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ABSTRACT: Mossbauer and X-ray photoelectron spectroscopies (XPS) are hw (1)
complemented with high-level quantum-chemical computations in the study /

of the geometric and electronic structure of the paramagnetic salt of the
metallacarborane sandwich complex [Fe(1,2-C,ByH;;),]Cs = FeSanCs.
Experimental *'Fe isomer shifts and quadrupole splitting parameters are
compared with the theoretical prediction, with good agreement. The
appearance of two sets of Cs(3d) doublets in the XPS spectrum, separated
by 2 eV, indicates that Cs has two different chemical environments due to
ease of the Cs*) cation moving around the sandwich complex with low-
energy barriers, as confirmed by quantum-chemical computations. Several
minimum-energy geometries of the FeSanCs structure with the correspond-
ing energies and Mossbauer parameters are discussed, in particular the
atomic charges and spin population and the surroundings of the Fe atom in
the complex. The Mossbauer spectra were taken at different temperatures showing the presence of a low-spin Fe atom with S = 1/2
and thus confirming a paramagnetic Fe' species.
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1. INTRODUCTION

Ferrocene, one of the most fruitful paradigms in organo-
metallic chemistry, represents a benchmark structure not only
for a plethora of metallocenes” but also for the family of the so-
called metallaboranes. In essence, they may be viewed as two

formation of protein—ligand complexes.”’ Here, we should also
emphasize the importance of the closo-dodecaborate anion
[B1,H,]®) and its applications in medicine.”' As regards to
the magnetic properties of metal centers, FeSan has also been
examined in the concerted experimental/computational

icosahedral cages with a joint metal vertex. An archetype of
these systems is obviously a hypothetical [B,3;H,,]*” with a
common naked boron atom instead of the metal.” Three and
four naked boron atoms appear to act as joint vertices in
experimentally available® B, H s~ and B,oH,s.’ Alternatively,
two [nido-C,BgH,;]?”) moieties that are similar with the
cyclopentadienyl ligand, in particular, in terms of the NICS
values assessing aromaticities also in individual fragments of
3D aromatic systems,’ which confirms isolobal and isoelec-
tronic relation of such open pentagonal belts,” both
successfully sandwich various metal cations,® ' with the
common labeling MSan, where M is a transition-metal atom
with a given oxidation state, and “San” is an abbreviation for
“Sandwich”. These sandwich complexes have rich self-assembly
behavior,'" novel aromatic properties,'” and electrochemical
applications.'”

Ferra-bis(dicarbollide) [Fe(l,Z—CngHn)z](_), abbreviated
as FeSan, has turned out to be a versatile agent in the
introduction of Fe into organic molecules such as DNA
dinucleotides,"*™"” in applications of medical radiotherapy,'®
as an antibacterial agent,19 as well as an inhibitor based on
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approach toward its paramagnetic "B spectroscopy.22
Originally prepared diamagnetic”® Fe''San is very prone to
oxidation to its paramagnetic analogue Fe'San — total spin S =
1/2 — the latter recently proposed as a quantum bit (qubit)
due to its slow-spin relaxation.”*

On the other hand, Mossbauer spectroscopy™ is a very
useful and sensitive tool for the study of hyperfine

. . 26,27
interactions™’

and the elucidation of geometrical, electronic,
and magnetic local environments of Mossbauer-active nuclei
(here ’Fe)—specifically the oxidation state of the metal
center—in metal complexes and biomolecules.”*™** The *"Fe
isotope is most studied in Mdssbauer spectroscopy due to its

very low-energy gamma-ray photon and its long-lived magnetic

Received: January 20, 2023
Accepted: March 29, 2023
Published: April 7, 2023

https://doi.org/10.1021/acsomega.3c00422
ACS Omega 2023, 8, 1399314004


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+F.+Marco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Z.+Da%CC%81valos-Prado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Drahomi%CC%81r+Hnyk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Josef+Holub"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ofelia+B.+On%CC%83a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Diego+R.+Alcoba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maxime+Ferrer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maxime+Ferrer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+Elguero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luis+Lain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alicia+Torre"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Josep+M.+Oliva-Enrich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c00422&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/15?ref=pdf
https://pubs.acs.org/toc/acsodf/8/15?ref=pdf
https://pubs.acs.org/toc/acsodf/8/15?ref=pdf
https://pubs.acs.org/toc/acsodf/8/15?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

excited state (I = 3/2). Recently developed quantum-chemical
methods for the prediction of Mossbauer parameters are
important complementary tools when assigning experimental
signals” ™7 and predicting yet unknown complexes. Mdssba-
uer experimental studies of *’Fe carborane’®”” complexes have
been published with the first study on the FeSan anion
[*"Fe(1,2-C,BH,,),]™ back in 1969 by Herber."’

The goal of this work is to use Mossbauer and X-ray
photoelectron spectroscopies (XPS), complemented with high-
level quantum-chemical computations, in order to determine
as accurately as possible the geometry and electronic structure
of the FeSanCs system, as well as the magnetic and electric
environment of the *’Fe nucleus in this system, by means of
measured and computed predicted isomer shifts and quadru-
pole splittings.

2. METHODS

2.1. Experimental Section. A sample of the cesium salt of
FeSan was prepared according to the literature procedures.””
The *’Fe Mdssbauer spectra in the transmission mode were
recorded at 298.0, 77.0, and 8.6 K using a conventional
constant acceleration spectrometer, a 57C0(Rh) source, and a
He closed-cycle cryorefrigerator. Prior to their examination,
the samples were ground in an agate mortar and mixed with
vacuum grease. The velocity scale was calibrated using a 6 ym
thick natural iron foil. All spectra were computer-fitted, and the
isomer shifts referred to the centroid of the a-Fe spectrum at
room temperature.

X-ray photoelectron data were recorded using a Specs 150
electron analyzer and Al Ko radiation under vacuum better
than 2 X 10~° mbar using a constant pass energy of 100 eV for
the wide-scan spectra and 20 eV for the narrow-scan spectra.
The binding energy (BE) scale was referenced to the BE of the
C 1s corresponding to aliphatic carbon that was set at 284.6
eV.

2.2. Quantum-Chemical Computations. Geometry
optimizations and energy computations of different FeSan
anions and Cs conformers in FeSanCs were carried out with
the BP86 functional*""** and the Def2TZVP basis set,*>** with
the scientific software Gaussian.” The BP86 functional, with
good performance with molecular metal complex geo-
metries,**** belongs to the generalized gradient approxima-
tion (GGA) methods, where the exchange—correlation energy
is a functional of the electron density p(r) and its gradient
Vp(r). The Def2TZVP basis set is a valence triple-¢ with two
sets of polarization functions and a set of diffuse functions.

As regards to the prediction of Mossbauer parameters,
isomer shifts § and quadrupole splittings AEq, for the different
geometries and Cs positions were computed with the scientific
software ORCA, version 3.0.3."” Single-point calculations with
the same BP86 functional and optimized geometries were
carried out, thus obtaining the electron density values at the Fe
nuclear positions that were used to derive the isomer shifts. A
mixed basis set was used that consists of the core-polarized
CP(PPP) basis set on Fe atoms and DKH-def2-TZVP on all
other atoms. Scalar relativistic effects in the Mossbauer isomer
shift calculations were accounted for using the second-order
Douglas—Kroll-Hess approximation. In this work, three
different calibrations were carried out”**™ that have been
included in Table 3.

3. RESULTS AND DISCUSSION

3.1. Mossbauer Spectroscopy. In order to put forward
both experimental and computational results for scientific
discussion, a brief summary of the basics behind Mdssbauer
spectroscopy” > "** is exposed below. Mdssbauer spectroscopy
shows the presence of a nuclear transition, corresponding to a
14.4 keV energy photon, in the S7Fe nuclei, between the states
I=1/2 (ground) and I = 3/2 (excited). We should emphasize
that this spectroscopy is exquisitely sensitive to small changes
in the chemical environment of Mossbauer-active nuclei,
capable of detecting (energy/frequency) changes of just a few
parts in 10'!. Mossbauer spectra are characterized by the
isomer shift, 6, and the quadrupole splitting, AE,. The isomer
shift accounts for the shift in the energy of the y-ray absorption
relative to a reference, usually Fe foil. The isomer shift strongly
depends on the electron density at the nucleus and,
consequently, it indicates changes in the bonding of the
valence orbitals due to variations in covalency and 3d
shielding. Hence, it has been used to evaluate oxidation and
spin states as well as to determine the coordination
environment of the Fe nucleus. The quadrupole splitting
AE, is explained in terms of the interaction between the
excited-state nuclear quadrupole moment and the electric field
gradient at the nucleus; it corresponds to the energy difference
between two magnetic states m; = +3/2 and m; = +1/2 in the
excited nucleus with spin I = 3/2 and it is measured (this
resonance) with Doppler effect, by means of a moving y-ray
source. The quadrupole splitting measures the nonspherical
charge distribution in the excited state and turns out to be very
sensitive to the coordination environment and the geometry of
the complex under study. The isomer shift and the quadrupole
splitting have been successfully predicted by means of density
functional theory (DFT) methods. The isomer shift is related
to the s electron density at the nucleus and can be evaluated
according to the relation

s=alp,—C)+p (1)

in which a is a constant depending on the change in the
distribution of the nuclear charge upon absorption and p,
means the electron density at the nucleus.” The constants a
and f are determined by means of a linear regression analysis
of the experimental isomer shifts versus the theoretically
calculated electron density for a series of Fe compounds in
various oxidation and spin states. These fittings must be
performed for each functional and basis set employed since the
electron density depends on the combination used in the
calculation. Sets of calibration constants &, 3, and C obtained
from several methods were gathered.”> An accuracy of better
than 0.10 mm-s™" (1 mm-s™' = 48.075 X 107 eV) can usually
be achieved by means of DFT methods with suitably sized
basis sets. The quadrupole splitting is proportional to the
largest component of the electric field gradient (EFG) tensor
at the Fe nucleus and can be calculated according to

1 21/2
n

AE, = —eQV_ |1 + —

¢ ZQ”( 3) 2)

where e stands for the electron charge and Q means the nuclear
quadrugole moment of the *’Fe isotope (approximately 0.16
barns).”* V,, V,yy and V are the electric field gradient tensor
components and # is the asymmetry parameter that can be
formulated as
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Ve =V, increases with decreasing temperature due to the second-order
n= v 3) Doppler shift, while its quadrupole splitting is nearly
zz 3

in a chosen coordinate system so that IV | > V| > IV,
Therefore, by means of quantum-chemical computations, one
can obtain the electron density at the nucleus p, and the EFG
components, thus obtaining predictive values of the isomer
shift 6 (with calibration) and the quadrupole splitting AE,
respectively. We now turn to the experiment versus theory
results and discussion section for FeSanCs.

3.2. Interpretation of Experimental Results. The 298 K
’Fe Mossbauer spectrum is composed of a very asymmetric
doublet with an isomer shift § = 0.17 mm s~ and quadrupole
splitting AE, = 1.31 mm s ' (Figure 1). The spectrum
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Figure 1. *"Fe Mossbauer spectra recorded at different temperatures
and configurations from FeSanCs.

recorded at room temperature at the magic angle (i.e., with the
sample surface forming an angle of 54.7° with the direction of
the incoming y-ray beam) is, however, symmetric. The spectra
recorded in normal incidence at lower temperatures show only
slightly asymmetric doublets whose asymmetry is considerably
lower than that observed at room temperature. Table 1 collects
the hyperfine parameters obtained from the fit of the spectra
shown in Figure 1. As expected, the isomer shift of the doublet

Table 1. Mossbauer Parameters Obtained from the Fit of
the Spectra Shown in Figure 1¢

temperature and § (mm  AEqg 1()mm I' (mm
<

incidence angle s sh) /I, A/A,
298.0 K (9 = 900) 0.17 1.31 0.52 0.94 0.71
2080 K (0= 547°)  0.16 132 056 103 103
77.0 K (6 = 90°) 0.25 1.28 0.42 091 0.82
8.6 K (0 = 90°) 026 129 039 092 082

%6 = isomer shift; AEq = quadrupole splitting; I" = fwhm; and A =
area. The subindexes 1 and 2 refer to the lines 1 and 2 of the doublet,
respectively.

temperature-independent. It is also interesting to note that
the linewidth becomes narrower as temperature decreases. The
isomer shift and quadrupole splitting values of the doublet fall,
according to the Maeda diagram,”” within the range expected
for a low-spin (S = 1/2) Fe'" species and correlate well with
those recently reported for this compound.’®

Figure 2a depicts the wide-scan XPS spectrum recorded
from the FeSanCs sample. It contains the expected C, Cs, Fe,
and B contributions plus an additional oxygen contribution
which is undoubtedly due to the adventitious contamination
layer which is usually formed on the surface of the material
which have been exposed to the atmosphere. This implies that
a part of the carbon signal observed in the spectra is also due to
this adventitious contamination layer.

The Cs 3d spectrum (Figure 2b) is rather complex. It is
dominated by a large spin—orbit doublet Cs 3d(1) with BEs of
the Cs 3ds/, and Cs 3d;), core levels appearing at 725.1 and
739.1 eV, respectively. The spectrum also contains a minor Cs
3d doublet, Cs 3d(2), with BEs 723.0 eV (Cs 3ds,,) and 737.0
eV (Cs 3d,/,). On the right-hand side of the spectrum, the
peak located at 721.0 eV corresponds to the Fe 2p, ), core level
which overlaps strongly with the Cs 3d spectrum. Finally, the
very small peak at 729.1 eV is the X-ray satellite of the Cs 3d;,,
peak.

As mentioned above, the Fe 2p and Cs 3d spectra show a
considerable overlap. Moreover, the X-ray satellites corre-
sponding to the Cs 3d;,, peak fall in the middle of the Fe 2p
spectrum. These satellites were removed using the subtraction
routine available in the CasaXPS software package. Figure 2¢
shows the spectrum recorded along the Cs 3ds,, and Fe 2p
spectral region once the mentioned X-ray satellites have been
subtracted. We fitted the spectrum taking into account the
results of fitting the Cs 3d spectrum and adding the iron
contributions. The Fe 2p spectrum is composed by a quite
narrow doublet [full width at half-maximum (fwhm) = 2.8 eV]
with BEs of the Fe 2p;,, and Fe 2p, , core levels of 708.5 and
720.9 eV (respectively). The spectrum also shows a small
additional satellite peak at 712.1 eV whose area is about 0.16
times the area of the main Fe 2p;,, peak. Figure 2d shows the
Fe 2p spectrum obtained from the spectrum shown in Figure
2c after subtraction of the Cs 3ds,, spectral features. Finally,
the B 1s spectrum (not shown) is composed of a single peak
located at 188.7 eV.

The Fe 2p data, both in terms of the BE of the main Fe 2p;/,
core level, the spin—orbit splitting of ca. 12.5 eV, the fwhm of
2.8 eV, and the presence of a modest satellite 3.6 eV above the
main Fe 2p;/, peak having an area about 0.2 times that of the
latter, are all characteristic of low-spin Fe' complexes.”” These
results endorse the Mdssbauer results on the character of the
iron species in FeSanCs.

Finally, the BE of the B 1s core level is similar to that found
in related borane compounds.*®

The room-temperature Mossbauer spectrum recorded from
FeSanCs shows a very asymmetric quadrupole doublet. There
are various reasons to observe an asymmetric doublet in a
Mossbauer spectrum:* (i) the occurrence of texture, if the
crystallites which compose the sample are not oriented at
random; (ii) the occurrence of an anisotropic recoil free
fraction, also called Goldanskii—Karyagin effect, which arises
from differences in the vibrational movement of the atoms in
the lattice and that, consequently, is temperature dependent;

https://doi.org/10.1021/acsomega.3c00422
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Figure 2. XPS spectra recorded for FeSanCs. (a) Wide scan; (b) Cs 3ds,, spectrum; (c) Cs 3ds/, and Fe 2p spectrum; and (d) Fe 2p.

(iiii) the occurrence of dipolar spin—spin relaxation;”” and (iv)
the presence of several contributions to the spectrum having
different isomer shifts and quadrupole splitting.

Inspection of Figure 1 and Table 1 shows that the marked
asymmetry of the room-temperature spectrum disappears
when the spectrum is recorded at the magic angle. This is a
clear indication that the sample is textured and that its
crystallites are not randomly orientated. An important point is
that the spectra taken at low temperatures at normal incidence
are also asymmetric, but their asymmetry is much lower than
that shown by the spectrum recorded at room temperature in
the same geometrical configuration. This points strongly to the
concomitant occurrence of other phenomena such as the
Goldanskii—Karyagin effect, that is, as explained above, of
vibrational anisotropy and/or dipolar spin—spin relaxation.

The linewidth of the room-temperature spectrum is very
large (0.52 mm s7'). Usually, such large linewidth is an
indication of the existence of structural/vibrational disorder
and/or some degree of relaxation. Structural disorder, that is,
the occurrence of various similar configurations having slightly
different crystallographic parameters (interatomic distances or
angles, for example) giving place to slightly different electric
field gradient magnitudes, can be at the origin of an increased
linewidth. In fact, this broadening of the spectra has been
interpreted®® as a consequence of Fe'! alternately jumping
among three different possible geometrical configurations, each
one characterized by a slightly different electric field gradient,
over a characteristic Mossbauer observation time of 141 ns. At
lower temperatures, the iron ion would be in the lowest energy
configuration, the linewidth becoming consequently narrower.

The present Mossbauer results have shown that the
quadrupole splitting of the doublet is temperature-independent
as reported elsewhere.”® This is a somehow unexpected result a
priori since, in its low-spin configuration, Fe! has an unpaired

13996

3d electron; therefore, a strong thermal dependence of the
population of the electronic levels, and then of the quadrupole
splitting, should occur.”® This would imply that, in the present
case, the lattice contribution to the electric field gradient
dominates over the valence contribution.

It is important at this point to take into account the possible
geometrical configurations of the low-spin Fe'" ion in
FeSanCs. Figure 3 shows several possible configurations. In
this system, the boron atoms have practically formal 0 electric
charge, (though hydrogen atoms are negatively charged), and
therefore, the contributions to the lattice term of the electric
field gradient would come mostly from the four carbon atoms
in the vicinity of the iron ion. As the calculations have proven,
the most stable configuration is that shown in Figure 3a, in
which the low-spin Fe'" ion is in a very distorted geometry
(Figure 3d). We should emphasize that the interaction of Cs
with Fe is justified by the existence of a protonized FeSan.”’ In
the other two less-stable configurations, the low-spin Fe'" ion
is also distorted in a rectangular planar geometry. In the next
subsection and the Supporting Information file, we describe in
more detail these configurations and their energies. It would be
then plausible to think that the relatively low quadrupole
splitting for such iron configuration, which is nearly temper-
ature-independent, would result from a dominant lattice
contribution that overcomes, at any temperature between
298.0 and 8.6 K, the valence contribution.

The surface compositional analysis by XPS has indicated
that the sample contains only the elements expected for
FeSanCs, although with a small contribution due to the usual
adventitious contamination layer that builds up on the surface
of any material which has been produced ex situ the UHV
analysis chamber and exposed to the atmosphere.

The Cs 3d spectrum contains two cesium contributions: a
major one, accounting for 83% of all the cesium species, and a

https://doi.org/10.1021/acsomega.3c00422
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(d)

Figure 3. Selected low-energy isomers (a) a (C,), (b) b (C,), and (c) ¢ (C,) for FeSanCs. Their stability decreases in the order a > b > ¢ as shown
by quantum-chemical computations, see Table 2; (d) geometry of the iron—carbon system in isomer a; and (e) geometry of the iron—carbon
system in isomers b and c. Isomer a differs from isomers b and ¢ by a 72° rotation of the lower C,ByH,;*~) ligand with respect to the vertical axis z
passing through Fe and the apical boron atoms (B—Fe—B). Hydrogen atoms are not shown for clarity.

Table 2. Energy E(au), Gibbs Free Energy G (au), Energy Differences AE (kJ'mol '), and Gibbs Free Energy Differences AG
(kJ'mol™") for FeSanCs Isomers a4, b, and ¢ from Figure 3 and FeSan Anion Conformers Trans, Intermediate (int), and Cis
from Figure 4, with the Corresponding Rotational Barriers AE,,, (kJ'mol ") and AG,,, (kJ-mol™")”

FeSanCs NIF PG energy
a (int) 0 C, —1897.621102
b (trans) 0 C, —1897.612237
¢ (trans) 0 C, —1897.609860
FeSan NIF PG energy AE
trans 0 Cou —1877.458241 0.0
TS, 1 C, —1877.454761
int 0 C, —1877.457133 2.9
TS, 1 C, —1877.451377
cis 0 C, —1877.452468 152
TS, 1 Cyy —1877.447461
cis’ 0 C, —1877.452468 152

AE G AG
0.0 —1897.352833 0.0
23.3 —1897.343922 23.4
29.5 —1897.342019 28.4
AE, G AG AG,
—1877.185648 0.0
9.1 —1877.180969 12.3
—1877.184459 3.1
15.1 —1877.176674 20.4
—1877.180662 13.1
13.1 —1877.172768 20.7
—1877.180662 13.1

“NIF: number of imaginary frequencies of the energy minimum (NIF = 0) or transition state (NIF = 1) structures. PG: point-group symmetry.

minor one which accounts for 17% of the total cesium species.
The results suggest, then, that the sample studied could
contain two different FeSanCs isomers. Tentatively, we
associate the major doublet with the most stable FeSanCs

configuration, but we do not have enough data as to associate

13997

the second cesium species with one or other of the two
possible FeSanCs configurations. It could also occur that the
minor cesium contribution corresponded to a cesium-
containing impurity in the sample not related to the metal
carborane.
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II

11

int cis

Figure 4. Trans, intermediate, and cis conformations (from left to right) in the FeSan anion, connected by consecutive 72° rotations of the lower
(C,BH, Bl moiety around the vertical z axis. These conformers are energy minima and have C,,, C,, and C, symmetry, respectively. Hydrogen
atoms are removed for clarity. The meaning of areas I, II, and III in the trans conformer is explained below.

3.3. Interpretation of Theoretical Results. According to
quantum-chemical computations and in agreement with
previous computational studies,””** the FeSan anion in the
gas phase is slightly more stable in the trans conformation
(isomers b and ¢ from Figure 3), as compared to the cis
conformation with the two carbon atoms from each
(C,BgH,;)*™ moiety close above each other in alternate
positions. The conformation with two carbon atom groups
above each other—eclipsed conformation and C,, symme-
try—corresponds to the transition state TS; from Table 2,
which is 13 kJ-mol™" above the cis energy minimum, as shown
in Figure 4 below. The intermediate (int) conformation in the
FeSan anion corresponds to configuration a in FeSanCs in
Figure 3 and a rotation of 72° of one (C,BoH;;)*” ligand
around the vertical axis with respect to the cis minimum. A
further rotation of 72° leads to the trans conformation, which
is the global energy minimum. The three energy minimum
conformers in the FeSan anion are displayed in Figure 4: trans,
intermediate, and cis.

The Gibbs free energy difference between the trans and
intermediate (int) FeSan anion conformers is only 3.1 kJ-
mol™!, a value very close to kg-T,oom and the energy barrier
conversion is 12.3 kJ-mol™ (Table 2); therefore, at room
temperature, both minima should be present. The Gibbs free
energy difference between the intermediate and cis con-
formation is 13.1 kJ-mol~". The energy barriers for the trans —
inter — cis — cis’ rotational process are also gathered in Table
2, with values of 9.1, 15.1, and 13.1 kJ-mol ™/, respectively. The
cis — cis’ process corresponds to a rotation that leads to the
same cis conformer (cis’), passing through TS;, which
corresponds to the C,, transition state—vide supra—with
the eclipsed conformation of the carbon atoms. These
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rotational energy barriers are very small indeed and similar
to the experimental rotational barrier of ethane, AG,, = 12 kJ-
mol', between two equivalent staggered conformations and
passing through the eclipsed conformation transition state.®'
The rotational Gibbs free energy barriers for the int — cis and
cis — cis’ rotations are both larger by ~8 kJ-mol™" respectively.
Therefore, at room temperature, the three conformers should
coexist, with a predominant population of trans and inter
conformers, and to a lesser extent cis conformers. For example,
according to the Boltzmann distribution at 298 K, the ratio
trans/inter is 0.78/0.22, with the latter converted to 1 at much
lower temperatures. At this point, we should take into account
that the thermal energy and Gibbs free energy calculations
should be taken with caution when compared to the
experiment since the GGA functionals (BP86/Def2TZVP
model in this work) give an agreement with experimental
values within ~8 kJ-mol™.°> Now we turn to the electronic
structure tools for elucidating the differences between
conformers of the FeSan anion and isomers of the FeSanCs
molecule.

We should emphasize that a recent experimental work on
the same FeSanCs molecule also with *’Fe Mdssbauer
spectroscopy has been published,”® as mentioned above, with
complementary electronic structure computations and with
very similar results as compared to our experimental and
quantum-chemical computations. However, in this };revious
published work, the different positions of the Cs*) cation
around the FeSan anion were not taken into account at all.

In Figure S, the molecular electrostatic potential (MEP)
V(r) of the trans conformer mapped onto the 3D electron
density (p = 0.001 au) is displayed. The MEP is a useful
property for predicting anchoring points of positive and
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Figure 5. Molecular electrostatic potential, —0.11 (red) < V(r) <
—0.07 (blue), mapped onto the electron density surface with p =
0.001 au for the trans conformer of the FeSan anion, [Fe™(1,2-
CZBan)Z](’). Red and blue areas correspond to negative (positive
charge attractors) and positive (negative charge attractors) values of
V(r). The two equivalent MEP minima, with V = —0.128 au, are
represented by gray dots.

negative charged systems onto a given molecule from an
electrostatic point of view.

However, when considering FeSanCs instead of the parent
FeSan anion, the energetic pattern is changed as follows. Thus,
if we take the trans isomer and attach the cesium cation Cs(*)
to the FeSan anion, many different positions correspond to
energy minima: a priori above all triangular sites of one of the
(C,BgH,,)?7) moieties, distributed into three regions, I, II,
and III, as shown in Figure 4, for the trans isomer. One of the
energy minima, in site II, corresponds to attaching the Cs™
cation just at the MEP minimum position of Figure 5 and
relaxing the geometry in order to obtain an energy minimum,
leading to an optimized structure where the trans con-
formation of the FeSan anion is preserved. Preliminary
computations with the BP86/Def2SVP model and all
symmetry-unique triangular sites for each region I, II, and III

and with the trans conformer (Figure 4) as initial geometries
were carried out in order to select potential energy minimum
geometries. Then, a geometry reoptimization with a larger
basis set, Def2TZVP, and the same density hybrid functional
BP86, leads to the three selected isomers displayed in Figure 3,
selected as the lowest-energy isomers for each region. We
should emphasize that the presence of Cs*) may change the
conformation of the FeSan anion during the geometry
optimization process since the lowest-energy minimum isomer
a in Figure 4 was initially in the trans conformation and ends
up in an intermediate conformation. Hence, in isomer g, the
presence of the Cs*) atom brings about a rotation of 72° in the
lower (C,BgH;;)*” moiety during the optimization process.
Note that by changing the FeSanCs concentration, we might
be able to observe rotation between trans and a4, which might
be background for another metallacarborane rotor.”> The
relative energies of the a, b, and c isomers of FeSanCs and the
trans, intermediate, and cis conformers of FeSan are gathered
in Table 2.

As shown in Table 2, the mutual energy differences between
cs™) positional conformers a, b, and ¢ in FeSanCs are larger
than the energy differences between the different conformers
of the FeSan anion, and thus the perturbation due to the
presence of Cs*) is obvious. Conceivably, the Boltzmann
distribution at 298 K reveals that even at 298 K, the ratios a/b
and a/c is 1, that is, the cisoid conformer a strongly prevails.
Such a ratio between b and ¢ 298 K is 0.88/0.12 and results in
1 by lowering the temperatures to 77 and 8.6 K, respectively.

We now turn to the charge and spin population analysis for
the different FeSan conformers and FeSanCs isomers. Since
the *Fe Mdssbauer nucleus is very sensitive to its electronic
environment, the calculation of the atomic charges of the
ligands around *’Fe is relevant. Following the atom labels for
the FeSan trans conformer from Figure 4, in Figure 6, the
natural population charges [natural bond order (NBO)/NPA]
are shown for the trans, int, and cis conformers as red and
green colors for negative and positive charges, respectively.
Clearly, the most negative charge is always on the Fe center,
followed by the carbon atoms. The most positive charges are

4(NBO)
-0.c I ).

NPA Charges

(b)

Figure 6. NBO charges q(NBO) by color for the (a) trans, (b) intermediate, and (c) cis conformers of the FeSan anion (total charge g = —1, total

spin S = 1/2). BP86/Def2TZVP computations.
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NPA spin population

o (NBO)
-0.005 I - 0.500

Figure 7. NBO spin population 6(NBO) by color for the (a) trans, (b) intermediate, and (c) cis conformers of the FeSan anion (total charge q =

—1, total spin S = 1/2). BP86/Def2TZVP computations.

NPA Charges

4(NBO)
-0.c I ). ¢

+0.99

(©

Figure 8. NBO charges ¢(NBO) by color for the (a) lowest-energy minimum FeSanCs isomer 4, (b) MEP energy minimum FeSanCs isomer b,
and (c) top-triangle energy minimum FeSanCs isomer c. Total charge g = 0, total spin S = 1/2. BP86/Def2TZVP computations.

located on the hydrogen atoms bound to the carbon atoms.
The remaining atoms have much lower negative and positive
values in absolute value, which can be considered practically
negligible, as shown by the very dark colors. Some boron
atoms have slightly negative charges and the hydrogen atoms
have slightly positive charges. In the Supporting Information
file, we provide the NPA charge and spin populations for all
the systems considered in this work for a full comparison. As
shown in Figure 7, the highlighted NPA charges hardly change
in the different conformers. When considering the S = 1/2
system, the spin population is mostly located on the Fe center,
as shown in Figure 7, with other atomic centers having
negligible contributions. Note that in Figure 7, the colors that
represent spin populations with green and red for positive and
negative spin populations are not symmetric, with a very small
value (—0.005) for the negative (red) spin populations and a
large value (+0.600) for the positive (green) spin populations.

We turn now to the FeSanCs conformers a, b, and ¢, which
correspond, respectively, to the lowest energy minimum with
Cs™ in position III from Figure 4, to the MEP energy
minimum with Cs*) in position II, and the isomer for Cs™ at
the top triangle area in position I. As depicted in Figure 8, the
charges on the highlighted atoms are basically the same in the
different isomers and compared to the charges of the three
conformers from Figure 3, and the Cs™* atom has practically a
+1 charge in all cases. As regards to spin populations, again the
Fe center has the largest and similar value in the three
conformers, as shown in Figure 9. Comparison with the three
conformers from Figure 9 shows that the spin populations are
basically the same for all cases, and therefore, the presence of
Cs™ is a small perturbation in the electronic structure but a
somewhat non-negligible perturbation for the geometry since
the minimum-energy isomer involves an intermediate con-
former with the Cs®*) atom close to the lower part of one of the
C,BoH,; ligands and the Fe center. Let us recall that the Gibbs

https://doi.org/10.1021/acsomega.3c00422
ACS Omega 2023, 8, 13993—14004


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00422/suppl_file/ao3c00422_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Spin population

o (NBO)
-0.00~ NN @

Figure 9. Natural spin populations 6(X) by color for the (a) lowest-energy minimum FeSanCs isomer a, (b) MEP energy minimum FeSanCs
isomer b, and (c) top-triangle energy minimum FeSanCs isomer c. Total charge q = 0, total spin S = 1/2. BP86/Def2TZVP computations.

Table 3. Computed Isomer Shifts & with Three Calibrations®® and Quadrupole Splittings AE(, for the Trans, Intermediate
(int), and Cis Conformers (Figure 4) of the FeSan Anion and Isomers a, b, and c of the FeSanCs Molecule (Figure 3)“

d=alp, = C) +p

system charge spin po [au™]

trans -1 1/2 23661.01184
inter -1 1/2 23661.11495
cis -1 1/2 23661.21867
a 0 1/2 23661.15449
b 0 1/2 23661.05622
c 0 1/2 23661.11300
T=98K 0 1/2

(i) (mm/s) (ii) (mm/s) (iii) (mm/s) AE (mm/s)
0.293 0.326 0.358 1.615
0.307 0.273 0.336 —1.432
0.254 0.287 0.314 —-0.713
0.266 0.299 0.328 —1.440
0.284 0.318 0.349 1.631
0.274 0.307 0.337 —1.738
0.26 0.26 0.26 1.29

“M0ssbauer experimental data at T = 9.8 K from Table 1. p, is the electron density at the nucleus. See Section 2.2 for quantum-chemical
computations. (i) @ = —0.187068975; f = 0.29490513; and C = 23661. Calibration with a set of iron complexes with inorganic and organic ligands.
(ii) @ = —0.19164271; = 0.3287136; and C = 23661. The iron—sulfur molecule calibration test with experimental Mossbauer isomer shifts from
refs 35 and 50. (iii) @ = —0.213648857; 8 = 0.360662808; and C = 23661. A combined test set of molecules from (i,ii). For a more detailed
description of these calibrations, see Section S3 of the Supporting Information file in ref 36.

free energy difference between the trans and intermediate
conformers in the FeSan anion is only 3 kJ-mol™ and the
Gibbs free energy barrier of rotation between them is only 12
kJ-mol™'; these are small enough quantities to be overcome by
the presence of a Cs*) cation.

Turning now to the prediction of Mdssbauer spectroscopy
parameters, in Table 3, we gather computed isomer shifts &
and quadrupole splittings AE for all the systems considered in
this work, comparing them to the experimental values. In the
Supporting Information file, we provide a comprehensive
description of principal axes of the EFG tensors for each
system.

The footnote in Table 3 describes the calibration parameters
for the BP86 functional for each type of calibration used
(referred to the Mossbauer calibration spectrum for a-*"Fe).
The parameters a and f in the equation § = a(p, — C) + j
were fitted to experimental isomer shifts and computed
electron densities for molecules in three different test sets, as
described in Section S3 of the Supporting Information file in
ref 36. The parameter C is chosen to have approximately the
same value as the calculated p, value (electron density at the
nucleus) for the BP86 functional.

As shown in Table 3, the isomer shifts of the FeSan anion
conformers are very similar, with a maximum difference of
0.053 mm-s~'. We should emphasize that the trans —
intermediate rotation in the FeSan anion involves a change
in the isomer shift of only 0.014 mm-s™" and that the lowest-
energy conformer, trans, has an isomer shift 6 = 0.293 mm-s
not very far from the experimental value. As regards to
quadrupole splittings, there are remarkable changes for the
different conformers, in absolute value: AEq(trans) >
AEQ(inter) > AEQ(cis), with consecutive differences of
0.183 and 0.719 mm-s~'. The peculiar large differences
between the values of the trans and cis isomers stem from
the distribution of carbon atoms around the Fe center, which
changes from a planar rectangular conformation in the trans
conformer to a distorted conformation in the cis conformer;
see e.g, Figure 3d,e. Let us recall that the relevant charges of
the systems considered involve the Fe and C atoms, with much
minor contributions from the B atoms. Clearly, the best
calibration for isomer shift corresponds to (i) since it contains
a set of simple iron complexes,” with very good agreement
between isomer a (lowest energy minimum) and the
experimental value. What is then the influence of attaching
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ACS Omega 2023, 8, 1399314004


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00422/suppl_file/ao3c00422_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00422?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

the Cs™*) cation to the FeSan anion as regards to Méssbauer
parameters? The presence of Cs™ involves three different
types of energy minimum isomers: isomer a has an
intermediate conformation and both b and ¢ isomers have a
trans conformation. Clearly, the predicted isomer shift and
quadrupole splitting from isomer a are in good agreement with
the experimental values, with differences of 0.006 and 0.150
mm-s~, respectively. Let us recall that 1 mm-s™" is equivalent
to 4.8 X 107% eV. For isomers b and ¢, these differences
increase to 0.024 (0.341) mm-s™" and 0.014 (0.448) mm-s™*
for 6 (AEy) parameters compared to the experiment.

In order to visualize the changes of the electric field as a
function of structure, we have included in the Supporting
Information file plots of electric field lines for the trans FeSan
anion conformer (C,;,) and isomers b and ¢ (C, symmetry) of
the FeSanCs molecule.**

4. CONCLUSIONS

In summary, the Mossbauer and XPS results confirm that iron
in FeSanCs is a low-spin, (S = 1/2) Fe species. The
Mossbauer data have shown the occurrence of both texture
effects and vibrational disorder/spin—spin relaxation in the
solid, all facts probably related to the distorted geometrical
configuration of the Cs—C system, given the low-energy
barriers to rotation of the (CZBan)(Z_) ligands around the
B,—Fe—B,, vertical axis in the FeSan anion and the
structural perturbations due to the presence of the large Cs™)
cation. The Cs 3d spectra suggest the presence of two different
cesium species, which could be probably related to the
existence of two different FeSanCs conformers in the sample.
In any case, this appears not to affect the Mossbauer spectra
except from being responsible of a fraction of the mentioned
broadness of the spectral linewidths. The lowest-energy isomer
of the FeSanCs molecule results in the Cs cation located
approximately in a lower triangle of one of the C,BoH,, ligands
and “close” to the Fe center. In this structure, the FeSan anion
corresponds to an intermediate conformer between the trans
and cis systems; this is not a surprise given the very low energy
difference (3 kJ-mol™') computed between the trans and
intermediate conformers of the FeSan anion and the low-
energy barriers to rotation. The charge and spin population of
the FeSan anion and FeSanCs molecule shows similar data
regardless of the Cs position and conformer; the main
differences stem from the Fe and C centers of the systems.
As regards to the computed Mossbauer parameters, the isomer
shift and quadrupole splitting values are close to the
experimental values if we take the intermediate conformers
of the FeSan anion and the lowest-energy a isomer of the
FeSanCs salt. We hope that the experimental and theoretical
results presented here can throw more light onto the
interpretation of Mossbauer spectroscopy of metallaheterobor-
ane compounds.
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