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Absolute quantitative analytical method based on Curie-Weiss law 
"effective magnetic moment method"

Introduction
The gravimetry, coulometry, and dew-point depression, are recognized as the primary direct 
methods for amount-of-substance in the ISO Guide 35:2006. These methods have the 
highest quality in the metrological traceability chain and can measure the fraction of 
unknown substances without any reference to a standard. 
In this study, an absolute quantitative analytical method "the effective magnetic moment 
method" has been proposed. The "effective magnetic moment method" based on Curie-
Weiss law can directly measure number of free spins of unpaired electrons, in a 
diamagnetic matrix. Examples of unpaired electrons are rare-earth ions, free radicals, and 
so on. In this presentation, principle, experimental method and applications of the effective 
magnetic moment method will be presented. As the examples of applications, quantification 
of rare-earth oxide, accurate purity analysis of stable free radical reagents, and radiation 
chemical yield of irradiated alanine dosimeter will be shown in this poster session.
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NA : number of atoms per unit volume,
where each atom has an effective magnetic moment µeff (=gJ[J(J+1)]1/2µB)

mT, A ： magnetic moment due to the spin of analyte A

vA ：volume A of analyte A

χT,A ≡

gJ : Lande’s g-factor

J : Total angular momentum quantum number
μB, μ0, kB : Bohr magneton, permeability of free space, Boltzmann’s constant
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Number of A can be obtained from;
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Analytical example (1)  Powder mixture of gadolinium oxide(Gd2O3) in silicon dioxide(SiO2)
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Fig. simple schematic illustration of SQUID magnetometer used for temperature 
dependence measurement of magnetic moment 

M
ag

ne
tic

 m
om

en
t 

Inverse of temperature corrected by 
Weiss temp., (T-Θ)-1

Measurement eq.(derived from Curie-Weiss law)

Calculation of 
effective magnetic moment 
       µeff = gJ [J(J+1)]1/2

Non-linear regression analysis:
cCurie , H, J, and, gJ are substituted into 
measurement eq.

J = 7/2,  gJ = 2

Applying magnetic filed, H, 
T dependence of magnetic moment 
was measured using magnetometer
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Gd3+ ion, the number of 4f electrons is 7.

Total orbital angular momentum, L=0, and
Total spin angular momentum S=7/2, give;

slope, cCurie
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Fig. Procedure of quantification of Gd3+ ions in a powder sample of Gd2O3-SiO2 mixture
Fig. simple schematic illustration of SQUID magnetometer used for 

temperature dependence measurement of magnetic moment 
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Fig. Procedure of experimental validation 
      on the principle of “effective magnetic moment method”

Analytical example (2) Pure free radical reagents Analytical example (3) Alanine dosimeter Acknowledgement

Ref.) N. Matsumoto, T. Shimosaka, 
Accred. Qual. Assur. 20, pp.115-124 (2015)

The xgrav and xanal 
consists with each other 

in mass fraction of 100% to 8%

This method is appropriate for 
purity analysis, or,

quantification 
of large mass fraction mixture 

Ref.) H. Yamaguchi, N. Matsumoto, H. Takahashi, Radiation Measurement, 154, 106754 (2022)​
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Relative quantitative analysis of alanine dosimeter 
by using ESR spectrometer.

 ex. Nakagawa et al.(1993)
 Standard solution of nitroxyl radical diluted by 
 toluene for calibration of the ESRspectrometer)

(This work) Absolute quantitative analysis 
by effective magnetic moment method.

sample: alanine pellet (diameter 5mm, height 3mm) 
irradiated by high-dose gamma ray of 101 kGy
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Purity as free radical (mass fraction), xanal, 
obtained from nA , molar mass, Avogadro’s number, and W.
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constant magnetic field, H

m = m0 + cCurie(T–Θ)-1

The µeff obtained by EPR spectrometer measurement, 

resonant 
magnetic field, B

const. microwave frequency, ν

μeff = g [S(S+1)]1/2 µB, S = 1/2 
magnetic 
field

fitting by 
Deming’s least 
squared method

g = hν (μBB)-1 
<EPR fundamental eq.>
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h  : Plank const.
μB : Bohr magneton Table. Results of purity as free radical of stable free radical reagents

Pure free radical reagent Purity as free radical, 
xanal (kg kg-1)

(ref.) Purity 
by manufacturer

4HTB-A 0.9919±0.0030 98.5% by GC

4HTB-B 0.9830±0.0029 99.2% by GC
99.3% by titration

TEMPOL-A 1.0073±0.0097 99.5% by GC

TEMPOL-B 0.9861±0.0095 97%

DPPH-B 0.995±0.015 97.1% by HPLC

DPPH-C 0.835±0.012 (no information)
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- This method can measure purity as free radical for stable pure free radical reagents.
- Relative uncertainty of the purity: 0.3% for 4HTB, 1.0% for TEMPOL, 1.5% for DPPH
- The purities of these reagents for each compound are different beyond their uncertainties. Table. Comparison of G-value or the number of 

radicals per mass for 101 kGy irradiated alanine 
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Nitrogen monoxide (NO) gas also has 
unpaired electron.

However, it is difficult to measure 
magnetic moment of gas by the SQUID 
magnetometer.

Then, a magnetic balance for measuring 
magnetic susceptibility is under 
construction, for trial of purity analysis of 
pure nitrogen monoxide gas.

Table. Features of primary direct methods for amount-of-substance 
and “effective magnetic moment method” 

Ref.) N. Matsumoto, N. Itoh, K. Yamasaki, Anal. Chem. 94, pp.12595-12603 (2022)

Θ : Weiss temp.(due to molecular field)

Author
(Year)

G-value,
µmol・J-1

Uncertainty The number of 
radicals per mass 
for dose of 101 kGy, 
kg-1

Difference
to this work

Gottschall 
and Tolbert 
(1968)

0.34 NA 2.08×1022 8.7 %

Regulla and 
Deffner 
(1982)

0.31 NA 1.89×1022 1.2 %

Pańta et al.
(1989)

0.215 30 % (1.30±0.39)×1022 32 %

Nakagawa et 
al.
(1993)

0.28 10 % (1.70±0.17)×1022 11 %

Stuglik and 
Sadlo
(1996)

0.36 30 % (2.21±0.66)×1022 15 %

This work 0.31 3.0 % (k=1) (1.91±0.05)×1022 -
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