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Chiral organic compounds are excellent second-order nonlinear optical (NLO) materials due to their
inherent non-symmetric electronic structures combined with the advantages of organic compounds. At
present, density functional theory (DFT) has become a powerful tool for predicting the properties of
novel materials. In this paper, based on chiral lemniscular [16]cycloparaphenylene, three novel
compounds are designed by introduction of donor/acceptor units and their combinations. The
geometrical/electronic structure, electronic absorption, and the second-order NLO properties of these
compounds have been systematically investigated by DFT/TDDFT theory. The simulated UV-Vis/CD
spectra of compound 1 are in good agreement with the experimental ones, enabling us to assign their
electronic transition characteristics and absolute configuration with high confidence. The investigations

show that energy gaps, absorption wavelength and second-order NLO response may be effectively
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1. Introduction

The design and synthesis of materials with large nonlinear
optical (NLO) performance have attracted considerable atten-
tion due to their potential applications in optical and opto-
electronic devices."® However, second-order NLO properties
can be characterized at the molecular level with second-order
polarizability, which is the most important point in practical
applications. The necessary requirement for second-order NLO
materials is a non-centrosymmetric electronic structure.”'* So
far, there are two main strategies to achieve this structure. One
method is to insert an electron-donor and/or electron-acceptor
substituted unit into organic compounds with an extended -
conjugated backbone at appropriate positions.”™” The other
method is to use chiral compounds, which have intrinsic
asymmetric electronic structures.’®*' Numerous studies have
shown that chiral compounds can be a valuable alternative for
excellent second-order NLO materials.”***
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Cyclic -conjugated systems with different combinations of
twist and local curvature have aroused particular interest of
organic chemists. This is not only because of their theoretical
interest, but also because of their possible applications in
materials science. At present, most studies focus aromatic
compounds with one or three half-twist of the 7t surface,**** and
planar m-conjugated aromatic compounds with two half-twist of
the m surface.””?®*3¢ However, very little research has been
done on radial w-conjugated aromatic compounds with two
half-twist of the 7 surface, which adopts figure eight (lemnis-
cular) shape and helps maximize p orbital overlap and reduce
internal strain.

Very recently, K. Senthilkumar, et al. reported a cyclo-
paraphenylene-based molecular lemniscates (CPPL),”” named
compound 1 (Fig. 1). It is composed of a 9,9’-bicarbazole unit
and twelve phenylene units, which has a figure-eight (lemnis-
cular) shape. Its electronic and optical properties combine
features more characteristic of smaller cycloparaphenylenes,
such as a radially conjugation, a reduced electronic bandgap
and red-shifted fluorescence. The twisted nanohoop of CPPL
also has strong chiroptical responses, including circularly
polarized luminescence. Moreover, its unique figure-eight
structure arising from chirality can meet the basic require-
ment of second-order NLO material. Accordingly, compound 1
may be a potential candidate for excellent second-order NLO
material.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Chemical structures of the studied compounds 1-4.

It is well known that macroscopic properties are closely
related to microscopic electron structures, especially for excited
electronic transition properties. In order to further improve the
performance of compound 1, compounds 2-4 were designed.
The introduction of donor NH, unit or acceptor NO, unit at R;-
R, positions was named as compound 2 and 3, respectively. For
compound 4, NH, unit is at R; and R, positions, and NO, unit is
at R; and R, positions. In order to more clearly describe the
electronic structure and charge transfer properties, we
numbered the benzene ring in the compounds, as shown in
Fig. 1.

So far, density functional theory (DFT) calculations have
become a powerful tool to rationalize the observed properties
and design new materials with excellent performance. In this
paper, our main goal is to clarify with the help of DFT/TDDFT
calculations to (i) investigate the frontier molecular orbitals
(FMOs) (ii) analyze electronic transition mechanism and (iii)
study NLO properties.

2. Computational details

All of the calculations were carried out with Gaussian 09 soft-
ware.*® The ground-state structures of compounds 1-4 were
fully optimized with D3-B3LYP*/6-31G(d) level of theory. The
B3LYP functional is a combination of Becke's three-parameter
hybrid exchange functional* and the Lee-Yang—Parr** correla-
tion functional. The D3-B3LYP functional considers the long-
range dispersion effects and has shown excellent advantage of
predicting structural parameters, harmonic frequencies and
other molecular properties.*>** Harmonic vibration frequency
calculations showed that the optimized structure is the local
minimum in potential energy surface. In the optimization
process, there is no symmetry or internal coordination
constraints.

The calculated absorption wavelengths, oscillator strengths
and major contributions of the studied compounds were
calculated at the TD-PBE0/6-31G(d)* level. To strengthen our
calculated results, the effect of different basis sets and

This journal is © The Royal Society of Chemistry 2020

3: R1:R2:R3:R4:NO2
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functionals on electron transition properties was also probed.
To consider the solvent effect of dichloromethane, the integral
equation formalism version of the polarized continuum model
(PCM) was utilized.***® The electron density difference maps
(EDDM) were obtained by using Multiwfn software version 3.5
(dev).

It is noted that static first hyperpolarizability is an important
parameter to reflect its magnitude of second-order NLO
response. In this work, the second-order NLO response of
compounds 1-4 is determined by hyper-Rayleigh scattering
(Burs), as follows:**°

ﬁHRS (07 03 0) = {ﬁz:zz + 6,\‘::2} (1)

where, 8,,,> and §,,,> are the orientational average of the first
hyperpolarizability tensor without assuming Kleinman's
conditions.

3. Results and discussion
3.1 Frontier molecular orbital analysis

In this paper, four compounds were investigated, as shown in
Fig. 1. Their ground state geometrical structures have been fully
optimized at D3-B3LYP/6-31G(d) level of theory. For organic
compounds, their frontier molecular orbitals (FMOs) distribu-
tions and energy gaps (HOMO-LUMO gap) are closely related to
the electronic and optical properties. The sketch of the HOMO
and LUMO orbitals, the calculated HOMO/LUMO energy levels,
and energy gaps of compounds 1-4 are shown in Fig. 2.

For compound 1, the HOMO and LUMO mainly attributes on
the whole skeleton, with 7 and =* character. For compound 2,
its LUMO orbital distribution is almost the same as that of the
compound 1, but the HOMO is significantly different from that
of compound 1. Its HOMO mostly localizes on benzene rings
and N atoms, demonstrating that the introduction of donor
NH, groups at R;-R, positions in compound 2 may change the
HOMO distribution. For compound 3, its LUMO mainly
distributes on rings 2-4, rings 9-11 and NO, groups, while the

RSC Adv, 2020, 10, 13984-13990 | 13985
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Fig. 2 Energy levels and frontier molecular orbital diagram of compounds 1-4.

HOMO is basically the same as that of compound 1. This
indicates that the introduction of acceptor NO, unit at R;-R,
positions has a significant influence on the LUMO distribution
of compound 1. When the donor NH, and acceptor NO, units
are simultaneously introduced into compound 1, the FMO of
compound 4 is significantly different from that of compound 1.
The HOMO and LUMO orbital distributions of compound 4 are
clearly separated. Its HOMO distribution mainly localizes on
the right benzene rings 7-12 and NH, groups, and the LUMO
distribution mostly localizes on the left benzene rings 2-4 and
NO, groups. The changes of FMO distributions, indicating that
the introduction of the combination of the donor group (NO,)
and acceptor group (NH,) facilitates charge separation of fron-
tier molecular orbital, which is beneficial to realize intra-
molecular charge transfer from HOMO to LUMO.

Subsequently, the effect of different substituents on energy
gap is also investigated. Compared with compound 1, the FMO
energy levels of compound 2 all increase, and the increase in
HOMO energy level is significantly higher than the increase in
LUMO energy level. Therefore, its band gap is reduced by
0.26 eV compared to that of compound 1. For compound 3, its
HOMO and LUMO energy levels obviously reduce. Especially the
LUMO energy level, its reduction value reached 1.38 eV in
comparison with compound 1. Therefore, the band gap of
compound 3 evidently reduces, which attributes to the intro-
duction of the NO, group affects the distribution of LUMO. This
signifies that the introduction of NO, group can distinctly
reduce the band gap. For compound 4, the HOMO energy level
is close to that of compound 2, while the LUMO energy level is
close to that of compound 3. So its band gap is the smallest of
the four studied compounds, only 1.67 eV, originating from the
evident separation of the electron distributions of HOMO and
LUMO. This demonstrates that an effective method for reducing
the band gap of compound 1 is to introduce a combination of
donor NH, and acceptor NO, groups.

13986 | RSC Adv,, 2020, 10, 13984-13990

3.2 Electronic absorption of compounds 1-4

In recent years, TDDFT method can be successful in describing
the nature of electronic transitions.>** However, choosing the
effective calculation level is very important to accurately calcu-
late electronic transition properties. Firstly, four Pople's basis
sets (e.g. 6-31G(d), 6-31G(d,p), 6-31+G(d), and 6-31+G(d,p)) were
chosen to discuss the influences of basis set extension on the
electronic absorption wavelength by using B3LYP functional.
The calculated most intense absorption bands of compound 1
at the different basis set levels were listed in Table S1.fThe
calculated results were all closely to the experiment value, and
the difference between the absorption wavelengths of the
largest basis set and the smallest basis set is about 10 nm. This
signifies that the effect of the basis set size on the calculated
absorption wavelength is not obvious. From the perspective of
the performance and reasonable computational resource, 6-
31G(d) basis set was selected in the following calculation.

Subsequently, four different functionals (B3LYP,* PBE0,****
CAM-B3LYP,*** and BH&HLYP*') were selected to test the
effects on the absorption wavelengths. The calculated results
are given in Table S2.1 The results show the absorption wave-
length which calculated by PBEO are in excellent agreement with
the experimental data. Meanwhile, the absorption wavelength
in dichloromethane phase was also computed using the PBE0/6-
31g(d) level (Table S27). It is found that the absorption wave-
length in the solution phase is close to that in gas phase,
indicating that the influence of solvent is negligible. Thus, the
PBEO functional combined with 6-31G(d) basis set was
employed in the following electronic excitation calculations in
gas phase for the studied compounds.

Based on the above analytical results, the 60 lowest elec-
tronic excitation energies of the studied compounds 1-4 were
calculated at the TD-PBE0/6-31G(d) level. The calculated
absorption wavelengths, oscillator strengths and major contri-
butions are summarized in Table 1. The UV-Vis and CD spectra

This journal is © The Royal Society of Chemistry 2020
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Table 1 Calculated absorption wavelengths (4, nm) along with experimental data (in parentheses), oscillator strengths (f), and major contri-
butions of absorption bands of the studied compounds 1-4 (H = HOMO, L = LUMO, L+1 = LUMO+1, etc.)

Compound 4 f Major contribution

1 362.67(357)  3.9165 H-2 — LUMO (48%), HOMO — L+2 (43%)

2 354.81 1.5475 H-3 — LUMO (73%), H—2 — LUMO (11%)

3 345.88, 487.42 1.5146, 0.2417 HOMO — L+6 (78%), H—1 — LUMO (83%), HOMO — LUMO (10%)

4 350.43 0.8217 H-3 — L+2 (11%), H—2 — L+2 (13%), H—1 — L+2 (29%), H—1 — L+3 (12%), H—1 — L+4 (11%)

of compound 1 along with experiment spectra are shown in
Fig. 3. In order to understand the nature of electronic absorp-
tion, the molecular orbitals (MO) involved into the main tran-
sition were also shown in Fig. 4.

For compound 1, the calculated UV-Vis spectrum reproduces
the experimental one. The simulated CD spectrum reproduces
the negative/positive sign (i.e., cotton bands) of the experi-
mental ones. These allow us to assign the AC of compound 1
with high confidence. This also confirms once again that the
chosen calculation level is feasible in calculating electronic
transition properties. Compared with compound 1, the most
intense absorption bands of compounds 2-4 are blue-shifted.
Unlike compounds 1, 2 and 4, compound 3 has two electron
absorption bands, and the low-energy absorption band is at
487.42 nm.

Subsequently, we explore the electronic transition proper-
ties. For compound 1, its most intense absorption band is
attributed to HOMO—2 — LUMO and HOMO — LUMO+2
electronic excitation, which can be assigned as w — w* char-
acter on the entire skeleton. The electronic excitation of the
most intense absorption band for compound 2 mainly results
from HOMO—-3 — LUMO and HOMO—-2 — LUMO transitions
with the upper part or the bottom part between ring 3 and ring
10 to the entire molecule backbone charge transfer (CT),
respectively. For compound 3, the most intense absorption
band at 345.88 nm originates from HOMO — LUMO+6 excita-
tion and its electronic excitation feature is from the bottom part
to the upper part between ring 3 and ring 10 CT. The low-energy
absorption band is assigned to HOMO—1 — LUMO and HOMO

— LUMO excitation, with obvious CT from 9,9’-bicarbazole
units and rings 1, 2, 6, 7, 11 and 12 to rings 2-4, 9-11 and NO,
units. For HOMO—1 — LUMO excitation, there is a significant
charge spatial separation. For compound 4, the electronic
transition arises from HOMO—-3 — LUMO+2, HOMO—-2 —
LUMO+2, HOMO—-1 — LUMO+2, HOMO—-1 — LUMO+3 and
HOMO—-1 — LUMO+4 excitation, with obvious CT character
from left nanohoop to right nanohoop and @ — =* character
on the right nanohoop. Overall, the introduction of donor and
acceptor units has great influence on both electronic transition
character and absorption wavelength.

3.3 Second-order NLO properties

Chiral compounds are considered as a valuable alternative for
finding large second-order NLO materials due to their inherent
asymmetric structures. At the same time, the studied
compounds show distinct intramolecular charge transfer
character. These unique features may lead to the large first
hyperpolarizability (8ugrs). In recent years, DFT calculations
have become a widely accepted method for predicting the new
NLO materials.®*** However, the fugrs is very sensitive to the
selected functionals. Three popular DFT functionals (ie.,
B3LYP,** CAM-B3LYP,”>** M06-2X**) are selected to test the
reliability of our calculation results. The calculated Gygs values
of compound 1-4 are given Table 2. Among the selected func-
tionals, the Bugrs value calculated by the B3LYP functional is the
largest one, whereas the Syrs values calculated by the other two
functionals are relatively close. Previous studies also have
shown that the B3LYP functional overestimates Sygrs ®®®” and

UV-Vis CD
4 I
—— Simulation —— Simulation
Experiment Experiment
4
2
AN
1 3
1
3
5
300 400 500 220 320 420 520

Wavelength/nm

Wavelength/nm

Fig. 3 Calculated UV-Vis (left) and CD (right) spectra of compounds 1 at the TD-PBEO/6-31G(d) level of theory along with experimental spectra

(red line).
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Fig. 4 Molecular orbital isosurfaces involved in the main electron transitions of compounds 1-4 at the PBEQ/6-31G(d) level of theory.

Table 2 The calculated Byrs values (x10739 esu) of the compounds
1-4 by using three DFT functional associated with the 6-31+G(d) basis
set

Compound B3LYP CAM-B3LYP Mo06-2X
1 1.03 1.13 1.14
2 2.43 1.64 1.68
3 13.95 6.75 6.82
4 110.15 34.99 38.29

the CAM-B3LYP functional combined with 6-31+G(d) basis set is
a reliable method to calculate Gyrs.®*®® Thus, the Bugrs values
obtained by CAM-B3LYP/6-31+G(d) level functional were used
for further analysis.

The Burs values of the studied compounds range from 1.13
to 34.99 x 107%° esu, indicating that subtle structural changes
can obviously enhance the second-order NLO response.
Compared with compound 1, the fygs value of compound 2 is

13988 | RSC Adv, 2020, 10, 13984-13990

slightly larger than that of compound 1, which shows that the
introduction of NH, unit at R;-R, positions has little effect on
the Burs value. In contrast, the fyugrs value of compound 3 is
about 4 times as large as compound 2. It demonstrates that the
introduction of the NO, unit is an effective method to increase
the Gurs value. Surprisingly, the Bugrs value of compound 4 is
the largest of all studied compounds, which is accordance with
results of the energy gaps. This magnifies that the introduction
of NH, unit at R; and R, positions and NO, unit at R; and R,
positions can effectively enhance the NLO response. The (urs
value of compound 4 is 34.99 x 10*° esu, which is about 207
times as large as the average second-order polarizability of the
organic molecule urea.'* Therefore, the studied compounds are
expected to be potential large second-order NLO materials.

To explain their NLO origin, the corresponding electron
density difference maps (EDDM) of compounds 1 and 4 were
given in Fig. 5. It can be seen that the NLO origin of compound 1
mainly derives from the localized CT on 9,9’-bicarbazole units

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Electron density difference maps of compounds 1 and 4. Blue
and purple colours indicate depletion and accumulation of electron
density, respectively.

and rings 1, 6, 7 and 12. Obviously, the intramolecular CT is
mainly responsible for the NLO origin of the compounds 4
which is transferred from the left nanoloop to the right benzene
rings 10-12 and NO, unit. Therefore, the large NLO response
originates from the large charge transfer character.

4. Conclusions

In this paper, we employed the DFT/TDDFT theory to investigate
the geometrical/electronic structure, electronic absorption, and
the second-order NLO properties of four chiral
cycloparaphenylene-based molecular lemniscate compounds.
The simulated UV-Vis/CD spectra of compound 1 are consistent
with the experimental results, which allow us to fully assign the
electronic transition properties and absolute configuration. The
introduction of the donor or acceptor units or their combina-
tions can effectively reduce energy gaps, make absorption
wavelength blue-shift and enhance second-order NLO response.
Especially, compound 4 has the largest first hyperpolarizability
value among the studied four compounds, indicating that the
introduction of their combination is a feasible method to obtain
the largest first hyperpolarizability. The charge transfer from
the left nanoloop to the right benzene rings 10-12 and NO, unit
is mainly responsible for the NLO origin. Considering their
large second-order NLO value and intrinsic asymmetric elec-
tronic structure, the studied compounds may become the
potential candidates for excellent second-order NLO materials.
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