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Abstract A quantum-chemical analysis of the central
metal effect on the (hyper)polarizabilities of meso-meso-
linked metalloporphyrin (MP) oligomers was carried out
using elongation finite-field (ELG-FF) method. It is found
that meso-meso-linked MPs exhibit evident evolution of the
third-order nonlinear optical (NLO) response () along with
an increasing number of porphyrin units N. The order of y
values is as following: ymg > yzn > Vni- In contrast to the
polarizability, the y values of meso-meso-linked MPs are
sensitive to the metals, that is, the nature of the metal can
influence the third-order NLO response of MPs. However,
the band structures for three MPs are similar to each other,
and the differences on the band gaps of three MPs are very
small. The local density of states (LDOSs) shows that the
central metal gives the significant contributions for unoc-
cupied bands in meso-meso-linked MPs.
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1 Introduction

Nonlinear optics is playing a major role in the light-
intensity-dependent transmission properties of materials
and the technology photonics. During the last two decades,
there has been a great deal of effort on NLO responses of
conjugated organic molecules and polymers both from a
fundamental perspective and their potential utility in vari-
ous photonic applications [1-9]. Materials with large
third-order optical susceptibility, », have numerous
applications in NLO. In recent years, a great deal of
attention has been paid to the third order NLO properties of
organic m-conjugated compounds because of their large
second hyperpolarizabilities (y) and the ultrafast response.
The studies on these third-order NLO systems have
revealed several tuning parameters of the amplitude and
sign of 7y, including the m-conjugation length, the bond
length alternation, the strength of donor/acceptor substitu-
ents, and the charge [10-12]. In the search for improved
third-order nonlinearity materials, porphyrins have attracted
much attention as an organic material with a large nonlinear
optical susceptibility because not only of the large n-electron
system with 2D conjugated molecular structure but also of the
presence of 1D delocalized electrons.

Recently, a significant improvement in electronic com-
munication between porphyrin pigments can be achieved
by f-to-f5, meso-to-f3, and meso-to-meso linkage topologies
[13, 14]. Among these topologies, meso-meso-linked por-
phyrin arrays have emerged as a result of their favorable
features, including a linear rodlike shape, ample electronic
interactions for rapid incoherent energy hopping, and a
lack of an energy sink that disrupts the energy flow along
the arrays [15-19]. These properties originate from the
orthogonal conformation of the arrays, which tends to mini-
mize the electronic interaction between the neighboring
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porphyrins. Elongation of conjugation through meso-carbon
positions in longer porphyrin arrays induces electronic per-
turbations to produce a lot of conformers at ambient tempera-
ture [20-22].

Metalloporphyrins (MPs) play an important role in
biological systems where they serve as active species
with the ability to bind ligands, facilitate light-harvesting
photosynthetic reactions, transfer electrons, and catalyze
enzymatic reactions. MPs, with their extensive m-conju-
gation, may be used to design new NLO materials. Therien
and co-workers [23, 24] first reported the high second order
NLO response of the Zn(II) and Cu(Il) complexes of
5-X-15-Y-10, 20-diphenylporphyrin (X = 4-Me,NC¢gH,C =
C—; Y = 4-NO,C¢H,C=C-). Recently, 5,15-bis(azuleny-
lethynyl) Zn(II) porphyrins either symmetrical or asym-
metrical with high TPA cross sections have also been
reported [25].

MP oligomers such as zinc(II) complexes are especially
versatile, as coordination of pyridine and imidazole ligands
to the zinc atom facilitates the self assembly of supra-
molecular structures [26-28]. The meso-meso-linked por-
phyrin arrays have now reached a discrete 128-mer with a
molecular length of approximately 108 nm [29]. Although
the m-electron delocalization is disrupted in meso-meso-
linked porphyrin because of the orthogonal arrangement of
neighboring porphyrin units, they exhibit the splitting of
the Soret band with the systematic increase of the energy
separation with the increase of the number of the linked
porphyrins [30].

Along with the development of experimental achieve-
ments, the ab initio method or density functional theory
(DFT) calculations were carried on porphyrin monomers
and dimers [31-34]. There are very few works based on
porphyrin trimer by DFT [35]. To our best knowledge, no
ab initio studies of porphyrin polymer more than trimer
have been performed. In the present study, we report a
systematic study of the NLO properties on MPs, where P
stands for the porphyrin ligand without any metal; M
designates as the metal Mg, Zn, and Ni. The role played by
the central metal electronic structure in determining the
NLO properties was investigated using ab initio method.
The main aim of this work is twofold (1) To clarify the
relationship between the structures of porphyrin arrays and
their third-order NLO responses. (2) To provide the
description on the role of the central metal in MPs.

2 Method
2.1 Elongation finite-field method

Details of the Hartree—Fock elongation method and its
application to a system perturbed by an uniform static
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electric field have been described in the previous papers
[36-38]. In this section, we present a brief overview. In
the elongation procedure, the delocalized canonical
molecular orbitals of a starting cluster are first localized
into frozen and active regions in specified parts of the
system. Next, a monomer is attached to this cluster to the
active region, and the eigenvalue problem is solved by
disregarding the regional localized molecular orbitals
[39] (RLMOs) which have no or very weak interaction
with the attacking monomer. By repeating this procedure,
the polymer chain is elongated step by step to any desired
length. The obvious advantage of the approach lies in the
fact that one can avoid solving very large secular equa-
tions for the whole system. The RLMO representation, by
which the elongation method is working on, allows one to
freeze one part of the system far away from the polymer
chain propagation site. The frozen part is disregarded in
the elongation self-consistent field procedure. This redu-
ces the number of variational degrees of freedom, and
most importantly, the number of two-electron integrals
that have to be evaluated in the system can be drastically
reduced. Thus, a significant reduction in computation
time can be achieved.

To get (hyper)polarizabilities for each elongation step,
the above-described elongation method is implemented
using the field-dependent Fock matrix,

F(E)=H —E x r + P(E)[2J — K] (1)

In Eq. 1, E is the static electric field, H is the core
Hamiltonian matrix, r is the vector sum of dipole moment
matrices, P(E) is the field-dependent density matrix,
and J and K are coulomb and exchange supermatrices.
The total energy of a system in the presence of the
electric field can be written as a power series of the field
magnitude

W(E) = W(0) — wEi — (1/2Y)oyEiE; — (1/3!) B EiEjEx
— (1/A)yEiEEE + - - - (2)

where W(0) is the field-free total energy and i, j, k, and [/ are
Cartesian axes and the usual summation convention is used
for repeated indices. When numerical differentiation is
carried out, the molecular (hyper)polarizability tensors are
evaluated as

oy = —[*W(E)/OERE)] . _,
B = —[0°W(E)/OEQEQE] .,
Vi = — [0'W(E) /OEQE;0EQE)| ,_, (3)
As 1D systems are considered in this work, the
longitudinal component is most important. Let us suppose
that the axis along the chain is z, and then the expressions of

the diagonal elements of molecular (hyper)polarizabilities
are shown in the following way:
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In this work, the total energy is obtained using the
elongation method. The elongation calculations are
performed on each field E = -2F,, -E,, 0, +E,, +2FE,
separately, and o, and 7y, are calculated for every
elongation step by Eq. 4.

2.2 Methodology for energy band

The crystal orbitals (COs) of a periodic system, as a linear
combination of Bloch waves, are delocalized along a polymer
with wave vector k. If finite oligomer is long enough, its
molecular orbitals (MOs) should be properly delocalized
along the chain as well. It becomes possible for every state of
an oligomer to assign an appropriate wave vector [40]. The k-
values for the states of the chain are defined by

q T T
= - =1,2,...M, O<k<-— 5
M+1 a’ q = ? ) a ()

where M is the number of repeated units of the oligomer and a
is the translation vector. For the particular MO, the wave
vector could be assigned by projecting the ab initio calculated
MO onto real linear combinations of a model CO.

ro__ : ch/q r|.r
X, =326 Y55 ) (),
J J
ro__ T[j/q r|.r
=36 e () (9])
J J

here C;, are MO’s expansion coefficients over a set of
atomic orbitals X; (AOs), where r is the AO in the jth unit.

O

(a)

As a result, k-value is determined by ¢ in Eq. 5 which
maximizes the following function

R, = zr: \/ (X;)2+(Y;)2 (7)

while k-values are determined for every MO, the band
structure could be formed on the points of the reciprocal
space by approximation with smooth curves and proper
extrapolation to the edge of the first Brillouin zone.

The method for building band structure from finite
chain calculation is accommodated for the elongation
method [41], which is developed for accurate calculations
of huge molecular systems with time and memory
advantages compared to conventional calculations.
It helps to reduce disadvantages of the finite cluster
calculations.

3 Computational details

In order to investigate the effect of the central metals on
the NLO properties of porphyrin polymers, three meso-
meso-linked MPs are studied in detail and their structures
are illustrated in Fig. 1. Herein, the dihedral angle (0)
between adjacent porphyrin units is 90°, and the central
metals are Mg, Zn, and Ni, respectively. According to the
central metals, three MPs are named as Mg-P, Zn-P, and
Ni—P (P = Porphyrin ligand), respectively. The structures
of MP polymers are optimized in absence of the external
field at B3LYP/6-31G using Gaussian 03 program [42].
The Hartree—-Fock (HF) method at ab initio level is
employed for the calculation of molecular (hyper)polari-
zabilities and band structures using General Atomic and
Molecular Electronic Structure System (GAMESS) soft-
ware [43]. 6-31G basis set is used to describe the C, N, and
H atoms. To take into account the relativistic effect, the
effective core potential (ECP) [44] with corresponding
valence double zeta (VDZ) basis set [45-48] is employed
for the metals. For (hyper)polarizability calculations, the
magnitudes of the external field are fixed to E = —0.002,
—0.001, 0.000, +0.001, and 4+0.002 a.u. and Eq. 4 was
used.

(b)

Fig. 1 a The molecular structure of porphyrin, with carbon atoms C,, Cg, and C,,.,, labeled. b Molecular structure and axis definition for MPs
(M = Mg, Zn, and Ni) arrays (A dihedral angle between adjacent porphyrin units, C,~C,e50—Ceso—Co is defined as 6)
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4 Results and discussion
4.1 Reliability of the elongation-FF method

In the previous papers [49, 50], the reliability of the
elongation-FF method for (hyper)polarizabilities was con-
firmed. The total energies under each electric field E =
—0.002, —0.001, 0.000, +0.001, and 40.002 a.u. are
compared between the conventional and the elongation-FF
methods to confirm the reliability of the elongation
method. The total energies of Mg-P by elongation and
conventional method are listed in Table 1. The difference
in the total energy between the elongation and conventional
calculations, that is, AEym = Eom (elongation) — Eg
(conventional), and the total energy error per atom, that is,
AE o per atom = AE,/number of atoms are listed in
Table 1. From Table 1, the differences of the total energies
per atom under each electric field are within the order of

107® a.u. for Mg—P. These results demonstrate the reli-
ability of the elongation-FF method for metalloporphyrins.

4.2 Polarizability and second-order
hyperpolarizabilities of meso-meso-linked MPs

The first hyperpolarizability (f) is negligible due to the
symmetry of the systems and thus not treated. The polari-
zability and second-order hyperpolarizability components
of meso-meso-linked MPs along the main axis are much
larger than those along other directions, therefore only the
diagonal elements along the main axis of molecular
polarizability, o, and second-order hyperpolarizabilities,
Y222z, are considered in this work. The o, and Ao = oy
— oy of three MPs against N are shown in Fig. 2. It can
be seen that the order of o, is as following: one > 0z, >
ani- The difference of o, between Mg—P and Zn-P is 32.09
a.u. at N =4, and 260.66 a.u. at N = 22. For Zn-P and

Table 1 The elongation error

; . b
in total eneray (in a.u.) N E\.a1 (conventional) E o1 (elongation) AEi AE a1 per atom
compared to the conventional E = 0.000
calculations for each electric
field (in a.u.) at HF level for the 4 —3,927.0790362013 —3,927.0790362023 —1.000E-09 —7.042E-12
starting cluster N = 4 of Mg-P 5 —4,908.5580546429 —4,908.5580531303 1.513E-06 8.546E-09
6 —5,890.0370723972 —5,890.0370692955 3.102E-06 1.463E-08
7 —6,871.5160902751 —6,871.5160854713 4.804E-06 1.945E-08
8 —17,852.9951076808 —7,852.9951011258 6.555E-06 2.324E-08
E = 0.001
4 —3,927.0803760150 —3,927.0803760151 —9.959E-11 —7.013E-13
5 —4,908.5598118176 —4,908.5598101607 1.657E-06 9.361E-09
6 —5,890.0392524007 —5,890.0392487430 3.658E-06 1.725E-08
7 —6,871.5186959843 —6,871.5186903226 5.662E-06 2.292E-08
8 —17,852.9981408394 —7,852.9981331212 7.718E-06 2.737E-08
E = —0.001
4 —3,927.0803760175 —3,927.0803760171 3.997E-10 2.815E-12
5 —4,908.5598117848 —4,908.5598102726 1.512E-06 8.544E-09
6 —5,890.0392523938 —5,890.0392491635 3.230E-06 1.524E-08
7 —6,871.5186959662 —6,871.5186910658 4.900E-06 1.984E-08
8 —7,852.9981408407 —7,852.9981342800 6.561E-06 2.326E-08
E = 0.002
4 —3,927.0843981513 —3,927.0843981493 2.000E-09 1.408E-11
5 —4,908.5650874234 —4,908.5650854111 2.012E-06 1.137E-08
6 —5,890.0457978979 —5,890.0457931756 4.722E-06 2.228E-08
a . 7 —6,871.5265207629 —6,871.5265130004 7.762E-06 3.143E-08
Total energy difference
between elongation and 8 —17,853.0072504581 —7,853.0072393820 1.108E-05 3.928E-08
conventional calculations, that E = —0.002
is, AEjouar = Eiotal 4 —3,927.0843981503 —3,927.0843981461 4.200E-09 2.958E-11
(elongation) — Eoy
. 5 —4,908.5650873642 —4,908.5650856764 1.688E-06 9.536E-09
(conventional)
b 6 —5,890.0457978985 —5,890.0457940926 3.806E-06 1.795E-08
otal energy error per atom,
that is, AE per 7 —6,871.5265206790 —6,871.5265145444 6.135E-06 2.484E-08
atom = AE ., /number of 8 —17,853.0072504765 —7,853.0072417952 8.681E-06 3.078E-08

atoms
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Ni—P, the o, difference between two MPs is 80.84 a.u. at
N =4, and 617.55 au. at N=22. So the metal can
influence the molecular polarizability of MPs. For each
MP, the value of o, is increased with the increasing of
porphyrin units.

One of the desirable features of porphyrins is optical
property due to large hyperpolarizability. Figure 3 shows the
dependence of second-order hyperpolarizabilites (y) and
Ay = yy — yny_1 on the number of porphyrin units for MPs. It
is found that meso-meso-linked MPs exhibit evident evolution
of the y,,.. values along with an increasing number of por-
phyrin units N. For Mg-P, the 7,... value is increased from
5.38 x 10° a.u. in 4 units to 69.84 x 10° a.u. in 22 units,
4.85 x 10°a.u.in4 units of Zn—Pis increased to 65.51 x 10°
a.u. in 22 units, while for Ni-P, the vy, value is increased
from 4.16 x 10° a.u. in 4 units to 58.52 x 10° a.u. in
22 units. The second-order hyperpolarizability is significantly
changed according to the central metal. The order of y,..,
values is as following: ypg > Yzn > Vni- It suggests that the
V.zzz Values of meso-meso-linked MPs are sensitive to the
metals, that is, the nature of the central metal can significantly
influence the y,,,. values of MPs.

The values of Ay show the strong fluctuation due to the
numerical instability in high order derivatives of total
energy. The deviation was not improved even if the dif-
ferent electric fields were applied. This is because of errors
in various numerical procedures that are involved, such as

convergence of SCF and CPHF iterations as well as
numerical differentiation [51]. Thus this is not only from
elongation method, which has been proved a very useful
tool to treat large systems [38]. On other hand, the devia-
tions on Ay are small and can be accepted as the heavy
transition metals are included in the MPs.

4.3 Electronic properties of MP monomers

Before discussing the band structures for three MPs we
analyze the electronic structures of MP monomers. To
better understand the metal effect on the electronic pro-
perties of MPs, the interactions between porphyrin ligand
and metalloporphyrins are examined from the frontier
molecular orbitals (FMOs), and presented in Fig. 4, which
were obtained from HF/6-31G level using Guassian 03.
The selected FMOs of MPs are presented in Fig. 5. In
going from Mg—P, Zn—P to Ni-P, the HOMO-LUMO gap
increases from 6.36, 6.41 to 6.43 eV, and the difference
between each other is small. It predicts that the metals Mg,
Zn, and Ni might not significantly influence on the elec-
tronic structures of MPs in this study.

It is known that porphyrin has been described by four-
orbital model of Gouterman [40], which assumes that
HOMO (a,) and HOMO-1 (a,) are almost degenerate in
energy and well separated from the other levels, while the
LUMO (b,) and LUMO + 1 (b,) are quasi-degenerate

Fig. 3 The dependence of 40F .
0F —n. a—n Nzt
molecular second-order /:j: sl PR /.<_7-4<' " N
hyperpolarizabilities on the 60 e 7 s i U R
number of units. a y, b Ay S50} yZs 5 301 /
& s S 25f
% 40 - e 2
- s Z20F
2301 o —a—Mg-P N
N e ZnP N 1St
20F Pz .
& s Ni-P T 10} —=-Mg-P
0 A —e—7Zn-P
L 0.5F i
0 i 0 0 1 1 1 1 1 1 1 1 1 Nlﬂ P ]
2 4 6 8 10 12 14 16 18 20 22 2 T4 6 8 10 12 14 16 18 20 22 24

Number of porphyrin units

(a)

Number of porphyrin units

(b)
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Fig. 4 The orbital energy levels of porphyrin (P) and Mg-P (a), Zn-P (b), and Ni-P (c)

orbitals. In Mg-P, HOMO (a;,) and HOMO-1 (4a,,) are
separated by 0.48 eV; LUMO (4e,) are degenerate orbitals,
and separated from LUMO + 1 (2b;,) by 2.80 eV. The
HOMO (a;,) in Mg-P originates from the corresponding
orbital of ligand P, while the LUMO (4e,) is from the
LUMO + 1 (4e,) of ligand. The HOMO and LUMO dis-
tribute over the molecule, and show © and 7* characters,
respectively. The HOMO-1 (4a,,) has slightly contribution
from metal Mg. The metal Mg gives the significant con-
tributions for 5ay,, 14a,,, and 19¢, of Mg—P. So the metal
Mg modifies the unoccupied molecular orbitals in FMOs.
The FMOs of Zn-P are similar to those of Mg-P. The
HOMO (a,,) and LUMO (5¢,) show 7 and n* characters,
respectively. The main components of 6a,,, 16a,,, and
20e, are from the metal Zn, and Zn also mixes with 4e, and
10b,, using d orbitals. As for Ni-P, the main contributions
of Ni are found in 6ay,, 16a;,, 20e,, 9bi,, and 15a,
orbitals.

From Figs. 4 and 5, it is evident that the LUMO + 1,
LUMO, HOMO, and HOMO-1 have the same nature for

@ Springer

three MPs, that is, the LUMO + 1 and HOMO are from
pure carbon p orbitals, and LUMO and HOMO-1 orbitals
are from carbon and nitrogen p orbitals. As the nature of
the FMOs are similar to each other, and the contributions
of the metals are negligible near HOMO-LUMO level MOs
in all cases, so the difference of HOMO-LUMO gap
between three MPs are small.

The orbital natures of three MPs were also analyzed at
Hartree—Fock level using GAMESS. The 6-31G basis set is
chosen for C, N, and H atoms, and the metals are described
by ECP with VDZ basis set. The orbital natures of
LUMO+1, LUMO, HOMO, and HOMO-1 for three MPs
are same with the calculations at HF/6-31G level using
Gaussian 03 software.

The molecular orbitals of three MP dimers are also
analyzed and the near HOMO-LUMO energy level is pre-
sented in Fig. 6. The HOMO-LUMO energy gap of three
dimers increases from Mg—P, Zn—-P to Ni-P. However, the
differences of HOMO-LUMO gaps between three MP
dimers are small. The FMOs of three MP dimers are similar
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Fig. 5 The molecular orbitals of P, Mg-P, Zn—P, and Ni-P

to each other. Herein, only FMOs of Mg-P are shown in
Fig. 7. The HOMO (6a,) and HOMO-1 (4b;) in Mg-P
dimer are m-orbitals, which are pure carbon p orbitals, while
HOMO-2 (41e¢) are degenerate orbitals, which delocalize on
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the carbon and nitrogen atoms, and also have slight con-
tributions from the metal. The LUMO (5b,), degenerate
LUMO+1 (42¢), and LUMO+2 (7a,) have the same orbital
nature, which are from carbon and nitrogen p orbitals.
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Fig. 6 The frontier molecular orbital level of MP dimers

4.4 Band structures

At this stage, it is worth stressing the behavior of band
structures and local density of states (LDOSs). For three
MPs, the band structure calculations are obtained from
22 units oligomers by HF method. In the calculations, ECP
with VDZ basis set for metals and 6-31G basis set for other
atoms. In Fig. 8, we present a plot of the band as a function
of k and LDOSs are shown in Fig. 9. The fundamental
energy gaps of Mg—P, Zn-P, and Ni—P are 5.76, 5.79, and

foieie

LUMO+2 (7a»)

-

LS

LUMO+1 (42e)

5.81 eV, respectively, which are related to the order of y,,..
values (ymg > Vzn > Yni). During the band structure cal-
culations, the 22 units oligomers were arranged as 11 units
due to the requirement of periodic condition. For Mg-P,
the first and second highest valence bands are n-bands,
which are from pure carbon p orbitals. These two bands
have the same characters with the HOMO (6a,) and
HOMO-1 (4b,) of Mg—P dimer. The states of linear one are
degenerate, which slightly contains Mg contributions. The
linear valence band exactly corresponds to the degenerate
HOMO-2 (41e) of Mg-P dimer. The three lowest con-
duction bands are m*-bands, which are from carbon and
nitrogen p orbitals. The linear conduction band is also
degenerate. It can be seen that the first three conduction
bands are in agreement with the unoccupied molecular
orbital nature of Mg—P dimer. The behaviors of Zn—P and
Ni—P are very similar to that of Mg-P. From Mg—P, Zn-P
to Ni—P, the degenerate linear valence band shifts down.
Due to symmetry, the bands should be pairwise degenerate
at point y = n/a. However, there is a small error since the
energies at the edges of the Brillouin zone are obtained by

extrapolation [40].

LUMO (5b1)

-

A% BT Bl

HOMO (6a») HOMO-1 (4b,)

Fig. 7 The frontier molecular orbitals of Mg—P dimer

Fig. 8 Band structures of MP 1.0
polymers extracted from 0.8 1

elongation HF/6-31 (ECP/DVZ 0.6 1 SR
for metals) calculations of 047 T#(C, N)

22 units. a Mg-P, b Zn-P, 0.2 M
i 0.0 1 T4(C, N)

¢ Ni-P
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Fig. 9 Band structures and
LDOSs for MP polymers
extracted from elongation
HF/6-31G (ECP/VDZ for
metals) calculations of 22 units
oligomers. For LDOS, black
lines are total DOS; red dash
lines, yellow lines, and green
dash lines are metal, nitrogen,
and carbon LDOS contributions,
respectively. a Mg-P, b Zn-P,
¢ Ni-P

—_ —
o =

Energy (eV)

— =
— O 0 ® U O —~NWA U ®O

k, m/a DOS

(a)

To understand the electronic structures, the LDOSs were
examined for three MP polymers by elongation calculation.
For each MP, the first three valence bands and three con-
duction bands have the main contributions from carbon
orbitals. The metals give the significant contributions for
unoccupied bands, which are in agreement with the
investigations of their monomers and dimers. The LDOS
for three MPs are similar to each other.

5 Conclusion

In this article, we showed the effectiveness and efficiency of
the elongation method for calculating meso-meso-linked
metalloporphyrins. The central metal effect and chain length
dependence of «,, and y,,.. on meso-meso-linked MPs are
examined at ab initio levels by the elongation-FF method.
The total energy error was in the order of 10~ hartree/atom
for three MPs. The «,, values for each MP are increased with
the increasing porphyrin units by 6 times from 4 units to
22 units. While three MPs exhibit evident evolution of the
third-order NLO response () along with an increasing
number of porphyrin units N. For three MPs, the y,... value in
22 units is found to be 13 times as large as that of 4 units. In
contrast to the polarizability, second-order hyperpolari-
zability of meso-meso-linked MPs are more sensitive to the
metals, that is, the y values are affected by changing the
central metal. The order of y,., values is according to
YMg > Vzn > Yni- The band structures are similar to each
other and LDOSs show that the metals give the significant
contributions to unoccupied bands, which are in agreement
with the molecular orbital natures of monomers and dimers.
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