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Relationship between the Electric Polarizability and Aromaticity
of Metallocene-Containing Macrocycles

Magnetically induced ring currents, aromaticity, as well as polarizability and second hyperpolarizability of
the metallocenothiaporphyrins with transition metals of group VIII (Fe, Ru) and isoelectronic cations of
group IX (Co*, Rh*) and metallocene-containing annulenes ((CsHs)2M[n = 18-24], where M is Fe, Co*) have
been studied computationally at Density Functional level of Theory (DFT). The calculations show that the
value of average polarizability of the studied compounds depends on their character of the aromaticity. Aro-
matic structures are characterized by larger polarizability than their corresponding antiaromatic congeners.
The average polarizability of metallocenothiaporphyrins also depends on the magnitude of magnetically in-
duced ring currents, which quantify the degree of electron delocalization. An increase in the number of -
electrons in conjugation pathway plays a key role in the growth of polarizability. Aromaticity also influences
on the second hyperpolarizability of metallocene-containing annulenes. In the case of compounds with the
same number of conjugated electrons, the second hyperpolarizability is larger for more aromatic systems. To
conclude, our results pinpoint the importance of electron delocalization on the polarizability and second hy-
perpolarizability of the studied metallocene-containig macrocycles.

Keywords: magnetically induced ring currents, aromaticity, polarizability, hyperpolarizability, metalloceno-
thiaporphyrins, optical properties, metallocenes, electron delocalization.

Introduction

The polarizability as well as the first and second hyperpolarizabilities are important optical quantities in
the field of chemistry and physics. These characteristics describe the responses of a molecular system when
it interacts with an external electric field. Polarizability plays an important role in determining intramolecular
and intermolecular interactions, reactivity, and optical properties of materials [1-3]. The values of the first
and second hyperpolarizabilities describe nonlinear processes occurring in compounds under the action of
intense laser radiation. These processes include second and third harmonic generations, two-photon absorp-
tion, the Kerr effect, spontaneous and stimulated Raman scattering [4—7]. The search for molecules with a
large nonlinear response is an urgent task, since they are used as molecular electronic, optical limiting devic-
es, molecular switches, as well as sensitizers for photodynamic therapy [8-11].

The polarizability is strongly affected by the presence of conjugated bonds in the molecule [12]. When
bond conjugation forms a closed circuit, the electron delocalization occurs, which causes the aromaticity.
Aromaticity and electron delocalization determine the specific structural, magnetic, energetic and electronic
properties of conjugated systems, which in turn affect the optical and nonlinear optical properties of mole-
cules [13-15]. Thus, macrocyclic aromatic compounds with well-defined electron delocalization present the
greatest interest in the study of optical and nonlinear optical properties. Among macrocyclic aromatic sys-
tems, metal porphyrin complexes have attracted considerable attention in the last decade due to their excep-
tional properties [16, 17]. Recent studies have shown that metallocene fragments with Fe and Ru incorpo-
rated in the porphyrin circuit are able to transfer r-conjugation [18, 19]. The transmission of w-electron con-
jugation across a d-electron metallocene contributes to three-dimensional metallomacrocyclic aromatici-
ty [20]. The metallocene fragment in the porphyrin leads to a unique electronic structure, which can be re-
flected in special photophysical and electronic properties, aromaticity, conformational flexibility, as well as
non-linear optical properties.

In this regard, the purpose of this work was a quantum-chemical study of the optical properties of me-
tallocene-containing macrocyclic molecules, an assessment of the effect of conjugation and electron delocal-
ization on optical and nonlinear optical properties. It is important to understand the role of the electronic
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structure and electron delocalization in determining optical and nonlinear optical properties for the develop-
ment of new promising materials.

Computational Details

The molecular structures of the studied metallocenothiaporphyrins are shown in Figure 1. We have in-
vestigated metallocenothiaporphyrins with transition metals of group VI (Fe, Ru) and isoelectronic cations
of group IX (Co*, Rh*). We denote the studied molecules as (CsHs):MP for metallocenothiaporphyrins and
H»-(CsHs)2MP for dihydrometallocenothiaporphyrins (Fig. 1). In this notation, M is a metal atom or ion and
P is a porphyrin ring.

(CsHs)MP H>-(CsHs):MP

Figure 1. The molecular structures of metallocenothiaporphyrins, where M = Fe, Co*, Ru, Rh*

To unravel the effect of conjugation on the optical properties we have considered the hypothetical struc-
tures of annulenes with an incorporated metallocene fragment: (CsHs):M[n = 18-24] (M = Fe, Co"). The mo-
lecular structure of these compounds is shown in Figure 2.

(CsHs)2M[n = 18-24]

Figure 2. The molecular structure of metalloceno[n]anullenes (n = 18-24), where M = Fe, Co*

The optimized structures of the studied molecules were obtained at the density functional theory (DFT)
level using the Becke, Lee, Yang, Parr (B3LYP) [21, 22] functional and the Karlsruhe def2-TZVP basis
set [23]. The vibrational frequency calculations indicate that all structures are minima on the potential energy
surface. The nuclear magnetic shielding tensors, as well as the polarizabilities, and the second hyperpolariza-
bilities were calculated at the same level of theory. Time-dependent DFT (TD-DFT) calculations were car-
ried out at the B3LYP/def2-TZVP level of theory to evaluate excitation energies and the corresponding oscil-
lator strengths ( f) of main low-energy electronic transitions. All calculations were carried out in the quan-
tum-chemical software package GAUSSIAN 9 [24] on the SKIF Cyberia computing cluster.

Calculations of magnetically induced current densities were carried out using the GIMIC method [25],
which uses the first-order magnetically perturbed density matrices, unperturbed density matrices and infor-
mation on the basis set. To get detailed information about the GIMIC program and its capabilities we refer
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the reader to [25, 26]. The ring-current strengths (nA/T) were obtained by numerically integrating the current
density flux passing through the plane placed perpendicularly to the chemical bond.

The average polarizability o was obtained by the trace of the polarizability tensor:

- 1 1
o=—tr(a;)=— (om 1
3 ( II) 3 i:;;’z n ( )

and its anisotropy Ao, defined as:
Aa? = %[(axx —ay, )’ + (o, —ay,)’ + (ay, —a,)? ++6a )’ + 60ch2 + 60cy22] . (2)
The parallel component of average second hyperpolarizability y,, was defined as:
1

¥, (20 0, 0,0)=— Z (Vi + Vi + Vi) - 3)

5 i,j=x,y,z
Results and Discussion

Polarizability of metallocenothiaporphyrins

The ring-current strengths, aromaticity and the average polarizabilities of the studied metalloceno-
thiaporphyrins are summarized in Table 1. The results of the ring-current strengths were taken from our pre-
vious works [20].

Table 1

Magnetically induced ring-current strength 1, aromaticity and the average polarizability o
and its anisotropy Aa computed at different frequencies (®, eV) of the studied metallocenothiaporphyrins

o, au/Aa,a.u.

Molecule |, AT ABromoLumo, &V 0T 012 oV | 06536V | L1034 eV
(CsHs)zFeP ~10.4 (ant)) 1.97 419/292 | 4241299 | 427/302 4441325
Hz-(CsHs):FeP 13.8 (ar.) 2.19 447/331 | 454/339 | 456/343 473/366
(CsHs),RuP 10.8 (ant.) 1.96 428/284 | 433/290 | 435/294 451/315
Hz-(CsHs),RUP 15.3 (ar.) 221 460/331 | 466/339 | 469/343 485/366

(CsHs),Co'P 213 (ant) 1.66 410/285 | 417/294 | 420/298 | -932/3939"
Hz-(CsHs),Co'P 21.8 (ar) 2.22 455/349 | 461/358 | 464/362 483/387
(CsHs),Rh*'P 205 (ant) 1.71 4200279 | 426/287 | 430/291 482/386
Hz-(CsHs):Rh*P 23.2 (ar.) 2.24 466/348 | 473/357 | 476/361 493/384

* The negative value of polarizability indicates that the field frequency is higher than the frequency corresponding to the tran-
sition to the first excited state (AE(So—S1) = 1.03 eV)

The result of the calculations showed that antiaromatic systems are characterized by a smaller energy
gap between the frontier molecular orbitals AEnomo-Lumo compared to their aromatic counterparts. The value
of energy gap determines the chemical stability of the compounds, so the low AEnomo-Lumo values for anti-
aromatic molecules explain their high reactivity [27]. The energy gap also affects the optical properties. So,
molecules must have a small energy gap to obtain high values of polarizability [28]. In simple perturbation

theory when the two-level model is used polarizability can be obtained by [2]:
2

My
o= , 4
E )

where p, —the transition dipole moment from the ground state to the first dipole-allowed excited
1

HOMO-LUMO

state.a~
AEgoMo-LUMO

However, the analysis of Table 1 shows that the average polarizability of aromatic systems, despite the
large energy gap, is larger than for corresponding antiaromatic congeners both in the static and dynamic re-
gimes (Fig. 3). The average polarizability increases in the following order: (CsHs).Co*P < (CsHs)2FeP <
< (CsHs)2Rh*P < (CsHs),RuP  for antiaromatic  metallocenothiaporphyrins and  H,-(CsHs).FeP <
< H2-(CsHs)2Co0*P < H,-(CsHs)2RuP < H,-(CsHs)Rh*P for aromatic metallocenothiaporphyrins. Compounds
with 3d metals (Fe, Co*) have lower average polarizability values, which is caused by the stronger binding of
electrons to the nucleus.
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Figure 3. Average polarizability a (0 = 0.653 eV) as a function of ring-current strength
for the studied metallocenothiaporphyrins

Eq. (4) can be modified in terms of oscillator strength to [29]:

h?e?
M, Tk

2

fkl
AE 2’

where the summation runs over all integrals including the continuum.

Eqg. (5) implies that the large contributions to the polarizability come from low-lying high intensity elec-
tronic transitions. In general, aromatic compounds characterized by distinctive absorption, whereas antiaro-
matic species show smeared and attenuated absorption bands [30]. Moreover, the low-lying electronic transi-
tion (So—S1) corresponding to HOMO—LUMO transition in antiaromatic porphyrinoids is optically forbid-
den while in aromatic molecules this transition forms Q-bands in the absorption spectra [31]. Table 2 pre-
sents the characteristic properties of the first and the main optically-allowed electronic transitions (f > 0.01)
of the studied metallocenothiaporphyrins.

()

Table 2

Vertical excitation energies of the first and the main electronic transitions of the studied
metallocenothiaporphyrins

Antiaromatic Aromatic Antiaromatic Aromatic
So—Sn | E,eV | f So—S, | E,eV [ f So—Sn | E,eV | f So—S, | E,ev | f
(CsHs),FeP H-(CsHs),FeP (CsHs),Co*P H2-(CsHs),Co*P
S1 1.24 0.004 S1 1.77 0.050 S1 1.03 0.008 S1 151 0.020
Ss3 1.68 0.030 Ss 2.07 0.070 S 1.95 0.014 Ss 2.28 0.013
Sio 2.93 0.014 Ss 2.30 0.020 Ss3 2.27 0.012 Ss 2.32 0.040
Sy 2.64 | 0.014 Sy 2.32 0.020 S 2.59 0.110
Sy 2.74 | 0.030 S7 2.55 0.030 Sy 2.63 0.060
S1o 2.91 0.028 S1o 2.68 0.040 Sy 2.86 0.270
Sio 2.96 0.300
(C5H5)2RUP H»- C5H5)2RUP (C5H5)2Rh+P Hz-(CsHs)th+P
S 1.39 0.016 S1 1.92 0.110 S1 1.11 0.010 S1 1.78 0.043
Ss3 2.07 0.020 Ss 2.89 0.200 S 2.24 0.030 Sy 2.78 0.200
Sy 2.12 0.010 S 3.05 0.250 Sg 2.83 0.100 Ss 2.93 0.500
Ss 2.60 0.050 Sy 3.07 0.300 Sy 3.05 0.010 Se 2.97 0.400
Se 2.88 0.020 Sg 3.29 0.060 S1o 3.08 0.350 Sy 3.40 0.400
Sy 2.92 0.050 S 3.31 0.500 Sg 3.52 0.030
Sio 3.03 0.200 S1o 3.39 0.020 Sy 3.61 0.020

As can be seen from the Table 2 the number of optically allowed transitions in the aromatic structures
of metallocenothiaporphyrins in general is greater than in antiaromatic ones. Moreover, these transitions are
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more intense. This explains why aromatic metallocenothiaporphyrins have larger polarizability than antiaro-
matic metallocenothiaporphyrins.

Figure 3 illustrates that, beside the aromaticity effect, the average polarizability in metallocenothiapor-
phyrins depends on the magnetically induced ring-currents strength | (nA/T), which determines the degree of
electron delocalization.

It should be noted that we calculated the magnetic susceptibility for the (CsHs).Co*P molecule. The re-
sult shows that (CsHs).Co*P is diamagnetic (y =—13.2 a.u.). The diamagnetic character as well as the nega-
tive average polarizability at 1.034 eV (o =-932 a.u.), indicate that (CsHs)>Co*P can potentially be used as a
building block for advanced optical materials with a negative refractive index [32].

Polarizability and Second hyperpolarizability of metallocene-containing annulenes

The ring-current strengths, aromaticity and the average polarizabilities of the studied metallocene-
containing annulenes are presented on Table 3.

Table 3

Magnetically induced ring-current strength I, aromaticity and the average polarizability a and its anisotropy
Aa computed at different frequencies (©, eV) of the studied metalloceno[n]anullenes (n = 18-24)

o, au/Aa,a.u.

Molecule |, AT AEwowo-Lumo, eV 0.eV | 0544 eV | 0653 eV | 1034, eV
(CsHs)zFe[18] 55(ant) 213 493/423 | 500/434 504/439 523/466
(CsHs):Fe[20] 5.3(ar.) 2.16 577/503 | 587/519 593/526 622/566
(CsHs):Fe[22] | —2.8 (non.) 1.97 635/586 | 649/605 656/614 696/669
(CsHs):Fe[24] 2.8 (non.) 1.08 757/730 | 781/763 793/780 879/898
(CsHs)2Co'[18] | —16.1(ant) 1.62 511/463 | 520/477 524/484 524/517
(CsHs)2Co"[20] 17.6(ar)) 1.92 628/501 | 644/614 652/626 698/696
(CsHs):Co'[22] | —18.4(ant) 143 658/622 | 673/644 680/654 711/706
(CsHs).Co"[24] 16.8(ar.) 1.72 798/801 | 827/846 842/869 | 943/1029

The ring current calculations reveals that metalloceno[n]anullenes (n = 18-24) with Fe, in contrast to
Co+, have less effective conjugation and weakly pronounced electron delocalization, which is confirmed by
weak ring-current strengths. This indicates that the charge in the system is involved in the electron delocali-
zation, leading to its enhancement. Molecules (CsHs).Fe[n = 22] and (CsHs).Fe[n = 24] are non-aromatic
(Il<3 nAJT). The nonaromatic character of these systems is also confirmed by the energy gap AEwnomo-Lumo.
For compounds with Fe, AEnomo-Lumo does not change significantly with a change in the number of
m-electrons, while for compounds with Co*, the energy gap increases for aromatic systems and decreases for
antiaromatic ones.

900 ~

850 - ®Fe °
® Co+
800 Y
750 A
— 700
5 °
IS 650 () ®
600 °
550 A
500 :
450 T T T T T 1
18 19 20 21 22 23 24
m-electrons

Figure 4. Average polarizability a (o = 0.653 eV) as a function of - electrons
for the studied metalloceno[n]anullenes (n = 18-24)
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The polarizability of the investigated metalloceno[n]anullenes (n = 18-24) increases with an increase in
the number of m-electrons (Fig. 4). Structures with Co* have the larger average polarizabilities. The greater
difference in values between metalloceno[18-24]anullenes with Co* and Fe is observed for the aromatic sys-
tems (CsHs)2Co*[n = 20] and (CsHs).Co*[n = 24]. Thus, for isoelectronic systems the aromatic properties
lead to increase the polarizability values.

The results of the parallel component of average second hyperpolarizability calculations for the investi-
gated metalloceno[n]anullenes (n = 18-24) are presented in Table 4.

Table 4
Second Hyperpolarizabilities vy, at ®=0.653 eV of the studied metalloceno[18—24]anullenes

Molecule I, nNA/T v, 10%a.u.
(CsHs)zFe[n = 18] 5.5(ant) 1150
(CsHs)2Fe[n = 20] 5.3(ar.) 1860
(CsHs)2Co'[n = 18] | _16.1(ant.) 1488
(CsHs)2Co’[n = 20] 17.6(ar.) 17053

Table 4 shows that the second hyperpolarizability vy, is greater for aromatic systems. Moreover, the

character of the aromaticity, as well as its degree plays an important role, which is expressed through the
strength of magnetically induced currents. Thus, the more aromatic structure (CsHs).Co*[n = 20] has the sec-
ond hyperpolarizability in order of magnitude higher than the one for the less aromatic structure (CsHs)2Fe[n
= 20].

Conclusions

Magnetically induced ring currents, polarizability and second hyperpolarizability for metallocene-
containing macrocyclic molecules were studied by means of density functional theory (B3LYP/def2-TZVP)
calculations. The calculations results showed that the aromatic character and the number of conjugated elec-
trons in the structure are the key factors leading to an increase in the polarizability of the studied molecules.
Moreover, the average polarizability of metallocenothiaporphyrins also depends on the magnetically induced
ring-current strengths, which determines the degree of electron delocalization and aromaticity. It was also
shown that the average polarizability grows linearly on going from antiaromatic to aromatic metalloceno-
thiaporphyrins molecules. The obtained results demonstrate that the studied metallocene-containing macro-
cycles are promising molecules with special structure, aromatic and optical properties. Thus, they can be
used as nonlinear optical materials.
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