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Abstract—FElectronic, structural, and optical properties of Fe(CO)4[X,,Y 5] (X= B or Al, Y = N or P) com-
plexes have been illustrated at the mPWI1PW91/6-311G(d,p) level of theory. Two possible isomers of the
interaction between [X,Y ;] nano-cluster and Fe(CO), have been considered. In isomer I, Fe(CO), fragment
interacts with common X—Y bond between six-membered rings. In isomer II, this fragment interacts with
common X—Y bond between six-membered and four-membered of cage. Dipole moment values, polarizabil-
ity parameters, and non-linear optical properties of these complexes have been investigated. Energy decom-
position analysis (EDA) has been employed to explore the interactions between nano-cluster and Fe(CO)y,.
Charge transfer between [X,Y,] nano-clusters and Fe(CO), fragment has been explored with electrophilic-
ity-based charge transfer (ECT). QTAIM computations have been employed for illustration the characteriza-
tions of Fe—C, Fe—X, and Fe—Y bonds in the studied complexes. In addition, Laplacian bond orders (LBO)
of the Fe—C, Fe—X, and Fe—Y bonds have been calculated. Independent gradient model (IGM) based on
promolecular density has been used to evaluate the interaction between Fe(CO),4 and [X,Y5].

Keywords: nano-cage, Fe(CO),, electrophilicity-based charge transfer (ECT), energy decomposition analy-

sis (EDA), Laplacian bond order (LBO)
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INTRODUCTION

Fe(CO), organometallic fragment is isolobal with

CH; organic fragment. Structure, bonding and the
related compounds of Fe(CO), have been reported
[1—3]. The interaction of numerous ligands with the
Fe(CO), fragment has been considered [4—8]. The
interesting structures of the metal—mn ligand com-
plexes, giving creative attention within organometallic
chemistry [9].

Boron cluster chemistry is an attractive subject in
inorganic chemistry [10—17]. Various researches have
been reported recently to the [X,Y,] nano-structures
(X = Group III elements, Y = Group V elements)
[18—33]. These nano-materials indicate noteworthy
chemical and physical properties, for instance wide
band-gap semiconductors. The XY bond -causes
[X,)Y,] molecules to show a reactivity pattern different
from that of carbon analogue [34]. [Al,P,] and
[Bj,P ;] molecules are valuable nano-cages, and they
have suitable adsorption ability, large HOMO-—
LUMO gap, small electron attraction, and exceptional
properties [35—41]. Many researches have been

reported on adsorption properties of several molecules
on the surface of [X,P};] (X = Al and P) nanocages.
A DFT investigation was used on the hydrogen atom
interaction with boron phosphide nano-cluster [42].
The consequences illustrated a significant role of elec-
tron density of adsorbing atoms in hydrogen adsorp-
tion on the boron phosphide nano-cage. In other
investigation, computational study of the effect of Ni
and Pd transition metal functionalized on Interaction
of mercaptopyridine with [B,N] nano-cage has
been reported [43].

DFT investigation of doping of the first row transi-
tion metals (from Sc to Zn) onto possible adsorption
positions of the outside surface of [B;,N,] nano-cage
has been reported [44].

An experimental investigation about of tetra-car-
bonyl derivate of C, has been reported by >’Fe Moss-
bauer spectroscopy and experimental data compared
to similar organometallic complexes [45].

In the basis of our researches, interactions Fe(CO),
and [X,,Y;;] X = B or Al, Y = N or P) nano-cages
have been not studied. Therefore, we interested to
illustration the electronic, structural and optical prop-
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Table 1. Energy (£, a.u.), relative energy (AF, kcal/mol),
dipole moment (Debye, 1), and isotropic (au, 04g,) values
of the two modes coordination of Fe(CO), fragment to
[X2Y 2] X=BorAl, Y= N orP) nano-cages

Molecule E AE n Qliso

BN-I —2673.2333 3.80 1.52 234.81
BN-II —2673.2393 0.00 1.92 234.51
AIN-I —5284.4608 4.15 1.17 366.70
AIN-II  |—5284.4674 0.00 1.64 365.79
BP-1 —6112.0961 1.34 2.57 494.37
BP-1I —6112.0982 0.00 2.58 496.07
AlP-1 —8723.8805 0.70 1.63 685.34
AIP-II —8723.8816 0.00 2.14 687.24

erties of Fe(CO), [X,Y o] X=BorAl, Y= N or P)
complexes at the mPWI1PW91/6-311G(d,p) level of
theory. Two possible isomers of the interaction
between [X,Y,] nano-cluster and Fe(CO), are con-
sidered. Dipole moment values, polarizability param-
eters and non-linear optical properties of these com-
plexes are investigated.

COMPUTATION DETAILS

The studied molecules were optimized at the
mPWIPW91/6-311G(d,p) level of theory using
Gaussian software package [46]. The standard 6-311G
(d, p) basis set is considered [47, 48]. the parameter
hybrid functional with adapted Perdew-Wang
exchange and correlation (mPW1PW91) was consid-
ered [49]. This functional is suitable for transition
metal complexes in compared to B3LYP [50—53].
Identity of the studied molecules as an energy mini-
mum was considered with a vibrational analysis.

The bonding interaction values between the
Fe(CO), and [X,,Y ;5] X=BorAl, Y= N or P) nano-
cages were analyzed using the energy decomposition
analysis (EDA) handled in Multiwfn 3.5 package [54].
In this analysis, the interaction energy (AE;,,) between
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two fragments can be divided into three major compo-
nents:

AE‘int = AEjpolar +AEels + AE‘Exa

where AE,, is electron density polarization term
(also called as induction term)

AE . = E(SCF last) — E(SCF lst),

polar
where E (SCF last) and £ (SCF 1st) are the SCF
energy at the first and last cycles of SCF process,
respectively; AE, is electrostatic interaction term, and
AFg, is exchange repulsion term. The last two terms
may be combined into a single one, which is called the
steric-repulsion term (AEi. = AEys + AEE,).

Bond order values are calculated by Laplacian
bond order (LBO) method [55]. This method is defi-
nition of covalent bond order based on the Laplacian
of electron density V?p in fuzzy overlap space. The
LBO between atom A and B can be simply written as

Lip ==10x [ wirws(r)V 0(r)dr,
Vzp <0
where w is a smoothly varying weighting function pro-
posed by Becke and represents fuzzy atomic space;

hence, w, and wy correspond to fuzzy overlap space
between A and B.

Quantum theory of atoms in molecules (QTAIM)
analysis, Independent Gradient Model (IGM) analy-
sis based on promolecular density [56, 57] and Lapla-
cian bond order (LBO) values were provided by Mul-
tiwfn 3.5 package [58, 59].

The total static first hyperpolarizability (B,,) was
computed from the following equation:

Btol = \IBi +Bi +B§,

B, = Bui + %Z(BW + By + B

%)
The Kleinman symmetry show that [60]:

Bxyy = Byxy = Byyx; Byyz = Byzy = Bzyy'

Therefore

where

Btot = \/(Bxxx + Bxyy + szz )2 + (Byyy + Byzz + Byxx )2 + (Bzzzzfxx + Bzyy )2

RESULTS AND DISCUSSION
Energetics Aspects

Two modes coordination of Fe(CO), fragment to
[X,Y 5] (X=BorAl, Y=N or P) nano-cages are pre-
sented in Fig. 1. In isomer I, Fe(CO), fragment inter-
acts with common X—Y bond between six-membered
rings. In isomer II, this fragment interacts with com-
mon X—Y bond between six-membered and four-
membered of cage. Energy and relative energy values
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of the investigated structures are gathered in Table 1. It
can be observed, isomer II has more stability than iso-
mer I. On the other hand, the relative energy values
decrease with increasing of atomic numbers of X and Y.

Bond Distances

The Fe—C, Fe—X and Fe—Y bonding distances of
the studied complexes are listed in Table 2. These val-
ues reveal Fe—X and Fe—Y bonds are longer in isomer
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Fig. 1. (a) Front view and (b) 3D structures of two coordination modes of the Fe(CO), fragment to [X|;Y 5] X=BorAl, Y=N
or P) nano-cages.
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Table 2. Fe—C, Fe—X, and Fe—Y bonding distances (in pm) of the Fe(CO)4[X,,Y 5] (X= B or Al, Y = N or P) complexes

HFe—COgq)
Molecule r(Fe—CO,,) r(Fe—X) r(Fe—Y)
trans to X transto Y
BN-I 180.21 175.92 181.67 214.22 207.36
BN-II 181.39 176.65 181.19 211.39 204.29
AIN-I 180.25 176.76 179.68 244.62 211.57
AIN-II 180.08 177.07 179.66 239.90 210.19
BP-1 179.50 176.70 181.59 219.38 230.85
BP-1I 179.82 176.68 180.96 221.16 228.23
AlIP-1 179.40 175.87 180.42 245.78 240.11
AlIP-1I 179.88 176.00 180.43 244.90 237.26

Table 3. Energy decomposition analysis (EDA) and thermochemical analysis results (kcal/mol) of interaction of Fe(CO),

fragment to [X;,Y},] (X = B or Al, Y = N or P) nano-cages

Molecule AE, AE, o1 AEsic AG AH
BN-I —50.97 —90.50 39.52 15.27 14.56
BN-II —57.86 —99.84 41.98 7.66 7.11
AIN-I —66.55 -91.56 25.01 —18.49 —18.98
AIN-II —69.37 —95.10 25.73 —26.36 —27.21
BP-1 —61.03 —115.63 54.60 —3.78 —5.53
BP-I1 —61.94 —117.90 55.97 —6.62 —7.95
AlP-1 —65.41 —109.96 44.55 —18.09 —19.59
AlP-11 —64.28 —111.22 46.94 —20.23 —20.99

I than isomer II. On the other hand, Fe—Co,, bond
distances are longer than average of Fe—CO,, bond
distances. The Fe—CO bond distance is 178.1 pm in
free Fe(CO),. It can be found, Fe—CO,, bond dis-
tances are longer than free Fe(CO),. Therefore, elec-
tron density of Fe—CO,, is smaller than Fe—CO,,
fragment. On the other hand, Fe—CO bonds are lon-
ger in frans position to X than cis position to Y.

Energy Decomposition Analysis (EDA)

Energy decomposition analysis (EDA) was useful
to explain interactions of Fe(CO), fragment to [X,,Y 5]
(X =B or Al, Y = N or P) nano-cages. EDA results
calculations are listed in Table 3. It can be observed,
interactions are stronger in Fe(CO),[B,P;,] com-
plexes than Fe(CO),[B;N;;] complexes. On the
other hand, it can be found stronger interactions for
Fe(CO),'[Al;;N,] complexes than Fe(CO),-[Al,P},]
complexes. EDA consequences specify the most neg-
ative AE,, value in the Fe(CO),-[Al;;N,,] molecule.

The negative polarization energy values stabilize
these molecules. The computed most negative AE
values is observed for Fe(CO),-[Bj,,P;;] molecule.
Moreover, positive steric values energy destabilized
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these molecules. The calculated most positive AE. ;.
values is revealed for Fe(CO),--|B|,P,,] molecule.

Dipole Moment

Dipole moment values of the Fe(CO),[X,Y ]
(X= B or Al, Y = N or P) complexes are calculated
(Table 1). The calculated dipole moment values show
that polarity of the studied complexes depend on the
nano-cage character. It can be deduced, this property
decreases as: [B,P,2] > [Al,P;] > [BjpNpl >
[Al;,N},]. On the other hand, polarity of isomer II is
larger than isomer I in the presence of [B;N,],
[Al;;N 5], and [Al;,P ;] nano-cages. This property is
larger for isomer I than isomer II in the presence of
[B;P ;] nano-cage. The most polarity is attributed to
isomer II of Fe(CO)4[B,,P,] complex.

Polarizability

Isotropic polarizability values of the
Fe(CO),[X,Y 5] (X=BorAl, Y= N or P) complexes
are calculated (Table 1). Isotropic polarizability {(0,)
was calculated using following equation and consider-
ing only diagonal elements:
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Fig. 2. Stretching vibrational modes of carbonyl ligands in the investigated complexes.
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It can be observed these values show that polarity
of the studied complexes depend on the nano-cage
character. This property decreases as: [Al,P,] >
[B,P 2] > [Al,N 5] > [B1;N 5. It can be observed, the
most polarizability is attributed to Fe(CO),[Al,P5]
complexes. Least electronegativity and largest size values

of Al and P than other atoms cause the electron could is
most easily distorted in Fe(CO),[Al,,P},] complexes.

o

Vibrational Analysis

Stretching vibrational modes of carbonyl ligands
are indicated in Fig. 2. Frequencies values of these
vibrations () are listed in Table 4. It can be found that
the values of ®, and ®, (symmetric and asymmetric
vibrational frequencies values of CO,,;, bonds) are
larger than w; and w, values (those values of CO,qyaorial

bonds). On the other hand, asymmetric stretching
vibrational frequencies (®, and ;) are smaller than
symmetric vibrational frequencies (®, and ®,).

Thermochemical Analysis

Thermodynamics parameters of the interactions of
Fe(CO), fragment and [X,,Y,] nano-cages are calcu-
lated by the following reaction equation:

Fe, (CO), +2[X,,Y;,] —
— [X,,Y,,] - Fe(CO), +2CO; AX =G, H.

Free Fe(CO), fragment is not stable, therefore
Fe,(CO)y complex is considered as a reference level for
illustration of thermodynamics of the [X},Y,]--Fe(CO),
formations. Free energy change (AG) and enthalpy
change (AH) values of these reaction are gathered in
Table 3 at 298 K and 1 atm. It can be concluded, these
reactions are spontaneous and exothermic in the pres-
ence of [Al;,;N;], [B,P ], and [Al,P;,] nano-cages.

Table 4. Vibrational frequencies values of the stretching vibrational modes of Fe-CO bonds vibrations in the Fe(CO),4[X,Y,]
(X=BorAlY=N orP) complexes (0w, cm™"). Scale factor 0.9567 is considered from Computational Chemistry Comparison

and Benchmark DataBase (https://cccbdb.nist.gov/vsf2x.asp)

Molecule o, ;3 (N

BN-I 2028.55 2053.15 2062.01 2119.52
BN-II 2036.89 2058.06 2061.27 2118.21
AIN-I 2006.91 2026.76 2038.75 2092.52
AIN-II 2007.78 2028.52 2037.11 2092.25
BP-1 2041.23 2058.64 2065.66 2113.23
BP-1I 2042.65 2059.78 2061.21 2109.33
AlP-1 2029.88 2046.92 2056.03 2101.10
AIP-1I 2034.80 2047.77 2058.26 2101.52
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Table 5. Frontier orbital energy, hardness (1), and chemical potential (i) of Fe(CO), and [X ;Y] (X=BorAlL Y= N or P)

nano-cages (eV)

Molecule E(HOMO) E(LUMO) n i

[B,,N ] —8.23 —0.83 3.70 —4.53
[AlLN ] —6.84 —2.31 2.27 —4.57
[B,,Pl —7.27 ~3.19 2.04 ~5.23
[Al,P),] ~7.07 ~3.55 1.76 —5.31
Fe(CO), —6.75 —3.17 1.79 —4.96

In addition, AG values show that isomer II formation
reactions are more spontaneous than isomer I. How-
ever, the reactions are non-spontaneous and endo-
thermic in the presence [B,N,].

Electrophilicity-Based Charge Transfer (ECT)

The electrophilicity-based charge transfer (ECT)
values of Fe(CO),[X,Y;;)] X=Bor Al, Y= N or P)

isomers are evaluated. The difference between AN,,,,
values of interacting molecules is defined as ECT [61]:

ECT = AN, (Fe(CO)y) — AN, (X;,Y1),

where AN,,,, is defined as:

max

(AN max )i = & .

In this equation, 1 and W are global hardness and
chemical potential, respectively. They are provided on
the basis of Koopman’s theorem [62] and known as
global reactivity descriptors [63—66]. These values for
Fe(CO),, [X,,Y ;] molecules are computed by the sub-
sequent equations and results are mentioned in Table 5.

E(LUMO) - E(HOMO)
2 b

E(HOMO) + E(LUMO)
5 .

The calculated AN, value are —1.54, —0.75, —0.20,
and 0.25 for interaction of Fe(CO), with [B;;N,],
[Al,)N,], [B;Ppol, and [Al,P)y], respectively. The
positive value of ECT reveals charge flow from
[Al,P,] to Fe(CO),. On the other hand, the negative

values of ECT show charge flow from Fe(CO), to
[BioN o], [Al;;Ny,], and [B,Py,].

Hyperpolarizability
The first hyperpolarizabilities values of the
Fe(CO)4[X,,Y5] (X=BorAl, Y=N or P) complexes
are calculated. The By, B,, B,, and B, values of these
complexes are presented in Table 6. The calculated [,

values show that NLO properties of the studied com-
plexes depend on the nano-cage character. It can be
deduced; this property increases as: [B;Nj] <
[Al;;N ] < [Bj,P] < [AlP,]. On the other hand,
NLO property of isomer I is larger than isomer II in
the presence of [B;,N,], [Al,N,], and [B;,P,] nano-
cages. This property is larger for isomer II than isomer
I in the presence of [Al,P},] nano-cage. The most
activity of NLO is attributed to isomer II of
Fe(CO),4[Al,P,,] complex.

QTAIM

Results of QTAIM computations at the bond criti-
cal points (BCP) of Fe—C, Fe—X, and Fe—Y bonds of
the Fe(CO)4[X,Y;;] X=BorAl, Y= N or P) com-
plexes are listed in Table 7. Larger pgcp(Fe—X) and
pgcp(Fe—X) values are well-matched with longer Fe—
Xand Fe—Y (Table 2). There is good linear correlation
between pgcp(Fe—X) and #(Fe—X) values:

Pace = —0.0009r (Fe — X) +0.263; R’ =0.9936.

Maximum electron density in bond critical points
is belonged to Fe—It can be seen, pgcp(Fe—C,,) values
are smaller than ppcp(Fe—C,,) in the studied com-

plexes. These results are compatible with longer Fe—
C,x bonds than Fe—C,, bonds.

Positive Laplacian of electron density (V?p) values
are compatible with closed—shell interactions for the
Fe—C, Fe—X and Fe—Y bonds.

The negative total electron energy density (H) val-
ues are considered as an indicator of covalency. There
is the following equation between H and its compo-
nents:

H=G+V.

In this equation, V and G are virial energy density
and Lagrangian kinetic energy, respectively. The posi-
tive V2p values and negative H values of Fe—C, Fe—X
and Fe—Y bonds are compatible with similar systems
[67, 68]. These values are compatible with a combina-
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Table 6. Components and total first hyperpolarizability values (esu) of the Fe(CO)4[X,Y 5] (X= B or Al, Y = N or P) complexes

BN-I BN-II AIN-I AIN-II BP-1 BP-1I AIP-I AIP-11
Brocx 201.48 —4.10 392.16 —225.09 800.25 —790.28 1391.27 | —1440.26
By —8.95 0.03 —30.49 —7.06 —47.00 —2.15 —69.28 —3.14
By 32.01 46.71 312.88 —315.11 300.64 —279.02 418.48 —434.21
By 16.55 —0.09 17.84 0.04 6.59 0.00 —23.22 —0.01
Buxe —25.11 —24.23 124.10 —109.33 —131.20 152.61 —63.98 126.79
Bz 18.49 —0.08 6.04 —3.93 24.24 —1.01 —0.65 1.01
By —12.78 0.48 25.27 —22.07 —44.98 73.06 —40.36 73.16
Bizz —115.78 —138.82 195.94 —145.04 149.27 —142.93 228.95 —238.38
By —4.45 0.51 20.20 —1.34 —58.36 1.53 —31.87 —0.16
B... —50.71 101.25 —112.25 152.46 —128.17 181.19 —119.69 181.83
Brot 1.27 x 10730 1.07 x 10730 | 7.79 x 10739 [ 5.92 x 1073% | 1.12 x 10730 | .11 x 1073° | 1.78 x 1073° [ 1.86 x 10~°
10%B,,, 1.27 1.07 7.79 5.92 11.15 11.05 17.75 18.55

tion of the shared and closed—shell interactions for the
Fe—L bonds.

|[M/G ratio is useful for description of bond charac-
terization. |V(r)|/G(r) < 1 and V(r)|/G(r) > 2 are char-
acteristics of a typical ionic interaction and “classical”
covalent interactions, respectively [69]. |V|/G rations
of Fe—C, Fe—X and Fe—Y bonds are listed in Table 7.
These values are between 1 and 2. Therefore, it can be
observed mixture of the shared and closed—shell inter-
actions for the Fe—L bonds.

Laplacian Bond Order (LBO)

Bond orders are valuable values to illustrate of the
Fe—C, Fe—X, and Fe—Y bonds. An appropriated
method of covalent bond is Laplacian bond order
(LBO) [55]. In this method bond orders are computed
in the basis of the Laplacian of electron density V2p in
fuzzy overlap space.

The calculated LBO values for Fe—C, Fe—X, and
Fe—Y bonds in the studied complexes are listed in
Table 8. These values show that, LBO values of Fe—C
bond are close to 1, therefore, the Fe—C bonds are the
covalent single bond. On the other hand, LBO values
of Fe—X and Fe—Y bonds are smaller than 1 reveal that
the weaker interactions in compared to the classic
covalent single bond. There are good linear correla-
tions between average of LBO and bond distances val-
ues of Fe—X and Fe—Y bonds as:

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 68

Fe(CO), - [X;,)Nj,](X = B and Al): (LBO)

= —239.16{r) +241.62; R’ =0.9949;
Fe(CO), - [Xy,P,](X = B and Al): (LBO)

= —195.65(r) +271.76; R* =0.9502.

In addition, LBO values of Fe—CO bonds are
smaller in frans position to X than cis position to Y.
This result explains longer Fe—CO bonds are in trans
position to X than cis position to Y.

Independent Gradient Model (IGM)

Independent Gradient Model (IGM) is a signifi-
cance tool for illustration of interfragment and intra-
fragment interactions [56, 57]. The provided isosur-
face graphs of the studied systems are presented in Fig. 3.
The major van der Waals interaction region is exhib-
ited as green isosurface for each of molecules.

CONCLUSIONS

In this work, electronic, structural, and optical
properties of Fe(CO), [X;Y,] X=BorAl, Y=N or
P) complexes were investigated at the mPWI1PW91/6-
311G(d,p) level of theory. According to the computa-
tions, isomer II was more stable than isomer I. EDA
consequences identified the most interaction in the
Fe(CO)4-[Al;;N,] molecule. The positive value of
ECT revealed charge flow from [Al,,P,] to Fe(CO),.

No.8 2023
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Table 7. QTAIM results at the bond critical points of Fe—C, Fe—X, and Fe—Y bonds of the Fe(CO),[X,Y,] (X= B orAl,
Y = N or P) complexes

Electron density (p, e A3

Fe—CO,,
Molecule Fe—CO,, Fe—X Fe—-Y
trans to X transtoY
BN-I 0.1635 0.1445 0.1351 0.0744 0.0765
BN-II 0.1409 0.1581 0.1377 0.0782 0.0804
AIN-I 0.1452 0.1536 0.1444 — 0.0696
AIN-II 0.1457 0.1521 0.1455 - 0.0727
BP-I 0.1469 0.1365 0.1359 0.0729 0.0739
BP-II 0.1458 0.1608 0.1381 0.0709 0.0766
AIP-1 0.1479 0.1630 0.0625 0.0484 0.0644
AIP-II 0.1462 0.1462 0.1405 0.0488 0.0665
Laplacian of electron density (Vzp, e A
Fe—CO,,
Molecule Fe—CO,, Fe—X Fe—-Y
trans to X transtoY
BN-I 0.5074 0.5370 0.5561 0.0207 0.3444
BN-II 0.5292 0.5246 0.5422 0.0162 0.3713
AIN-I 0.5230 0.5642 0.5338 — 0.2728
AIN-II 0.5240 0.5687 0.5303 — 0.2807
BP-1 0.5344 0.5476 0.5426 0.0284 0.1268
BP-I1 0.5352 0.5021 0.5460 0.0265 0.1307
AIP-1 0.5329 0.5126 0.1155 0.0249 0.0907
AIP-1I 0.5315 0.5315 0.5417 0.0281 0.1002
Energy density (£, a.u.)
Fe—COqq
Molecule Fe—CO,, Fe—X Fe—Y
trans to X transto Y
BN-I —0.0780 —0.0592 —0.0511 —0.0311 —0.0111
BN-II —0.0555 —0.0727 —0.0536 —0.0342 —0.0125
AIN-I —0.0592 —0.0687 —0.0595 — —0.0098
AIN-II —0.0595 —0.0670 —0.0605 — —0.0109
BP-1 —0.0618 —0.0523 —0.0519 —0.0273 —0.0216
BP-II —0.0604 —0.0751 —0.0538 —0.0263 —0.0236
AIP-1 —0.0621 —0.0776 —0.0231 —0.0211 —0.0183
AIP-1I —0.0604 —0.0604 —0.0559 —0.0213 —0.0191
Lagrangian kinetic energy (G, a.u.)
Fe—COqq
Molecule Fe—CO,, Fe—X Fe—Y
trans to X transto Y
BN-I 0.2048 0.1934 0.1901 0.0363 0.0972
BN-II 0.1877 0.2039 0.1891 0.0383 0.1053
AIN-I 0.1899 0.2097 0.1930 — 0.0780
AIN-IT 0.1905 0.2092 0.1931 — 0.0811
BP-I 0.1954 0.1892 0.1876 0.0344 0.0533
BP-II 0.1942 0.2006 0.1903 0.0329 0.0563
AlIP-1 0.1954 0.2057 0.0520 0.0273 0.0410
AIP-II 0.1933 0.1933 0.1913 0.0283 0.0441
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 68 No. 8 2023
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Potential energy density (¥ a.u.)

Fe—COqq
Molecule Fe—CO,, Fe—X Fe—Y
trans to X transto Y
BN-I —0.2828 —0.2526 —0.2411 —0.0674 —0.1082
BN-II —0.2432 —0.2766 —0.2427 —0.0725 —0.1177
AIN-I —0.2491 —0.2784 —0.2525 — —0.0877
AIN-II —0.2501 —0.2762 —0.2537 - —0.0920
BP-1 —0.2571 —0.2416 —0.2395 —0.0617 —0.0749
BP-II —0.2546 —0.2757 —0.2441 —0.0593 —0.0799
AIP-1 —0.2575 —0.2833 —0.0751 —0.0484 —0.0593
AIP-1I —0.2537 —0.2537 —0.2472 —0.0495 —0.0632
/G
Fe—COqq
Molecule Fe—CO,, Fe—X Fe—Y
trans to X transto Y
BN-I 1.38 1.31 1.27 1.86 1.11
BN-II 1.30 1.36 1.28 1.89 1.12
AIN-I 1.31 1.33 1.31 1.12
AIN-II 1.31 1.32 1.31 1.13
BP-I 1.32 1.28 1.28 1.79 1.41
BP-II 1.31 1.37 1.28 1.80 1.42
AIP-1 1.32 1.38 1.44 1.77 1.45
AIP-II 1.31 1.31 1.29 1.75 1.43
Table 8. Calculated LBO values for Fe—C, Fe—X, and Fe—Y bonds in the studied complexes
Fe—CO,,
Molecule Fe—CO,, Fe—X Fe—Y
trans to X transto Y
BN-I 0.9640 1.0128 1.0234 0.1195 0.1359
BN-II 0.9535 1.033 1.0147 0.1294 0.1556
AIN-I 0.9851 1.0640 0.9977 0.0375 0.0826
AIN-II 0.9858 1.0620 0.9909 0.0408 0.0908
BP-1 0.9780 1.0028 1.0041 0.1820 0.3176
BP-II 0.9792 1.0013 1.0186 0.1335 0.3173
AIP-1 0.9847 1.0135 1.0166 0.0652 0.2388
AIP-1I 0.9725 1.0199 1.0138 0.0603 0.2513

On the other hand, the negative values of ECT indi-
cated charge flow from Fe(CO), to [B;Nl,
[Al};N,], and [B},P,]. LBO values of Fe—C bond
were close to 1 indicate that the Fe—C bonds were the

covalent single bond. The negative H and positive V2p
values of Fe—C, Fe—X, and Fe—Y bonds revealed

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 68

mixture of the shared and closed—shell interactions for
the Fe—L bonds. On the other hand, LBO <1 values of
Fe—X and Fe—Y bonds indicated the weaker interac-
tions than the covalent single bond. As future outlook
of this study, solvent effect on the calculated parame-
ters can be useful. Dielectric constant dependency of

No.8 2023
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(b) Fe(CO)4[B,Py,]

Isomer I Isomer I1
(c) Fe(CO)4[Al ;N ]

(a) Fe(CO)4[B)N 5]
(d) Fe(CO)4[Al,P )]

¢
n
i
3

Fig. 3. IGM analysis results of the studied complexes.
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