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Abstract
The present paper deals with the estimation of conformational stability and determination of
electronic  structures of Hj-porphyrin-fulleropyrrolidine (1) and  zincporphyrin—
fulleropyrrolidine (2) dyadsbyab initio (HF)and density functional theory (DFT) calculations
in vacuo. In dyads 1 and 2, fulleropyrrolidineis directly linked to the tetrapyrrolic rings by
ethylene subunits. Both HF and DFTcalculations establish that possibility of photoinduced
electron transfer (PET) phenomenon is higher in case of 2 compared to 1.Investigation on
frontier molecularorbitals at different electronic states reveal that the highest occupied
molecularorbital and thelowest unoccupied molecular orbital of thesesupramolecules is
delocalized due to PET phenomenon. Generation of molecular electrostatic potential (MEP)
maps by both HF and DFT calculations substantiate the PET phenomenon (as stated above)
and establish that the direction of electron transfer occurs from the porphyrin subunits to the
fulleropyrrolidine in dyads 1 and 2.
Keywords: H,-(1) and zincporphyrin-fulleropyrrolidine (2) dyads; HF and DFT calculations;

conformational stability; HOMO-LUMO energy gap; MEP.
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1. Introduction

Over the past few decades, electron transfer (ET) and energy transfer (EnT) phenomena have
been intensively studied for biological and artificial molecular systems [1—8]. In recent past,
design and construction of photovoltaic devices is considered to be one of the most
importantareas of researchasgeneration of photovoltaic elements willcertainly restrict cost
effectiveness, produce more efficient, and more environmentally friendly devices [9,10]. In
this context, various covalently and non-covalently linked systems have been constructed in
order to mimic the photoinduced ET (PET) process [11]. These systems are constructed on
the basis of the concept of donor(D)-acceptor(A) pair theory.

For the construction of potential molecular architecture as a result of EDA interactions, both
porphyrins [12,13] and fullerenes [14-16] have been extensively utilized as efficient building
blocks for their typicalphysicochemical [17] and photophysical properties [18]. The
porphyrin-fullerene conjugates are of remarkableutilitydue to their electronic complementary
[19-21] and spontaneous interaction between porphyrin and fullerene [22-34]. Due to the
presence of conjugated m-system, porphyrin macrocycle can absorb light in the spectral range
of wide variety and as a result of this porphyrins may be suitably employedin the preparation
of light-harvesting antennas [35]. In contrast, due to forbidden singlet-singlet
transitions,fullerenes and functionalized fullerenes exhibit fragile light absorption in the
visible and near infrared regions [36]. However, fullerenes are considered to be excellent
electron acceptors [37-40]. In view of this consolidation, porphyrin-fullerene molecular
assemblies are extensively utilized for the construction of photosynthetic models and to
mimic artificial PET processes which efficiently harvest solar energy [41-44]. Therefore,
porphyrin-fullereneconjugatesarecontemplated as  essential ~ componentsin  various

photoelectrical devices [45], in the preparation of nanocomposite materials [46] which
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actually leads to the advancement of nanotechnology [47]. Apart from this, porphyrin-
fullerene conjugates find potential prospect in the fieldsofpharmaceutical and medical
sciences [48].

In recent past, porphyrin-fullerene dyad system gainsconsiderable interest due to some
characteristic features like interesting optoelectronic properties andtheirapplications in
devising organic solar cells [49]. Several molecular donor-acceptor types systems
arestudiedanddeveloped including donor-acceptor dyads
with more complex and flexible linkers [50]along withdesign of multiple donor-acceptor
couple [51]. Very recently, Porku et al. have highlighted the molecular design and chemical
versatility of azobenzene dyads containing porphyrin, fullerene Cgo and pyrene [52]. Sissaoui
et al. have nicely demonstrated the PET phenomenon in a porphyrin-fullerene dyad system in
which porphyrin analogue gets adsorbed at the dodecane/water interface [53]. Through
conjugated bridges, interfacingporphyrin-tetrapyridylCeo dimers are prepared which shows
remarkable ultrafast charge separation [54].Using the formation of self-assembled
monolayers for porphyrin-fullerene dyad system, an advanced version of organic optical
memory device has been generated [55]. Very recently, Tkachenko has nicely demonstrated
the effect of donor/acceptor size on rate of PET [56].

Therefore, study of conformational stability and electronicstructures of the supramolecular
dyad(s) comprising porphyrin and fullerene represents timelyresearchon the context of cited
work as mentioned above. The present work highlights thephenomenon of PET mechanism in
supramolecular dyads, namely, octaethyl free-base porphyrin-fulleropyrrolidine (1)and
octaethylzincporphyrin-fulleropyrrolidine (2)using both ab initio and densityfunctional

theory (DFT) calculations in vacuo.
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2. Model and Numerical Method

We have employed self-consistent Hartree—Fock (HF) and DFT methods or the
optimizationof geometries and energetic related to estimation of the structural variables for
the dyads, namely, 1 and 2. Thecalculationsare done using the SPARTAN’14 essential
edition version. As these dyads contain more than 100 atoms,a smaller basis set is preferred
to restrict the computation time. Therefore, themolecular structure is first optimized
energetically to generate a stable structure using theHF/3-21G and B3LYP/3-21G levels of
theory. Moreover, single point energy calculation is also performed for the dyads adding one
more polarization function, i.e.,6-31G* at both HFand DFT calculations. This particular trick
is being employed in view of the remarkable ability of B3LYP/6-31G*calculations to
elucidate geometrical, electronic (and/ spectral)and electrochemical properties of the
functionalized supramolecular dyad systems like porphyrin—fullereneensemble.26 The
investigations on localization of molecular orbitals is done after the completion of
optimization process as mentioned above. The electronic redistribution among various
frontiermolecularorbitals, i.e.,lowestunoccupiedmolecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) always gives a direction by which

photovoltaicproperties may be understood for any dyad systems.

3. Results and discussions

The optimized geometric structures of the dyads, namely, 1 and 2 using the HF/3-21G
method are visualized in Figs. 1(a) & 1(b), respectively. The validity of HF/3-21G calculation
for the elucidation of geometric structure and correct interpretation of the electronic structure
for the non-covalently linked porphyrin-fullerene complex is already established by Nayak et
al. [57] in which they have successfully explored the photophysical insights on a
supramolecular recognition element consisting PyCso and a bisporphyrin. In our present

work, the bond distances between Zn atom and the nitrogen atoms of the porphyrin in dyad 2
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ranges from 1.93125Ato 2.09625A. This structure is characterized in low spin state of zinc
atom, which is supposed to be more favourable than the high spin state. It has been observed
that in all the calculations as stated above, i.e., HF/3-21G, HF/6-31G* and DFT/B3LYP/6-
31G*, the structural planarity is maintained in the dyad system 2lcomprisingfree-base
porphyrin and fulleropyrrolidine. However, slightly bending conformation is observedin the
case of Zinc octaethylporphyrin-appended fulleropyrrolidine dyad2. The zinc atomis found to
be protruded from the plane of the porphyrin molecule.The dihedral angles,
namely,(C4,N1,Zn1,N2) and (C8N2,Zn1,N1) obtained from DFT/B3LYP/6-31G*
calculations are estimated to be 98.99° and 102.14°, respectively, which clearly signifies the
difference of 3.15° between Zn1,N1 and Znl,N2 linked conjugates. The center-to-
centerdistancesbetween porphyrin and fullerenes in dyad 2 are computed to be 10.937A,
11.336A and 11.934A as obtained from DFT, HF/6-31G* and HF/3-21G calculations,
respectively. The center-to-center distance in case of dyad 1 is estimated to be somewhat
higher, i.e., 13.315A (as obtained from DFT calculations) compared to dyad 2. This
observation hints possibility of facile electron (and/ energy transfer) phenomenon in dyad 2
compared to dyad 1. For dyad containing free-base porphyrin (i.e., 1), the closest distance
between 6:6 m-bond of fullerene with porphyrin and 6:6 carbon atom of fullerene with
porphyrin are estimated to be 6.306A and 6.877A, respectively. In case of 2, the said
distances are calculated to be much less, i.e., 3.854A (N1,Bond225) and 5.718A(N1,C97),
respectively. This observation clearly predicts that possibility of electron transfer and/ energy
transfer is estimated to be much higher in case of 2 compared to 1. Although in case of 1, the
distance between N atom of fulleropyrrolidine unit and N atom of porphyrin unit of free-base
porphyrin is determined to be 15.098A, it is estimated to be much less, i.e., 10.239A in case

of 2. In present work, the possibility of C—H----xt interaction in dyads 1 and 2 is also explored

with the help of DFT calculations. C—H----minteractionis established in case of Dyad
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2between the 6-6 bond of fulleropyrrolidine unit (Bond 219) and the hydrogen atom (labelled
as H8) of the porphyrin. The C—H----r distance is calculated to be 3.351A. In case of 1, C—
H----mt interaction exists between 6:6 © bond of fulleropyrrolidine unit (Bond marked as 216)
and hydrogen atom (marked as H17) of poprhyrin subunit. The said distance is computed to
be 3.854A which is calculated to be ~0.5A less compared to what is determined for 2. The
shorter distance of C—H----x interaction in case of dyad 2 reflects that ease of electron (and/
energy transfer) is facilitated in such conjugate system. Similar sort of phenomenon is also
observed while estimating the distance between the a-pyrrole (i.e., porphyrin =-ring carbon)
and one of [5,6] ring carbon atoms of fulleropyrrolidine (Por,—Fulc).The Por,—Fulc distances
for dyad 1 and 2 are determined to be 4.584A and 3.882A, respectively.

The possibility of PET process in present work can be well understood in qualitative manner
by inspecting the generated HOMO and LUMO pictures of dyads 1 and 2. For exploring the
charge-separated phenomenon in porphyrin—fulleropyrrolidine dyad(s), independent
investigations are carried out on two major factors, viz., the optimized structure of the
porphyrin and fulleropyrrolidine moieties and the electronic nature of the spatialdistributionof
frontier orbitals. Table 1 gives a comparison on the determined HOMOs and LUMOs for the
optimized geometric structure of the dyads,e.g., 1 and 2 along with fulleropyyrolidine and
porphyrinsforboth free-base and zincporphyrins. The HOMOs and LUMOs are calculated in
different oxidation states ranging fromn =0 to n = 6 for HOMO — n and LUMO + n in case
of free-base porphyrin, zincporphyrin, fulleropyrrolidine, 1 and 2. Close inspection of Table 1
finds while LUMO energy level of dyad 1 is compared well with the fulleropyrrolidine unit
(acceptor moiety), the HOMO energy level of dyad 2 corresponds well with that of porphyrin
moiety. This disparity in observation may be explained due to the presence of divalent
transition metal,Zn, in dyad 2. Thorough scanning of the optimized geometric structures as

depicted in Fig. 1, it is revealed while perfect planarity is maintained in 1 due to the flat
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alignment of the porphyrin molecule, the out-of-plane alignment of the zinc atom in dyad
2generatesdifferent types of electronic perturbations during the photoinduced ET process.
Figs.2 and 3 show the corresponding diagrams ofthespatialdistribution of various HOMOs
(viz., HOMO, HOMO - 1, HOMO - 2, HOMO - 3, HOMO - 4& HOMO - 5)and LUMOs
(viz., LUMO, LUMO+1, LUMO+2, LUMO + 3, LUMO + 4 & LUMO + 5)energylevels of
the dyad 1, respectively, done by HF/3-21G calculations. Fig. 2 explores that position of
HOMO is scattered between ethyl unit of porphyrin and corresponding linkage of
fulleropyrrolidine-pyrrolidine conjugate in 1 (Fig. 2(a)). It is further observed that HOMO - 1
is precisely centered in porphyrin unit (Fig. 2(b)) and both the core part of HOMO — 2 (Fig.
2(c)) and HOMO - 3 (Fig. 2(d)) are evenly distributed among porphyrin and
fulleropyrrolidine subunits of 1. In case of 1, complete positional change in terms of HOMO
occurs from HOMO - 4 states, i.e., HOMO — 4 (Fig. 2(e))& HOMO -5 (Fig. 2(f)). In case of
various LUMOSs, while LUMO is distributed among porphyrin and fulleropyrrolidine
subunits of 1 (Fig. 3(a)), LUMO + 1 (Fig. 3(b)) & LUMO + 2 (Fig. 3(c)) are centered
positioned in porphyrin subunit only.However, LUMO + 3 (Fig. 3(d)), LUMO + 4 (Fig.
3(e))& LUMO + 5 (Fig. 3(f)) states are precisely centered in fulleropyrrolidine subunit of 1
which actually signifies the decrement in extent of electron transfer upon irradiation by light.
The scenario looks different in case of 2 if we compare the spatial distribution of various
HOMOs and LUMOs at higher electronic states. In case of 2, the corresponding positions of
various HOMOs get interchanges between porphyrin and fulleropyrrolidine subunits which
clearly states that extent of ET is very high upon irradiation by light in non-covalently linked
dyad system.lIt is observed while HOMO (Fig. 4(a)), HOMO - 1 (Fig. 4(b)), HOMO - 2 (Fig.
4(c)), HOMO - 3 (Fig. 4(d)) & HOMO - 4 (Fig. 4(e)) are precisely positioned on porphyrin
subunit of 2, HOMO - 5 (Fig. 4(f)) may be located on fulleropyrrolidine unit. In case of
distributions of various LUMOs, they are evenly distributed among poprhyrin and

fulleropyrrolidine subunits in 2. While Figs. 5(a), 5(b) &5(c) depict the positions of LUMO,
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LUMO + 1 and LUMO + 2, respectively, LUMO + 3 (Fig. 5(d)), LUMO + 4 (Fig. 5(e)) &
LUMO + 5 (Fig. 5(f)) states are centered on fulleropyrrolidine subunits of 2.

This phenomenon proves that PET process is not supposed to occur spontaneously in case of
1 as revealed from the distribution of electronic charges over various frontier molecular
orbitals. The scenario changes considerably when the spatial distributions of various HOMOs
and LUMOs are studied for 2. It is observed that HOMO to HOMO — n (when n = 1 to 4)
states are precisely centered on fulleropyrrolidine unit in 2 (as revealed from Fig. 4). Only
HOMO - 5 state is located in the porphyrin unit of 2. Similar sort of observations are noticed
while studying various LUMOs of 2. While LUMO, LUMO + 1 and LUMO + 2 states are
centered on porphyrin unit, LUMO + 3, LUMO + 4 and LUMO + 5 states are positioned on
fulleropyrrolidine unit in 2. Various LUMOs of 2 are demonstrated in Fig. 5.The above
findings imply upon excitation by photoinduced process, theelectrontransfer process occurs
from the porphyrin subunit to the fulleropyrrolidine subunit in 2. Considering the optimized
geometry and the electronic redistribution among various HOMOs and LUMOs in the
porphyrin—fulleropyrrolidine dyads, a good understanding regarding localization of the
excess charge in dyads 1 and 2 may be understood clearly in present work.TheMulliken
charges for the dyads 1 and 2 are also evaluated in present investigations. Analysis of the
charge distribution for the dyadsreveal that the localization of excess charge mainly occurs on
fulleropyrrolidine subunit whilethe porphyrin subunit remains totally unaffected in case of
localization of additional charge. This particular finding validates the mechanism of PET in
dyads 1 and 2. Like 3-21Gbeasis set, we have made extensive quantum chemicalcalculationsof
the dyads 1 and 2 employing 6-31G* basis set in B3LYPtechnique of calculations in both HF
and DFT methods. The optimized space filling models of 1 and 2in DFT/B3LYP/6-31G*
calculations are visualized in Figs. 6&7, respectively. Table 2 summarizes the energies of the
HOMO to HOMO — n and LUMO to LUMO + n states (where n = 6) of the dyad, namely,
2doneby HF/6-31G»and DFT/B3LYP/6-31G*calculations. Table 2 indicates very small
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energy gap between HOMO and LUMO as predicted by DFT/B3LYP/6-31G* calculations,
i.e., 0.5074 which strongly hints efficient PET process for Dyad 2. Table 3 summarizes the
corresponding HOMO — LUMO energy gap (i.e., Enomo — ELumo) for both the dyads 1 and
2computed by HF/3-21G calculations. The said calculations establish the lower energy gap in
case of dyad 2 compared to dyad 1 which also substantiates the possibility of fast electron
transfer in former system than that of later. One interesting observation of the present
investigations is that the trend in Enomo — ELumo for both 1 and 2, viz., 1.3312 eV and 1.2079
eV, respectively, estimated by HF/3-21G calculations, corroborateexcellently well with those
obtained from HF/6-31G* calculations. This phenomenon also points out that in spite of the
absence of added polarization functions in HF/3-21G calculations, this particular
computational model correctly predicts the possibility of PET in dyads 1 and 2.

To find out the possibility of charge separation and to explore the feasibility of energy
transfer phenomenon(a) from the free-base porphyrin and zincporphyrin units to
fulleropyrrolidine unit in dyads 1 and 2, respectively,different types of cartesian multipole
moments have beengenerated in present investigations.The data of cartesian multipole
moments for dyads 1 and 2 done by HF/6-31G* calculations are listed in Tables 4&5,
respectively. As listed in Tables 4 & 5, it is very much evident that the dipole moment value
of 39.2003 Debye for dyad 1 undergoes considerable increasewhen zinc metal is incorporated
in the free-base porphyrin unit in Dyad 2, i.e., 39.9911 Debye. This finding certainly proves
that extent of charge-separation associated with photoinduced electron transfer is found to be
much higher in case of dyad 2 compared to dyad 1.

Calculation of the Mulliken charge distribution for the neutral dyad systems, i.e., 1 and
2gives very good evidence in favour of facile PET in case of 2 compared to 1. First of all, it is
observed that the charge density is estimated to be higher on the fulleropyrrolidine subunit
keepingthe porphyrin subunit unaffected. The determined value of average charge density

over N atom in dyadl is -0.9366 a.u. which is estimated to be 0.1049 a.u. unit higher as
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observed in case o0f2, viz., -0.8317a.u. This observation proves that the N atoms of 2 donates
electron at a much faster rate to the electron accepting fulleropyrrolidine unit during PET
process. which This result validates the theory of the localization of the lowest unoccupied
orbital on the acceptor side.

Calculations of molecular electrostatic potential MEP) map of dyads 1 and 2 generate the
regionsofboth positive and negative electrostatic potential at moderate to high level spreading
over the donor and acceptor units.It iswell established that the strong electrostatic interactions
persist between fullerene
and porphyrin during non-covalent interaction which actually contributes major share of the
total attractive interactions (i.e., ~60%) [68,69]. This result isin good corroboration with the
fact that fullerenes have been employed as electron accepting species
for constructing EDAtype complexes with various electron donors[70,71]. In recent past,
Bichan et al. have contributed immensely for the exploration of supramolecular chemistry
involving functionalized fullerene and various free-base porphyrins in solutions employing
several spectroscopic tools [72-76]. Moreover, Ghanbari et al. have nicely demonstrated the
spectroscopic and dispersion-corrected DFT study on robust fluorogenic non-porphyrin
interaction of Zn(Il) and Hg(ll)naphthadiaza-crown macrocyclic complexes of Ceo[77]. The
same research group have made extensive photophysical, NMR and theoretical investigations
on supramolecular dyad derived from a buckybowl series of O,N,-donor naphthodiaza-
crowns coordinated to Cgo [78].In a first report on supramolecular interaction of azobenzene
moiety with Cgo, Ghanbari et al. have studied in detail the binding of Cg in the cleft of new
aza-crown macrocyclic tweezer tethered through an azobenzene linker [79].Close inspection
of the MEP maps of both 1 (Fig. 8) and 2 (Fig. 9) done by HF/6-31G* calculations invoke
that the fulleropyrrolidine unit in 2 gains predominant electron density(marked by dense red
coloured dots)than that observed in 1 (mixed yellow and red coloured dots). Moreover, in

case of 2, there is no observation of red coloured dots in the center region of porphyrin unit
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(as marked by deep green colouration in combination with yellow and blue mark). This
observation proves that the porphyrin unit looseits electron density completely as a result of
PET phenomenon to the fulleropyrrolidine unit in 2. However, in case of 1, other than
combination of green and yellow colouration, some extents of red spots are seen. This means
that the electron density is conserved at the center region of the porphyrin unit in 1 which
actually indicates poor extent of PET phenomenon from the porphyrin unit to
fulleropyrrolidine unit in the supramolecular entity. MEP clearly shows that surface of the
fulleropyrrolidine unit gets shaded by deep red colour in 2 which indicates that significant
amount of electric charge is transferred to such unit from zincporphyrin (Fig. 9). Generation
of MEP also reveals that larger extent of positive electrostatic potential is clearly observed in
the center region of the free-base porphyrin unit in 1 (Fig. 8)compared to 2(Fig. 9) which
ultimately gives very good support in favour of the strong PET phenomenon in later in

comparison to former.

4. Conclusions

The geometric and electronic structures of two novel porphyrin—fulleropyrrolidine
supamolecular dyads, 1 and 2, have been explored in vacuo employing both ab initio and
DFTcalculations. Various physicochemical parameters obtained from electronic structure
give clear evidence in favour of spontaneous PET process in case of 2. The possibility of
photoinduced electron transportin these dyads are analyzedand explained on the
basisofspatial distribution of various frontier orbitals, i.e. HOMO to HOMO — n and LUMO
to LUMO + n (where n = 6). It is observed both the HOMO and LUMO suffer significant
redistribution of electronic charges in dyads 1 and 2. The analysis of Mulliken charge
distribution and generation of molecular electrostatic potential maps providesa very good
strategy by which the PET phenomena in the dyads can be understood. The

present work nicely demonstrates that quantum chemical calculations at ab initio and DFT
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levels of theorymay be successfully adopted to predict the excited-state ET pathway in non-

covalently linked dyad systems.
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HOMO -9.7948 -8.5517 -1.7714 -4.3925 | -4.4229

LUMO -3.1682 -4.4330 -0.6498 -3.0613 | -3.2150
LUMO +1 -1.6102 -1.8446 -0.4262 -0.2355 | -0.3242
LUMO + 2 -0.5987 -1.3685 -0.1277 -0.0560 0.1026
LUMO + 3 1.4414 0.9313 1.0541 0.9409 1.0556
LUMO +4 2.3977 1.5975 1.2795 1.2859 1.5672
LUMO +5 3.3446 2.1347 1.5253 1.7143 1.9753
LUMO +6 3.4435 2.5843 1.6310 2.4064 2.4115

Table 2. Energies of the HOMO to HOMO — n and LUMO to LUMO + n states (where n = 6)

of the dyad, namely, 2 done by HF/6-31G™ and B3LYP/6-31G" calculations.

Energy, eV
Method
HF/6-31G* | DFT/B3LYP/6-31G*

Frontier 2 2

Orbitals
HOMO -6 -8.6278 -7.3894
HOMO -5 -8.4588 -7.3582
HOMO -4 -7.9039 -7.2415
HOMO -3 -7.6917 -7.2176
HOMO -2 -7.6387 -6.4502
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HOMO -1 -1.4262 -6.8430
HOMO -5.8834 -5.6619
LUMO -4.3253 -5.1545

LUMO +1 -1.8945 -4.1267

LUMO + 2 -1.4885 -3.9415

LUMO + 3 -0.4320 -3.6473

LUMO +4 0.0696 -3.6097

LUMO +5 0.4880 -3.5738

LUMO +6 0.9444 -3.0987

Section A-Research paper

Table 3. HOMO — LUMO energy gap of dyads 1 and 2 computed by HF/3-21G calculations.

Method HOMO - LUMO Energy gap, eV
1 2
HF/3-21G 1.3312 1.2079

Table 4. Multipole moments of dyad 2 done by HF/6-31G* calculations.

Charge (ESU x 10710)

0.0000

Dipole Moment (Debye)

X 35.9543 Y 15.3184 7z -3.0496

Tot 39.2003

Quadrupole Moments (Debye-Ang)

XX =-355.8379 XY 116.9420 YY -455.9307
XZ -8.1303 YZ -9.5805 zZ -607.4487
Traceless Quadrupole Moments (Debye-Ang)
OXX 351.7036 QYY 51.4253 Qz7Z -403.1288
OXY 350.8260 QX7 -24.3910 QYZ -28.7415

Eur. Chem. Bull. 2023,12(10), 4933-4966
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Octapole Moments (Debye-Ang”2)

XXX 3097.7732 XXY 1009.2518 XYY 1347.4578

YYY 650.8150 XXZ -122.5569 XYZ -109.5456

YYZ -138.3737 XZZ 157.6608 YzZ 42.5093

277 -39.2813

Traceless Octapole Moments (Debye-Ang”2)

XXX 5040.5721 YYY -5560.9604 zzz 2112.6875

XXY 10031.0488 XXZ -937.7180 XYY 6403.1918

XYZ -1643.1847 X7Z7Z -11443.7640 YYZ -1174.9695

YZZ -4470.0884

Hexadecapole Moments (Debye-Ang”3)

XXXX -116810.5967 XXXY 8505.9333 XXYY -19805.4411
XYYY 4885.5623 YYYY -20152.0966 XXXZ -100.6975
XXYZ -677.8820 XYYZ -877.2009 YYYZ -524.8518

XXZZ -26381.5687 XYZZ 169.7613 YYZZ -5896.8262
X777 284.5214 Y7727 -67.4764 772727 -10739.1510
Traceless Hexadecapole Moments (Debye-Ang”3)

XXXX 137846.2833 XXXY 282866.4372 XXXZ 20628.7283
XXYY 297599.6938 XXYZ -52131.6031 XXZZ -435445.9771
XYYY -97272.5243 XYYZ -81705.4419 XYZZ -185593.9129
XZ7ZZ 61076.7137 YYYY -255903.0422 YYYZ 2028.5834
YYZZ -41696.6516 YZzZ 50103.0197 zzzz 477142.6287

Table 5. Multipole moments of dyad 2 done by HF/6-31G* calculations.

Charge (ESU x 10710)

0.0000

Dipole Moment (Debye)

X 29.4632 Y 25.7516 Z -8.2499

Tot 39.9911

Quadrupole Moments (Debye-Ang)

XX -456.6386 XY 66.6075 YY -463.0515

X7 =-92.3811 YZ -67.8116 72Z -494.7054
Traceless Quadrupole Moments (Debye-Ang)
OXX 44.4797 QYY 25.2409 Q7ZZ -69.72006

QXY 199.8226 QX7Z -277.1434 QYZ -203.4347
Octapole Moments (Debye-Ang~”2)

XXX 1153.5651 XXY 707.2492 XYY 642.5808
YYY 542.8483 XX7Z -424.9718 XYZ -373.4294
YYZ -208.5000 X7z 619.9573 YzZ 307.4270
2727 -185.5094

Traceless Octapole Moments (Debye-Ang”2)
XXX -4441.4530 YYY -5874.9964 777 4588.1891
XXY 5936.1649 XXZ -3917.6330 XYY 2390.4028
XYZ -5601.4416 XzZ 2051.0502 YYZ -670.5560
YZz7Z -61.1684

Hexadecapole Moments (Debye-Ang”3)
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XXXX
XYYY
XXYZ
XXZZ
X277

-41307.5873 XXXY 2771.9984 XXYY -8928.1738
871.5531 YYYY -24991.8185 XXXZ -3092.2885
-2260.0719 XYYZ -1674.3449 YYYZ -1194.0373
-9291.9835 XYzZZ 1343.8204 YYZZ -7071.3655
-1372.0816 YzzZ -1061.8838 ZzzZ -20604.0302

Traceless Hexadecapole Moments (Debye-Ang”3)

XXXX
XXYY
XYYY
X277
YYZZ

-217177.9895 XXXY 66628.0954 XXXZ -48448.1180
157868.8444 XXYZ -169580.9097 XXZZ 59309.1451
-132918.6605 XYYZ -83725.4913 XYZZ 66290.5651
132173.6093 YYYY -172297.0748 YYYZ 77805.9951
14428.2305 YZZZ 91774.9146 72Z272Z -73737.3756

Section A-Research paper

(a)
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(b)

Fig. 1. Geometric structures of (a) 1 and (b) 2 done by HF/3-21G calculations.

(a) (b)
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(€) (f)

Fig. 2. () HOMO, (b) HOMO — 1, (c) HOMO — 2, (d) HOMO — 3, (€) HOMO — 4 and (f)

HOMO - 5 states of dyad 1 done by HF/3-21G calculations.

(a) (b)
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(c) (d)

(e) (f
Fig. 3. () LUMO, (b) LUMO + 1, (c) LUMO + 2, (d) LUMO + 3, (¢) LUMO + 4 and (f)

LUMO + 5 states of dyad 1 done by HF/3-21G calculations.

(@ (b)
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(c) (d)

(€) (f)

Fig. 4. () HOMO, (b) HOMO — 1, (c) HOMO - 2, (d) HOMO — 3, (€) HOMO — 4 and (f)

HOMO - 5 states of dyad 2 done by HF/3-21G calculations.

(@ (b)
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(c) (d)

(e) (f
Fig. 5. () LUMO, (b) LUMO + 1, (c) LUMO + 2, (d) LUMO + 3, (e) LUMO + 4 and (f)

LUMO + 5 states of dyad 2 done by HF/3-21G calculations.
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Fig. 6. Space filling model of 1 done by DFT/B3LYP/6-31G* calculations.

Fig. 7. Space filling model of 2 done by DFT/B3LYP/6-31G* calculations.
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Fig. 8. MEP of dyad 1 done by HF/6-31G* calculations

Fig. 9. MEP of dyad 2 done by HF/6-31G* calculations
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