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Theoretical Study on a Novel Series of Fullerene-Containing Organometallics Fe(1]5-C55X5)2
(X = CH, N, B) and Their Large Third-Order Nonlinear Optical Properties
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Geometry structures, electronic spectra, and third-order nonlinear optical (NLO) properties of Fe(77°-CssXs)a
(X = CH, N, B) have first been investigated by time-dependent density functional theory. We analyzed the
intramolecular interactions between ferrocene and the Csy moiety. The calculated electronic absorption spectrum
indicates that the short wavelength transitions are ascribed to the Csp moiety mixed charge transfer transition
of ferrocene itself, while the low energy excitation transitions are ascribed to the unique charge transfer
transition from ferrocene to Csy moiety in these systems. The third-order polarizability ¢ values based on
sum of states (SOS) method show that this class of ferrocene/fullerene hybrid molecule possesses a remarkably
large third-order NLO response, especially for Fe(1°-CssBs), with the static third-order polarizability (y.,)
computed to be —10410 x 1073 esu and the intrinsic second hypepolarizability to be 0.250. Thus, these
complexes have the potential to be used for excellent third-order nonlinear optical materials. Analysis of the
major contributions to the y,, value suggest that the charge transfer from ferrocene to Csy moiety along the
z-axis (through Fe atom and the centers of two hybrid fullerenes) play the key role in the NLO response.
Furthermore, boron substitution is an effective way of enhancing the optical nonlinearity compared to CH

and N substitution, owing to smaller energy gap and better conjugation through the whole molecule.

Introduction

In 1987, Green et al. showed ferrocene derivatives providing
highly efficient second harmonic generation (SHG);! since then,
the large nonlinear optical properties of organometallic com-
pounds have attracted the attention of an increasing number of
scientists.?? Organometallic compounds can provide polarizable
electrons and have metal-to-ligand or ligand-to-metal charge-
transfer bands in the UV—visible region. Furthermore, the
modification of organic fragments can allow us to explore new
materials for the engineering of nonlinear optical (NLO)
hyperpolarizabilities.* Ferrocene is an 18-electron organometallic
compound, which is composed of a pair of #°-6;-electron
aromatic pentagonal carbon ligands (cyclopentadienide = Cp)
and d°-electron iron(IT) atom,>° and as a useful design motif, it
was always employed to deliver the targeted property.” On the
one hand, due to the excellent electron-donating ability of
ferrocene, materials suitable for SHG have been yielded;'® on
the other hand, the third-order NLO materials® and potential
multiphoton absorption materials'® have also been obtained on
the basis of ferrocene.

Since the discovery of Cgo,!! the unique properties of
fullerenes have attracted wide investigational interest from both
experimental and theoretical chemists.'? Fullerene is a fascinat-
ing molecule because of a large number of conjugated double
bonds, which lead us to expect large nonlinear polarizabilities.'3
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But the third-order polarizabilities of Cgo'* (7.5 x 1073* esu)
and ferrocene! (9.7 x 10735 esu) are not as large as expected
at the beginning. However, the large third-order optical polar-
izabilities can be obtained by ferrocene or Cg interacting with
extensively conjugated s-electron systems.!®!7 Typically, fer-
rocene covalently linked Cgp-based exist well intramolecular
charge transfer.!® Hauke and co-workers reported the synthesis
and properties of a D—A dyad involving a directly bonded donor
ferrocene connected to the electron-accepting azafullerene group,
in which a large and evident intramolecular charge transfer (ICT)
has been observed.!® Generally, larger nonlinear optical response
is exhibited by intramolecular charge transfer compounds.?2°

Some scientists made great efforts to prepare fullerene dimers
and polymers, in which Cgo units are linked by nonmetallic?!
or metallic?? atoms, and expected to obtain some materials with
particular properties.”> However, connected by a transition metal
bridge, these dimers are not perfect #7°- or 7°-coordination.?*
Recently, Nakamura et al. reported the first successful syntheses
of ferrocene/fullerene hybrid molecules.?>2° In these molecules,
the five Cp carbons represent one pentagon of Cg, isolated from
the remaining 50 sp? carbon atoms by five surrounding sp?
carbon atoms each bearing a phenyl group or others. Namely,
connected by a 7°-coordinated metal atom, a cyclopentadienide
cycle and fullerene unit can form “bucky metallocenes”, in
which the homoconjugativety effect through sp* carbon atoms
allows electronic communication between ferrocene and “bowl-
shaped” Cso moiety in these “bucky metallocenes”.?’ Enlight-
ened by experiment, Stankevich et al. calculated the Fe(7’-
CorHs), system as a simplified mode using HF/3—21 g method,
and predicted the possibility of the existence of such compounds
with a iron atom sandwiched between two fullerene units.?
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I. X=CH
II: X=N
1HI: X=B

Figure 1. Calculation models within Ds; symmetry.

Here, irritated by experimental and theoretical work mentioned
above, and for pursuing large conjugated system and then large
third-order NLO properties, we discussed the two fullerenes
(CsoHs™) sandwiched iron(II) compound by using density
functional theory method. Furthermore, considering atom N and
B can facilitate better orbital interaction than the group CH,
we designed two more systems in which the carbon atoms at
o-position of a five-membered cycle were replaced by five atoms
N and B, respectively. The intramolecular obital interaction and
the electronic absorption spectra of these three systems have
been theoretically investigated, and the third-order polarizabili-
ties were calculated by the sum-overstates (SOS) formula.
Meanwhile, the intrinsic second hyperpolarizabilities developed
by Kuzyk® were calculated here.

Theoretical Methods and Calculated Models

Density functional theory (DFT) calculations reported here
were performed with the ADF 2006.01 program.’® For geo-
metrical optimization of all systems, we used the local density
approximation (LDA) characterized by the functional of
Vosko—Wilk—Nusair (VWN) parametrization for correlation
functional and Beck?! and Perdew3? nonlocal corrections were
used for the exchange and correlation energy, respectively. The
electronic absorption spectra were calculated based on the time-
dependent density functional theory (TDDFT), where the
adiabatic local density approximation (ALDA) was used and
the van Leeuwen—Baerends potential (LB94)33 that corrects the
LDA potential in the outer region of the molecule was also
performed. TDDFT has been proved with its efficiency in the
evaluation of electronic spectra for a wide range of compounds.
In our calculations, we used triple-{ plus polarization (TZP)
STO basis set for electrons of all atoms. The zero order regular
approximation (ZORA)** was adopted to account for the
relativistic effects of the most inert (core) electrons. Herein, three
molecules were shown in Figure 1.

The third-order polarizabilities were then calculated by using
the sum-overstates (SOS) formula.?> The expression of third-
order polarizabilities y can be obtained by application of time-
dependent perturbation theory to the interacting electromagnetic
field and microscopic system, as described in the following.

4 ..
Vi = %P(LJ,/@ L=y, 0,0, 03) %

SSS U4 g T8 T, (1) -
=g 125 p2g | (O — W — L, )@, — 0 —w, —il,)
(w,, —w;—1il,)
() gD (1) (1) 1
(a)mg —w,— iFmg)(a)ng —w,— zTng)(wng —w;— szg)

Here, ws = w; + w2 + w3 is the polarization response
frequency, i,j,k,/ is the Cartesian coordinates. P(ijk,/[;-
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we,m1,w2,w3) indicates all permutations of (wg,1), (@1,)), (w2,k),
(w3,1), all together 24. (u;)qn is an electronic transition moment
along the i axis of the Cartesian system, between the ground
state Iglland the excited state ImL] (i;),.is the dipole difference
equal to () — (Uj)ge; Ay, 18 the transition energy from Ig[]
state to In[ktate; I',,, is damping factor whose value lies on the
width of energy levels, and, in the calculation of nonresonant
third-order nonlinear optical properties, the Iy, =T’ =T =
0 is supposed. As input parameters for the SOS formula to
calculate the third-order polarizabilities, the transition energies,
transition moments and dipole moments were obtained from
the calculated results based on the EXCITION model of ADF
programm. 300 excited states were calculated for the third-order
polarizabilities, and the amount was enough according to the
converge curves of SOS method (Figure S1 in Supporting
Information).

Results and Discussions

Molecular Structures. Xu et al. studied the first-row
transition-metal metallocenes using a broad range of density
functional methods and discovered that BP86 method give
ferrocene structures in good agreement with experiment.3¢
Before discussing the title compounds, we optimized the
geometry of ferrocene (Ds;-Fe(Cp),) by using BP86 functional
employing TZP basis set for all electron of atoms. The calculated
Fe—C (2.054 A) and C—C (1.436 A) bond distances are closer
to the experiment’’ values than reported.?® After optimization
of the title compounds Fe(77°-CssXs), (X = CH, N, B), both
Ds;, and Ds; conformations are locally stable (Nijmg = 0) for
compounds I and II, but except compound III with one
imaginary frequency of 15i cm™! and two smaller ones of 5i
cm™! at Ds;, and Ds, conformations, respectively. Additionally,
compounds I and II possess energy differences of 1.66 and 2.34
kcal/mol between Dsj;, and Ds,; conformations respectively, which
are larger than the one in ferrocene obtained by theory3® and
experiment.’” Now, in order to facilitate discussion on orbital
interactions and compare with other reported analysis on the
ferrocene molecule, the sections below will mainly describe Ds;
conformations for all compounds.

The main calculated geometry parameters of the three systems
are listed in Table 1 and compared with experimental values.
Other unlisted bond distances of three molecules are close to
each other and to experimental values (most differences within
0.004 f\). From bond 5 to bond 8, the distances in the systems
I and IT are close to experimental values of FeCgPhsCp
molecule. For system I, bond 2 and bond 3 are shorter than
experimental values. This may be explained in terms of the
special repulsions among the five phenyl groups in FeCsoPhsCp,
which elongate the corresponding bond distances. Without
impact of five phenyl groups on homoconjugation effect in
system I, the distance of bond 4 is elongated, and bonds 2, 3
and 4 are inclined to be averaged. For system II, the C—N bond
distance is shorter than the corresponding C—C bond distance,
and distances through bond 1 to bond 8 are more equalized,
while in the boron atom substituted system, these bond lengths
are more uneven than those in system I. Consequently, in Fe(7’-
CssNs),, the five-member rings isolated by nitrogen atoms have
good conjugation effect with the other carbon atoms of the
fullerene moiety, thus the Fe—C bond distance increased.
However, contrary to system II, the isolated pentagon of the
boron substituted fullerene is more isolated and the Fe—C bond
distances are shortened in system IIL

Additionally, the H atoms of the cyclopentadienyl rings are
all equivalent, the C—H bonds in ferrocene are bent a certain
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TABLE 1: Selected Bond Distances (A) of Optimized Structures, and Corresponding Determination by Experiment

Liu et al.

distances between C—C or C—X at [60]fullerene

molecule Fe—C (1 ) 3) ) 5) (©6) 7) ()
1(Ds) 2.082 1.432 1.508 1.542 1.385 1.438 1.453 1.403 1.440
1I(Dsy) 2.114 1.426 1.418 1.437 1.395 1.428 1.443 1411 1.434
II(Ds,) 2.064 1.456 1.545 1.571 1.403 1.451 1.475 1.410 1.453
FeCgoPhsCp® 2.083 1.432 1.517 1.547 1.371 1.442 1.451 1.394 1.441

TABLE 2: Energy Decomposition Analysis for Systems I, II, III, and Ferrocene at BP86/TZP (energy unit: kcal/mol)

term Fe(Cp)2 (Dsa) I (Dsa) II (Dsa) I (Dsa)
AEiy —893.2 —765.6 —712.9 —708.1
AEpai 270.0 254.8 226.2 260.4
AEuqa ~591.6 (50.9%)¢ —358.2 (35.1%) —288.0 (30.7%) —331.6 (34.2%)
AEon —571.7 (49.1%) —662.3 (64.9%) —651.1 (69.3%) —636.9 (65.8%)

@ Percentage of attractive interactions (AEgsar + AEo).

Figure 2. Sketch for the angle (6) of X displaced away from the
Cp~ ring.

angle 0 out of the plane of the Cs ring toward the metal iron
atom. The angle 6 determined by gas-phase electron diffraction
in experiment is 3.7°* which is only 1.7°,%! determined by
Neutron diffraction. The calculated value is 0.97° by using
BP86/DZP.3¢ In this work, the obtained value from the BP86/
TZP is 0.9° for this angle of ferrocene at staggerred model.
This distortion angle is helpful to understand the orbital
interaction between p, orbitals of Cp~ and d orbitals of iron
atom. As shown in Figure 2, the C—X bonds are bent out of
plane far away from iron atom for a relatively larger angle
(18.8°, 23.1°, 31.5° for X = CH, N, B, respectively), which
certainly influence the orbital interactions of our systems (vide
infra).

Molecular Orbitals and Energy Levels. Recently, Kang et
al. studied Cgo-ferrocene hybrid system Cgo(CH3)sFeCp and
found a much more narrow HOMO—LUMO gap than ferrocene,
which was caused by the 7z* orbitals of Cgo(CH3)s inserted under
the LUMO of ferrocene.* The HOMO—LUMO gaps of systems
I-III are 1.39 eV, 1.58 and 1.33 eV, respectively. All these
values are much smaller than the gap of ferrocene (2.75 eV).
When compared with ferrocene (shown in Figure 3), we found
the decreased corresponding energy levels, between which some
dominant orbitals of conjugated Csy moiety lied, and some other
orbitals (such as LUMO of system II) with strong interactions
between the ferrocene and the conjugated Csy moiety came forth.

The diagrams for frontier molecular orbitals (FMOs) of our
systems are given in Figure 4, and some differences between
FMOs of systems I, II, and III are clearly seen. The HOMO of
system I is 37e2g, dominantly comes from d,2-,2 orbital of
iron atom; the HOMO of system II is 29a2u, whose contribution
is mainly from the nonbonding orbits of nitrogen atoms and
delocalization over the fullerenes; and for system III, the middle
40 carbon atoms of fullerene largely contributed to the HOMO,
which is 10a2g. The LUMOs of both system I and its
isoelectronic system II are 38elg, mainly come from the
contribution of Csg moiety, but the orbitals on ferrocene moiety
partly contributed to the LUMO of system II. The cross energy

] —y3 _
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5 H-L gap : 33-9.19 . S
44 mg sy

Orbital energy (eV)

g | e
— 30a1g 36elg ..1;:\=3Ge1u
35e1
Fe(Cp), 1 I m :

Figure 3. Correlation between energy levels of corresponding orbital
for systems I, IL, III, and Fe(Cp), (within Ds; symmetry). “H-L gap”
denotes that HOMOs lie underside and LUMOs lie upside.

levels exist in system III, and the LUMO of system III is 36e2u,
which is different from the systems I and II, and come from
the conjugated p—x* interaction between the boron atoms and
the carbon atoms resided at Csp moiety. These differences
between corresponding FMOs indicate that different electronic
properties will come forth upon a given external electronic field.

Energy Decomposition Analysis (EDA). The interactions
between the metal atoms and fullerene fragments have been
analyzed by means of the energy decomposition analysis
implemented in ADF package, which is based on the EDA
method.*? The instantaneous interaction energy (AE;,) between
the two fragments can be divided into three main components:

AEim = AEPauli +AE + AEorb

elstat

Here, AEp,yji is the repulsive four-electron interactions between
occupied orbitals, AE., gives the electrostatic interaction
energy between the unperturbed charge distributions of the
prepared fragments, and AEy, corresponds to the stabilizing
orbital interaction term.

Table 2 gives the results of energy decomposition analysis
for systems I—III and ferrocene within Ds; symmetry. Ferrocene
is a closed shell system and the electronic configuration of Fe?"
ion was accepted as (ajg)%(e2)*(e1,)°. It is well-known that the
most important orbital interactions in ferrocene arise from the
(e1g) Cp~ — Fe?" z-type back-donation. The orbital interactions
of our three systems also mainly come from the e, 77-donation.
The data collected in table 2 show that the orbital interaction
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Figure 4. HOMO and LUMO diagrams for systems I, II, and III, in comparison with Fe(Cp), (within Ds; symmetry).

TABLE 3: Charge Attached on the Selected Atoms,
Calculated by NBO 3.1

atom Fe(Cp)2 (Dsa) I (Dsa) II (Dsa) III (Dsq)
X 0.263¢ —0.277 —0.395 0.828
Ccp? —0.282 —0.038 0.12 —0.336
Fe 0.185 0.224 0.188 0.331

@ Charge attached on atom H, ® Atom C resided in Cp~ ring.
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Figure 5. Electronic absorption spectrum calculated by TDDFT at
the level of LB94/TZP.

energies between Fe>™ and fullerene fragment in the systems I,
II, and III are larger than one in ferrocene by 60~100 kcal/
mol, which is caused by the lower corresponding orbital energy
levels of the fullerene fragment than a single Cp cycle, and then
better orbital correlation with Fe>* ion. The orbital interaction
energies of systems I, I, and III are in the order of I > II >
III, which seems to be consistent with conclusion of analysis
on the angle 6 mentioned above (vide supra): the trend of the
distorted angle is B > N > CH.

However, because of the dispersed distribution of charge in
the fullerene fragment, the AE. value in our three systems
compared with ferrocene decreases by more than 230 kcal/mol.
In order to illustrate the electrostatic interaction in more detail,
natural population analysis (NPA) was carried out by NBO 3.1,*
and selected values are detailed in Table 3. We can find that
the smallest electrostatic interaction in system II is due to
positive carbon atoms of Cp ring endowed by large electrone-
gativety of the nitrogen atom, and for system III, although there
are considerable amount of opposite charges between the carbon
atoms of Cp ring and iron atom, the electrostatic interaction is
no larger than that in system I, which is possibly ascribed to
the electrostatic repulsion between the iron atom and compara-
tively positive boron atoms neighboring to the Cp ring.

Electronic Absorption Spectrum. On the basis of the
optimized geometry structures, we used TDDFT to calculate

Systerm TII

Figure 6. Molecular orbital diagram related with correlative excitation
transition states of systems I, II, and III.

the electronic spectrum. The local density approximation (LDA)
was used, and the LDA potential was corrected by the Van
Leeuwen—Baerends potential (LB94). The electronic absorption
spectrums (fitted with Gaussian function) of the three molecules
are shown in Figure 5. Taking system I as an example, there
are strong absorption bands under 400 nm, where the four major
bonds at 251, 280, 341, and 380 nm correspond to the 258,
273, 350, and 390 nm of CgoPhsH?> which are contributed from
the fullerene moiety itself, and another absorption peak at 317
nm contributed from the conjugated “bowl-shaped” Csy moiety,
which has not been pointed out in experiment of CgPhsH.
Additionally, there are three absorption bands coming from the
charge transfer (CT) absorption located in ferrocene fragment
at red-shifted 201, 277, and 350 nm from 200, 265, and 324
nm of an individual ferrocene molecule, respectively,> which
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Figure 7. Density-of-States plots for systems I, II, III; each molecule was divided into three fragments: FeCp,, 2Xs, and 2Cs.

is resulted from the corresponding orbitals not only locating
over ferrocene in system L.

Noticeably, both 10A;, and 11A;, absorption states at 438
and 418 nm are ascribed to the 36e;, — 40ey, transition, and
the 1A,, state at 676 nm has weak absorbance, which is ascribed
to the 31a;; — 30ay, transition. Seen from Figure 6, it is the
charge transfer between ferrocene fragment and conjugated Cso
moiety that was displayed as remarkable and peculiar features
of these transitions for our studied systems. Systems II and I
are isoelectronic, however, the red shift for system II is resulted
from the nitrogen atoms bearing lone pairs which facilitate
communication between ferrocene fragment and conjugated Cso
moiety better than CH groups. In system II, 1A,, state
contributed from 31a;, — 30ay, transition red shift to 719 nm,
and the peculiar charge transfer transition (the absorption peak
at 378 nm contributed from 37e,, — 37e,, transition) of system
II is enhanced, and the absorption at 645 nm includes n — 7*
transition (3Az,: 29a3, — 32a;,), which does not appear in
system 1. For system III, excellent orbital interactions between
ferrocene fragment and the conjugated Csp moiety at the two
ends are shown in Figure 6, where the feature of 6e;, in
ferrocene molecule exists in both 38e;, and 36e,,, and the feature
of Sejg in both 39, and 38e;,. The strong interactions between
the molecular orbitals play an important role in the electron
exciting process. The absorption state at 370 nm is mainly
contributed from the 38e;, — 39e), transition, and absorption
at 547 nm mainly is contributed from the 36e;, — 38e,. It is
clear that systems I and II have similar transition natures, which
are the charge-transfer transitions from ferrocene to other
moieties, but system III does not.

Third-Order Nonlinear Optical Properties. According to
discussion on the electronic transitions, we can assign the
systems I, II, and III as models of A—B—D—B—A, A—D'—
D—D'—A, and A—A’—D—A"'—A (D: donor, A: acceptor, and
B: block), respectively. Therefore, such compounds are expected
to possess good NLO response, and activate us to investigate

TABLE 4: Calculated Results of the Third-Order
Polarizabilities (Unit: 10736 esu) of the Systems with TD-SOS

system I system II system III
Vxxzz —993.4 —2210 —2116
Vaz22 —11,330 —33,390 —46,960
Vav —2,820 —7,823 —10,410

their second hyperpolarizabilities due to their molecule sym-
metries. Here, we calculated the static second hypepolarizabili-
ties y by using TDDFT followed SOS (TD-SOS) method. We
took ferrocene as a reference compound, and calculated its 30
allowed excited states. Then using the sum-overstates (SOS)
formula, we got its third-order polarizabilities of Dsp(Dsg)-
Fe(Cp), 24.5(25.1) x 10736 esu, which is comparable with its
experimental values 96.7 x 10736 esu and theoretical values
24.6 x 1073 esu calculated by CNDO method.'>1645 Tt is
apparent that our method employed to calculate the second
hypepolarizabilities y in this paper is effective and reliable. For
the title compounds, the 300 allowed excited states were
calculated and those physical values were then taken into SOS
formula to calculate the third-order polarizabilities well con-
verged. The y values of three systems are listed in Table 4. All
of the systems have considerable third-order polarizabilities,
especially for system III. Our investigation indicates that, for
our systems, the NLO response can be remarkably enhanced
by the boron atom, thanks to its role as acceptor unit, as well
as its facility for extended 7-system. It is hoped that the results
presented in this paper will give some hint to experimental
research in the field of NLO properties.

On the basis of NPA description (vide supra), we can find
Csp carry charge of 0.03, 1.28, and —2.68 in systems I, II, and
III, respectively. As a result, system III get more charge for
delocalization and polarization, which may make system III
better NLO response. Moreover, in order to analyze the orbital
population of each molecular fragment, we introduced density
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of states (DOS). As can be seen from the overlap-population
DOS plot (Figure 7), the frontier MOs of system I were mainly
from the ferrocene and the two Csy moieties, and other energy
regions also present the dominant contribution of certain
molecular fragments; However, the LUMOs of system II are
mainly distributed to the two Csy moieties, and the MO
distribution of system III is not clearly. As seen from Figure 7,
the CH clusters of system I give good partition between
ferrocene and Csp moieties; the nitrogen atoms in system II is
secondary; the boron atoms in system III are somewhat different
from CH cluster and nitrogen owing to the strong orbitals
interactions between the ferrocene and Csy moieties. These
results show that the delocalization of system III is better than
systems I and II, which also makes system III have larger static
third-order polarizability (y) values than both of I and II.
Furthermore, in order to understand the fundamental property
of a molecule and remove size effects and allow molecules of
drastically differing sizes to be compared directly, the intrinsic
second hyperpolarizabilities developed by Kuzyk?® were cal-
culated here. This intrinsic property is determined by the ratio
between the calculated value and the fundamental limit.*® The
fundamental limit of y is bounded by
m’ E?o m’ E?o

where N is the number of electrons in the system, m is the
electron mass, e is the electron charge, and A is Planck’s
constant. The negative limit is for a centrosymmetric molecule,
and the positive limit for an asymmetric molecule.

In this work, the systems I, II, and III give 50 sp? carbon
atoms on each “bowl-shaped” Csy moiety and 6 delocalized
electrons on each Cp~ ring, and 6 d electrons on iron(Il) ion
(N = 118). We obtained their limits of second hypepolariz-
abilities 35348, 39114, 41633 x 10~ 3%su, respectively. The
evaluated intrinsic third-order polarizability of the title com-
pounds achieve values about 0.079, 0.200, and 0.250 for I, II,
and III, respectively (Table S1 in Supporting Information),
which accorded with the trends of computed absolute second
hyperpolarizability y. The results presented herein indicate
molecular designing can drive nonlinear second hypepolariz-
ability approaching the physical limit.

Conclusions

The present DFT calculations provide the following conclu-
sions: (1) When compared with experiment results, systems I
and II are stable and can be synthesized in certain experimental
conditions, and system III with little barrier for rotating axially
is stable within lower symmetry. (2) The mutual crossing orbital
energy levels of ferrocene and Csp moieties result in the
HOMO—-LUMO gap decreasing, and energy levels are serried;
An analysis of orbitals interactions between iron (II) ion and
Cs5Xs~ ligand using EDA shows that the orbital interaction
energies of systems I, I, and III are in the order of I > II >
II1, the trend of electrostatic interaction is I > III > II. (3) On
the basis of the optimized geometry structures, we used LB94/
TDDFT to calculate the electronic spectrum. The results indicate
that the short wavelength transitions are ascribed to the Csg
moiety mixed charge transfer transitions of ferrocene itself,
while the long wavelength transitions are ascribed to the unique
charge transfer transition from ferrocene to Csy moiety of these
systems. (4) On the basis of the peculiar character of charge
transfer of systems I, II, and III, we probed the NLO properties
and origins of them. The sz-conjugation of systems II and III
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is stronger than system I, which results in increasing charge
transfer character, and then larger the value of y, in systems II
and III; furthermore, the DOS of system III is evenly
delocalized among molecule fragments, the delocalization of
charge is better than systems I and II. Therefore, its y value
is the largest in system III. Additionally, the evaluated
intrinsic third-order polarizability of the title compounds
achieve values about 0.079, 0.200, and 0.250 for I, II, and
III respectively, which meet the trends of computed absolute
second hyperpolarizability y.
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