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Abstract—The calculation of defects in the structures of the Sc, La, Nd, Sm, Tb, and Yb complexes with sub-
stituted phenolate and naphtholate ligands formed under the action of neutrons with a mean energy of 2 MeV
shows that the shifts of the target atoms depend on their masses and can achieve 1 μm for O, N, and S. A sim-
ilar result is obtained for the calculation of the destruction of the Eu(TTA)3(DME)2 complex (HTTA is the-
noyltrif luoroacetone). However, the treatment of the samples with the n,γ radiation does not result in
destruction. Possible reasons for the found divergence between the calculated and experimental data are dis-
cussed.
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INTRODUCTION
Semiconductors find wide use in science and tech-

nology, including devices and instruments that can be
prone to radiation when applied in space vehicles,
nuclear power plants of various design, and/or defense
technology. The common feature of these materials is
their composition: all of them are inorganic sub-
stances. Organic compounds, in particular, the
organic complexes of rare-earth metals, have a num-
ber of advantages over the inorganic analogs, which
make them promising for applying in many special
areas [1]. Therefore, there is a problem of determining
the level of radiation resistance of organic semicon-
ductors to γ-quanta and neutrons.

In order to fill the aforementioned gap, we calculated
the cross sections and simulated the interactions of neu-
trons of the fission spectrum of uranium nuclei with all
types of atoms that are met in the phenolate, naphtholate,
and similar lanthanide complexes using the SRIM-2003
program. The compounds used for simulation were syn-
thesized and characterized previously [1–3] and differ in
the type of metals, elemental composition, and ligand
size. The organic compound, N,N'-diphenyl-N,N'-bis(3-
methylphenyl)-1,1'-biphenyl-4,4'-diamine (TPD), app-
lied as a hole-transporting material in organic light diodes
was modeled for comparison. The IR and photolumines-

cence spectra of the studied compounds were compared
in order to determine a qualitative change in the com-
pounds after the treatment.

EXPERIMENTAL

Dimethoxyethane (DME) was dehydrated with
sodium benzophenone ketyl using a standard procedure
and was taken in vacuo prior to use. The europium silyl-
amide complex Eu[N(SiMe3)2]3 was synthesized using a
known procedure [4]. Commercial (Aldrich) thenoyltri-
fluoroacetone (HTTA) was used as received. The com-
pounds chosen for simulation, [Ln(OON)3]2 (OON is
2-(2-benzoxazol-2-yl)phenolate), [Ln(SON)3]2 (SON is
2-(2-benzothiazol-2-yl)phenolate) [2], [Ln(NpOON)3]2
(NpOON is 3-(2-benzoxazol-2-yl)-2-naphtholate), and
[Ln(NpSON)3]2 (NpSON is 3-(2-benzothiazol-2-yl)-2-
naphtholate [3], were synthesized using the previously
developed procedures.

Synthesis of Eu(TTA)3(DME)2 was carried out
using the standard Schlenk technique under the con-
ditions excluding contact with air oxygen and mois-
ture. A solution of HTTA (70 mg, 0.315 mmol) in
DME (10 mL) was added to a solution of
Eu[N(SiMe3)2]3 (67 mg, 0.106 mmol) in DME
420
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(5 mL). The reaction mixture was stirred for 30 min at
room temperature. The color of the solution changed
from red to light yellow, and DME and other volatile
reaction products were removed by condensation in
vacuo. The solid residue was washed with hexane and
dried in vacuo. The yield was 81 mg (77%).

IR (ν, cm–1): 3104 w, 1627 m, 1601 m, 1580 m,
1537 m, 1509 m, 1413 m, 1352 m, 1307 m, 1252 m,
1232 m, 1182 m, 1139 m, 1054 m, 933 m, 862 m,
792 m, 769 w, 750 w, 736 w, 711 m, 684 s, 641 s, 606 w,
581 s, 561 w, 519 w, 498 m.

The IR spectra of the samples as suspensions in
Nujol were recorded between KBr windows on an
FSM 1201 FTIR spectrometer (OOO Monitoring,
Russia) in a range of 4000–400 cm–1. An LS 55 lumi-
nescence spectrometer (PerkinElmer, USA) was used
for recording the emission spectra in the range from
200 to 800 nm. Solid samples and solutions of the
compounds in acetonitrile with a concentration of
0.3 mmol/L were used. A nuclear reactor served as an
n,γ-radiation source. The samples were placed in
sealed glass ampules.

Mathematical model. The cross sections of the
interaction of neutrons with atoms of the complexes
were calculated for a mean neutron energy of 2 MeV,
and additional calculations were performed for an
energy of 100 keV and 10 MeV. The neutron radiation
energy was varied during calculations, and the trial
calculation of the action of γ-quanta was performed.
The calculation results were analyzed on the basis of
the data of statistical averaging of the distribution of
radiation defects, ionization, and heating (phonons).
The defect formation processes in the studied materi-
als were compared for the light and heavy atoms com-
posing the materials. The obtained results were com-
pared to the classical semiconductor materials (silicon
and gallium arsenide).

The calculation was performed by the Monte Carlo
method using the SRIM-2003 software package [5].
The trajectory of each recoil atom gained an energy
upon a neutron impact started from the introduction
of its position, direction of motion, and energy. In the
free path length of the recoil atoms, their energy
decreased by the value of electron losses to the ioniza-
tion of the material. After collision, the energy
decreased by the value of the so-called nuclear (or
elastic) energy losses, i.e., by the energy transmitted to
the target atom on collision. The trajectory of the
recoil atom was considered broken if its energy
decreased to the value lower than the preliminarily
specified one.

For C32H35F9O10S3Eu
Anal. calcd., % C, 38.48 H, 3.53 S, 9.63 Eu, 15.22
Found, % C, 38.54 H, 3.61 S, 9.68 Eu, 15.07
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The energy transmitted by neutrons to the recoil
atoms and responsible for radiation violations was cal-
culated by the following equation [5]:

(1)

where Мn and МA are the masses of the neutron and
atom, respectively; Tn is the kinetic energy of the bom-
barding neutron; θ is the recoil angle between the
direction of neutron motion before and after collision;
and А is the atomic mass.

The scattering angle in the system of the center of
gravity was determined as follows [5]:

(2)

The target atoms were chosen using random num-
bers under the assumption that the probability of col-
lision with the atom of each type was proportional to
its stoichiometric coefficient determined by the
empirical formula. The distinction between the light
and heavy atoms in the target was the value of the
interaction potential.

Electron losses were determined as the product of
the stopping function by the free path length of the
recoil atom according to the model of nonlocal energy
losses [6]. The Bragg rule stating that the contribution
of each type of target atoms to the stopping ability is
proportional to the atomic fraction of these atoms was
used.

The calculation procedure was reduced to the
determination of the concentration of radiation
defects for all types of recoil atoms in the studied
materials in the ratio corresponding to the empirical
formulas of the substances. The defect distribution in
the space was also examined, and the ionization and
local warming of the studied materials were compared.

RESULTS AND DISCUSSION

The compounds used in the calculations and their
empirical formulas and densities are presented in
Table 1.

The molecular structures have earlier been deter-
mined for the most part of the complexes by X-ray dif-
fraction analysis [2, 3]. The schematically presented
molecules of the compounds used in the simulation of
radiation destruction differ in the general structure,
metal, elemental composition, and ligand volume.

( )
( )

( )
2n A

A n n2 2
n A

4 4sin 2 ,
1

M M AT T T
M M A

= θ =
+ +

0

cos .P
r

+ ρ + δθ =
ρ +
  Vol. 45  No. 6  2019



422 OBOLENSKII et al.

Table 1. Compounds used for the simulation

Compound Empirical formula Density, g/cm3

Sc(NON)3 C47H43N6O5Sc 1.391
Sc(OON)3 C39H24N3O6Sc 1.473

Sc(NpOONMe)3 C54H46N3O7.50Sc 1.283

[La(OON)3]2 C78H48La2N6O12 1.681
[Nd(OON)3]2 C78H48N6Nd2O12 1.683
[Nd(NpOON)3]2 C102H60N6Nd2O12 1.622
[Sm(OON)3]2 C78H48N6O12Sm2 1.658
[Ce(OON)3]2 C78H48Ce2N6O12 1.656
[Yb(OON)3]2 C78H48N6O12Yb2 1.660
[Sm(SON)3]2 C78H48N6O6S6Sm2 1.752
[Sm(NpOON)3]2 C102H60N6O12Sm2 1.622
Eu(TTA)3(DME)2 C32H25EuO10S3 1.72
TPD C38H32N2 1.16
N

X

O

NX

O
N

X

O
Sc

X = O (OON); S (SON)

Ln Ln

X

NO

X

N
O

X

N
O

X

N
O

X

N
O

X

N O

X = O (OON); S (SON)

N

X

ON

X

O

N

X

O

Ln

N

X

O N

X

OLn

N

X

O

X = O (NpOON);  S (NpSON)

O
O

CF3

Eu

S

O

O
F3C

S

O

O

F3C
S

Eu(TTA)3
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 45  No. 6  2019



COMPUTER SIMULATION OF THE DESTRUCTION 423

Table 2. Neutron scattering cross sections and the mean energy transmitted to the recoil atoms (for neutrons with the
energy 2 MeV)

Element Atomic mass Scattering cross section, barn Energy transmitted
to recoil atom, keV

H 1 13 2000

C 12 2 568

N 14 2 500

O 16 2 443

Sc 45 4 170

La 139 5 57

Се 140 5 56

Nd 142 5 54

Sm 150 5.1 53

Eu 152 5.1 52

Yb 173 5.3 46
In the studied molecules, the total energy of chem-
ical bonds of an individual atom with adjacent atoms
did not exceed 40 eV, which is by three orders of mag-
nitude lower than the energy of fast neutrons and,
hence, cannot affect the radiation resistance of the
compounds. On the contrary, the energies of slow
neutrons and secondary recoil atoms are comparable
with the energies of chemical bonds, which can favor
the enhancement of the resistance of the material.

According to the Breit–Wigner theory, the cross
section of neutron elastic scattering on atoms is the
sum of three terms describing the elastic scattering
cross section 4πа2 (where а is the radius of the atomic
nucleus), resonance scattering, and their interference.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Fig. 1. Energy spectra and the paths of the primary Nd, Sc,
C, and H atoms gained an energy due to the interaction
with neutrons of the fission spectrum (the paths are pre-
sented for Sc(NON)3, and the paths for other studied
materials differ by 15–30%). 
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Since the resonance interaction is complicated, the
dependence of the cross section on the neutron energy
contains several narrow peaks. The widths of these
peaks are small compared to the spectrum of the neu-
tron radiation of a nuclear reactor. The averaged
dependence can deviate to both lower and higher val-
ues and, hence, averaged spectra can be used when
considering the integrated interaction for which the
narrow peaks would compensate each other. The over-
all result can be presented as a sum of the elastic and
nonelastic scattering and the effect of neutron absorp-
tion related to nuclear reactions. A distinctive feature
of the reactions with the neutron energies from 10 keV
to 2–3 MeV is that the processes with elastic scattering
are the most probable, while other processes are either
poorly probable or forbidden by energy. The average
cross sections of neutrons scattered on the atomic
nuclei used in the work are presented in Table 2.

The spectra of the Nd, Sc, C, and H atoms gained
an energy due to the interaction with neutrons of the
fission spectrum are presented in Fig. 1 along with the
paths of the Sc, C, and H recoil atoms gained an
energy due to the interaction with neutrons in
Sc(NON)3 and Nd in [Nd(OON)3]2. A comparison of
the path lengths of other atoms in other studied mate-
rials shows that their difference is not higher than 10–
20%. This is explained by similar chemical composi-
tions and comparable densities of the materials.

The external view of the shift cascades in
[Nd(OON)3]2 is presented in Fig. 2. Each point of the
image corresponds to the shifted atom. It was assumed
that a neutron transmitted the energy to the atoms at
the corresponding starting point in the vertical axis
and their primary impulse was directed to the right.
The primary recoil atom moves “from left to right”
  Vol. 45  No. 6  2019
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Fig. 2. Comparison of the cascades of the recoil atoms
formed by the primary Nd (54 and 500 keV) and N
(500 keV) atoms in [Nd(OON)3]2. 
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and forms a chain of the shifted atoms along the tra-
jectory. The secondary recoil atoms gained significant
energies from the primary atoms form subcascades of
the shifted atoms. The shift cascades differ substan-
tially for the primary atoms of various masses: the
heavy atoms form dense aggregates (clusters) of
defects, whereas the light atoms form strongly elon-
gated aggregates with an increased concentration of
defects at the end of the path of the primary recoil
atom. The initial energy of the recoil atoms substan-
tially affects the characteristic sizes of the defect clus-
ters (see the path lengths in Fig. 1). The cross sections
of the interaction of the primary atoms with the sec-
ondary atoms also depend substantially on the ratio of
masses of the incident atom and target atom, and the
number of primary atoms with various energies is
determined by their energy spectra (Fig. 1). Therefore,
the calculation of the defect concentration under the
neutron irradiation of the studied materials is a non-
trivial task and was solved by the Monte Carlo method
described above.

The ratio of the number of radiation defects per
1000 primary atoms shifted by neutrons is presented in
Table 3. A comparison of the data shows that in the
materials with Sc the main defects will be generated by
the primary carbon atoms, while in Nd2(OON)6 neo-
dymium is the major atom forming radiation defects.
Taking into account the fact that the cross section of
the interaction of neodymium with neutrons is higher
than that of scandium, we may conclude that the
materials with scandium are more resistant to radia-
tion. The radiation resistance increases by ~25% in the
series of materials Sc(OON)3, Sc(NON)3, and
Sc(NpOONMe)3. The resistances of the [La(OON)3]2,
[Nd(OON)3]2, and [Yb(OON)3]2 materials differ
insignificantly.
RUSSIAN JOURNAL OF C

Table 3. Ratio of the number of radiation defects per 1000 p
atom indicated in Table 2)

Primary
target atom Sc(OON)3 Sc(NON)3 Sc(NpO

Н 63 76 6

С 251 205 19

N 18 25

O 34 19 2

Sc 105 70 5

La

Nd

Yb
According to the calculations (Tables 2, 3; Figs. 2,
3), all compounds studied undergo deep transforma-
tions upon the action of fission neutrons. This should
drastically change their physicochemical properties
similarly to the changes observed in the inorganic
semiconductors [7–9].

The chosen Eu(TTA)3(DME)2 and [La(NpSON)3]2
complexes were subjected to the pulse treatment with fis-
sion neutrons and γ-photons (3 ms, absorbed dose 130
krad, and fluence 3.6 × 1013 J/cm2) to evaluate the ade-
quacy of modeling the real processes that occur in the
organometallic materials under the high-energy ionizing
irradiation. The irradiation did not result in a change in the
exterior, color, and IR and photoluminescence spectra of
the samples (Fig. 3). It should be mentioned that the Eu3+

ion (f–f transition 5D0–7F2) is the emission center in the
europium complex, whereas the luminescence band of the
ligands is detected in the spectrum of the lanthanum com-
plex. Interestingly, the X-ray irradiation of the CaAlO4:Eu
inorganic material induces the reduction of Eu3+ to Eu2+,
which is distinctly observed in the photoemission spec-
trum [10].
OORDINATION CHEMISTRY  Vol. 45  No. 6  2019

rimary atoms shifted by neutrons (for the energy of the recoil

Complex

ONMe)3 [La(OON)3]2 [Nd(OON)3]2 [Yb(OON)3]2

6 71 72 74

3 281 287 283

9 21 21 21

2 38 39 38

1

816

828

892
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Fig. 3. Photoluminescence spectra of the (a) Eu(TTA)3(DME)2 complex in a THF solution at λexc = 395 nm and (b) solid
[La(NpSON)3]2 complex at λexc = 390 nm; (c) the spectral photosensitivity of silicon and (d) the IR spectra of the
[La(NpSON)3]2 complex (1) before and (2) after irradiation. The spectra before and after γ-neutron irradiation with a f luence of
1014 J cm–2 for the organic semiconductors (a, b) and 1013 J cm–2 for the silicon р–n transition.
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The found divergence between the calculated and
experimental data is explained, most likely, by a low
density of the organic semiconductors compared to
the inorganic analogs and by another luminescence
mechanism.

An analysis of the nonuniform energy release and radi-
ation defects in the bulk of diphenyl-N,N'-bis(3-methyl-
phenyl)-1,1'-biphenyl-4,4'-diamine and organic com-
plexes of neodymium, samarium, lanthanum, europium,
ytterbium, and scandium upon the insertion of hydrogen,
carbon, nitrogen and metal atoms during neutron, elec-
tron, and γ-irradiation shows that the organic semicon-
ductors are characterized by significantly more rarefied
clusters of radiation defects than the inorganic semicon-
ductor materials, which makes it possible to recommend
them as promising materials for radiation-resistant elec-
tronics.

It is found by the simulation of fast electron scatter-
ing in the metal complexes of neodymium, samarium,
scandium, and TPD that the concentration of defects
formed in the studied materials is by 3–4 orders of
magnitude lower than that observed for neutron irra-
diation. In addition, no defect clusters are observed in
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
the materials, and only point defects and their com-
plexes are formed. These data, calculation results of
the destruction of the complexes under neutron irradi-
ation, and results of the treatment of the samples with
n,γ radiation indicate that the studied materials are
highly resistant to radiation and, hence, can be recom-
mended as a basis for manufacturing radiation-resis-
tant energy converters, first of all, autonomous current
sources characterized by the prolonged operation and
based on β-radiating isotopes (β-cells [11–13]).
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