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The structure, stability, "’N NOR parameters, and hyperpolarizability of Fe(CO),py isomers in seven
different solvents were computed with the MPWIPW91 method based on the polarizable continuum model
(PCM). From an energetic standpoint, the Fe(CO)py ia isomer was more stable than the Fe(CO)pyequatorial
isomer. On the other hand, the relative energies decreased in more polar solvents. Molecular orbital analy-
sis showed that the HOMO of the Fe(CO)py isomer was distributed on the Fe(CO), fragment, whereas the
LUMO was localized on the pyridine ligand. This study suggests that the nonlinear optical (NLO) properties
depend on the solvent polarity.
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C ucnoavzosanuem Mooenu NOIAPU3YemMo20 KOHmuHyyma memooom MPWIPW9I paccuumarnvl cmpyk-
mypa, cmabuibHOCHb, Y AKP-napamempul u eunepnoaspusyemocms uzomepos Fe(CO)py 6 paznuunvix
pacmeopumensx. Ycmanosnero, umo usomep Fe(CO)pyaxia 60nee cmabunen, wem Fe(CO)pyequatorial, OMHO-
cumenvHvle dHepeuu ymenvuiaromes 0ns 6onee noaapuvix pacmeopumenei. Monexynapuviil opoumanbHwlli
amanuz NoKasvieaem, 4mo Haugblculasi MoNeKyispHas opoumane uzomepa Fe(CO)py omnocumes x ceasu
Fe(CO)y a camasn nuskas nHesauamas MOAEKYIAPHASL OpOUMALb TOKATUZ08AHA HA Jucande nupuounda. I[Ipeo-
nonazaemcsl, 4mo HeluHelinble ONMu4ecKue c8oUCmaea 3a8UCAM Om NOIAPHOCIU PACMEOPUMEIAL.

Knioueevie cnosa: uzomepvr Fe(CO)py, erusnue pacmeopumeinsi, unepnoisipu3yemoco, “N AKP-
napamempul.

Introduction. Pentacoordinate transition metal complexes are of exclusive importance in inorganic
chemistry. Due to their instability, they are generally involved in the associative reactions of tetracoordinated
molecules and the dissociative reactions of hexacoordinate compounds. When pentacoordinate molecules
have sufficient stability to be isolated, the distinction between the trigonal bipyramide, the square pyramide,
and even other extreme conformations is difficult [1].

The photodissociation of pentacoordinate transition metal carbonyl complexes Fe(CO),L was studied
theoretically and experimentally [2—4]. Complexes of Fe(CO),L (L = pyridine, a- and 7-picoline, piperidine)

** Full text is published in JAS V. 84, No. 1 (http://springer.com/10812) and in electronic version of ZhPS V. 84,
No. 1 (http://www .elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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were photochemically synthesized and characterized [5]. The study of the photolysis of [Fe(CO)4sL] com-
plexes (L = NMej; or pyridine) resulted in the formation of Fe(CO);L,ya [6]. The reaction is reversed by i.r.
light and by annealing the matrix. The Fe(CO);Lxia complex isomerizes into Fe(CO)s;Lcquatoriai after i.r.
photolysis.

In this work, we performed a systematic computational study of the solvent effects on the stability, elec-
tronic structure, hyperpolarizability, and '*N NQR parameters of Fe(CO),py isomers.

Computational methods. All calculations were carried out with Gaussian 03 software [7]. The calcula-
tions of the systems containing C, N, O, and H were described by the standard 6-311G(d,p) basis set [8—11].
For iron, the standard LANL2DZ basis set [12—14] was used, and iron was described by the effective core
potential of the Wadt-Hay pseudopotential [12] with a double-§ valence using the LANL2DZ. Geometry
optimization was performed using the Modified Perdew-Wang Exchange and Correlation (MPW1PWO91)
methods [15]. The results of the calculations for transition metal complexes showed that the MPW1PW91
functional gave better results than the B3LYP [16—-19]. A vibrational analysis was performed at each station-
ary point.

Then the geometry of each species in solvents with different dielectric constants was calculated using
the polarized continuum model (PCM) [20]. The electrostatic interaction of a nuclear electric quadrupole
moment and the electron charge cloud surrounding the nucleus can be used for the observation of pure Nu-
clear Quadrupole Resonance (NQR) [21]. The Hamiltonian of this interaction for a nucleus of spin I is as
follows [22]:

equzz 222 52, 2

Q:m[fﬂz -7 +(I++I_)n/2], (1)

where all I., I are the raising and lowering operators, I is the Z component of the angular momentum opera-

tor and /7 is the operator for the square of the angular momentum for the nuclei [23]. Quantum chemical

calculations yielded the principal components of the electric field gradient (EFG) tensor, g;;, in atomic units

(1 au. = 9.717365 x 10*' V/m®) [24], with |g-.| > |g,y| > |¢xl- Here ¢y, ¢,y and g are the components of EFG

in the directions of x, y, and z, respectively. The calculated g;; values were used to obtain the nuclear quadru-
pole coupling constants, y;:

(i(MHz) = & Qqilh, i=x,7,z, @

where 0 is the nuclear quadrupole moment of the "*N nucleus. The standard values of quadrupole moment,

0, reported by Pyykko [25] were used in Eq. (1); O(**N) = 20.44 mb. The NQR parameters were experimen-

tally reported:
OCC =7, (MHz) = €’Qg.../h. 3)

The asymmetry parameters (o) were defined as

nQ = |(ny - qXX)/qZZ|’ 0 S n S 13 (4)

which determines the deviation of the field gradient tensor from the axial symmetry.
For a nucleus of unit spin (such as '*N), we had three energy levels, so we got three nuclear quadrupole
resonance frequencies [22]:

Vi = (3/4)=(1 +/3), )
Vo= (G341 +n/3), (6)
Vo = (3/4)y=. (7

The quadrupole coupling constant (}.,) and asymmetry parameter (1)) are usually calculated from the nuclear
quadrupole frequencies:
Xz = 2(v+ +v)/3, ®)
N =3(v+—Vv)/(vi+ V). 9)
Geometries were optimized without any symmetry constraints, followed by the calculations of the first order
hyperpolarizabilities. The first total static hyperpolarizability  was obtained from the relation

Buot =+/Bs +B +B2 (10)

upon calculating the individual static components
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Bi:Biii+§l§j(ﬁijj+ﬁjz‘j'+ﬁjji)' (11)
The first hyperpolarizability is a third rank tensor that can be represented by a 3 x 3 x 3 matrix. The 27 com-
ponents of the 3D matrix can be decreased to 10 components because of the Kleinman symmetry [26]:

By = Byy = Byyas Bryz= Byzy = Bayy- (12)
So the following equation was employed:
Btot = \/(Bxxx + Bxyy + szz)2 + (Byyy + Byzz + Byxx)z + (Bzzz + Bzxx + Bzyy)2 ‘ (13)

Result and discussion. Energetic aspects. Figure 1 represents the structures of the Fe(CO)spy.x and
Fe(CO)4py.q isomers. The absolute and relative energies of these isomers are listed in Table 1. As shown in
Table 1, the Fe(CO)4py.x isomer is always more stable than the Fe(CO)4pyeq isomer. These values show that
the m-acceptor carbonyl ligand tends to occupy the equatorial position [1]. Different solvents essentially af-
fect the ground-state energy gaps (AE) between the isomers. The gas phase has the largest ground-state en-
ergy gap, which is near 3.40 kcal/mol. The relative energies are less in the solvents than in the gas phase. On
the other hand, it was found that these values decrease with increasing the solvents polarity. Figure 2a dis-
plays a good linear relationship between the relative energies and the dielectric constants.
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Fig. 1. Structures of Fe(CO)4pyax and Fe(CO)spyeq isomers.

TABLE 1. Energy (E, Hartree), Relative Energy (AE, kcal/mol), Dipole Moment (u, Debye)
of Different Isomers of the Fe(CO)4py Complex and the Dielectric Constants of Solvents

Medium € E (equatorial) | E(axial) | AE | u(equatorial) | u (axial) | Ap
Gas - —825.0935 | —825.0989 | 3.40 7.17 6.44 0.72
Chloroform 4.71 —825.1003 | —825.1055 | 3.25 8.40 7.53 0.87
Chlorobenzene 5.70 —825.1008 | —825.1059 | 3.23 8.48 7.60 0.88
Aniline 6.89 —825.1011 | —825.1063 | 3.22 8.54 7.65 0.89
THF 7.43 —825.1013 | —825.1064 | 3.22 8.57 7.67 0.90
Methylene chloride | 8.93 —825.1016 | —825.1067 | 3.20 8.62 7.72 0.91
Quinoline 9.16 —825.1016 | —825.1067 | 3.20 8.63 7.72 0.91
Isoquinoline 11.00 | —825.1019 | —825.1069 | 3.16 8.67 7.76 0.91

Relative Energy, kcal/mol a Ap, Debye b
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Fig. 2. Linear dependence of relative energies (a) and Ap (b) on the dielectric constants
in Fe(CO),py isomers.
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Dipole moments. The dipole moments of Fe(CO)4py.x and Fe(CO)4py.q isomers are listed in Table 1. As
seen in Table 1, the Fe(CO)4pyax molecule has a lesser dipole moment than the Fe(CO)4py.q isomer. In the
liquid phase, dipole moments are greater than in a vacuum. According to the Onsager solvation model, the
compound with a greater dipole moment is more stable in polar solvents. On the other hand, it was found
that ApL = Leq isomer — Hax isomer iNCreases with the solvent polarity. Figure 2b represents the dependence of Ap
on the dielectric constants.

Bond distances. The selected bond distances of Fe(CO)4pyax and Fe(CO)4py.q isomers and the experi-
mental data for the Fe(CO)4py.x isomer are demonstrated in Table 2. As seen from Table 2, the theoretical
results are close to the experimental values for the title molecule, and the minor differences can result from
the fact that the theoretical calculations were based on the isolated molecule in the gas phase while the ex-
perimental results depicted the molecule in the solid phase. The calculated geometric parameters are in good
agreement with the experimental ones, so they can be used as a basis for calculation of the other parameters
of the compound.

The structural data for the optimized structures of Fe(CO)spyax and Fe(CO)4py.q isomers in some sol-
vents are represented in Table 2. The results show that the Fe-N bond is slightly longer in the equatorial iso-
mer than in the axial isomer. While the Fe-C,, bonds are longer than the Fe-C.q ones in the equatorial iso-
mer, the Fe-C,, bonds are shorter than the Fe-Cq ones in the axial isomer. These bond length variations are
due to the o-donor ability of the pyridine ligand. Pyridine increases the electron density of the central atom.
Owing to this, n-back bonding increases between Fe and CO in cis position to Fe. Therefore, in two isomers
carbonyl ligands of cis position to Fe are shorter than those of trans position.

TABLE 2. Selected Structural Parameters of Different Isomers of the Fe(CO)py Complex (in A)

Equatorial isomer Axial isomer

€ Fe-N | Fe-Cq | Fe-Cyx | Fe-N Fe-Ceq Fe-Ceq(av)* | Fe-Cyx
Experimental — — — — 2.046 1.772 1.805 —
Gas - 2.059 | 1.759 | 1.795 | 2.054 1.787 1.792 1.763
Chloroform 471 | 2.058 | 1.754 | 1.793 | 2.055 1.786 1.790 1.761
Chlorobenzene 570 | 2.058 | 1.754 | 1.793 | 2.055 1.786 1.790 1.761
Aniline 6.89 | 2.058 | 1.754 | 1.793 | 2.055 1.786 1.790 1.761
THF 7.43 | 2.058 | 1.754 | 1.793 | 2.054 1.786 1.790 1.761
Methylene chloride | 8.93 | 2.057 | 1.754 | 1.793 | 2.054 1.786 1.790 1.761
Quinoline 9.16 | 2.057 | 1.754 | 1.793 | 2.054 1.786 1.790 1.761
Isoquinoline 11.00 | 2.057 | 1.754 | 1.793 | 2.054 1.786 1.790 1.760

*The average of Fe-C.q bond lengths.

It is well known that the solvent polarity influences both the structure and properties of conjugated or-
ganic molecules and metal complexes [27-29]. But the structural parameters of the studied complexes show
that the variations of Fe-C and Fe-N bond lengths change slightly with the polarity of the surrounding media.

Molecular orbital analysis. The energies of the frontier orbitals (HOMO, LUMO) along with the corre-
sponding HOMO-LUMO energy gaps for Fe(CO)4pyax and Fe(CO)spy.q isomers in a vacuum and a variety
of solvents are given in Table 3. As shown in Table 3, the Fe(CO)4py.x isomer has lower HOMO and LUMO
energies than the Fe(CO)4py.q isomer. Also, the HOMO-LUMO gap and the hardness of the Fe(CO)spyax
isomer are greater than those of the Fe(CO)4py.q isomer. As expected from the principles of minimum en-
ergy (MEP) and maximum hardness (MHP), when a conformer changes from the most stable to less stable
species, the energy increases and the hardness decreases [30—34].

The inclusion of the solvation effects leads to changes in the molecular orbital energies (Table 3). In the
solution, HOMO is stabilized, but LUMO is unstabilized, with respect to the corresponding values in a vac-
uum. Figure 3a shows the dependence of the frontier orbitals energies on the dielectric constant. Figure 3b
represents the plots of HOMO and LUMO for Fe(CO)4py isomers. It can be found that the HOMO of
Fe(CO)4py isomers is distributed on the Fe(CO), fragment, but LUMO is localized on the pyridine ligand.

N-NQR parameters. The distortion of the charge distributions around the nitrogen atom was investi-
gated and interpreted by EFGs. Since the EFG around a nitrogen nucleus is symmetric in the N, free mole-
cule, the calculated NQR parameters for the N, molecule are ng = 0 and \/QCal = 4.258 MHz. The calculated
NQR frequencies of the nitrogen atoms in Fe(CO),py isomers in the gas phase and different solvents are
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listed in Table 4. As shown in Table 4, the magnitude of the ¢.., .. and 1 values decreases more in the solu-
tion phase than in a vacuum. On the other hand, v., v_, and v, frequencies are dependent on the polarity of
the solvents. Figure 4 represents a good linear relationship between these values and the dielectric constants.
A comparison of the g.., %.., and 1 values of the isomers shows that these values are larger in the equatorial
isomer than in the axial isomer. There is a good relationship between An and Ay.. and the relative energies
of the isomers:

Ay: = 0.0926AE — 0.0501; R* = 0.8881,

AN =—0.0278AE + 0.1059; R* = 0.9259.

TABLE 3. Frontier Orbitals Energies (eV), HOMO-LUMO Gap Energy (AE, eV), Hardness (1, ¢V), Chemi-
cal Potential (u, eV), and Electrophilicity (o, eV) Values of Different Isomers of the Fe(CO),py Complex

Medium Enomo | Eromo | AE | m | | o |Ewowmo |Eoomo | AE | n | p | ©
Axial isomer Equatorial isomer
Gas -6.09 |-1.90 [4.19 |2.10 |-4.00 |3.81 |-5.84 |-1.85 (3.99 |2.00 |-3.85 |3.71
Chloroform -6.21 |-1.61 |4.60 |2.30 |-3.91 |3.32 |-5.95 |-1.53 |4.42 |2.21 |-3.74 |3.17
Chlorobenzene -6.22 |-1.59 |4.63 [2.31 |-3.90 |3.29 |-5.96 |-1.52 |4.45 [2.22 |-3.74 |3.14
Aniline -6.22 |-1.58 |4.65 |2.32 |-3.90 |3.27 |-5.98 |-1.50 |4.48 |2.24 |-3.74 |3.12
THF -6.23 |-1.57 |4.66 |2.33 |-3.90 |3.26 |-5.98 |-1.49 |4.48 |2.24 |-3.74 |3.11
Methylene chloride|-6.23 |-1.56 |4.67 |2.34 |-3.90 [3.25 |-5.98 |-1.48 |[4.50 |2.25 |-3.73 |3.10
Quinoline -6.23 |-1.56 [4.67 |2.34 |-3.90 |3.25 |-5.98 |-1.48 |4.50 |2.25 |-3.73 |3.09
Isoquinoline —-6.24 |-1.55 ]4.69 |2.34 |-3.89 |3.23 |-5.99 |-147 ]4.52 |2.26 |-3.73 |3.08
Enomo, 2. 1. i Eiumo, a. 0. a
0218 m g - _R_ _.0.8378 0,054 R:ofi_?_,.,
~0.222 L
0056 G 9306
* Fe(CO)spyax ) + Fe(CO)upyax
-0.226 # Fe(COpYe 0,058 / = Fe(CO)ipyeq
. R*=0.9517
e, 2
—-0.230 —-0.060
4 6 8 10 12 4 6 8 10 12
Dielectric constant : Dielectric constant
. 4 HOMO LUMO b
- ;
- k’ &k
Y ‘x &L%
¢
Axial isomer Equatorial isomer Axial isomer Equatorial isomer

Fig. 3. Linear dependence of the frontier orbital energies on the dielectric constants (a)
and the frontier orbitals of Fe(CO)py isomers (b).
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Fig. 4. Linear dependence of NQR parameters on the dielectric constants of Fe(CO),py isomers.
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TABLE 4. '“N NQR Parameters of Different Isomers of the Fe(CO),py Complex
in Different Media Using the PCM Model

Goey a1 | (€0 | (0N, | (€20/h)g.

Solvent Gxxs a.u‘qyy, au n ‘ v, V_ ‘ Vo

Axial isomer
Gas —0.219]-0.395| 0.615 | -1.054 | —1.898 2.952  10.286(2.425|2.003]0.422
Chloroform —0.215|-0.354| 0.569 | —-1.031 | —1.700 2.731 ]0.245|2.215(1.881|0.335
Chlorobenzene —0.214|-0.351| 0.566 | -1.029 | —1.687 2717 |0.2422.202(1.873|0.329
Aniline —0.214|-0.349| 0.563 | -1.028 | -1.677 2.705 |0.240(2.191|1.866(0.325
THF —0.214|-0.348| 0.562 | -1.027 | -1.673 2.700 ]0.239]2.187(1.864|0.323
Methylene chloride|—0.214|-0.347| 0.560 | —1.026 | -1.665 2.691 |0.2372.178|1.859(0.319
Quinoline —0.214|-0.346| 0.560 | -1.026 | —1.664 2.690 |0.2372.177(1.858|0.319
Isoquinoline —0.213|-0.345] 0.559 | -1.025 | -1.657 2.682 10.236]2.170|1.854|0.316
Equatorial isomer
Gas —0.236|-0.435] 0.670 | —1.132 —2.087 3.219 10.297]2.653|2.175]0.478
Chloroform —0.229(-0.391| 0.620 | -1.101 -1.878 2.979 |0.261|2.429|2.040/0.388
Chlorobenzene —0.229(-0.388| 0.617 | —1.099 —-1.865 2.964 |0.258(2.415(2.032(0.383
Aniline -0.229|-0.386| 0.615 | —1.098 —1.855 2.953 10.257|2.404|2.025|0.379
THF —0.228|-0.385| 0.614 | -1.097 -1.851 2.947 10.256(2.399(2.022(0.377
Methylene chloride|—0.228|-0.384| 0.612 | —1.096 —-1.842 2.938 |0.254|2.390(2.017(0.373
Quinoline —0.228|-0.383| 0.611 | —1.095 —-1.841 2.936 |0.254|2.389(2.016|0.373
Isoquinoline —0.228]-0.382| 0.610 | —1.093 —1.835 2.929 [0.2532.382|2.011/0.371

Hyperpolarizability. 1t is illustrated that the solvent polarity plays an important role in the first hyperpo-
larizability of the dipolar molecules. The By, By, By, B- values of Fe(CO)4py isomers in a variety of solvents
is listed in Table 5. These values indicate that B, decreases from a vacuum to the solution phase. The de-
pendence of the first hyperpolarizability of the studied compound both on the dielectric constant of the me-
dia and the Onsager function was investigated [35]. Figure 5 is typical for a dipolar reaction field interaction
in the salvation process [35-38]. Therefore, the electronic reorganization in the solution for Fe(CO)spy has
an important effect on the resulting first hyperpolarizability. From Table 5, in the equatorial isomer, the B,
values dominate the nonlinear optical (NLO) response, because the skeleton atoms are mostly located on the
x-axis, and the variation tendency of the B, and B, values for this isomer is close to zero. On the other hand,
in the axial isomer, the B, values dominate the NLO response, because the skeleton atoms are mostly located
on the z-axis. The B, values also notably contribute to the NLO responses, and the (3, values for this isomer
are close to 0.1. The resulting isomer of the substitution of the equatorial carbonyl ligand in the Fe(CO)s
molecule with the pyridine ligand has a more symmetric structure than the substitution in the axial position.
Therefore, this structure is sufficient for revealing the relationship between the 3, value and the geometrical
structure. For the axial isomer, due to the change of the pyridine location, there is an increase in the By val-
ues. This shows that the NLO responses could be tuned by changing the location of pyridine.

—-30
Btomlo 10 esu

. R*=0.9138
4 e
3 ¢,  R=09728
TYT%—4 ¢+ Equatorial isomer
2 N
= Axial isomer

1
0

0 4 8 12

Dielectric constant

Fig. 5. Linear dependence of Py on the dielectric constants of Fe(CO)4py isomers.
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TABLE 5. Bios, Bx, By, and B. Values (x 107 esu) for Different Isomers of the Fe(CO)4py
Complex in Different Media Using the PCM Model

| Gas |Chloroform| Chlorobenzene | Aniline | THF | Methylene chloride | Quinoline | Isoquinoline
Axial isomer
By | 1.88 1.13 —0.68 097 |-0.78 0.89 0.88 0.84
B, | 0.02 —0.09 —0.09 —0.10 | -0.10 —0.10 —-0.10 —0.10
B- | 5.78 4.45 4.33 422 | 4.18 4.08 4.07 3.99
Brot | 6.08 4.59 4.38 433 | 425 4.18 4.16 4.08
Equatorial isomer
Br |—4.25 2.81 2.64 250 | 243 232 2.31 -2.15
B, [-0.02 0.01 0.01 0.02 | 0.02 0.02 0.02 0.01
B. |-0.01| -0.03 —0.02 —0.03 | -0.03 —-0.01 —-0.01 —0.02
Brot | 4.25 2.81 2.64 2.50 | 243 232 2.31 2.15

Conclusion. In this work, a theoretical investigation of the solvent effect on the structures, stability, '*N
NQR parameters, and hyperpolarizability of Fe(CO)spy isomers in different solvents shows that (i) the
Fe(CO)4pyaxial is more stable than the Fe(CO)4pyequatorial 150mer; (ii) the relative energy values decrease with
increasing polarity of solvents; (iii) the HOMO of Fe(CO)4py isomer is distributed on the Fe(CO), fragment,
and the LUMO is localized on the pyridine ligand; (iv) a comparison of the y.. and 1 values of the isomers
show that these values are larger in the equatorial isomer than the axial isomer; (v) the hyperpolarizability
increases more in a vacuum than in the solution phase.
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