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Abstract—The reaction of thulium shavings with iodine at 680°C gave a poorly separable product mixture A,
consisting of thulium metal (65%), Tml, (14%), and TmlI (21%). Monovalent thulium iodide could not be
isolated in a pure state, but its presence among the products was confirmed, apart from magnetic measure-
ments, by reactions with naphthalene and perylene, which proceed under mild conditions. The reaction of
Tml with naphthalene, which takes place at —40°C, affords the trivalent thulium complex with naphthalene
dianion, [TmI(C,,Hg)(DME);]. The multistep reaction with perylene starts with the formation of the diva-
lent thulium radical anion complex, [(TmI)*(C,yH;,)~"(DME);], and ends in the formation of trivalent thu-
lium complex, [(TmI)H(CZOH]z)Z’(DME)3]. The presence of a radical anion intermediate in the reaction
mixture in an early stage was confirmed by ESR spectroscopy.
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INTRODUCTION

The synthesis and study of properties of com-
pounds containing a monovalent metal is a challenge
in lanthanide chemistry. Among Group III elements
devoid of f electrons (Sc, Y, La), only for
scandium, was a complex containing metal in 1+ oxi-
dation state obtained. In particular, the triple-
decker m-arene complex [(-Bu),C,P;]Sc[(#-Bu),C;P;]-
Sc[(#-BuC),C,P;] was synthesized as a mixture with
the Sc?* complex [Sc(-BuC),C,P;),] by the co-con-
densation of scandium vapor with alkylphosphine
t-BuC=P [1]. The valence state of scandium was con-
firmed by the effective magnetic moment (L) of the
products (3.98 ug for Sc(I) and 1.7 ug for Sc(Il)), ESR
spectrum for the Sc(II) complex, and X-ray diffrac-
tion data for the Sc(I) complex [1, 2].

For the lanthanum monoiodide Lal, which was
obtained by long-term heating of Lal; with lanthanum
metal at 750°C [3], the metal oxidation state was not
indicated in the publication; however, the metal-like
properties of the compound attest to the formally tri-
valent state of the metal. Similar binary halides LnX,,
which possess metallic conductivity, have been
obtained for most of lanthanides [4]. In the series of
lanthanides, monovalent derivatives are known for Pr,
Sm, Tb, Tm, and Yb, without strict proof of the
valence state of the metal or chemical characteristics.
The monovalent samarium chloride was reported to be
formed upon gamma-irradiation of SmCl, in the KCI

matrix [5]. This assumption was based on the fact that
aband at 545 nm appeared in the absorption spectrum
upon irradiation and simultaneously the bands corre-
sponding to the divalent metal chloride decreased.
The formation of monovalent ytterbium halides YbX
was postulated for reactions of ytterbium metal with
alkyl halides RX under specific conditions where
ytterbium atoms as a molecular beam reacted with gas-
eous alkyl halides at 480°C [6]. The laser-excited flu-
orescence in the 5350—6450 A range assigned to emis-
sion of YbX molecules was taken as evidence. The

anionic boron—lanthanide clusters LnBg (Pr, Tb, Tm,
Yb) were obtained under the same conditions; the
presence of these species in the flux of ions generated
by laser-induced simultaneous evaporation of the
metal and boron was detected by mass spectrometry
[7]. Gadolinium, dysprosium, holmium, and thulium
triiodides were tested in the search for mercury-free
fluorescent materials for high-pressure discharge
lamps [8, 9]. In the gas-discharge plasma at 3000—
4000 K, all compounds generated emission in the
450—700 nm range; the emission spectrum was
assigned to Lnl. It was assumed that monovalent neo-
dymium and dysprosium iodides Lnl were formed as
highly reactive intermediate species upon dispropor-
tionation of Lnl, in tetrahydrofuran or dime-
thoxyethane (DME) [10].
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The high reactivity of NdI and Dyl accounts for
easy reactions of NdI, and Dyl, with reagents that are
inert towards diiodides of other lanthanides, including
thulium [4, 11]. This feature may serve as indirect evi-
dence for the formation of monovalent thulium in the
reactions considered below.

Previously, we found that reactions of thulium
metal with potassium iodide and thulium diiodide
Tml, with neodymium diiodide NdI, give mixtures of
iodides that contain, according to the results of mag-
netic measurements, monovalent thulium iodide Tml
with the 4f'# electron configuration of the metal [12].
In both reactions, the difficult-to-separate mixture of
products contained other chemically reactive compo-
nents, which hampered studying of the properties of
target Tml. In this study, we report the development of
a more convenient method for the preparation of Tml
and study of its reactivity.

EXPERIMENTAL

The reactions were performed in evacuated sealed
2—3 mL Pyrex borosilicate glass tubes under condi-
tions that excluded contact with air. Thulium shavings
(22—40 mesh) and iodine (98.7%) were used. lodine
was purified prior to use by two vacuum sublimations.
DME was dried over sodium benzophenone ketyl and
withdrawn for the reaction by condensation in vac-
uum. The thulium content in the samples was deter-
mined by complexometric titration using xylenol
orange as the indicator. The content of iodine was
determined using argentometric titration (Volhard
method).

IR spectra were measured on an FSM-1201 Fou-
rier transform IR spectrometer in the 4000—450 cm™!
range. The samples were prepared as mineral oil sus-
pensions. Elemental analysis was performed on an
Elementar Vario ELcube Analyzer. ESR spectra were
run on a Bruker ESR 200D-SCR spectrometer. The
magnetic moments were measured at room tempera-
ture using a laboratory-made instrument based on the
Faraday method and using comparison with known
samples as described previously [13]. The error of
measurements did not exceed 5%. The samples were
heated in a Nabertherm tubular furnace. X-ray dif-
fraction data were obtained on a SMART APEX dif-
fractometer (graphite monochromator, MoK, radia-
tion, @— scan mode, A = 0.71073 A).

Synthesis of Tml. Thulium shavings (200 mg,
1.2 mmol) were placed in a tube (50 X 10 mm) and
heated to 700°C in a dynamic vacuum to remove
adsorbed gases and water. After cooling, iodine
(75 mg, 0.3 mmol) was added to the shavings, the tube
was sealed, and the mixture was stirred by long-term
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[Lnls]~ [Lnl]* == Lnl; + Lnl (Ln = Nd, Dy)

shaking. The tube was mounted in a horizontal posi-
tion and the mixture was uniformly distributed along
the tube by shaking. One end of the tube was heated
with a gas burner until the mixture ignited. Over a few
seconds, the burning area propagated along the whole
layer of the reaction mixture. The tube with a dark
brown iodide ingot was placed into a furnace and
heated for 1 h at 680°C. After cooling, the ingot was
cooled in liquid nitrogen and broken by gently tapping
the tube against a hard surface. Some of the obtained
product mixture (A) was used to measure the magnetic
moment. The L4 value of the sample was found to be
6.0 ug. Considering the stoichiometry of the starting
reactants and composition of the product (thulium
metal, U= 7.5 ug; Tml,, Uy 4.5 ug; and Tml, pe =
0.0 ug), the found that the magnetic moment corre-
sponded to a mixture of 65% Tm(metal), 14% Tml,,
and 21% Tml. This meant a Tml yield of 73 mg (41%).

The reaction of TmlI with naphthalene. A solution of
naphthalene (34 mg, 0.268 mmol) in DME (7 mL)
was added at —40°C to mixture A (300 mg) prepared as
described in the previous experiment. During stirring,
the solution acquired a bright green color. The solu-
tion was separated from the remaining thulium shav-
ings, which were washed with DME once again. From
the combined solutions, the solvent was removed by
condensation in vacuum. The product formed as a
dark green non-crystalline solid highly sensitive to air.
The precipitate was washed with diethyl ether and
dried in vacuum. This gave 190 mg of a green finely
crystalline solid. Recrystallization of the product from
DME afforded 112 mg of green crystals of
TmI,(DME); (confirmed by X-ray diffraction data
[14]) and 75 mg (40% based on the formed monova-
lent Tm) of [TmI(C,,Hg)(DME);] (I) as a colorless
non-crystalline powder. The magnetic moment was
7.1 pg.

IR (v, cm™): 1460, 1377, 1290, 1285, 1250, 1240,
1150, 1112, 1084, 1071, 1019, 971, 856, 830, 791, 726,
577, 559.

For C22H38061Tm
Anal. calcd., % C, 38.05 H, 5.52
Found, % C, 3791 H, 5.57

Reaction of Tml with perylene. Perylene (61 mg,
0.24 mol) was added to mixture A (284 mg) obtained
as in the previous experiment. Then DME (6 mL) was
added at —60°C by vacuum condensation. The instan-
taneous formation of a dark blue solution was
observed. Within 5 min, the solution color changed to
green. The solution was decanted from metal shavings.
The precipitate was washed with diethyl ether and
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dried in vacuum. This gave 140 mg of a green finely
crystalline powder, which was subjected to fractional
crystallization from DME to give dark green crystals of
TmlI,(DME); (28 mg) (identified by X-ray diffraction
analysis [14]) and pale green finely crystalline powder
of [TmI(C,,H ,)(DME);] (IT) (110 mg, 52% in terms
of the monovalent Tm formed). The magnetic
moment was 7.0 ug.

IR (v, cm™'): 1945, 1849, 1593, 1462, 1379, 1259,
1209, 1094, 1016, 961, 869, 840, 783, 723, 663, 616,
480, 475.

UV-Vis (DME): A, 515 nm.

For C3,H4,06I Tm
Anal. caled., % C, 46.96 H, 5.17
Found, % C, 46.61 H, 5.11

For recording the ESR spectra of the products, the
reaction was carried out directly in an analytical tube
by adding DME to a mixture of perylene and thulium
iodides at 170 K.

RESULTS AND DISCUSSION

While developing the synthesis of Tml by direct
reaction of thulium with iodine, we found that a mix-
ture of iodides with the highest content of the target
product (21%) corresponding to the lowest magnetic
moment of the mixture (6.0 ug) is formed when a two-
fold molar excess of the metal is used. The early stage
of the synthesis (2—3 s) is accompanied by a bright
flash and pronounced heat emission. Despite the high
temperature developing in the reaction zone (above
1300°C), the reaction does not have enough time to
proceed to completion. The product formed as a dark
brown ingot had [ = 6.9 up relative to contained thu-
lium, which corresponds to a mixture of 77% of Tm
metal, 21% of Tm?*, and 2% of Tm'*. The subsequent
heating of the sample at a temperature of 680°C leads
to a decrease in the magnetic moment, which reaches
6.0 ug after 1 h. Considering the ratio of thulium and

DME
Tml + CigHg —3poc™

[ITm(CoHy ~(DME),]
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iodine taken for the reaction, the found p.; may corre-
spond to the composition of 65% Tm metal, 14%
Tm?*, and 21% Tm'*. Further heating under the same
conditions leads to increasing L.

In order to confirm the formation of monovalent
iodide Tml in the reactions between thulium and
iodine and to study its reactivity, reactions with naph-
thalene and perylene were carried out. Previously, it
was shown that the by-product Tml,, which is always
present in product A as an inseparable impurity, does
not react with naphthalene [15]. In the present study,
we found that perylene, too, does not react with Tml,
even on heating to 60°C in DME. Conversely, the
addition of DME to a mixture of product A and naph-
thalene at —40°C results in immediate formation of a
dark green solution. The dark green finely crystalline
product remaining after removal of the solvent rapidly
becomes lighter colored at room temperature to give,
after several minutes, a mixture of green crystals of
TmI,(DME); and a colorless compound, which was
identified as TmI(C,,Hg)(DME); (I) according to the
elemental composition and IR spectrum. The product
magnetic moment of 7.7 ug corresponds to trivalent
thulium. The observed transformations are probably
attributable to the oxidation of monovalent thulium
with naphthalene in the initial stage to give an unstable
green divalent thulium complex with the naphthalene
radical anion [(TmI)*(C,,Hg)~"], which undergoes
intramolecular electron transfer to be rapidly con-
verted into the stable trivalent thulium complex with
the naphthalene dianion, [(TmI)?*(C,,Hg)>~(DME);]
(Scheme 1). Attempts to record the ESR spectrum of
the naphthalene radical anion in the intermediate
[(TmI)*(C,,Hg)~ "] or measure the magnetic moment
were not a success because of its very low stability.
Attempts to obtain the final stable product as crystals
suitable for X-ray diffraction also failed; it can be
assumed that the structure of this complex is similar to
the structure of the dysprosium analogue
[DyI(C,,Hg)(DME),], which was obtained previously
from dysprosium diiodide and naphthalene [16].

T2

0°CT DME "/
Tm—I1

DME~ “DME
@D

Scheme 1.

A possible alternative explanation to the easy
reaction of naphthalene with product A is activation
of the thulium surface with iodine. It is known that
this technique is often used to activate not only main
group metals [17—19], but also lanthanides [20, 21].
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However, in this case, no metal activation with
iodine takes place, as was shown in a separate exper-
iment, which indicated that iodine-activated thulium
does not react with naphthalene under the used con-
ditions.
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240 K The ESR spectrum of the solution shows one
260 K broadened signal (line width 4.9 G, g=2.0010). Asthe
10K temperature rises, the signal intensity rapidly

220 K

3446 3456 3466

Magnetic field, G

3426 3436

Fig. 1. Temperature dependence of the ESR spectrum of
[ITm2+(C20H12)" (DME);] in DME in the temperature
range of 180—260 K.

Like naphthalene, perylene readily reacts with
Tml, but the products formed in this case are more
stable, which makes it possible to record the ESR
spectrum of the intermediate (Fig. 1). The change in
the color of the reaction solution during the reaction,
the appearance and rapid decay of the ESR spectrum
of the perylene radical anion, and the composition of
the final product attest to the multistage nature of the
reaction (Scheme 2). Presumably, the first stage is
perylene reduction with Tml to the radical anion,
which gives a dark blue divalent thulium complex
[ITm**(CyH ;)" (DME);].

DME
Tml + CyHyy —gpoc™

decreases; at 260 K, the signal disappears. Simultane-
ously with the decrease in the signal intensity, the
solution color changes to green, and the spectrum
gradually becomes a superposition of two signals. The
intensity of the secondary signal is much lower than
the intensity of the primary one. The secondary spec-
trum is well resolved and its parameters are typical of
free perylene radical anion [22]. The absence of aniso-
tropic broadening and the g-factor of the former signal
make it possible to assign it to the mononuclear prod-
uct of perylene reduction with monovalent thulium
iodide (intermediate). In the case, the unpaired elec-
tron should be mainly delocalized to the perylene rad-
ical anion, while the unresolved hyperfine structure of
the spectrum may be due to the asymmetry of coordi-
nation of the thulium cation, resulting in decreasing
symmetry of spin density delocalization over the
perylene moiety. The formation of a minor amount of
free perylene radical anion detected by ESR can be
attributable to partial decomposition of the unstable
radical anion intermediate at elevated temperature. In
the second stage, the dark blue color of the solution
and the initial ESR signal disappear. The solution
becomes green due to Tml,, which is contained in
mixture A. Presumably, like in the reaction with naph-
thalene, these transformations proceed via intramo-
lecular redox process giving a trivalent thulium com-
pound with the perylene dianion (II).

Scheme 2.

The proposed transformation scheme is, to a large
extent, arbitrary, because all stages are fast even at low
temperature and, hence, other intermediates can also
be present in the reaction mixture. However, this does
not affect the general transformation route, and the
reaction, as well as the reaction with naphthalene,
confirms the presence of highly reactive monovalent
iodide Tml in the initial mixture A.
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