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Abstract—The effective magnetic moments (μeff) of the prepared solid mixtures are used to determine the
presence of monovalent thulium in the reaction products. Potassium does not react with thulium diiodide
TmI2 on heating to 680°C. Under the same conditions, the backward reaction of thulium with KI occurs eas-
ily to form metallic potassium and a mixture of thulium iodides TmIx (x = 1, 2). For the product obtained
after heating Tm and KI for 1 h, μeff corresponds to a mixture of 70% Tm (metal), 20% TmI2, and 10% TmI.
The reduction of TmI2 to TmI occurs in the reaction with NdI2. For a mixture of iodides obtained at 700°C,
μeff (3.2 μB) corresponds to the following contents: 10% Tm (metal), 1% TmI2, 44% TmI, 44% NdI3, and 1%
NdI2. Iodide TmI cannot be isolated from the obtained mixtures. However, the presence of highly reactive
species in the products is confirmed by the reaction of tetrahydrofuran (THF) with the product of the reac-
tion of thulium with potassium iodide. The reaction occurs at room temperature and is accompanied by the
release of hydrogen and formation of unidentified derivatives of cleaved THF. The initial substances (Tm, KI)
and possible products (TmI2, TmI3, and metallic K), except for TmI, do not react with THF under the con-
ditions used.
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INTRODUCTION
The predominant majority of inorganic, organic,

and coordination compounds of lanthanoides is
known to contain the trivalent Ln3+ cation. The unsta-
ble tetravalent derivatives were synthesized for Ce, Pr,
and Tb [1–5]. The complexes with the Ln2+ cation
with the 4fns0d0 configuration were synthesized
for Eu, Sm, Yb, Tm, Dy, and Nd [6–11]. Their stabil-
ity decreases on going from Eu to Nd. The relatively
stable compounds bearing divalent cations with the
4fn–1s0d1 configuration containing an alkaline metal
atom in the molecule were synthesized for Ce, Pr, Gd,
Tb, Ho, Er, and Lu [12, 13], as well as for Nd and Dy
[14]. The Nd and Dy compounds can exist in both the
4fnd0 and 4fn–1d1 configurations depending on the
method used for the synthesis of the complex. Mon-
ovalent lanthanoides remain mysterious. Confirmed
published data on the synthesis and properties of the
compounds with the Ln1+ cation are nearly lacking.
Monovalent samarium cations are assumed to be
formed under the γ-irradiation at 77 K of samarium
dichloride (SmCl2) doped to a NaCl matrix [15]. The
assumption is based on the appearance upon irradia-
tion of a band at 545 nm in the absorption spectrum of
the substance, which was assigned to the transition
4f66s1 → 4f56s2 on the Sm+ cation, and a simultaneous
decrease in the intensity of the bands of divalent

samarium. The f luorescence laser excitation spectra
detected in the reactions of metallic ytterbium with
alkyl halides RX (X = F, Cl, Br, I) are assumed [16] to
correspond to molecules of monovalent halides YbX.
It is reported that the burning of triiodides LnI3 (Ln =
Dy, Ho, Tm) in an electric arc plasma results in the
formation of lanthanoide monoiodides generating
emission of various intensity in a range of 400–700 nm
[17, 18]. The emission spectrum was assigned to LnI
molecules. Although no progress is observed in the
field of monovalent lanthanoides, this trend in the
chemistry of subvalent derivatives of rare-earth metals
remains attractive for researchers as an alluring and
difficultly attainable purpose of fundamental studies.
In addition to the above presented data, a possibility to
solve the problem is favored by a similarity of the elec-
tronic configurations of Ln+ ions of some lanthanoi-
des to the configurations of stable di- and trivalent cat-
ions of other lanthanoides. In particular, the configu-
rations of Sm+ (4f7) and Tm+ (4f14) correspond to the
configurations of the stable Gd3+ and Yb2+ ions.

The confirmation of the valence state of the metal
is one of the most difficult tasks in the synthesis of
monovalent lanthanoide derivatives. The spectral
methods, X-ray diffraction (XRD) analysis of phases,
or cocrystallization of the products with inorganic
substances with the known lattice parameters [19, 20]
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applied for this purpose are technically difficult and
do not give unambiguous answers. XRD can give a
reliable conclusion about the valence state of lantha-
noide in the product. However, in this case, the neces-
sary condition is the preparation of the substance as
single crystals, which is technically difficult for very
unstable monovalent lanthanoide derivatives. The
measurement of effective magnetic moments (μeff) of
the synthesized substances was used in this work to
identify monovalent samarium and thulium ions. The
method is technically simpler in practice than other
methods. It is more substantial that, in the cases of
samarium and especially thulium, the method makes
it possible to reliably and rapidly determine the pres-
ence of Sm+ and Tm+ ions, since their expected mag-
netic moments for the configurations of Sm 4f7

(8.0 μВ) and Tm 4f14 (0.0 μВ) differ sharply from the
moments of all other ions of the corresponding metal.
It should be mentioned that the Sm+ and Tm+ ions can
take the forms 4f6s1 and 4f13s1 in addition to the con-
figurations presented above. In this case, magnetic
measurements are less indicative, but the formation of
such ions is less probable, which was shown in the
present study. The third variant of existing Sm+ and
Tm+ cations are metal-like inorganic phases, where
electrons of the reduced metal are generalized to form
a conduction band. Similar systems are known for tri-
valent lanthanoide halides LnX2 [21, 22]. In these sub-
stances, the trivalent state of the metal is shown by the
formula (Ln3+)(e–)(X–)2. In this case, magnetic mea-
surements would also be indicative as for other mix-
tures with a trivalent component. An advantage of
using magnetometry for the identification of monova-
lent products is also an additivity of the magnetic sus-
ceptibility, which makes it possible to calculate (with
an insignificant error) the monovalent metal content
even in a mixture with other paramagnetic cations.
Since the differences in the magnetic properties of
Sm+ and other samarium ions are substantially lower
than those in the series of thulium ions, the present
study is restricted by the search for synthetic methods
of monoiodide TmI.

EXPERIMENTAL
The reactions were carried out in evacuated sealed

ampules of Pyrex glass using Tm fillings (22–40 mesh)
and KI (98%) (Aldrich). Diiodides TmI2 and NdI2
were synthesized from fillings of the corresponding
metal and iodine using a previously developed method
[9]. Since a metal excess is used in the reactions
according to the conditions of diiodide synthesis,
samples of TmI2 contained 30 wt % Tm, which cannot
be separated from the target TmI2, unlike Nd. The
magnetic moments were measured at room tempera-
ture on the previously designed instrument by com-
paring with the known samples as described earlier
[23]. The procedure is based on Faraday’s method. A
RUSSIAN JOURNAL OF CO
sensitive unit is a f loat with a sample holder made of
diamagnetic glass and immersed into a vessel filled
with ethanol. The relative measurement error did not
exceed 5%. GLC analysis was carried out on a Tsvet
800 chromatograph with a thermal conductivity
detector. Mass spectrometry was carried out on a
Trace GC Ultra/Polaris Q mass spectrometer coupled
with a chromatograph. To obtain a preparative
amount of products, the syntheses were carried out in
2–3-mL ampules. A Nabertherm tubular furnace was
used for heating the samples.

Reaction of TmI2 with potassium. Diiodide TmI2
(7.5 mg, 0.017 mmol) and metallic potassium (3 mg,
0.075 mmol) were placed in a 0.5-mL ampule, the
ampule was evacuated and sealed, and the sample was
used to measure the magnetic moment. For thulium in
the sample, μeff was found to be 5.6 μВ. The sample was
heated at 680°C for 2 h, and μeff was measured again
after cooling to room temperature. The magnetic
moment remained unchanged.

Reaction of Tm with potassium iodide. Thulium fill-
ings (5.5 mg, 0.0296 mmol) and KI powder (2.4 mg,
0.014 mmol) were placed in an ampule as described in
the previous experiment, and the ampule was sealed.
The mixture was stirred by shaking, and μeff based on
thulium involved in the reaction was determined
(7.5 μВ). The sample was heated at 680°C for 2 h,
which was accompanied by a change in the color of the
mixture to dark brown and the formation of droplets of
sublimed potassium on the unoccupied walls of the
ampule. The sample was placed in the instrument to
measure the magnetic moment, and μeff was found to
be 6.6 μВ.

Reaction of TmI2 with NdI2. An ampule for measur-
ing the magnetic moment was filled with TmI2
(5.0 mg, 0.012 mmol) and NdI2 (4.7 mg, 0.012 mmol),
the mixture was thoroughly stirred by shaking, and the
magnetic moment based on the averaged atomic mass
of Tm and Nd was measured (4.6 μВ). After sample
heating at 400°С for 30 min, the magnetic moment
remained unchanged. As the temperature rises to
650°C, the magnetic moment is decreased. The sam-
ple was heated at 680°C for 30 min, and μeff = 3.1 μВ
for the formed dark gray finely crystalline powder. The
further heating resulted in an increase in μeff.

Reaction of Tm and Nd with iodine. Thulium fillings
(225 mg, 1.33 mmol), neodymium fillings (192 mg,
1.33 mmol), and I2 (676 mg, 2.66 mmol) were placed
in an ampule. The ampule was sealed, and the mixture
was thoroughly stirred by shaking. The sample was
heated to ~700°С (the mixture ignited for a short
time). At the end of the reaction, the sample was
heated in a furnace at 680°С for 2 h and cooled to
room temperature, and μeff was measured based on the
averaged atomic mass of Tm and Nd involved in the
reaction (4.4 μВ).
ORDINATION CHEMISTRY  Vol. 48  No. 11  2022



SEARCH FOR ROUTES TO PREPARE MONOVALENT THULIUM 743
Reaction of Tm and La with iodine. A sample con-
taining thulium fillings (9.1 mg), lanthanum fillings
(14.4 mg), and I2 (7.0 mg) was prepared in the same
way as in the reaction of TmI2 with NdI2, and μeff
based on Tm involved in the reaction was determined
for the mixture at room temperature (7.6 μВ). The
sample was heated to mixture ignition (~700°С). After
the end of the exothermal phase, the mixture was
heated at 680°С for 2 h and then cooled, and μeff based
on Tm involved in the reaction (5.5 μВ) was deter-
mined again.

RESULTS AND DISCUSSION
Since the reduction potential of potassium

(‒2.9 V) is higher than that of thulium (–2.3 V), it was
expected that the direct reaction of TmI2 with potas-
sium would result in the formation of the target TmI.
However, the experiment showed that the heating of a
mixture of these substances to 700°С did not lead to
the reduction of thulium. The result is consistent with
the published data [24], which showed that on pro-
longed heating at 800°С potassium vapors reduced
TmI3 only to TmI2. The established inertness of potas-
sium toward TmI2 allowed us to expect that a back-
ward reaction is possible in spite of the ratio of the
electrode potentials: potassium reduction to KI by
metallic thulium with the formation of TmI. The
assumption was experimentally confirmed: the heat-
ing of KI with a twofold excess of thulium at 680°С for
2 h led to the formation of metallic potassium and a
mixture of thulium iodides TmIx with μeff = 6.6 μВ,
which is substantially lower than that for the starting
thulium (7.6 μВ). The elongation of the heating time
did not result in the further decrease in μeff of the prod-
ucts and formation of an additional amount of potas-
sium, which is evidently due to the complete exhaus-
tion of KI involved in the reaction. The obtained value
of the magnetic moment with allowance for the stoi-
chiometry of the starting reagents corresponds to a
mixture of 70% Tm (metal), 20% TmI2, and 10% TmI.

An attempt to extract individual TmI from the
formed mixture of products was unsuccessful. The
addition of dimethoxyethane (DME) to the mixture
resulted in the formation of a green solution from
which diiodide TmI2(DME)3 was isolated after solvent
removal. A green solution of thulium diiodide is also
formed upon the extraction of the mixture with THF,
but the dissolution is accompanied, in this case, by the
release of hydrogen bubbles. Hydrogen was identified
by GLC, and the mass spectrometric analysis of the
solution showed products of THF destruction. Similar
transformations were observed earlier for the dissolu-
tion of diiodides NdI2 and DyI2 in THF and were
explained by the reaction of the solvent with extremely
reactive monovalent iodides NdI and DyI formed due

680 C, 1 h
2Tm KI TmI TmI K.°+ ⎯⎯⎯⎯⎯→ + +
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to the disproportionation of the diiodides [25]. Since
no disproportionation and subsequent THF destruc-
tion occur with diiodides of other lanthanoides,
including TmI2, the reaction with the solvent of the
products of the reaction of thulium with KI confirms
that the mixture contains highly reactive monovalent
iodide TmI.

Thulium diiodide was reduced to monovalent
iodide in the reaction with neodymium diiodide under
comparable conditions. A change in the magnetic
moment of a mixture of equimolar amounts of TmI2
and NdI2 (4.6 μВ) was found to start on heating to
300°С, but the reaction was very slow. The process
accelerated substantially with temperature increasing.
At 680°С μeff of the mixture decreased to 3.1 μВ within
45 min. Taking into account the values of μeff of the
substances involved in the reaction (TmI2 4.5, NdI2
2.8), metal-containing impurities (Tm 7.5, Nd 3.3),
and triiodides (TmI3 7.5, NdI3 3.3), as well as possible
products (TmI 0 with the configuration 4f14 or 4.8 with
the configuration 4f13s1, NdI3 3.3), we can propose the
only possible explanation of the obtained low value of
μeff: the formation of monovalent thulium with the
even electronic configuration 4f14. The presence of
seven paramagnetic components in a poorly separable
mixture does not allow one to calculate the exact con-
tent of TmI. An approximate estimate shows that more
than 80% of diiodide TmI2 involved in the reaction are
reduced to monovalent iodide TmI.

The direct reaction of thulium, neodymium, and
iodine in a ratio of 1 : 1 : 2 gives an analogous result. In
this case, the initial stage proceeds in the same way as
in the synthesis of diiodides with the ignition of the
mixture. To cease the process, the sample was addi-
tionally heated at 680°С for 2 h.

For the initial mixture, μeff (5.7 μВ) corresponded
to the sum of magnetic moments of thulium and neo-
dymium involved in the reaction. The magnetic
moment of the mixture of iodides formed upon heat-
ing (4.4 μВ) considerably exceeds μeff of the mixture of
products from the above presented reaction of diio-
dides TmI2 and NdI2. An approximate estimate shows
that only 10–15% Tm involved in the reaction are oxi-
dized to monoiodide TmI.

An analogous result was obtained when neodym-
ium was replaced by diamagnetic lanthanum in the
above presented reaction. In this case, a decrease in
the number of paramagnetic components in the
formed mixture of products makes it possible to calcu-
late the relative content of TmI with a high accuracy. A
metal excess was used in the reaction to diminish the
formation of TmI2 and TmI3. After burning and heat-
ing of a mixture of Tm, La, and I2 in a ratio of 2 : 4 : 1

680 C, 45 min
2 2 3TmI NdI TmI NdI .°+ ⎯⎯⎯⎯⎯⎯→ +

680 C, 2 h
2 2 3Tm Nd 2I TmI NdI .°+ + ⎯⎯⎯⎯⎯→ +
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for 2 h, μeff of the mixture decreased from 7.6 to 5.5 μВ,
which possibly corresponds to contents of 20, 35, and
45% for Tm+, Tm2+, and Tm3+, respectively. It should
be mentioned that the elongation of the heating time
for the reaction mixtures increased the magnetic
moment in all cases, which is likely due to the reaction
of the formed active TmI with the reactor glass leading
to metal oxidation.

To conclude, a comparison of the magnetic
moments of mixtures of metallic thulium with potas-
sium iodide, thulium diiodide with neodymium diio-
dide, metallic thulium and neodymium with iodine,
and metallic thulium and lanthanum with iodine and
the magnetic moments of the same mixtures after
heating at 680–700°С showed that μeff decreased in all
cases. The effect observed is explained by the reactions
resulting in the formation of diamagnetic thulium
monoiodide TmI with the 4f14 electronic configura-
tion of the metal along with other products. Thulium
monoiodide is the first compound containing mon-
ovalent lanthanoide. We failed to isolate the formed
TmI in the individual state. However, the calculations
of the magnetic moments of the reaction products tak-
ing into account the additivity of the magnetic suscep-
tibility of the paramagnetic substances and stoichiom-
etry of the reagents involved in the reaction allow us to
convincingly conclude that the target monoiodide
TmI is present in the products. In addition, an indirect
confirmation of the result is the destruction of THF
on contact with a mixture of products formed on heat-
ing Tm with KI.
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