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Abstract—A quantum chemical study of f luorinated europium alcoholate EuIII(μ-ORF)2(μ2-ORF)3(μ3-
ORF)2(DME)2 (I), where DME is 1,2-dimethoxyethane, is performed. The structure of the complex con-
tains numerous F…F, F…O, F…H, and C–F → Eu interactions. The nature and energy of these nonvalent
interactions is studied in the framework of R. Bader’s quantum theory “Atoms in Molecules.” Nonvalent
interactions between the negatively charged fluorine atoms in the structure of complex I can occur due to the
donation of the electron density from the regions where the electron density is fairly highly concentrated to
the regions of its relative depletion. Weaker C–F → Eu interactions are observed by the additional study using
the Topos Pro structural topological program package. These interactions are confirmed by the study of the
delocalization indices of electrons in the region of potential Eu⋅⋅⋅F interactions.
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INTRODUCTION
Halogen bonds in which the “heavy” halogen

atoms (I, Br, and Cl) participate as electron density
acceptors are actively studied in the recent years [1–
3]. These interactions are applied in molecular design.
They can be used for the preparation of supramolecu-
lar chains or branched networks [4–8]. However, the
Fδ–···Fδ– interactions are still interesting for research.
There are numerous evidences for an increase in the
volatility of the compounds upon the replacement of
hydrogen atoms by f luorine atoms in the structure [9–
12]. In several cases, f luorination leads to an increase
in the enthalpy of sublimation and, correspondingly,
to a decrease in the volatility of the compound com-
pared to the non-fluorinated analog. For example, in
the case of C10H2F12O4Pb, the enthalpy of sublimation
is 111.7 ± 1.3 kJ/mol, whereas the enthalpy of sublima-
tion is 102.4 ± 5.0 kJ/mol for the non-fluorinated
analog C10H14O4Pb [13]. It is also known that the
introduction of the F substituent can affect the biolog-
ical activity of amino acids [14].

There are several works devoted directly to the
study of the nature and energy of the F⋅⋅⋅F interactions
[15–17]. It is shown for any halogen⋅⋅⋅halogen
(Hal⋅⋅⋅Hal) interactions that the possibility of the
interaction to occur depends substantially on the
mutual arrangement of the atoms. These interactions
can take place in the case of two geometric possibilities
[18]. The first possibility appears when θ1 ≈ θ2 (type I),

where θ1 and θ2 are the C–Hal1⋅⋅⋅Hal2 and
Hal1⋅⋅⋅Hal2–C angles, respectively. The second possi-
bility for the Hal⋅⋅⋅Hal interaction to occur is observed
at θ1 ≈ 180° and θ2 ≈ 90° (type II). The classification
of halogen⋅⋅⋅halogen interactions is presented in
Scheme 1.

Scheme 1.

It should be mentioned that the predominant num-
ber of these works is devoted to intermolecular inter-
actions in organic or organoelement compounds with
relatively “light” atoms (P, Cl). At the same time, it
seems most interesting to study such interactions in
the organometallic compounds, because the replace-
ment of hydrogen atoms substantially affects the phys-
icochemical properties of the complexes. In particular,
a substantial change in the physicochemical properties
of the coordination complexes of lanthanides can be
expected upon fluorination. The Ln(III)/Ln(II) com-
plexes due to possible f–f- and f–d-electron transi-
tions can be used as emission materials [19, 20]. Many
H–C fragments in the structure induce luminescence
quenching, and the f luorination of the ligands is used
as one of the methods preventing this phenomenon
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Fig. 1. Molecular structure of complex I. Thermal ellipsoids are shown with 30% probability. Hydrogen atoms are omitted for clarity.
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[21]. In addition, intramolecular interactions C–F →
Ln can occur in the structures with f luorinated
ligands. The areas of application of these complexes
are considerably extended due to such interactions.
Presumably, some catalytic processes [22, 23] and
decomposition of organolanthanide complexes [24,
25] start from the C–F → Ln interactions.

Thus, the study of noncovalent interactions in the
structures of the organometallic complexes is an import-
ant task in the course of understanding a relation between
the structure and physicochemical properties.

EXPERIMENTAL

The full geometry optimization of the EuIII(μ-
ORF)2(μ2-ORF)3(μ3-ORF)2(DME)2 complex (I) was
performed by the density functional theory (DFT)
using the B3LYP hybrid functional in the Gaussian 09
program package [26]. The 6-31+G* basis set was
used for the organic moiety, and the ECP28MWB
pseudopotential was used for the europium atoms.
The valence basis sets ((12s11p9d8f)/[9s8p6d5f]) with
diffuse and polarization orbitals were used to describe
the external shells of europium involved in chemical
bond formation [27]. The electron density function for
ECP was calculated using the Molden2aim program.

II
2Eu
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The topological analysis of the theoretical function
of the electron density distribution was performed
using the AIMALL program [28].

The calculations of delocalization indices (DI) and
analysis of the deformation electron density (DED)
for noncovalent interactions in complex I were per-
formed using the Multiwfn v. 3.3.8 program [29]. The
3d distribution of the DED was visualized using the
GPView program [30].

The geometric analysis of intramolecular Eu···F
interactions was carried out using the ToposPro
5.0.2.1 structural topological program package [31]
and the AutoCN module (method of spherical sectors
[32], MinOm = 0.50).

RESULTS AND DISCUSSION

Europium complex I was chosen as the main object
of the study. The synthesis procedure and the detailed
study of the crystal structure of complex I were
described [33]. The molecular structure of the com-
plex is presented in Fig. 1.

Many closely arranged fluorine atoms in the mole-
cule of complex I suggest intramolecular F⋅⋅⋅F interac-
tions in the structure. To check this hypothesis, we
performed the quantum chemical study of complex I.
ORDINATION CHEMISTRY  Vol. 45  No. 11  2019
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Table 1. Comparison of the experimental and calculated Eu–X (X = O, F, Eu) bond lengths in complex I

Bond Eu–XX-ray, Å Eu–Xcalc, Å Δ Bond Eu–XX-ray, Å Eu–Xcalc, Å Δ

Eu(1)–O(1) 2.520(4) 2.5313 0.011 Eu(2)–O(7) 2.333(3) 2.3401 0.007
Eu(1)–O(2) 2.740(4) 2.6667 0.073 Eu(3)–O(1) 2.738(4) 2.6820 0.056
Eu(1)–O(3) 2.532(3) 2.4760 0.056 Eu(3)–O(2) 2.513(4) 2.5390 0.026
Eu(1)–O(4) 2.469(4) 2.4683 0.001 Eu(3)–O(4) 2.472(3) 2.4799 0.008
Eu(1)–O(3S) 2.640(3) 2.6793 0.039 Eu(3)–O(7) 2.519(3) 2.4817 0.037
Eu(1)–O(4S) 2.640(5) 2.7213 0.081 Eu(3)–O(1S) 2.630(5) 2.7909 0.161
Eu(1)–F(1) 2.920(4) 2.8690 0.051 Eu(3)–O(2S) 2.659(5) 2.7631 0.104
Eu(1)–F(10) 2.699(4) 2.7873 0.088 Eu(3)–F(4) 2.675(4) 2.7730 0.098
Eu(2)–O(1) 2.446(4) 2.4681 0.022 Eu(3)–F(7) 2.893(4) 2.8158 0.077
Eu(2)–O(2) 2.437(4) 2.4690 0.032 Eu(1)–Eu(2) 3.7172(4) 3.6991 0.018
Eu(2)–O(3) 2.331(4) 2.3500 0.019 Eu(1)–Eu(3) 3.8202(5) 3.7927 0.028
Eu(2)–O(5) 2.167(4) 2.1649 0.002 Eu(2)–Eu(3) 3.7096(5) 3.7061 0.004
Eu(2)–O(6) 2.160(4) 2.1472 0.013 Δav 0.045

Table 2. Atomic charges in complex I

Atom Charge, e

Eu(1) 1.68
Eu(2) 2.16
Eu(3) 1.67
q(F) –0.65…–0.63
q(C) 0.43–1.74
q(O) –1.24…–1.09
q(H) 0.02–0.12
The optimization performed satisfactorily repro-
duces the main geometric characteristics of the com-
plex and can be used for further calculations (Table 1).
The average deviation of the Eu–X (X = O, F, Eu)
bonds is 0.045 Å. The highest changes are observed for
the Eu–O(DME) bonds. Evidently, this is related to
the coordination character of the interaction and to
the influence of the packing effect on this distance in
crystal.

The Eu(1) and Eu(3) atoms in complex I are diva-
lent, whereas Eu(2) has the formal charge +3. This
representation is well consistent with the atomic
charges calculated using the AIMALL program [28].
All f luorine and oxygen atoms in complex I have the
negative charge, whereas all carbon and hydrogen
atoms are positively charged (Table 2).

The study of the topology of the electron density
(ED) in complex I using the AIMALL program [28]
shows that all Eu(II)–O and Eu(II)…F interactions
correspond to the type of closed shells (∇2ρ(r)) > 0,
he(r) > 0. In turn, all bonds of Eu3+ with the terminal
and μ-2-bridging O-iso-PrF ligands represent the type
of intermediate interactions (∇2ρ(r)) > 0, he(r) < 0
(Table 3).

An interesting feature of the structure is the pres-
ence of numerous intramolecular nonvalent interac-
tions. The dative C–F → Eu interactions should be
assigned to important structural features (Fig. 2a). In
the framework of R. Bader’s quantum theory “Atoms
in Molecules” (AIM) [34], we found four intramolec-
ular F…Eu interactions in the structure of complex I
(Table 4).

According to the Espinosa–Molins–Lecomte cor-
relations [35], the energy of these interactions ranges
from 3.92 to 5.07 kcal/mol, which is only insignifi-
cantly lower than the corresponding values for the
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
Eu–O(DME) coordination bonds (5.44–
7.28 kcal/mol). For comparison, the energy of Eu–
O(iso-PrF) varies from 7.33 to 37.56 kcal/mol on going
from the μ3-bridging to terminal ligands. Thus, these
four Eu–F interactions should undoubtedly be taken
into account when determining the coordination
number and coordination environment of the lantha-
nide atom.

However, along with four Eu–F interactions,
which were localized by the study of the ED topology,
five shortened Eu⋅⋅⋅F distances (3.305–3.691 Å) are
observed in the structure of complex I. These geomet-
ric parameters indicate a possible interaction between
the europium and fluorine atoms [36]. The geometri-
cal topological analysis using the ToposPro structural
topological program package [31] confirmed the pres-
ence of four strong Eu–F interactions found in the
framework of the AIM approach. In addition, the
ToposPro computational analysis revealed five weaker
Eu⋅⋅⋅F interactions (Table 4).

Interestingly, the contacts with solid angles (SA) of
8.39–11.35% correspond to the interactions con-
firmed by the AIM method. At the same time, the
remained five Eu⋅⋅⋅F interactions correspond to much
  Vol. 45  No. 11  2019
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Table 3. Selected topological characteristics of the Eu–O and Eu…F bonds in complex I

Bond ν(r), au ρ(r), au ∇2ρ(r), au he(r), au EEML [35], 
kcal/mol

Eu(1)–O(1) –0.036 0.037 0.155 0.001 11.28
Eu(1)–O(2) –0.024 0.028 0.108 0.001 7.67
Eu(1)–O(3) –0.042 0.041 0.179 0.002 13.07
Eu(1)–O(4) –0.042 0.041 0.183 0.002 13.15
Eu(1)–O(3S) –0.023 0.026 0.106 0.002 7.28
Eu(1)–O(4S) –0.021 0.024 0.095 0.002 6.44
Eu(1)–F(1) –0.012 0.013 0.064 0.002 3.92
Eu(1)–F(10) –0.015 0.016 0.076 0.002 4.85
Eu(2)–O(1) –0.044 0.045 0.179 0.0004 13.74
Eu(2)–O(2) –0.044 0.045 0.178 0.0003 13.73
Eu(2)–O(3) –0.062 0.057 0.241 –0.001 19.50
Eu(2)–O(5) –0.113 0.082 0.396 –0.007 35.47
Eu(2)–O(6) –0.120 0.084 0.417 –0.008 37.56
Eu(2)–O(7) –0.063 0.058 0.249 –0.001 19.91
Eu(3)–O(1) –0.023 0.027 0.103 0.001 7.33
Eu(3)–O(2) –0.035 0.037 0.151 0.001 10.94
Eu(3)–O(4) –0.042 0.042 0.177 0.001 13.25
Eu(3)–O(7) –0.042 0.042 0.176 0.001 13.14
Eu(3)–O(1S) –0.017 0.021 0.080 0.001 5.44
Eu(3)–O(2S) –0.019 0.022 0.087 0.002 5.81
Eu(3)–F(4) –0.016 0.017 0.079 0.002 5.07
Eu(3)–F(7) –0.015 0.015 0.072 0.002 4.59

Table 4. Intramolecular Eu···F interactions in complex I

* SA is the solid angle corresponding to the interaction calculated using the ToposPro program [31].

Contact Eu···FX-ray, Å Eu···Fcalc, Å EEML [35], kcal/mol SA*, % DI, e

Eu(3)–F(4) 2.675(4) 2.7730 5.07 11.35 0.296
Eu(1)–F(10) 2.699(4) 2.7873 4.84 11.11 0.294
Eu(3)–F(7) 2.893(4) 2.8158 4.59 8.28 0.284
Eu(1)–F(1) 2.920(4) 2.8690 3.92 8.39 0.269
Eu(1)…F(21) 3.305 3.4228 3.36 0.111

Eu(3)…F(24) 3.343 3.4182 3.21 0.111

Eu(3)…F(42) 3.447 3.2248 2.89 0.166

Eu(1)…F(13) 3.543 3.4635 0.91 0.018

Eu(2)…F(9) 3.691 3.6528 0.52 0.061
lower values of solid angles (0.52–3.36%). We calcu-
lated the DI to elucidate the real number of electrons
delocalized between the europium and fluorine atoms
in complex I and to confirm the possibility of interac-
tions between these atoms [29]. It was found that DI =
0.27–0.30 e in the region of Eu···F interactions, which
was confirmed both geometrically and by the ED
analysis. The values of DI were much lower (0.06–
RUSSIAN JOURNAL OF CO
0.17 e) in the region of C–F → Eu interactions that
were found using ToposPro and were not localized in
the framework of the AIM approach. However, it
should be mentioned that this number of delocalized
electrons is substantial (Table 4) compared to the pairs
of noninteracting atoms (DI < 10–5 e) and confirms an
ORDINATION CHEMISTRY  Vol. 45  No. 11  2019
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Fig. 2. Molecular graph of complex I (only CP(3, –1) for the (a) F…Eu, (b) F…F, (c) F…H, and (d) F…O interactions are pre-
sented particularly in the figures. The F and H atoms that are not involved in the corresponding interactions are omitted for clar-
ity). 
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interaction between the europium and fluorine atoms
in all nine cases.

An analysis of the DED shows that both strong
(Fig. 3a) and weak (Fig 3b) Eu···F interactions in com-
plex I are due to the donation of the ED from the
region of its concentration on the f luorine atom to the
positively charged europium atom. Thus, the complex
study of the SA, DI, and DED confirms the existence
of nine C–F → Eu interactions in complex I. It should
be mentioned that the values of SA and DI for the
found interactions indicate that the energy of interac-
tion should be substantially higher for the Eu(1)–
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
F(1), Eu(1)–F(10), Eu(3)–F(4), and Eu(3)–F(7)
contacts.

Numerous intramolecular nonvalent interactions
F⋅⋅⋅F, F⋅⋅⋅H, and F⋅⋅⋅O (Figs. 2b–2d) were observed in
the structure of complex I together with the dative C–
F → Eu interactions. The study of the ED topology
made it possible to reveal the following interactions: 31
F⋅⋅⋅F, 24 F⋅⋅⋅H, and 14 F⋅⋅⋅O. Interestingly, each fluo-
rine atom in the structure of complex I participates in
at least one nonvalent interaction. The maximum
number of such additional interactions is five for the
structure of compound I. The same fluorine atom acts
  Vol. 45  No. 11  2019
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Fig. 3. 3d Distribution of the DED (0.05 au) in complex I
in the regions corresponding to the (a) С(3)–F(4) →
Eu(3) and (b) C(5)–F(9) → Eu(2) interactions. Blue color
corresponds to the region of ED concentration, and the
region of ED depletion is red-colored. 
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as both the ED donor (Figs. 4а, 4b) and ED acceptor
(Figs. 4c–4e)

An analysis of the geometry of halogen interactions
showed that the majority of the F⋅⋅⋅F interactions in
complex I can be attributed to type I (Scheme 1). It
should be mentioned that all F⋅⋅⋅H interactions in the
structure of complex I can conventionally be assigned
to either type I (θ1 ≈ θ2), or type II (θ1 ≈ 90°, θ2 ≈ 180°)
according to the geometrical criteria. The major part
RUSSIAN JOURNAL OF CO

Table 5. Selected geometric and topological characteristics c
actions in complex I

Interaction Number F···Xcalc, Å ρ(r), au

F···F 31 2.6535–3.1962 0.003–0.013

F···H 24 2.2350–3.1968 0.001–0.012

F···O 14 2.7769–3.4483 0.003–0.010
of the F···H interactions in the structure of complex I
is also of type I.

The distances for the F···F, F···H, and F···O inter-
actions in complex I vary in fairly wide ranges (2.654–
3.196, 2.235–3.197, and 2.777–3.448 Å, respectively).
Thus, the scatter in energies of the corresponding
interactions is also significant (0.67–4.10, 0.19–3.25,
and 0.51–3.03 kcal/mol) (Table 5). The total contri-
bution of all Fδ–···Fδ– interactions to the stabilization
of the molecular structure of complex I is
81.86 kcal/mol. This value exceeds the total contribu-
tion of the Fδ–···Hδ+ (43.26 kcal/mol) and Fδ–···Oδ–

(25.19 kcal/mol) interactions.

The DI values were also calculated for all nonvalent
F···X (X = O, F, H) interactions found by us in com-
plex I. The values of DI were 0.001–0.019, 0.003–
0.018, and 0.003–0.030 e for the F···O, F···H, and
F···F interactions, respectively. These values substan-
tially exceed the DI for the noninteracting atoms
(<10–5 e) and indicate an interaction between these
atoms.

The distances between the atoms exceed the sum of
the van der Waals radii of the elements for several F···X
(X = O, F, H) interactions [37]. At the same time, the
structure of complex I contains a series of F···F pairs
for which the distance between the atoms lies inside
the range of localized interactions. However, no criti-
cal point (CP) CP(3, –1) was observed. For example,
the F(3)···F(5) distance is 3.0516 Å, and the bond
route and CP(3, –1) are absent. The structure of com-
plex I also exhibits several examples of F···F for which
the distance between the atoms only insignificantly
exceeds the range of localized interactions. For
instance, this value is 3.3838 Å for the pair of atoms
F(19)···F(22). It is interesting that for these interac-
tions both the geometric (θ1 = 69.50°, θ2 = 65.28° for
F(3)···F(5), θ1 = 60.09°, θ2 = 58.04° for F(19)···F(22))
and electronic factors (DI is 0.005 and 0.001 e for
F(3)···F(5) and F(19)···F(22), respectively) indicate a
possible interaction between the atoms. The study of
the DED fragment also confirms this fact (Fig. 5).
Thus, it can be concluded that the structure of com-
plex I also contains weaker F···F interactions, which
ORDINATION CHEMISTRY  Vol. 45  No. 11  2019

orresponding to the intramolecular F···X (X = F, H, O) inter-

∇2ρ(r), au
EEML [35], 
kcal/mol

DI, e ∑E, kcal/mol

0.019–0.061 0.66–4.11 0.003–0.030 81.86

0.007–0.049 0.19–3.25 0.003–0.018 43.26

0.015–0.043 0.51–3.03 0.001–0.019 25.19
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Fig. 4. 3d Distribution of the DED (0.05 au) in complex I in the regions corresponding to the (a) F(24)···H(3SB),
(b) F(24)···H(4SC), (c) F(4)···F(24), (d) F(5)···F(24), and (e) F(24)···O(1S) interactions. Blue color corresponds to the region of
ED concentration, and the region of ED depletion is red-colored. 
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cannot be localized in the framework of the AIM
theory.

Three intramolecular O···H interactions of the
intermediate type (3.66, 2.15, and 1.57 kcal/mol) are
also observed in the structure of complex I along with
the F···F, F···O, F···H, and C–F → Eu interactions.

Thus, the electronic structure of complex I and the
nature and energy of the noncovalent interactions
Eu···F, F···F, F···H, and F···O were studied. Four
“strong” and five “weak” Eu···F interactions were
found in the structure of complex I. The presence of
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
all C–F → Eu interactions in compound I was con-
firmed by the calculations of the DI of electrons. The
interactions of this type were shown to be caused by
the ED donation from the region of its concentration
on the f luorine atom to the positively charged lantha-
nide cation. The nature and energy of the following
interactions in the structure of compound I were stud-
ied: 31 F···F, 24 F···H, and 14 F···O. The contribution
of all Fδ–···Fδ– interactions in complex I to the stabili-
zation of the molecular structure of the
complex (81.86 kcal/mol) exceeds the total contribu-
  Vol. 45  No. 11  2019
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Fig. 5. 3d Distribution of the DED (0.05 au) in complex I in the regions corresponding to possible (a) F(3)···F(6) and
(b) F(19)···F(22) interactions. Blue color corresponds to the region of ED concentration, and the region of ED depletion is red-
colored. 

(а) (b)

C(11)

C(12)

F(22)

F(19)

F(3)F(6)

C(3)

C(2)
tion of the Fδ–···Hδ+ (43.26 kcal/mol) and Fδ–···Oδ–

(25.19 kcal/mol) interactions. It is shown that the
regions of ED concentration on one f luorine atom
correspond to the regions of ED depletion on another
atom for all localized F···F interactions.
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