Point and
Interaction Factor

For a liquid, the time averaged field at a
nucleus may be divided into three significant
components

Bav = Bo B' + B" (1)

where Bo is the external magnetic field, which is
the main component in Bav. B' is the magnetic
shielding field at the nucleus due to the induced
motion of the electrons in the atom or molecule.
B" is the magnetization field due to the
paramagnetic ions to shorten the spin-lattice
relaxation time T\ of the nuclear spin system.
The dipole interaction between the *H nucleus
and paramagnetic ion is given by [9]

(2)

The field B\ is ascribed to the induced magnetic
dipoles on the surface of a small hypothetical
sphere with its center at the nucleus. This is
the so-called Lorentz or cavity field and has the
value (4H/3)M, where W is the magnetization.
The field Bz is the familiar demagnetizing field,
defined by #2 = -aW, where a is the
demagnetizing factor. The value of a is 47?/3 and
2n for the spherical and infinite cylindrical
sample perpendicular to the field, respectively. It
might be expected that the remaining field #3
due to those paramagnetic ions inside the
hypothetical sphere would be exactly zero.
However, it is found experimentally that #3 may
differ significantly from zero. Therefore, we
define an "interaction factor" q=B3/M. The
expression for B" hence becomes [10]

B" = [ ( 4 B / 3 ) - a + q]M (3)

The magnetization H was obtained from the
susceptibility per unit volume according to the
concentration of paramagnetic ions. Also, the
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shift of resonance point(B") for paramagnetic
ions with respect to resonance point of proton in
pure water was measured from *H NMR
experiment in various paramagnetic solutions.
Using the magnetic field induced to the 'H
nucleus and the value of magnetization, we
calculated the interaction factor q from eq.(3)
for the fixed spherical and cylindrical samples.
A summary for the various paramagnetic ions is
given in Table 1. The consistency of the
Table 1. Experimental values of the interaction
factor q for the fixed spherical and cylindrical
samples, obtained with eq.(3).

paramagnetic

ions

Fe3*
Fe 3 '
Mn2i

Co2t

Cu2'

chemical

compound

Fe(NO3)3-9HjO
FeCl3

MnCI2-4H2O
CoCl2-2H2O
CuCl2-2H2O

Q

cylinder

2.19
0.85
1.70
1.28
0.39

value

sphere

1.77
0.86
1.21
1.06
0.85

experimental data is indicated by the agreement
between the interaction factors for the
corresponding cylindrical and spherical cases.
The amount of disagreement can be attributed
partly to the experimental error and partly to
the meniscus effect and the lack of perfect
sphericity of the spherical sample.

4.2 Relaxation Time

The spin-lattice relaxation time measured by the
inversion recovery method with a pulse sequence
of 180°(2 /is) - t - 90°( 1 us) - 5 fis(Td) - free
induction decay. The ringing down delay-time Ta
was used to remove the effect of the pulse and
the free induction decay was measured with
time t.

The spin-lattice relaxation time obtained with
the inversion recovery method decreases as the
concentration of paramagnetic ions increases.
The relaxation time measured with the
spherical sample is similar to that with the
cylindrical sample. The 'H relaxation time of
paramagnetic solution containing Co2 + or Cu2*
shows longer than that containing Mn2* or
Fe3+. The spin-lattice relaxation time of JH in
various paramagnetic solutions is shorter than
that in pure water because of the interaction
between the nuclear spin and paramagnetic
ions. When the number of paramagnetic ions
was increased, the shortening mechanism of the
relaxation time could be understood as follows.
If the number of paramagnetic ions is increased,

the nuclear spin is coupled more with the
magnetic field produced by the paramagnetic
ions. This magnetic interaction between the
nuclear spin and magnetic field of the
paramagnetic ions can contribute to the decrease
in the spin-lattice relaxation time [11].

In case of the short spin-lattice relaxation
time Ti, the following relation generally holds
[12] :

(V)"1 = (4)

where Tz is the "natural" spin-spin relaxation
time, and Tz' is the time due to the field
inhomogeneity. The value of Tz" is measured
from the full width at half maximum of the
NMR lineshape.

The linewidth of 'H NMR was brodened when
the concentration of paramagnetic ions was
increased. In case of the aqueous solution
containing Fe3+ ion, the linewidth was
remarkably increased according to the
concentration of paramagnetic ions. The
linewidth could be broadened by the magnetic
dipole field produced by the paramagnetic ions
at the site of *H nucleus. Normally the dipole
field of the paramagnetic ions has the field
strengths of several thousands times greater than
that due to the magnetic monents of the nucleus,
but it is averaged out at the site of ]H nucleus.
Consequently only a small effect, the linewidth
broadening is occured in the magnetic resonance
[13].

5 Conclusion

For the spherical and cylindrical samples, B"
would be always zero and positive,
respectively, if q were zero. The deviation of
the shift of resonance point between the
experimental results and the theoretical
prediction (q = 0) could be understood as an
effect due to an additional interaction between
the paramagnetic ions and the 'H nucleus.

The spin-lattice and spin-spin relaxation times of
lH NMR in paramagnetic aqueous solution were
shortened as the concentration of paramagnetic ions
was increased.

From these experimental results, we found
that the paramagnetic solution having the
short relaxation time and nearly zero shift of
resonance point is CUO22H2O aqueous
solution. Therefore, the aqueous solution
containing Cu2+ would be the best candidate to
implement the precise determination of the
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proton gyromagnetic ratio.
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