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Chiral Cylindrical Molecule with Absorption Dissymmetry

Factor towards Theoretical Limit of 2

Tengfei He, Menglu Lin, Hebin Wang, Yunxin Zhang, Hongbin Chen, Chun-Lin Sun,
Zhe Sun, Xiao-Ye Wang, Hao-Li Zhang, Yongsheng Chen,* and Guankui Long*

Chiral molecules play important roles in advanced materials and technologies
owing to their unique chiroptical properties. How to design and construct the
best chiral molecules with intrinsically strong chiroptical properties is still a
great challenge since there is an intrinsic contradiction between the large
absorption dissymmetry factor and oscillator strength. In this work, through a
systematic theoretical investigation, it is found that chiral cylindrical
molecules could overcome this problem through accumulating the electric
and magnetic transition dipole moment along the cylindrical axis direction
while canceling them in other directions. Among all the investigated
structures, (M)-[8]CC, 5 is found to exhibit the best chiroptical properties with
8.bs of 0.71 and oscillator strength of 0.032. To the best of our knowledge, this
is the best chiral molecule with both large dissymmetry factor and oscillator
strength. Further increasing the repeating units, the g, . can even reach the
theoretical limit of 2 for (M)-[28]CC, g, together with a large oscillator strength
of 0.134. The result offers the exciting opportunities for designing and
synthesizing chiral materials with truly large intrinsically chiroptical properties
toward real applications in chiroptoelectronic and chiro-spintronic devices.

chiroptoelectronic and  chirospintronic
materials such as helicenes and their
derivatives,[!! chiral nanoparticles,?! chiral
nanoclusters,?! chiral carbon nanotube
fragments,[¥l etc. have been reported.
While it is still in the quite early infant
stage, these chiral materials play important
roles in advanced technologies such as
circularly polarized photodetector,®] 3D
display!®! and chiro-spintronic devices!’!
since they can demonstrate unique chirop-
tical properties,[®! like circular dichroism,!
circularly polarized photoluminescence,'!
chiral-induced spin selectivity!!!l and
topological quantum properties,'?! etc.
Among all these unique chiroptical prop-
erties, circular dichroism (CD) originates
from the difference in absorptivity of left-
and right-handed circularly polarized light,
which is the most basic property of chiral
materials and widely used to evaluate the ca-

1. Introduction

Chirality is a universal and fundamental feature of nature,
which is closely related to life phenomena and exists in all
aspects of nature and our lives. On the other hand, various

pability of chiral materials to construct the

circularly polarized photodetectors (CPPD)
and other chiroptoelectronic and chirospintronic devices. To-
ward the real application of chiral materials in CPPD, it is
highly needed to develop chiral materials with intrinsically
strong chiroptical properties: large rotatory strength and absorp-
tion dissymmetry factor as well as strong absorption strength
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(oscillator strength). However, up to date, there is still no reli-
able strategy or design principle available for developing chiral
materials with intrinsically strong chiroptical properties. Most of
the reported chiral molecules, including single and multiple he-
licenes, exhibit a small absorption dissymmetry factor (typically
in a range of 10~* to 1072).13] Together with the synthetic chal-
lenge of these materials, therefore, it is highly important to em-
ploy theoretical calculations to establish the structure—property
relationship of chiral molecules, and in advance screen the best
possible chiral molecules with intrinsically strong chiroptical
property prior to synthesis, which could significantly accelerate
the discovery of chiral molecules with strong optical chirality and
also save the power and time-cost during material synthesis.!']
Time-dependent density functional theory (TDDFT) calculations
provide a reliable description and prediction of circular dichro-
ism in many realistic chemical systems, which could satisfy both
moderate accuracy and computational efficiency.[**] In this work,
we are aiming to screen the best chiral molecules with intrin-
sically strong chiroptical properties and establish the structure—
performance relationship between the molecular structure and
chiroptical property of these molecules based on TDDFT calcula-
tions, and hopefully provide some intrinsically strong chiroptical
molecules in theory.

Essentially, circular dichroism (Ae) is theoretically calculated
based on Equation 1,11

n

1
2297 %107 x V2xo 5
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Ae (B) = ERel ™

1)

where E; and R, are the energy and rotatory strength of the ith
transition and o is the line width of the absorption band. For a
single molecule with random orientations, R, is calculated by the
imaginary part of the scalar product between the relevant elec-
tric (#.) and magnetic transition dipole moments (#,,) based on
Equation 2,[']

R = Im(p- Hy) = |pe| || cosO (2)

where 0 is the angle between these two vectors. This equation is
also known as the Rosenfeld equation,!'®! which indicates that a
strong chiroptical response can be achieved by maximizing both
the electric and magnetic transition dipole moments and simulta-
neously keeping their mutual angle far away from 90°.('*] Mean-
while, the absorptivity (¢) is determined by Equation 3,

2174 10° < . 2772 EE)
£ = 2 fe (5] (3)
i
where f; is the oscillator strength of the ith transition. The degree
of chirality is further quantified by the absorption dissymmetry
factor (g,;,). For a given transition i, the g, . is deducted according
to its definition from Equations 1 and 2,

lAel  E-IR|
|gabs| _T 53 f; (4)

As shown in Equation 4, the absolute value of dissymmetry fac-
tor |g,,s| is proportional to the excitation energy required for the
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Figure 1. Color map of the relationship between oscillator strength (f)), ex-
citation energy (E;), rotatory strength (R;) and the absorption dissymmetry
factor (g,p) of chiral molecules.
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ith transition (E;) and the corresponding R;, and inversely pro-
portional to f,. The relationship between E;-R; and f, and the re-
spected |g, ;.| is mathematically solved and shown in Figure 1, the
larger |g,,| falls into the region of smaller f; and larger product
of E;-R;, while the smaller |g,, | falls into the region of larger f
and smaller product of E;-R,. Therefore, when the excitation en-
ergy of incident light is fixed, larger |g,, .| can be obtained through
increasing R; while decreasing f. However, this is paradoxical
since both R; and f; possess a positive correlation to the electric
transition dipole (u.); decreasing u, could reduce both R, and f,.
Most importantly, if the f; of the respected optical transition is
too small (f; < 0.01, forbidden transition), this transition will be-
yond the detection limit of CD spectroscopy. Even |g,,.| is theo-
retically becoming larger in this case, which is useless towards
real application in chiroptoelectronic and chiro-spintronic de-
vices. For example, the predicted g, of the proposed (R,R,R,R)-
[8]cycloparaphenylene could reach 1.067, but the respected opti-
cal transition is forbidden (f is only 0.0009)." Therefore, future
work should focus on increasing both f; and R, at the same time
towards larger |g,,.|.

Among all the reported chiral molecules, chiral cylindrical
molecules are proven to exhibit the best chiroptical responses
(as shown in Figure 2), which is very promising toward real ap-
plication in chiroptoelectronic and chiro-spintronic devices.?]
In 2011, Itami et al.l?!l reported the synthesis of chiral car-
bon nanoring by inserting the acene units (2,6-naphthylene, 2,6-
anthrylene and 2,8-tetracenylene) into [n]Cycloparaphenylenes
(In]CPP). However, unfortunately, the enantiomers were not sep-
arated. In the same year, Isobe et al.l*?) reported the synthesis
of [4]cyclo-2,8-chrysenylene ([4]CC, s), which is the first demon-
stration of the bottom-up cyclophenacene congeners with com-
plete isolation and identification of the enantiomers. An impres-
sively large absorption dissymmetry factor of —0.167 and +0.166
was observed for (P)- and (M)-(12,8)-[4]CC, respectively.?’] This
indicates that chiral cylindrical molecules are very promis-
ing towards the strong chiroptical property.[?®] Since then,
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Figure 2. The representative structures of carbon nanotube fragments. Before 2011, the research on chiral nanotube fragment mainly focuses on the
achiral counterparts.!?%] In 2011, Itami et al. reported the synthesis of [13]CPPN based chiral carbon nanorings.[?!] Later in the same year, Isobe et al.
demonstrated the first bottom-up cyclophenacene congeners ([4]cyclo-2,8-chrysenylene, [4]CC, ) with the complete isolation and identification of the
enantiomers, and investigated their chiroptical properties.[??] Since then, various chiral cylindrical molecules were reported by Isobe et al.,[?}] Miao

et al.,[2# and Du et al.[?’]

various chiral cylindrical molecules have been synthesized
and investigated by different groups worldwide (as shown in
Figure 2), but their absorption dissymmetry factor does not ex-
ceed that of (P)- and (M)-(12,8)-[4]CC. Therefore, it is highly
needed to systematically investigate the structure—chiroptical
property relationship of chiral cylindrical molecules and screen
out the best chiral molecules with larger absorption dissymmetry
factor. However, no such work is performed up to date. In this
work, we have systematically investigated the chiroptical prop-
erties of a wide range of chiral cylindrical molecules with var-
ious segments ([n]cyclo-2,8-chrysenylene ([n]CC, ), [n]cyclo-3,9-
chrysenylene ([n]CC, ), [n]cyclo-2,8-naphthacenylene ([n]CN,),
and [n]cyclo-3,9-tetrapheneylene ([n]CT;,), their structures are
shown in Figure 3a) via theoretical calculation. It is found that
diverse structures with different arrangements, distinct connec-
tion positions, and repeating numbers all have a significant in-
fluence on the chiroptical properties of the respective cylindrical
molecules. Among all the investigated structures, (M)-[8]CC,
is predicted to exhibit the best chiroptical properties with rota-
tory strength exceeding 5.26 X 1073 erg esu cm G71, g, up to
0.71 and oscillator strength of 0.032. To the best of our knowl-
edge, this is the best chiral molecule with both large dissym-
metry factor and oscillator strength. More importantly, further
increasing the repeating units of (M)-[8]CC,, the g, can even
reach the theoretical limit of 2 for (M)-[28]CC, 5. Finally, a bal-
ance between the absorption dissymmetry factor and oscillator
strength is thoughtfully discussed. These results provide some
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targeted molecules with great potential toward chiroptoelectronic
and chiro-spintronic applications.

2. Results and Discussion

2.1. The Chemical Structures and Chiroptical Properties

The chiral molecules with unique 3D cylindrical structures (the
molecular segments and their enantiomers) investigated in this
work are shown in Figure 3. The building block of (M)-[n]CC,,
(1)-[nICCs, (M)-[n]CN, 4, and (P)-[n]CT}; 4 is 2,8-chrysene-diyl, 3,9-
chrysene-diyl, 2,8-naphthacenylene and 3,9-tetraphene-diyl, re-
spectively (as shown in Figure S1, Supporting Information). Ar-
ranging different numbers of these building blocks in an annu-
lus, a series of chiral cylindrical molecules with repeat units (n)
from 4 to 8 are constructed (Figure 3b). The geometry structures
of these chiral cylindrical molecules are optimized by density
functional theory (DFT)[?%) at the RB3LYP/6-31 g (d, p) level 3%
and the harmonic vibrational frequency analysis is performed
to ensure that the fully optimized stationary point is found.
Then the unique chiroptical properties of these chiral cylindri-
cal molecules are calculated by TDDFT based on the optimized
geometry with the same functional and basis set. Considering
the chiroptical properties of the enantiomers are just opposite
(as shown in Figure S2, Supporting Information), we only cal-
culate the chiroptical properties of one enantiomer, (M)-[n]CC,q,
(-)-[nICCs,, (M)-[n]CN,5 and (P)-[n]CT;, in this work. The
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Figure 3. Chiral cylindrical molecules. a) Chemical structures of (M)-
[MCCyg, ()-[NCC5 9, (M)-[n]CN, g, (P)-[n]CT5 g investigated in this work.
b) An example of (M)-[4]CC; g based on unit vectors ay and a, and chi-
ral vector C, = na;+ma, of carbon nanotube. c) The calculated rotatory
strength and |g,,| for the Sy—S; transition of (M)-[n]CC, g (n = 4-8).

optimized geometries and the predicted absorption and CD spec-
tra of these chiral molecules are shown in Figures S3-S7 (Sup-
porting Information).

Here, we take (M)-[n]CC, ¢ family (n = 4-8) as an example to il-
lustrate the unique chiroptical properties of these chiral cylindri-
cal molecules, and then compare their chiroptical properties with
other chiral cylindrical molecules. As shown in Figure S7 (Sup-
porting Information), the (M)-[n]CC, ; families exhibit a strong
Cotton effect (CE) in the calculated CD spectra. For example, (M)-
[4]CC, 4 exhibits a characteristic positive-negative—positive tran-
sition from 320 to 480 nm, which is almost consistent with the ex-
perimental CD spectrum.?>?7 The calculated rotatory strength of
the Sy—S, transitions of (M)-[n]CC, 4 is also shown in Figure 3c,
which increases steadily with the repeating units from 4 to 8 and
reaches 5.26 x 107 erg esu cm G~! for (M)-[8]CC, 5. The calcu-
lated rotatory strength of (M)-[4]CC, 5 is 1.04 x 107* erg esu cm
G™!, which is well consistent with the experimental value of 1.01
x 107% erg esu cm G~ 13U confirming the reliability of our calcu-
lation results. As shown in Figure 3c, the |g,,| of the S;— S, tran-
sitions of these molecules also exhibit a similar growing trend
with the rotatory strength, and (M)-[8]CC, 4 exhibits an excep-
tionally large absorption dissymmetry factor of 0.71 at 419 nm.
To the best of our knowledge, this is the largest predicted value
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that has been reported for chiral organic molecules with oscillator
strength over 0.0109

2.2. Mechanism of the Large Absorption Dissymmetry Factor

The large g, of [8]CC, 4 encourages us to explore the detailed
cooperation mechanism between electric and magnetic transi-
tion dipole moment. Thus, we decompose the total electric (mag-
netic) transition dipole moment of [8]CC, , into the contribution
of each repeat unit (as shown in Figures S8 and S9, Supporting
Information). Interestingly, most of the contributions of g, are
along the Y-axis of the decomposed fragments (n = 3-7), how-
ever, when forming an intact ring as [8]CC, 5, those contributions
in the Y-axis direction cancel each other and only preserve a small
component in the Z-axis direction (Figure 4a). On the contrary,
the large contributions of g, are all along the Z-axis in all the
fragments (from 3 to 7) and intact ICC, 4, this accumulation ef-
fect leads to an enhancement of g, (Figure 4b). The trends of g,
and pu,, as repeat units increase are summarized in Figure 4c. Ac-
cording to the simplified Equation 7, it is obvious that the large
s Of BICC, 4 is attributed to the reduced g, but increased p,,
(Figure 4d) with increasing the repeat units from 1 to 8. This fur-
ther confirms the superiority of cylindrical structure to get strong
chiroptical properties. As shown in Figure S10a,b (Supporting In-
formation), both |u,| and |u,,| grow significantly with increasing
the repeat units of (M)-[n]CC, 5 (n = 4-8), and the increment of
|#,,,| is more evident. Most importantly, the directions of both the
p.and p in (M)-[n]CC, ¢ (n = 4-8) parallel to the cylindrical axis
(Figure S11, Supporting Information), permitting the maximum
|cos 8| contribution.

As expected, the rotatory strength and g, are sensitive to
the molecular fragments and connection positions. As shown in
Figure 5a—c, a similar growing trend is also observed for the rota-
tory strength, absorption dissymmetry factor, oscillator strength,
electric and magnetic transition dipole moment of the S,— S,
transition for (-)-[n]CC;,, (P)-[n]CT;, and (M)-[n]CN,¢ with in-
creasing the repeating units. For the same hoop size (n), (M)-
[n]CN, ¢ systems exhibit larger electric transition dipole moment
and oscillator strength than that of (-)-[n]CC; 4 and (P)-[n]CT;,,
while the (M)-[n]CC, ¢ system exhibits the smallest electric tran-
sition dipole moment and oscillator strength. However, the trend
for the magnetic transition dipole moments is reversed, (M)-
[8]CC, 4 exhibits the largest magnetic transition dipole moment
of 31.07 x 1072 erg G~!, while which is only 16.02 x 1072
erg G! for (M)-[8]CN,4. The electric and magnetic transition
dipole moment for the Sy—S§, transition of (P)-[n]CT;, and (-)-
[n]CC;, is paralleled (9 = 0°), while which is anti-paralleled for
(M)-[n]CC, ¢ and (M)-[n]CN, 5 (6 = 180°), respectively (as shown
in Figures S11-S14, Supporting Information). Therefore, the ro-
tatory strength and absorption dissymmetry factor of the S,— S,
transition of these molecules are only determined by the magni-
tude of electric and magnetic transition dipole moments (Equa-
tions 6 and 7). For the (M)-[n]CN,, families, the larger electric
transition dipole moment and smaller magnetic transition dipole
moment contribute to a larger rotatory strength comparable with
(-)-[n]CC;y and (P)-[n]CT;4 (as shown in Figures S15 and S16,
Supporting Information). Meanwhile, the smaller electric tran-
sition dipole moment and the larger magnetic transition dipole

© 2023 Wiley-VCH GmbH
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Figure 4. The contribution of the electric (magnetic) transition dipole moment of each repeat unit to the whole molecules. a) Electric transition dipole
moment vector contributions (a.u.) from repeat unit n = 4 and 8 (magenta) and total (red) for (M)-[8]CC, 5. b) Magnetic transition dipole moment vector
contributions (a.u.) from repeat unit n = 4 and & (cyan) and total (blue) for (M)-[8]CC, 5. c) The relationship between the number of repeat units (n) and
#e (in esucm) and p,,, (in erg G7') of (M)-[8]CC, 4 (n = 1-8). d) The relationship between the number of repeat units (n) and |g,p,| of (M)-[8]CCy g (n

=1-8).

moment of the S,—S, transition of (M)-[n]CC, could also con-
tribute a comparable rotatory strength, which further confirms
that both larger electric and magnetic transition dipole moments
are highly needed to increase the rotatory strength.

Furthermore, in order to investigate the limit of increasing
the repeating units of (M)-[n]CC, ; on the absorption dissymme-
try factor, the geometric structures of (M)-[9]CC, 5, (M)-[10]CC, ¢,
(M)-[15]CC, s and (M)-[20]CC, ¢ were also optimized, it is found
that magnetic transition dipole moment and absorption dissym-
metry factor of the Sy—S, transition of these molecules can
be further increased. For (M)-[20]CC, 5, the magnetic transition
dipole moment and absorption dissymmetry factor are increased
to 124.97 x 1072° erg G™' and 1.47, respectively. Then, the cor-
relation between the absorption dissymmetry factor, oscillator
strength, and repeating units (Figures 6a and S17, Supporting
Information) is fitted based on Equation 5.

e = 0.066n +0.173 (5)

(b)

9 2
3 2
: S,
%, Q
o [BICCsq %
) [71CC, e
2 [61CCs5 %
005 1Gansl [BICCyy 20
[41CCyg

Based on the fitted results, (M)-[28]CC, ; could achieve the the-
oretical limit of absorption dissymmetry factor (g, = 2) with os-
cillator strength of 0.134. Even it is very difficult to synthesize
these molecules and they have complicated conformations and
configurations, our work confirms that it is still possible to con-
struct the strongest chiral molecules with an absorption dissym-
metry factor approaching 2.

2.3. Correlation between Absorption Dissymmetry Factor,
Rotatory Strength, and Oscillator Strength

The relationship between the |g,.| and E-R;/f; of (M)-[n]CCyg,
(-)-[n]CCs,9, (M)-[n]CN, g, (P)-[n]CT;, is shown in Figure 6a, and
all points are fallen perfectly into a straight line, which further
confirms the reliability of the proportional relationship shown
in Equation 4. The relationship between E;-R; and f;, and the
respected |gy,| of (M)-[8]CC,, (-[81CC; o, (M)-[8ICN, 5 and (P)-
[8]CT, 4 is also shown in Figure 6b, the larger |g,,. | of (M)-[8]CC, ¢

(©)

6000
-~
4
§
]
&
S
o
[BICT3o [BICN s
[7ICT;5 [7ICN 4
[6]CT5q \ [6ICN, 5
[Gans! [5ICTsq [Gasl [SICN,s
[41CT5q [4]CN2 5

Figure 5. The calculated results of the rotatory strength, absorption dissymmetry factor, oscillator strength, electric and magnetic transition dipole
moment of the Sy—S; transition. a) (-)-[n]CC; 4. b) (P)-[n]CT3 9. c) (M)-[n]CNyg, n = 4-8. The contribution of the electric (magnetic) transition dipole

moment of each repeat unit.
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Figure 6. The structure—property relationship of the chiral cylindrical molecules investigated in this work. a) The correlation between absorption dissym-
metry factor (g,ps) and repeating units (n) of (M)-[n]CC, 5. b) The relationship between the |g,,q|, f; and the ratio of E;-R; /f; of the studied chiral cylindrical
molecules. (c) Color map of the relationship between oscillator strength, E;-R; and E;-R; /f; of (M)-[n]CCy g, (-)-[n]CC3 g, (M)-[n]CN, g and (P)-[n]CT; q.

falls into the region of modest f; and larger product of E;-R;, while
the smaller |g,.;| of (M)-[8]CN,, falls into the region of larger
f; and smaller product of E;-R,. Therefore, constructing the chi-
ral cylindrical molecules with a larger diameter (increase the re-
peat unit) is an effective strategy to increase the magnetic transi-
tion dipole moment, and meanwhile maintain a modest oscilla-
tor strength. Future work should focus on increasing both f; and
R, of chiral molecules at the same time, thus the larger |g,, | to-
wards real application.

3. Conclusion

In summary, the chiroptical properties of a series of unique chi-
ral cylindrical molecules with different repeating units were sys-

Adv. Theory Simul. 2024, 7, 2300573

2300573 (6 of 8)

tematically investigated in this work. It is found that the chi-
ral cylindrical molecules could overcome the intrinsic contradic-
tion between large absorption dissymmetry factor and oscillator
strength through accumulating the electric and magnetic tran-
sition dipole moment along the cylindrical axis direction while
canceling them in other directions. Therefore, strong chiropti-
cal properties can be obtained through rationally designing and
screening the best chiral cylindrical molecules. Among all the in-
vestigated structures, (M)-[8]CC,; is predicted to exhibit an ex-
tremely large (two order than the state of the art) record absorp-
tion dissymmetry factor of 0.71 together with a modest oscillator
strength of 0.032. To the best of our knowledge, this is the best
chiral molecule with both large absorption dissymmetry factor
and oscillator strength. Further increasing the repeating units of
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(M)-[8]CC, 4, the g, can even reach the theoretical limit of 2 for
(M)-[28]CC, 5, while its synthesis is more challenging than that of
(M)-[8]CC, 4. Future work should focus on designing and synthe-
sizing these cylindrical molecules with both large dissymmetry
factor and oscillator strength towards real applications in chirop-
toelectronic and chiro-spintronic devices.

4. Experimental Section

The geometry structures of (M)-[n]CCy 3, (-)-[n]CC5 g, (M)-[n]CN, g, and
(P)-[n]CT3 ¢ (n = 4-8) are optimized by density functional theory (DFT)[?°]
at the RB3LYP/6-31 g (d, p) level,[3%] and the harmonic vibrational fre-
quency analysis is performed to ensure that the fully optimized station-
ary point is found. Then the unique chiroptical properties of these chiral
cylindrical molecules are calculated by TDDFT based on the optimized ge-
ometry with the same functional and basis set. As for the prediction of (M)-
[91CCy 5, (M)-[10]CC, 5 and (M)-[20]CC, g, in consideration of computing
costs and efficiency, those geometries optimizations are all finished within
the convergence criteria at the RB3LYP/6-31g(d) level. Further, the TDDFT
calculation is performed at the same level. The lowest 60 states are con-
sidered for (M)-[9]CC, g and (M)-[10]CC, g, while the lowest 5 states for
and (M)-[20]CC, 5.

The absorption dissymmetry factor (g,p,) of the chiral cylindrical
molecules in this work is calculated based on Equation 6,

_ 4| e || cosO

8abs |2 (6)

|.‘4e|2 + |/"m

Evidently, g, is a dimensionless quantity and within the range from
—2 to +2. When the vectors of u, and p,,, are equal to each other in length
and oriented in either the parallel or antiparallel direction (to maximize the
|cos 6]), the absolute value of g, can be reached to the maximum value
of 2. While in theory, the magnitude of g, is typically far smaller than that
of u, in most chiral molecules, so Equation 7 can be simplified as:

U, | cOsO
8abs ~ 4¢ (7)
|te
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