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Photophysical properties of quinoxaline-fused [7]carbohelicene
derivatives

Chunyu Liu, Yanling Si,® Xiumei Pan®* and Guochun Yang®*

Helicene and its derivatives have received much attention as the candidates of organic photoelectronic material. Recently,
novel quinoxaline-fused [7]carbohelicene derivatives exhibit unique structural and photophysical properties, especially in
the crystal states. However, their structure-property relationships have not been fully understood from the
micromechanism, which is also important to further improve their performance. Here, the electronic transition, electronic
circular dichroism (CD), second-order nonlinear optical (NLO) response and charge transport properties of five
quinoxaline-fused [7]carbohelicene derivatives have been investigated based on density functional theory calculations.
The experimental UV-Vis/CD spectra of the studied compounds were well reproduced by our calculations. Thus, we can
assign their electron transition properties and absolution configurations (ACs) with high confidence. It is found that CD
bands of quinoxaline-fused [7]carbohelicene derivatives mainly originate from exciton coupling between quinoxaline,
phenyl or 4-methoxyphenyl and [7]carbohelicene, which is in sharp contrast to [7]carbohelicene. More interestingly, these
derivatives possess large first hyperpolarizability values. For example, the Bygs value of compound 6 is 32.96 x 107 esu,
which is about 190 times larger than that of the organic urea molecule. The bandwidth of valence band of compound 2 is
comparable to that of conduction band and slightly larger than that of tris(8-hydroxyquinolinato)aluminium. This means

that compound 2 is the potential candidate as ambipolar charge transport material.

Introduction

Chirality is not only vital to our life but also plays an important role
in material science.”” Thus, much affords have been made
towards controlling and understanding chirality in chemical
synthesis and material design. Helicenes are polycyclic aromatic
compounds with screw-shaped skeletons formed by ortho-fused
benzene or other aromatic rings.e'9 Steric hindrance interaction
between terminal aromatic rings endows helicenes with helical
chirality. As a consequence, helicenes exhibit high optical rotation
and circular dichroism values in the visible region.lo'17 More
interesting, the dissymmetric backbone makes helicenes and their
derivatives applications in many fields (e.g. asymmetric
1821 2 . .
catalysis, liquid crystal molecules, enantioselective
fluorescent sensors,23 rotors,24 nonlinear optics,zs'27
ope 28-31 . . 32-36
recognition and organic electronics™ ).

molecular

Among the carbohelicene family, [7]carbohelicene is the most
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interesting member due to its high optical stability (racemization
barrier is 40.5 kcal/mol),37’ 38 easy decoration and functionization,
and distinguishable photophysical properties.37’ 3940 oy example,
[7]carbohelicene can function as a “molecular tweezer”"™ of
some metallic cations. Fascinating chiroptical properties has been
observed by introducing silver(l) ion moieties into
[7](:arbohe|i(:ene.37 Facchetti et al. reported that tetrathia-[7]-
helicene derivatives act as p-type semiconductors with high carrier
mobility in organic thin-film transistors.** * 2,12-dihexyl-2,12-
diaza[7]helicene can serve as a deep-blue dopant emitter in an
organic light-emitting diode.® Moreover, [7]carbohelicene can be
easily functionalized by varying the substituents. Specifically, the
photophysical properties of tetrathia-[7]-helicene can greatly
modulated by decorating the two terminal thiophene rings.‘w’48
Specifically, novel organometallic Ru(ll) and Fe(ll) complexes with
tetrathia-[7]-helicene have been synthesized. Studies show that
tetrathia-[7]-helicene and their Ru(ll) and Fe(ll) complexes are
good candidates for second-order NLO materials.”

Quinoxaline (i.e., benzopyrazine) can be easily synthesized from
diketones and diamines.”® Quinoxaline has the strong electron-
withdrawing ability, which originates from the two unsaturated
nitrogen atoms in the pyrazine ring. Due to the highly polarized
nature of the imine units, quinoxalines are extensively used as
light-emitting and electron-transporting materials.”> Moreover,
incorporation of quinoxaline unit might be in favour of forming
CH-N interactions and influence the crystal packing.52 As a
consequence, the quinoxaline units are expected to enhance the
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luminous efficiency and to control the packing structures in the
crystal. Recently, Sakai et al. synthesized a series of quinoxaline-
fused [7]carbohelicenes (Fig. 1). It is found that involving
quinoxaline into [7]carbohelicene greatly enhances the
fluorescence quantum vyields. Specifically,
guantum vyield of compound 2 is about four times larger than that
of compound 1. Notably, quinoxaline-fused [7]carbohelicene
derivatives can form unique crystal packing. For example,
compound 2 forms racemic crystal packing through intermolecular
interactions (-7, CH:-*N and CH---m). One-dimensional helical
columns were firstly observed, which contains the racemic
compound 4. This helical columnar structure contains both m—m
stacking and CH---N interaction, which is in sharp contrast to the
packing motif of the corresponding enantiomer. Moreover, the
excimer-like delocalized excited state was clearly observed by
time-resolved fluorescence measurements.”*

the fluorescence

It is well known that macroscopic properties strongly correlate
with the microcosmic electron structures, especially for the
electron transition properties upon exaction. As far as we known,
only frontier molecular orbital levels of quinoxaline-fused
[7]carbohelicene derivatives were studied at B3LYP/6-31G* level
of theory.51 By all appearance, there is necessary to systemically
investigate their photophysical properties and establish the
structure-property relationship at the quantum chemistry level of
theory. The main aim of the current investigation was (i) to
evaluate the reliability of TDDFT in simulating the UV-Vis/CD
spectra of the studied compounds, (ii) to assign their absolute
configurations (ACs), (iii) to describe their electronic transition
properties and chiroptical origions, (iv) to investigate their NLO
and charge transport properties and find their potential
application in the materials science field.

2. Computational details

Geometrical optimization of the studied compounds was carried
out using the B3LYP*® functional as implemented in the Gaussian
09 computational program suite.” During the process of
optimization, there are no symmetry or internal coordination
constraints. The B3LYP functional is a combination of Becke’s
three-parameter hybrid exchange functional®® > and the
Lee—Yang—Parr56 correlation functional. Basis sets of 6-31G(d,p) for
C, O, N, and H atoms were applied. The harmonic vibration
calculation was used to confirm their minimum.

To investigate linear and chiroptical properties, the electron
excitation energies, oscillator strengths, and rotational strengths
for the studied compounds were calculated at the TDB3LYP/6-
31+G(d) level of theory. Both length and velocity representations
were used to obtain rotational strengths. It is noted that the
velocity-gauge representation of the dipole operator is gauge
origin independent. Gaussian bandshapes57 with a bandwidth of
0.12 eV were used to compare the calculated UV-Vis/CD spectra
with experimental ones. The effect of different basis sets and DFT
functionals on UV-Vis/CD spectra was also tested. To test the
effect of solvent on the CD spectra, the LR-PCM model®™ *° was
utilized as implemented in Gaussian 09. The
tetrahydrofuran (THF) was treated as a continuous dielectric
environment with a dielectric constant of 7.4257.

solvent

2| J. Name., 2012, 00, 1-3

The first hyperpolarizability was calculated as performed in the
Gaussian 09 program package. It is noted that hyper-Rayleigh
scattering (HRS) was used to determine the second-order
nonlinear optical response (NLO) properties. In the case of plane-
polarized incident light and observation made perpendicular to
the propagation plane without polarization analysis of the
scattered beam, the second-order NLO response that can be
extracted from HRS data can be described as:*%

Bus(0:0,0) = \{(B2) + (B} (1)

B and B correspond to the orientational average of the B
tensor without assuming Kleinman’s conditions.®? Here, we
only concerned the static first hyperpolarizability. So, the
frequency value in Eq (1) was set to zero.

To investigate the electronic properties in bulk, electronic band
structure calculation was performed by a DFT method as
implemented in the Vienna Ab-initio Simulation Package (VASP)63‘
 with Perdew—Burke—Emzerhof (PBE) for the exchange
correlation functionals and a plane-wave basis set with an energy
cut-off of 400 eV. The Monkhorst—-Pack scheme was used to
sample the Brillouin zone with grid spacing of 2t x 0.04 A
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Fig. 1 Chemical structures of the studied compounds 1-6.

3. Results and discussion

3.1. Molecular structures

In this paper, five quinoxaline-fused [7]carbohelicene derivatives
were investigated (Fig. 1). To test the influence of quinoxaline on
the electronic property, [7]carbohelicene was also included.
Compounds 2-4 have been synthesized and characterized by X-ray
crystallography.51 Compounds 5 and 6 were designed to
investigate the charge transfer cooperativity and find the effective
way to enhance their NLO response. The geometric structures of
studied compounds were fully optimized without any symmetry
constraint at the B3LYP/6-31G(d,p) level of theory. The absence of
the imaginary frequencies confirms that our optimized structures
are minima. It is noted that the optimized geometries of studied
compounds have C; symmetry. Here, compound 4 taken as an
example to test our adopted method, its main structural
parameters were well reproduced by our calculation (Table S1).

This journal is © The Royal Society of Chemistry 20xx
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Thus, the adopted basis set and functional are suitable to describe
molecular structures for the studied compounds.

3.2. The selection of the basis sets and functionals for the studied
compounds

Time-dependent density functional theory (TDDFT) method has
extensively been employed to investigate the electronic transition
propertiesss'70 and chiroptical propertiesn'80 of
In general, electronic transition properties are
818 and DFT functionals,®® especially for
CD calculation. For our studied compounds, Sakai et al. only
calculated their frontier molecular orbital level at B3LYP/6-31G*
level.>* Their electronic transition properties have not been
systematically studied thus far. As a consequence, five Pople's
basis sets: 6-31G(d), 6-31+G(d), 6-31++G(d,p), 6-311++G(d,p), and
6-311++G(2d,2p) were selected to assess the influence of the
basis set extension on the absorption wavelengths by using B3LYP
functional, which is the most popular functional for organic
compounds. For the compound 2, an intense absorption band at
276 nm and three moderately intense absorption bands at 332,
366 and 427 nm were observed.”! The computed absorption
wavelengths at the different basis sets level are listed in Table S2.
It is noted that the four observed bands are well reproduced by
our calculations. Moreover, the difference of absorption
wavelength between the largest basis set and the smallest basis
set is within 8 nm, which means the effect of basis set size on the
calculated absorption wavelengths is negligible. Previous study
shows that diffuse functions play a vital role in obtaining the
accurate absorption wavelength and describing the electronic
transition property.94 Thus, 6-31+G(d) basis set was used in the
following calculation. Subsequently, five DFT functionals:
B3PWI1,?" M06-2X,%% *° BH&HLYP,""> '™ PBEO,"> '®* and
B?:LYP,53 were selected to evaluate the influence of these DFT
functionals on the absorption wavelengths. The simulated UV-Vis
and CD spectra using these functionals along the experimental
ones were given in Fig. S1. The results show that the computed
absorption wavelengths strongly depend on the used functionals.
Specifically, the M06-2X and BH&HLYP functionals could not
reproduce the experimental absorption band at about 427 nm.
The same trend was also observed in simulated CD spectra. This
observation might result from the larger energy gaps of the M06-
2X and BH&HLYP functionals (Table S3). However, both band
positions and shapes of the B3LYP, B3PW91 and PBEO functionals
are similar, which might be due to their similar HF exchange
fraction. It is well known that conventional TDDFT methods
usually underestimate the charge-transfer excitations due to the
semi-local exchange-correlation effects. Studies have shown that
the range-separated functional (e.g. LC-BLYP and LC-PBE) can give
correct localization, HOMO-LUMO gaps, and ionization/electron
affinity energies. For example, the range-separated functionals
have successfully described the optoelectronic and excitonic
properties of oligoacenes.m‘ 195 Thus, we also selected the LC-
BLYP functional to calculate the electronic excitation property for
compound 2. The experimental spectra of compound 2 are not
well reproduced by the LC-BLYP functional (Fig. S1). Overall, the
results computed with the B3LYP functional are much closer to

diverse
compounds.
sensitive to basis sets

This journal is © The Royal Society of Chemistry 20xx

experimental ones. Thus, the B3LYP functional combined with 6-
31+G(d) basis set were employed in the following calculations.

3.3. UV-Vis and CD spectra

In general, the more experimental bands are involved in the
theoretical calculation, the more reliable is for the assignment of
the AC.2%° Thus, the 60 lowest energies for the studied compounds
were calculated at the TDB3LYP/6-31+G(d) level, which cover the
range of experimental measurement (Table S4). The calculated
absorption wavelengths, oscillator strengths, and major
contributions of the studied compounds, as compared to
experimental values, were summarized in Table 1 and Table S5.
The simulated UV-Vis/CD spectra were shown in Fig. 2 along with
the experimental spectra. Notably, the simulated UV-Vis/CD
spectra are in reasonably good agreement with the experimental
ones, not only for the relative peak intensities but also the band
positions. Moreover, the values of the rotational strengths
calculated using the length and velocity gauge representation of
the electric dipole operator are close to each other. (Table S4,
Supporting Information). Thus, our adopted method can reliably
describe the electron transition property and assign the ACs of the
quinoxaline-fused  [7]carbohelicene  derivatives with  high
confidence. The CD spectra might be sensitive to the solvent.””’
The geometries of the studied compounds are re-optimized to test
the influence of THF solvent under the PCM model. Then, their
solution UV-Vis/CD spectra were also re-calculated based on PCM
structures (Fig. S2). It is found that the shape of solution UV-
Vis/CD spectra are nearly same as the gas phase ones except the
slightly hypsochromic shift. This indicates that the influence of the
solvent is negligible for the studied compounds.

Table 1. Computed absorption wavelengths (A in nm) as
compared to experimental data (in parentheses), oscillator
strengths (f), and major contribution for the compound 2 at
B3LYP/6-31+G(d) level of theory.

Band A f

Major contribution

Band1 282.49(276) 0.782 HOMO-4->LUMO+2 (42%)
HOMO-LUMO+4 (14%)
Band2 316.45(332) 0.220 HOMO-6->LUMO (77%)
HOMO-4->LUMO+2 (9%)
Band3 346.13(366) 0.207 HOMO->LUMO+2 (37%)
HOMO-1->LUMO+1 (22%)
Band4 424.85(427) 0.190 HOMO-1->LUMO (85%)

HOMO->LUMO+2 (12%)

The molecular orbitals (MO) involved in the main electronic
transitions for the studied compounds 1-4 are shown in Fig. 3 and
Fig. S3, respectively. Compound 1 ([7]carbohelicene) exhibits an
intense absorption band at 274 nm and two relatively weak
absorption band at 312 and 374 nm. Its main electron transition
characteristics can be described as n-n*, as characterized by these
orbitals are m symmetry features. However, compound 2 exhibits
four main absorption bands (282, 316, 346, and 425 nm). Notably,
the main absorption bands of compound 2 are red-shifted
compared with those of compound 1, which are also agreement
with the experimental observations.” Quinoxaline is an electron-
acceptor group.51 In general, the electron-acceptor group mainly

J. Name., 2013, 00, 1-3 | 3
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modulates the LUMO energy level. As a consequence, LUMO property. Compounds 3 and 4 also exhibit four absorption bands,
energy of compound 2 is much lower than that of compound 1 which is similar to those of compound 2. In other words, the
(Table S6), which leads to the smaller energy gap (Eg) for substituent effect of phenyl or 4-methoxyphenyl group on the UV-
compound 2. Moreover, the main electron transitions characters Vis spectra of compound 2 is not great. It is noted that some of the
are of charge transfer from quinoxaline to [7]carbohelicene and molecular orbitals involved in these transitions partially located on
vice versa (Fig. 3). On the basis of above analysis, it is found that the phenyl or 4-methoxyphenyl group.

involvement of quinoxaline unit not only modulates the electron
absorption wavelength but also alter the electron transition

UV-Vis
1 1
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Fig. 2 Calculated UV-Vis (left) and CD (right) spectra in gas phase of 1, 2, 3 and 4 at the TDB3LYP/6-31+G(d) level of theory along with the

experimental spectra (red dashed line). Data to prepare the experimental spectra was taken from ref. 51.
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Although the CD  spectra of  quinoxaline-fused
[7]carbohelicene deriveeatives (compounds 2-4) are similar to
those of [7]carbohelicene (compound 1), there is a slight
difference between them. Specifically, compound 1 exhibits a
negative Cotton band around 300 nm (labeled as band 2), while
this band becomes positive in compounds 2-4. These indicate
that CD spectra are sensitive to molecular structures. It should
be noted that the calculated relative peak intensities around 300
nm (labeled as band 2) of compounds 1-3 are slightly different
from the experimental ones. To further understand the chiral
origins of the studied compounds, their corresponding
molecular orbitals are shown in Fig. S4. The analysis shows there
is common character of chiral origins for quinoxaline-fused
[7]carbohelicene derivatives (compounds 2-4), which can be
attributed to the exciton coupling between quinoxaline, phenyl
or 4-methoxyphenyl and [7]carbohelicene, which is completely
different from those of [7]carbohelicene (Fig. S4).

LUMO+4 =
¢ TR
8% | -
HOMO
D, 1,
IMHEIIOMOJt

LUMO*’Z——‘@ LUlY[O‘fZ—_“ g

. g h 5 P ¥ Y y X

RN ; ) ’,w"if }
’ 2, 2 N ,v)ié“ 2

HOMO HOMO

1)

LUMO+H

—HOMO-1

424.85 nm

y ———— —HOMO-1
346.13 nm

m

Fig. 3 Molecular orbital isosurfaces involved in the main electron
transitions of compound 2 at the TDB3LYP/6-31+G(d) level of
theory.

3.4. Second-order nonlinear optical response (NLO) property

Chiral compounds have been viewed as a valuable alternative in
the search for new second-order NLO material due to their
intrinsic non-centrosymmetric structures,108
NLO effects to be observed even in highly symmetric media.
199 Based above electronic transition analysis, quinoxaline-fused
[7]carbohelicene  derivatives  (compounds 2-4) exhibit
intramolecular charge transfer. Thus, the larger intramolecular
charge transfer will come into being under the external electron

which allows its
108,

This journal is © The Royal Society of Chemistry 20xx
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field and a large NLO response could be observed. Strong
electron donor (NH,) or electron acceptor (NO,) groups were
also introduced to probe the charger transfer cooperativity and
find the effective way to enhance NLO response. Recently, DFT
calculations have emerged as a powerful tool for investigation
and prediction of the compounds with large NLO response.m'115
Thus, the first hyperpolarizability (Bugzs) values of the studied
compounds were calculated at CAM-B3LYP/6-31+G(d) level and
were given in Table 2. The calculated Bzs values of these
studied compounds are larger than those of the typical organic
NLO compounds. For example, the calculated Bugs value of
compound 6 is about 8 times larger than that of the highly m-

116, 117
and

66, 118

delocalized phenyliminomethyl ferrocene complex
190 times larger than that of the organic urea molecule.
Thus, the studied compounds could become excellent second-
order NLO materials. The Bygs values for compounds 3-5 increase
as follows: 3<4<5, which is agreement with the trend of electron
donor ability (H < OCH3 < NH,). However, Compound 6 has the
largest Bygs value among these compounds. Thus, NO, as the
terminal substitution is an effective way to enhance the NLO
response. Eelectron transition analysis shows that the charge
transfer from [7]carbohelicene to nitrobenzene moieties plays
the key role in determining its NLO response. (Fig S3). The
quinoxaline group in compound 6 acts as a bridge of charge
transfer. It is noted that compound 6 has the smallest the band
gaps (Table S6).

Table 2. The calculated first hyperpolarizability (Bygs) values (10°
0 esu) of the studied compounds 3-6 at CAM-B3LYP/6-31+G(d)
level of theory.

Compound  Burs

3 4.43

4 10.87
5 20.09
6 32.96

3.5 Charge transport property

Recently, helicene derivatives have exhibited good and unique
charge transport ability,45‘ 19 \which is very important for
improving the performance of organic thin-film transistors and
organic light emitting diodes. For example, unprecedented
carrier inversion has been observation for
azaboradibenzo[6]helicene. Its racemate acts as hole transport
material, while the single enantiomer as electron transport
material."*° Compound contains quinoxaline group exhibits
excellent electron transport ability,120 Interesting, quinoxaline-

fused [7]carbohelicene derivatives possess unique crystal

J. Name., 2013, 00, 1-3 | 5
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packing, as discussed in the introduction. Inspired by those, we
investigate their charge transport properties by using the band
model.”™ ' From the view point of band model, the larger
bandwidth is, the larger carrier mobility is."2 It is noted that the
spatial distribution of the corresponding wavefunctions is also a
factor that influences the charge transport property. Here, we
mainly concerned it from the band model. The calculated band
structures of compounds 2 and 4 using Vienna ab-initio
simulation package along high-symmetry directions were shown
in Fig. 4 and Fig. S5. For compound 2, the bandwidth of valence
band (0.10 eV) is almost equal to that of conduction band (0.08
eV) and slightly larger than that of  tris(8-
hydroxyquinolinato)aluminium (AlQ). This finding can also be
supported by its frontier molecular orbital. That is, HOMO is
mainly localized on the [7]carbohelicene part, while LOMO sits
on the quinoxaline group (Fig. 3). This is a typical feature for
ambipolar charge transport material. 2% Thus, compounds 2
can act as an ambipolar charge transport material. Compound 4
forms enantiomer and racemate crystals, respectively. It is
found that racemte is favour of electron transport, while
enantiomer is favour of ambipolar charge transport. It should be
noted that the charge transport ability of compound 4 is much
lower than that of compound 1.

4. Conclusion

In this paper, the UV-Vis absorption spectra, CD spectra, charge
transport, and second-order NLO properties of a series of
quinoxaline-fused [7]carbohelicene derivatives were
systemically investigated by using density functional theory. The
calculated UV-Vis/CD spectra are in good agreement with the
experimental ones, which can be used to assign the electron
transition property and ACs with high confidence. Exciton
coupling between quinoxaline, phenyl or 4-methoxyphenyl and
[7]carbohelicene are mainly responsible for chiroptical origin of
the quinoxaline-fused [7]carbohelicene derivatives. The charge
transport abilities of the studied compounds are sensitive to not
only molecular structure but also crystal packing. Compound 2
can act as an ambipolar charge transport material. In view of the
first hyperpolarizability (Bugs) values and intrinsic non-
centrosymmetric electronic structure, the studied compounds
have the potential to be excellent second-order NLO materials.

20 F

Energy (eV)
P
T

0.5 |

0.0

6 | J. Name., 2012, 00, 1-3

Fig. 4 Calculated band structure of the crystal for compound 2.
The high symmetry points are Z = (0,0,0.5), A = (0.5,0.5,0.5), M =
(0.5,0.5,0), T = (0,0,0), Z = (0,0,0.5), R = (0,0.5,0.5), X= (0,0.5,0)
and r'=(0,0,0).
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