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ABSTRACT: Lanthanide—transition metal complexes continue to

be of interest, not only because of their synthetic challenge but also @ S
of their promising magnetic properties. Computational work Ln"<«—3F¢e’
examining the chemical bonding between lanthanides and L.
transition metals in PyCp,Ln-TMCp(CO), (DyPyCp,*~ = [2,6- Ionic
(CH,C4H,),CsH;N]*") reveals strong Ln—TM dative bonds. Gas- vS.
phase optimized geometries are in good agreement with covalent
experimental structures at the density functional theory (DFT) Lnx Fe

level with large-core pseudopotentials. From La to Lu, there is a
small increase in the bond dissociation energy, as well as a decrease
in Ln—Fe bond lengths. Energy decomposition analyses attribute
this trend to an increase in the electrostatic contribution from the
decreasing bond length and a modest increase in the orbital
contribution. The natural bond orbital analysis clearly indicates that 3d® “lone pairs” in the [FeCp(CO),]™ fragment act as a Lewis
bases donating nearly 0.5 electron to Ln virtual orbitals of mainly d character. The interfragment bonding was also quantified by the
quantum theory of atoms in molecules, which indicates that the Ln—Fe bond is more covalent than the Ca—Fe bond in the
hypothetical CpCa-FeCp(CO), but less covalent than the Zn—Fe bond in the hypothetical CpZn—FeCp(CO),. Further
comparisons suggest that to the [PyCp,Ln]* cation the [FeCp(CO),]™ anion appears much like a halide. Overall, these Ln—TM
dative bonds appear to have strong electrostatic contributions as well as significant orbital mixing and dispersion contributions.

H INTRODUCTION distance of 2.994 A. Beginning in 2008, several bismetallocene
[Cp,Ln—ReCp,] complexes (7) with unsupported La/Sm/

Developing innovative types of metal—metal linkages has been
Yb/Lu—Re bonds were successfully synthesized through alkane

fascinating scientists for many decades.'”” Recently, much

effort has been devoted to understanding interactions between elimination reactions by Kempe and his co-workers.'*™"®
4f-block elements and transition metals.”” Owing to their Meanwhile, the same group published striking results on
significant synthetic challenge, examples of direct lanthanide to molecular intermetalloids [Ln(ReCp,);] (Ln = Sm, Lu, and
transition—metal bonds remain uncommon (Figure 1). Note La) that contain lanthanoid metals solely bound to transition
that short distances between lanthanides and transition metals metals in a triangular arrangement (8)."

do not necessarily guarantee strong metal—metal bonds, such Understanding novel types of metal—metal chemical bonds
as the Lu—Pd(0) complex (1), where metal atoms are held in was always of great fundamental interest, but only a few
close proximity by the bridging aminopyridinato ligands."’ computational studies have been dedicated to elucidating the

Nevertheless, examples of Nd—Rh/Pt (2),11 Lu—Pt (3);12 and nature of direct Ln—TM bonds.'>!'¥1¢20:2! Kempe and co-
Lu—Ni (4)"° bonds have been synthesized with bridging workers pioneered the evaluation of Ln—Re bonds of 7 at the
ligands. Notably, the Lu—Ni complex from Ramirez et al. was density functional theory (DFT) level by means of the electron
the first case of molecules containing direct Ln—TM localizability indicator (ELI-D). They identified the interaction
interactions to exhibit catalytic reactivity. On the other hand, energy between the Ln and TM fragments as dominated by the

the first appearance of an unsupported Ln—TM bond dates electrostatic interaction, while the occurrence of disynaptic
back to 1993, when Beletskaya et al. reported the directly

bonded complex [Cp,(thf)Lu-RuCp(CO),] (5).'* The Lu—Fe
analogue was not isolated due to its limited stability. Later,
Arnold et al. synthesized an unsupported Ln—Fe complex,
[(L')(N")Nd-FeCp(CO),], [L = Bu'NCH,CH,{C-
(NCSiMe;CHNBu')}; N” = N(SiMe;),] (6), via salt-
elimination reaction.”> This Nd—Fe complex was sufficiently
stable to be isolated and structured with a Nd—Fe bond
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Figure 1. Selected examples of Ln—TM heterobimetallic complexes featuring the two metals in close proximity.

«

basins and distribution of basin population indicated “a
characteristic covalent RE-TM bonding situation.””’ On the
other hand, research on the Nd—Fe amido N-heterocyclic
carbene complex (6) suggested that the Nd—Fe interaction is
“principally ionic” in character based on the natural bond
orbital (NBO) analysis and calculated interaction energy of
384 kJ/mol between the {Fp}~ and {Nd}' fragments."”
Recently, complete active space self-consistent field (CASSCF)
calculations on several An/Ln—M-bonded systems including
[Cp,(thf)Lu-RuCp(CO),] (5) indicated that the electronic
structure of these systems is not multiconfigurational. Their
results also suggested that An/Ln—M bonds are primarily ionic
with o-type donation from the metal ligand to the An/Ln
fragment existing in all cases.”’ The differences in these bond
descriptions are not irreconcilable as different analysis tools
were used on different complexes. Thus, chemical bonds
between lanthanides and transition metals are worth exploring
in a uniform series of complexes with multiple characterization
tools to provide a consistent and reliable interpretation of
bonds.

In our previous communications, we reported character-
ization and analysis of PyCp,Dy-TMCp(CO), (TM = Fe, Ry;
PyCp,”” = [2,6-(CH,CsH;),CsH;N]*7) and the (thf)Ce—Fe
analogue from both experiment and theory.”””’ Since this
ligand system is apparently capable of supporting other Ln—
TM complexes,” we investigated Ln to TM bonds in
PyCp,Ln-TMCp(CO), (TM = Fe, Ru) (9) with detailed
theoretical analyses of the La—Fe, Dy—Fe, and Lu—Fe bonds.
To distinguish the nature of these unconventional Ln—Fe
bonds, comparisons are made with relevant analogues, for
which the bonding characteristics are more generally accepted.
A variety of analysis tools, such as NBO, topological analysis,
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and energy decomposition analysis (EDA), are employed in
this work. Given the general stability of these trivalent
lanthanide compounds and the interest in their single-molecule
magnetic properties, we hope this work will provide insight
into the nature and periodic trends of Ln—TM bonding that
will be he Pful to future work on the properties of these
systems

B EXPERIMENTAL SECTION (COMPUTATIONAL
DETAILS)

Based on previous work,”’ the BP86>>° functional was selected for all
of the DFT calculations of PyCp,Ln-TMCp(CO), (TM = Fe, Ru)
systems, and results for several other functionals are compared below.
Geometry optimization and frec;uency calculations were performed
with Gaussian 09, Revision DO1*” with the 6-311G**® basis sets on C,
H, O, and N atoms. The DFT wave functions were tested and
confirmed to be stable. Large-core quasi-relativistic pseudopotentials
were used for lanthanides (ECPnMWB, n = 46, S5, 60 for La, Dy,
Lu*®*®) in combination with their corresponding basis sets
((6s6pSd)/[4s4p4d] + 2s1p1d) 3132 The quasi-relativistic
ECP28MWB was used on Ru,” and fully relativistic ECP10MDFE
on Fe,** with their respective valence basis set (Ru, (8s7p6d2flg)/
[6s5p3d2fig]; Fe, (8s7p6d2flg)/[6s5p3d2flg]).>*~>° With this
choice of ECP and basis set, all of the complexes are calculated as
singlet states as the 4f electrons of Ln®* are in its ECP. Solvation
energies were calculated from gas-phase optimized geometries in
tetrahydrofuran solvent (as was used in the experimental work) with
the SMD* solvation model. Dispersion corrections were added to
energies using the D3 version of Grimme’s dispersion with the
Becke—Johnson damping (GD3BJ).”” The Kohn—Sham orbitals
generated from gas-phase geometry optimizations were used for
natural bond orbital analysis with NBO 6.0.%*

Single-point calculations on both the large-core optimized
geometries and available experimental structures were carried out

https://doi.org/10.1021/acs.inorgchem.1c00285
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under the Douglas—Kroll-Hess (DKH)*’ second-order scalar-
relativistic scheme, in combination with 6-311G* for C, H, O, and
N atoms as well as the all-electron correlation consistent basis sets for
lanthanides (cc—pVTZ—DK?))40 and Fe (cc—pVTZ—DK).41 The all-
electron DKH calculations produced electronic binding energies (BE)
in excellent agreement with the ECP calculations (see Table S1).
Topological analysis (the quantum theory of atoms in molecules,
QTAIM*™*) was performed based on the Kohn—Sham orbitals
generated from all-electron calculations by employing AIMAIL** For
EDA calculations, geometry was optimized at the BP86/ZORA-
TZ2P* (all-electron) level of theory followed by fragment analysis
implemented in ADF2017.106.***” The ORCA 4.0*® was also used
for geometry optimization (BP86/SARC-ZORA-TZVP* on La, Dy,
and Lu, old-ZORA-TZVP*® on Ru, and ZORA-def2-TZVP*' on
others; integration grid was set to Grid7, NoFinalGrid) and
generating wave function files for QTAIM analysis, leading to
consistent results with Gaussian and ADF. Calculational methods on
complexes other than PyCp,Ln—FeCp(CO), are described in the SI.

B RESULTS AND DISCUSSION

Geometry Optimization. Geometry optimization (Figure
2) from BP86 with large-core ECP using G09 indicates that
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Figure 2. Bond lengths between lanthanide and iron/ruthenium in
PyCp,Ln—TMCp(CO), series of compounds from gas-phase-
optimized structures calculated with large-core ECP for Ln (cyan/
navy) show good agreement with several crystal structures (orange/
red). Results of geometry optimization from scalar-relativistic all-
electron calculations are discussed in the SI.

Ln—Fe and Ln—Ru bond distances decrease from La™ 4{° to
Lu™ 4f'" trends that are consistent with the change of Ln
trivalent radii.”> Our studies showed that tetrahydrofuran (thf)
solvent molecules tend to coordinate to early lanthanides in
the crystallization to form (thf)PyCp,Ln—TMCp(CO), (Ln—
™ Ce—Ru, Ce—Fe, Pr—Fe, and Nd—Fe), and such
coordination significantly elongates the Ln—TM bond
distances.”>** In this work, we will focus on the structures
without coordinated tetrahydrofuran.

With regard to the choice of functionals for geometry
optimization, the performance of BP86 was excellent for the
Dy—Fe complex and the deviation from the experimental
structure is only 0.003 A. Bond length deviations calculated
from several other functionals are also shown (Figure 3).
Compared to BP86,”**° the BLYP,”*® and B3LYP****
functionals result in larger overestimations of the Dy/Ce—Fe
bond lengths. These overestimations increase for ruthenium
complexes, and this trend from Fe to Ru holds true for all
tested functionals. @B97XD,>® M06,56 and MN12SX”’ predict
shorter bond lengths compared to the former three functionals,

pubs.acs.org/IC
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Figure 3. Ln—TM bond length differences between DFT optimized
geometries with selected functionals and experimental structures.
Data labels are shown for Dy—Fe and (thf)Ce—Ru complexes.

causing an underestimation of iron complexes and providing
more accurate results for ruthenium complexes. Although the
MNI12SX functional shows the least mean average error for
these bond lengths, geometric differences are actually fairly
small across functionals. Thus, we will continue to use the
BP86 functional in this paper, especially since the focus is
mainly on the Ln—Fe complexes. It is worthwhile to mention
that BP86 optimized geometries with all-electron basis sets
using ADF and ORCA are consistent (Table S2) with those
from GO9-ECP.

Since these complexes are synthesized from salt elimination
of K[FeCp(CO),] and [PyCp,Dy]OTf in THF (Scheme S1),
a comparison of optimized bond lengths in the gas phase and
in the solution, which parallels the experiment, can provide
insight into the strength and polarity of the bonding
interaction. In terms of BP86 gas-phase-optimized dysprosium
complexes (ECP-G09), from Table 1, it is clear that dispersion
shortens the Dy—Fe and —Ru bond distance by 0.07 and 0.08
A, while solvation lengthened them by 0.19 and 0.10 A,
respectively. Hence, dispersion makes a strong contribution to
shortening Ln—TM bonds, while implicit solvent effects have
an even stronger effect on lengthening them. It is interesting
that solvation elongated the Dy—Fe bond much more strongly
than the Dy—Ru one. This latter result suggests that the bond
is quite polar and fairly ionic as a weakly polar, covalent bond
would not show such significant lengthening upon solvation.

Binding Energies. To calculate binding energies (BE),
each Ln—Fe complex is split into two fragments by breaking
the Ln—Fe bond. The intact complexes are optimized in the
gas phase as described in the computational details. The values
reported in the second column of Table 2, AE;, gas are
electronic interaction energies for the two fragments in their
adduct (“frozen”) geometries. The AE,, gas of two charged
fragments in their frozen geometries, [PyCp,Ln"]* and
[CpFe’(CO),]™, are referred to as ionic AE;, s while the
covalent AE,, s were calculated from neutral fragments
[PyCp,Ln"]° and [CpFe'(CO),]°. For the rest of the columns,
fragment geometries are fully optimized in the gas phase for
meaningful values of the thermal corrections; hence, electronic
binding energies, AE, gas, are slightly less negative than
AE,, gas- As expected, the ionic AE, g, values are much
more negative than the covalent AE, s ones because of the
large electrostatic interaction between charged species. Similar
results for the binding energies were obtained when using
crystal structures instead of optimized geometries and all-
electron basis sets instead of large-core ECP (Table S3).

While electrostatics dominate ionic AE, g,g values, as well
as the enthalpy, AHg,s and Gibbs free energy, AGgys, for

ionic fragments, ionic Gibbs free binding energies with solvent

https://doi.org/10.1021/acs.inorgchem.1c00285
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Table 1. Comparison of Dy—Fe/Ru Bond Lengths (A) Optimized with Different Methods

species EXP ECP-G09
Dy—Fe 2.883 2.887
Dy—Ru 2.951 2.995

ECP + disp. ECP + SMD ECP + disp. + SMD
2.819 3.078 2.994
2916 3.097 3.024

Table 2. Gas-Phase Ionic and Covalent Interaction Energies (AEmt Gas Frozen Fragment), Binding Electronic Energies
(AE, ¢as), Enthalpies (AHg,s), Gibbs Free Energies (AGg,s), Solvent-Corrected Gibbs Free Energies (AGgyp), and Solvent-
Corrected Gibbs Free Energies with Dispersion Correction (AGgyp, + Disp.) of PyCp,La-FeCp(CO),, PyCp,Dy-FeCp(CO),,
and PyCp,Lu-FeCp(CO), from Gas-Phase Geometries and Fragments with G09

BE AEin_cas AE, cas
[La]*—[Fe]™ ions —122.8 -117.7
[Dy]*—[Fe]™ ions —126.7 —118.7
[Lu]*—[Fe]™ ions —128.7 —117.8
[La]’~[Fe]° neu —59.4 —50.8
[Dy]°—[Fe]° neu —62.1 —51.1
[Lu]°~[Fe]° neu —62.7 -50.9

AHgas AGgas AGgyvp AGgyp + disp.
—-116.0 —-102.0 —4.4 -23.0
—-116.8 —101.5 -7.3 —284
—-115.7 —99.8 -11.5 -33.2
—48.4 -35.0 —28.6 —47.2
—48.2 —-33.6 —23.1 —44.0
—47.9 -33.3 -25.9 —-50.4

corrections, AGgyp, are much smaller because of the
stabilization of the free ions in solution. Neutral fragments
are also stabilized by solvent corrections, to a less degree, as
expected. Because ionic fragments are more stable in solution
than the neutral ones, these complexes would dissociate into
ions in solution. Dispersion contributes ca. 20 kcal/mol to
both ionic and covalent AE, .5 suggesting noncovalent
interactions also play an important role in stabilizing these
complexes. It is remarkable to notice that the dispersion
constitutes over half of the free energy of binding in solution.

Natural Bond Orbital Analysis. While it is obvious that
substantial ionic interaction contributes to the bonding of
these systems, there are orbital interactions, such as charge
transfer (CT), that cannot be overlooked. The natural bond
orbital (NBO) analysis performed on the La—Fe gas-phase-
optimized geometry reveals an overall transfer of 0.48 electron
from [CpFe(CO) 1™ to [PprzLa]+ (0.50 electron from
[CpFe(CO),]™ to [PyCp,Lu]*). The main interacting orbitals
contributing to La—Fe bonding from second-order perturba-
tion theory analysis and the number of electrons donated are
shown in Figure 4. A large proportion of the orbital interaction
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P
'l
°
4

9

¢
Lone Pair Fe #36
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d(79.01%)

Lone Pair Fe #39
(1.31e) LP s( 21.8%)
d(77.8%)

Figure 4. Selected natural bond orbitals (NBOs) of PyCp,La-
FeCp(CO),.

and charge transfer emerges from two Fe “lone pairs” of mainly
3d character donating to La “low-valence” and “Rydberg”
orbitals. Among these interactions, the strongest (based on the
off-diagonal Fock matrix element = 0.42 au) is between Fe 3d
lone pair #39 and La #109 (Figure 4). A second relatively
strong interaction (0.17 au) occurs with a different orientation
between Fe d 3d lone pair #36 and La #109. The La #109
orbital accepts 0.27 e from these two Fe lone pairs and the rest
of the electron density from the Fe fragment goes into a

9397

number of other low valence accepting La orbitals (Figure S1)
that are also mostly of d character. In terms of natural charges,
donor-acceptor NBOs characteristics, and associated stabiliza-
tion energies, the difference between La—Fe and Lu—Fe bonds
is modest. Detailed results of NBO analysis on Lu—Fe are
described in Figure S1 and Table SS.

Energy Decomposition Analysis. While the role of
orbital mixing is addressed in the previous section, an in-depth
analysis of other components of electronic interaction can be
helpful. Inspired by the work of Frenking and co-workers,” an
energy decomposition analysis (EDA) was performed on La—
Fe and Lu—Fe complexes, where both close-shell charged
fragments and open-shell neutral fragments were studied. In
Table 3, the interaction energy AE, under the Mokokuma-type
bond energy analysis®” implemented in ADF comprises three
components: the classical electrostatic interaction AE,, the
Pauli repulsion AEp,;, and the orbital interaction energy
AE, ;. The ADF optimized bond distances (La—Fe, 2.996 A;
Lu—Fe, 2.838 A) and total electronic interaction energies
([La]*=[Fe]~, —119.7 kcal/mol; [La]’~[Fe]®, —60.3 kcal/
mol; [Lu]*—[Fe]”, —125.2 kcal/mol; [Lu]’—[Fe]°, —59.7
kcal/mol) are consistent with the results from G09, above. For
ionic fragmentation, electrostatic interactions make up ~75%
of the total attractive contributions. The orbital interactions
derived from ionic fragmentation are significantly smaller both
in magnitude and in percentage than ones from neutral
fragmentation. For neutral fragmentation, the attractive
contributions are composed of nearly half electrostatic
interaction and half orbital interaction. The neutral fragmenta-
tion of the Lu—Fe and La—Fe complexes results in similar
magnitude of orbital interaction and total interaction energy,
but quite different AE,, and AEp,;. When one combines
AE,, and AEp,;, as a term to represent the interaction of
fragments with antisymmetrized wave functions without
electronic relaxation, the sum is comparable for Lu—Fe and
La—Fe. The overall larger orbital interactions for the neutral
fragments suggest that there is more charge transfer in the
neutral fragments than in the charged ones. Thus, the EDA
indicates that the fragments in the whole molecule are closer to
ionic ones than neutral ones.

To further elucidate the chemical bonding in Ln—Fe
systems, we computationally substituted the [FeCp(CO),]”
fragment with simpler anionic ligands: CI”, Br™, and I". As
expected, the La-halide distance increases with the respective

https://doi.org/10.1021/acs.inorgchem.1c00285
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https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00285/suppl_file/ic1c00285_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00285/suppl_file/ic1c00285_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00285?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00285?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00285?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00285?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00285?rel=cite-as&ref=PDF&jav=VoR

Inorganic Chemistry

pubs.acs.org/IC

Table 3. Results of the EDA of PyCp,La-FeCp(CO), and PyCp,Lu-FeCp(CO), Complexes at the BP86/TZ2P with Scalar-

Relativistic Correction

molecule PyCp,La-FeCp(CO), PyCp,Lu-FeCp(CO),
[PyCp,La]" (S) [PyCp,La]° (D) [PyCp,Lu]* (S) [PyCp,Lu]° (D)
fragments [CpFe(CO),]" (S) [CpFe(CO),]° (D) [CpFe(CO),]™ (8) [CpFe(CO),]° (D)
AE,,, —119.7 —60.3 —1252 —-59.7
AEpui 82.5 84.2 85.4 156.0
AE, " —150.5 (74.4%) —59.1 (40.9%) —155.4 (74.0%) —120.2 (55.8%)
AE, " —51.8 (25.6%) —85.3 (59.1%) —54.9 (24.0%) —95.4 (44.2%)

“The percentage in parentheses is the % that a contribution makes to the total attractive contributions.

Table 4. Results of Energy Decomposition Analysis (EDA) from ADF Using Ionic Fragments (Energies in kcal/mol)

kcal/mol d (A) AE,, AEp i
La—Fe 2.996 —119.7 82.5
Lu—Fe 2.859 —125.2 85.4
La—Cl 2.669 —136.7 75.2
La—Br 2.833 —127.7 72.3
La—I 3.083 —-117.1 62.5
Lu—I 2.897 —-121.6 72.0
Ca—Fe 2.747 —140.0 54.6
Zn—Fe 2.353 —209.5 81.5

AE AE,, % elst” % orb”
—150.5 —-51.8 74.4 25.6
—155.4 —54.9 74.0 26.0
—158.1 —53.8 74.6 25.4
—149.6 —50.4 74.8 25.2
—135.1 —44.5 75.2 24.8
—145.1 —48.5 74.9 25.1
—149.8 —44.8 77.0 23.0
—187.5 —103.6 64.6 35.6

“These are the % that each contribution makes to the total attractive contributions.

halide size. The EDA analysis shows that all of the halide
substitution analogues produce results exceedingly similar to
ionic fragmentation of Ln—Fe ones in terms of the ratio of
electrostatic interactions versus orbital interactions. Among the
halide complexes, Ln—I analogues are the closest to Ln—Fe in
terms of bond lengths and total interaction energies, except
that Ln—I bonds are slightly longer and more polar (with more
electrostatic interaction) than Ln—Fe bonds. Combined with
the NBO analysis in the previous section, when bonding with
[PyCp,Ln]*, [CpFe(CO),]™ acts like an I” by presenting lone
pairs to the unoccupied orbitals in the Ln fragment with a
strong ionic contribution and significant orbital mixing. In a
second comparison, the [PyCp,Ln]" fragment was replaced by
[CpCa]* and [CpZn]*, which were chosen as examples of
closed-shell metallo-cations with empty and filled 3d orbitals,
to create hypothetical model systems abbreviated as Ca—Fe,
Zn—Fe in Table 4. The Ca—Fe complex has a shorter
intermetallic bond distance than Ln—Fe complexes and the
highest percentage of electrostatic interaction (77.0%) in Table
4. Alternatively, the Zn—Fe complex has the least percentage of
electrostatic interaction (64.6%), despite having the largest
electrostatic energy component and overall interaction energy
among all of the molecules in Table 4, a difference due in part
to its shorter bond. Thus, in terms of the ionic fragmentation
scheme, the Ln—Fe bond looks more like Ln—I and Ca—Fe,
while Zn—Fe is much more covalent than the rest of the bonds
in Table 4. Additional EDA results for neutral fragments are
provided in Table S4.

Quantum Theory of Atoms in Molecule Analysis.
Analysis of electron density in intact molecules serves as an
alternative way to characterize bonding with the advantage of
avoiding artificially splitting the complex into two somewhat
arbitrary fragments. Thus, the quantum theory of atoms in
molecule (QTAIM) analysis was applied to the Ln—TM
complexes and their analogues. In QT'AIM, neighboring atoms
(atomic basins) are delineated by what is known as interatomic
surface (Figure S) where there is no flux in the gradient vector
field of electron density Vp through the surface, a point at
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a)

b)

Figure S. Illustration of (a) basin paths with interatomic surface and
(b) contour plots of V*p on the La—Fe—C(Cp) plane from QTAIM
analysis.

which Vp = 0 is called a critical point. For every pair of
neighboring atoms, a critical point is found in the interatomic
surface perpendicular to the internuclear axis. At this point, the
density is a minimum along the line of the nuclei and a
maximum with respect to the directions perpendicular to this
line. This point has been referred to as bond critical point,
though we prefer line critical point (lcp) as Shahbazian
suggested’’ because the existence of this point should not be
interpreted as indicating a chemical bond. Other QTAIM
properties such as values of the density, the Laplacian of the
density, and energy densities at the lcp are characteristics of the
nature of the interaction. In a classical covalent bond, both the
Laplacian, V?p(lcp), and total energy density, H(lcp), are
negative. In an ionic bond, both are positive. A less clear case
occurs when V2p(lcp) > 0 and H(lcp) < 0; such interactions
fall into the category of intermediate interactions like dative
bonds.”!

The QTAIM properties of these complexes are relatively
unaffected by the choice of functionals, as demonstrated in
Table S6. Results from BP86 calculations were shown here for
analysis (Table S). In entire series of complexes, the electron

density, p(lcp), and the Laplacian of the density, VZp(Icp),

https://doi.org/10.1021/acs.inorgchem.1c00285
Inorg. Chem. 2021, 60, 9394—9401


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00285/suppl_file/ic1c00285_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00285/suppl_file/ic1c00285_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00285?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00285?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00285?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00285?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00285?rel=cite-as&ref=PDF&jav=VoR

Inorganic Chemistry

pubs.acs.org/IC

Table 5. Bond Distance (in A) and QTAIM Properties (in
au)”

A-B d (A-B) A p(lcp) V?»(Icp) H(lcp) DI(AB) CT®
La—Fe® 2.991 0.036 0.044 —0.007 0403 031
Dy—Fe® 2.884 0.036 0.047 —0.007  0.447  0.36
Lu—Fe® 2.838 0.037 0.047 —0.008 0336 031
La—Cl 2.690 0.056 0.123 -0.010  0.624 027
La—Br 2.864 0.047 0.090 -0.008  0.611 0.28
La—I¢ 3.102 0.039 0.061 —0.006  0.603  0.30
Dy-1¢ 2.973 0.041 0.072 -0.007  0.609  0.33
Lu-1¢ 2.925 0.042 0.073 —0.008 0525 031
Ca—Fe? 2.745 0.033 0.070 -0.005 0282 023
Zn—Fe 2.349 0.062 0.080 —0.018 0702  0.83

“CT, charge transfer between two fragments cleaved along A—B.
bOptimized geometry. “Experimental geometry. dOptimized geome-
try (detailed computational methods are described in the SI). “Charge
transfer: one minus the sum of the basin charge for fragment A.

have small positive values, while the total energy density,
H(lcp), has small negative values in these cases. Thus, all of
these chemical interactions fall into the category of
intermediate interactions. The most ionic and least ionic
species identified by the EDA analysis, Ca—Fe and Zn—Fe, also
set the limits for p(lcp) and H(lcp) despite their similar
intermediate V?p(Icp) values. Examination of geometric and
QTAIM properties evinced that as the La—X distances increase
from Cl to I, p(lep), V?p(lcp), and negativity of H(lcp)
decrease. A related trend with a much smaller range exists for
the Ln series of La—I, Dy—I, and Lu—I; in the Ln series, the
trend has the same relation between bond lengths and QTAIM
properties. Overall it would seem that QT AIM also indicates
that Ln—Fe bonds are more covalent than Ca—Fe but less
covalent than Zn—Fe, while with respect to halides, Ln—Fe
bonds are most similar to Ln—I bonds. In addition to the
traditional ionic and covalent bonding scheme, one might
consider whether charge-shift bonding (CSB) makes a
contribution to these complexes.’ " From the prospective
of QTAIM, features that make CSB different than those of
either covalent or ionic are significant density and high positive
Laplacian of the density at the line critical point.”* The
QTAIM properties of the studied Ln—Fe bonds (Table 5) do
not support significant contributions from CSB.

In addition to QTAIM properties at the lcp, delocalization
index (DI) was also employed to measure the extent to which
the electrons in atom A are delocalized into atom B and vice
versa. According to Bader, the primary developer of QTAIM,
and his co-workers, DI provides a quantitative measure of the
sharing of electrons between A and B, but it is not identified
with a bond order.® Only in nonpolar interactions like H, and
N, (DI (H,H) = 1.000 and DI (N,N) = 3.042 at Hartree—Fock
level), will the DI equate to the corresponding number of
contributing Lewis-bonded pairs. At the other extreme, for
example, DI of the generally acknowledged LiF ionic system
equals 0.178, while for isoelectronic polar molecules NOY,
CN7, and CO with an intermediate degree of charge transfer,
DI values are 2.40S, 2.210, and 1.574.°° The substantially
smaller DI of CO arises from larger electronegativity difference
in CO than in NO* and CN~, which implies that DI strongly
decreases as the polarity of the bond increases.

The DI values in Table S show that Ca—Fe has the smallest
electron delocalization while Zn—Fe has the largest (Ca—Fe,
0.282; Zn—Fe, 0.702). These numbers that are in good
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agreement with their difference in covalency implied by
H(lcp). The DIs of Ln—Fe are between Ca—Fe and Zn—Fe,
but closer to Ca—Fe, like other measures of their trend in
covalency. The DI values of Ln halides are nearly constants, as
one would expect from the similarity of the electrostatic ratio
of La halides from the previous EDA, while they always have
higher DIs than Ln—Fe, which reflects somewhat higher
ionicity of Ln—Fe bonds compared to Ln halides.

Among the Ln series, the Dy—I shows higher DI than its La/
Lu analogues, which is also true in Ln—Fe complexes. Unlike
the periodic trends found in Ln—Fe distances, the DI of Dy—
Fe (DI = 0.447) has the largest value among the three Ln—Fe
species. The particularity of Dy—Fe is also evidenced by
QTAIM basin atomic charges, where the interfragment charge
transfer is among the highest in Ln—Fe (La, 0.31; Dy, 0.36; Lu,
0.31). The QTAIM results were further verified by wave
functions generated from ADF (Table S7) and ORCA (Table
S8).

B CONCLUSIONS

DFT calculations using large-core ECP predict geometries in
good agreement with the experimental ones. The magnitude of
binding energies is highly subject to the definition of the
fragments. Formation from the ions, [CpFe(CO),]” to
[PyCp,Ln]*, shows that 75% of the attractive interaction is
electrostatic and 25% is orbital mixing, while neutral fragments
produce binding energy of the same magnitude as the orbital
mixing of the ions. Results from QTAIM and EDA indicated
the Ln—Fe bonds are intermediate between Ca—Fe and Zn—
Fe. Overall, they are very similar to Ln—I bonds with a modest
difference across the series. Hence, we believe that the
interactions of Ln—Fe are best described as dative bonds
with strong electrostatic (ionic) contributions, as well as
significant orbital mixing (electron delocalization, charge
transfer, polarization), and dispersion contributions. This
description appears to hold along the entire lanthanide series.
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