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Abstract

The discovery of lupeol, a triterpenoid compound (C30H50O), in the ethyl acetate leaf extract of Justicia secunda (Blood root), has opened doors
to extensive research and development opportunities in natural product-based pharmaceuticals. Lupeol’s versatile pharmacological properties,
including anti-inflammatory, anticancer, antidiabetic, and antiviral effects, make it a compelling candidate for drug development. To fully harness
its potential, a comprehensive understanding of lupeol’s structural and chemical attributes is crucial. Through quantum chemical calculations
using the GAUSSIAN 09 suite of programs, we determined the optimized geometry, IR frequencies, bond distances (R), bond angles (A), dipole
moments, HOMO-LUMO and other molecular parameters for this solitary molecule. The remarkable accuracy and reliability of computational
techniques in predicting the properties of systems and reactants are evident in the consistently favorable results. A strong concordance and
consistency between the experimental and computational outcomes further reinforces the credibility of our findings. This study offers a means to
explore lupeol’s molecular behavior, providing insights that can guide future drug development efforts rooted in this promising natural compound.
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1. Introduction

Natural products have always served as a wellspring of in-
spiration for the field of drug discovery and development [1–
4]. Among these, Justicia secunda, commonly referred to as
Blood root, has gained prominence for its historic use in tra-
ditional medicine across different cultures [5, 6]. Justicia se-
cunda has been esteemed for its therapeutic potential, encom-
passing anti-inflammatory, antioxidant, and anticancer proper-
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ties [7–10]. One of the primary compounds identified in the
ethyl acetate leaf extract of Justicia secunda is lupeol, a triter-
penoid with the chemical formula C30H50O a melting point of
215-216 ◦C [11].

Lupeol, as a natural compound, has recently attracted con-
siderable attention owing to its versatile pharmacological at-
tributes and potential applications within the pharmaceutical
sector [12, 13]. This compound has been documented to dis-
play a broad spectrum of biological functions, including anti-
inflammatory, anticancer, antidiabetic, and antiviral effects [14–
16]. The uncomplicated molecular structure of lupeol, coupled
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with its promising pharmacological characteristics, renders it
an enticing candidate for further investigation and integration
into drug development endeavors.

Computational chemistry is a pivotal discipline that bridges
the realms of theoretical chemistry and practical applications
in various scientific fields, including pharmaceutical research.
It plays an indispensable role in understanding and predicting
the behavior of molecules and chemical processes at the atomic
and molecular levels, offering valuable insights that are often
challenging to obtain through traditional experimental methods
alone [17, 18]. The identification of lupeol within the ethyl
acetate leaf extract of Justicia secunda presents promising av-
enues for exploration and advancement in the realm of pharma-
ceuticals derived from natural products. Nevertheless, to unlock
lupeol’s complete potential, it is imperative to gain an in-depth
comprehension of its structural, chemical, and pharmacological
attributes.

Computational calculations of vibrational frequency, NMR,
bond angles, dipole moments, and rotational constants are
invaluable tools cutting across scientific disciplines [19–21].
They form the bedrock for determining molecular structures,
predicting chemical reactivity, understanding properties, and
facilitating critical advancements in chemistry, materials sci-
ence, and pharmaceutical research. These calculations em-
power scientists to design drugs, materials, and catalysts with
enhanced performance and tailore bond lengths, IR ties, reactiv-
ity, and behavior, impacting a diverse spectrum of fields, from
foundational research to applications in environmental and ma-
terials sciences, ultimately fueling scientific progress and inno-
vation.

This comprehensive knowledge can be acquired via compu-
tational studies, which provides valuable insights into the com-
pound’s molecular-level behavior. Computational chemistry,
as a central component of our research, allows us to unravel
lupeol’s intricate structural and chemical properties, thus con-
tributing to its potential in pharmaceutical development. Our
research aims to comprehensively investigate lupeol, a triter-
penoid compound found in the ethyl acetate leaf extract of Jus-
ticia secunda as reported by Bako et al. [11]. We conduct
computational studies to provide a more detailed analysis of
the isolated molecule and compare it to the experimental data,
contributing to the improvement of human well-being.

2. Computational methods

The Gaussian 09 suite programs were used to carry out
quantum chemical investigations on the properties of Lupeol
using the HF/6-31G method and basis set as modified [22–30].
The molecular geometry of Lupeol was optimized, and vibra-
tional frequency calculations were conducted to confirm the na-
ture of stationary points. Subsequently, NMR calculations were
performed to predict chemical shifts, using the solvent environ-
ment with the SCRF (Solvent=Ethyl Acetate) option. The ob-
tained results were meticulously analyzed, and the optimized
structure, vibrational frequencies, and calculated NMR chem-
ical shifts were scrutinized using spectroscopic and visualiza-
tion tools [31]. and compared to the experimental data. Our

findings provide valuable insights into the molecular properties
of Lupeol and lay the groundworks for further exploration and
understanding of its behavior in various environments.

3. Results and discussion

Comprehensive Optimization and frequency calculations
were conducted on the molecule, encompassing an investiga-
tion of important structural and spectroscopic parameters [32–
34]. These efforts facilitated the accurate identification and ap-
propriate placement of the molecule within its chemical frame-
work. Such insights are valuable for utilizing the molecule ef-
fectively in bioactivity studies and various bioassays within re-
search endeavors.

Optimized geometry of lupeol

As shown in Figure 1, the optimized geometry of Lupeol
is illustrated, providing a comprehensive representation of its
molecular structure and spatial conformation [35–39]. This vi-
sualization constitutes a vital component of our computational
investigation on Lupeol gotten from ethyl acetate leaf extracts
of Justicia Secunda.

The van der Waals spheres of Lupeol molecule (Figure 2)
depicts the hypothetical surfaces around each atom within the
molecule, where the attractive and repulsive forces between
atoms balance out. In other words, these spheres illustrate the
potential spatial extent of the electron clouds surrounding each
atom, accounting for van der Waals forces that arise from tran-
sient fluctuations in electron distribution. Lupeol, a triterpenoid
found in various plants, exhibits these spheres to showcase the
non-covalent interactions between its atoms. The spheres help
visualize the molecule’s three-dimensional structure and pro-
vides insights into its steric properties, influencing how Lupeol
might interact with other molecules in its surroundings.

Experimental Spectra Data of the Isolated Compound (Lupeol)

NMR methods have unquestionably emerged as the pre-
dominant spectroscopic techniques for the identification and
structural elucidation of natural compounds [40–44]. There-
fore, the study by Bako et al. [11] only focused on Proton NMR
for structural identification and elucidation. In the experimental
proton NMR spectrum of lupeol (Figure 3), the olefinic protons
of H-29 exhibited signals at δH 4.69 ppm (1H, d) and 4.58 ppm,
providing evidence for the double bond between the methylene
carbon (C-29) and the quaternary carbon (C-20). Additionally,
the spectrum revealed the presence of seven tertiary methyl pro-
tons resonating at δ 0.75, 0.78, 0.82, 0.94, 0.96, 1.02, and 1.71
ppm, with each set of protons integrating to 3H, and displaying
singlet peaks (s, CH3). Results of 1H-NMR for Lupeol experi-
mental are presented in Table A.1 as supporting information.

1HNMR and 13CNMR computational calculations of lu-
peol isolated from ethyl acetate extracts of Justicia secunda are
shown in the Table A.2 & A.3 in the supporting information.
Figure 4 shows the calculated NMR intensities.
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Figure 1. Optimized Geometry of Lupeol.

Figure 2. Optimized van-der waals spheres of lupeol.

The proton NMR data for optimized lupeol reveals rela-
tively high chemical shift values (around 150-155 ppm), indica-
tive of deshielding effects experienced by its protons, likely in-
fluenced by the presence of oxygen atoms, unsaturated bonds,
or aromatic rings in the molecule. The data also suggests that
certain protons share nearly identical shift values, potentially

due to structural proximity or similar nearby functional groups.
However, it’s worthy of note that some protons have identical
shift values, which are unusual in NMR spectroscopy and may
warrant further investigations.

The experimental proton NMR data for Lupeol closely
matches the expected features for a triterpenoid compounds,
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Figure 3. Experimental 1HNMR Interpreted Spectrum of Lupeol [9].

supporting the identity of Lupeol. The presence of olefinic pro-
tons with relatively low chemical shift values is in line with the
structural characteristics of Lupeol, indicating the presence of
double bonds in the molecule. The presence of tertiary methyl
protons in the experimental data also aligns with the calculated
NMR data. Figure 5 & 6 depict the NMR Shifts and intensities
of the calculated 1HNMR.

The calculated 13C NMR data for Lupeol reveals a range
of chemical environments within the molecule. Negative shift
values, characteristic of carbon atoms in hydrocarbons and
aliphatic chains, dominate the spectrum, whereas positive shift
values are indicative of deshielding effects, potentially associ-
ated with carbon atoms involved in double bonds or carbonyl
groups. Notably, carbon C1 serves as the reference point, with
a shift value close to 0 ppm. The data also suggests the pres-

Table 1. Dipole Moment for Lupeol.
Parameter Dipole Moment

X -0.9702 Debye
Y -1.3974 Debye
Z -1.5745 Debye

Total 2.3180 Debye

ence of unique chemical environments for carbon atoms C26
and C28, likely associated with aromatic rings or other distinc-
tive structural features. Although there are no experimental re-
sults for direct comparison, the calculated NMR data aids in un-
derstanding Lupeol’s structural characteristics and the various
carbon environments within the compound. Figure 7 depicts
the NMR Shifts and intensities of the calculated 13CNMR.
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Figure 4. Calculated NMR intensities.

Figure 5. Calculated 1HNMR intensities.

Vibrational frequencies

Table A.4 in the supporting information highlights the vi-
brational frequencies and IR intensities of Lupeol’s optimized
geometry using the HF/6-31G method. This data provides cru-
cial insights into the molecular vibrations and chemical inter-
actions within Lupeol. From Table 4, lupeol can be seen to
have 237 vibrational frequencies ranging from the lowest fre-
quency being 34.27cm−1 with a very low intensity at 0.103,
while the highest frequency was observed at 4022.37 with a

relatively high intensity of 31.77. Various intense peaks were
observed, hence elucidating sharp peaks from the calculated IR
intensities that can be seen in Figure 8.

Dipole Moments and Rotational Constants

Table 1 depicts the calculated dipole moments for the op-
timized geometry of Lupeol, employing the HF/6-31G method
and basis set. These critical parameters offer essential insights
into the molecular behavior and structure of Lupeol isolated
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Figure 6. Calculated 1HNMR intensities.

Figure 7. Calculated 13CNMR intensities.

Table 2. Rotational Constants for Lupeol.
Rotational Constant GHz

A 0.3574663
B 0.0759731
C 0.0716479

from Justicia secunda ethyl acetate extracts, providing a com-
prehensive understanding of its properties and interactions. The
dipole moments describe the charge separation that occurs in
the lupeol molecule. In Lupeol, the dipole moment of 2.32 De-
bye, as indicated in Table 1, suggests a relatively low degree

of charge separation within the molecule. In terms of IR spec-
troscopy, this would imply that Lupeol may exhibit relatively
weak IR absorption bands associated with asymmetric stretch-
ing and bending vibrations of bonds that involve significant
charge separation. These vibrations typically occur in func-
tional groups with polar bonds such as C-O, C=O, and O-H.

Rotational Constants

The rotational constants A, B, and C for lupeol represent
the moments of inertia around its principal axes of rotation.
From Table 2, the dipole moment A (0.3574663) is the mo-
ment of inertia around the axis with the highest value, while
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Figure 8. Calculated IR intensities of Lupeol.

Figure 9. HOMO-LUMO (Molecular Orbital Energy Levels). Keys:
Red- Higher occupied molecular Orbital; Yellow- Lower unoccupied
molecular Orbital.

C (0.0716479) corresponds to the axis with the smallest mo-
ment of inertia. These constants are crucial in understanding
the molecule’s rotational behavior, providing insights into its
three-dimensional structure and symmetry. The specific val-
ues provided indicated the mass distribution around different
axes, influencing the rotational energy levels of lupeol. A
molecule with higher rotational constants along certain axes
will have lower rotational energy levels in those directions.

Figure 10. HOMO-LUMO Structure of Lupeol with the Band gap En-
ergy.

This information is fundamental for various applications, such
as predicting spectroscopic properties and understanding the
molecule’s behavior in different environments and chemical re-
actions [27, 45–47].

Bond Lengths and Bond Angles
Table A.5 in the supporting information, presents the calcu-

lated bond lengths and bond angles for the optimized geometry
of Lupeol, using the HF/6-31G method. These data provide a
comprehensive view of Lupeol’s molecular structure, shedding
light on the precise arrangement of its bonds and angles.

Higher Occupied Molecular Orbital and Lower Unoccupied
Molecular Orbital

From Figure 9 & 10 and Table A.6 (supporting informa-
tion), the higher occupied molecular orbitals are; 1, 2, 114 and
195, which have their molecular orbital energies as; -558.68, -
305.96, -36.68 and -7.98ev respectively. While the Lower unoc-
cupied molecular orbitals are; 331, 335, 371 have their molec-
ular orbital energies as; 48.19, 16.30 and 69.27eV respectively.
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The higher occupied molecular orbitals (HOMOs) num-
bered 1, 2, 114, and 195 are characterized by descending en-
ergy levels, with energies of -55 -36.68, and -7.98 eV, respec-
tively. These values indicate a trend where the first two orbitals
have significantly lower energy than orbitals 114 and 195, sug-
gesting a varied distribution of electron density across different
regions of the molecule. On the other hand, the lower unoccu-
pied molecular orbitals (LUMOs) numbered 331, 335, and 371
exibit ascending energy levels, with energies of 48.19, 16.30,
and 69.27 eV, respectively. This arrangement provides insights
into Lupeol’s potential for electronic interactions, with higher
energy orbitals potentially participating in reactions and bond-
ing. The overall distribution of orbital energies signifies the
molecule’s electronic stability and its propensity for engaging
in specific chemical processes based on these energy levels.

With a calculated band gap of 4.111 eV for lupeol, it is
evident that this natural triterpene compound possesses a rel-
atively wide band gap. This wide band gap suggests that lu-
peol is likely to exhibit insulating properties, requiring a sub-
stantial amount of energy to promote electrons from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) [48, 49].

4. Conclusion

This research represents a comprehensive computational
and frequency investigation of the compound lupeol isolated
from Justicia secunda ethyl extracts. Using quantum chemical
calculations within the GAUSSIAN 09 suite of programs. Op-
timized geometry, IR frequencies, bond distances (R), bond an-
gles (A), dipole moments, HOMO-LUMO, and various other
molecular parameters for this isolated molecule were deter-
mined. Experimental and computational 1H-NMR spectra ex-
hibited perfect agreement, underscoring the accuracy of our
calculations. This convergence opens the door to predictive
applications in uncharted chemical realms, such as the design
of novel drugs and materials, including the precise positioning
of constituent atoms concerning their energy states, electronic
charge distributions, dipoles, higher order moments, vibrational
frequencies, relativistic effects, spectroscopic properties, and
collision cross-sections with other molecules.
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APPENDIX A.

Table A.1. Experimental 1HNMR Spectra Data of Lupeol [12]
Position of Proton (H) Experimental 1H Chemical shift δ (ppm), J (Hz)

1 -

2 1.67, m

3 3.19, m

4 -

5 0.68, m

6 -

7 -

8 -

9 -

10 -

11 -

12 -

13 -

14 -

15 -

16 -

17 -

18 -

19 2.36, m

20 -

21 -

22 -

23 0.96, s

24 0.75, s

25 0.82, s

26 1.02, s

27 0.94, s

28 0.78, s

29 4.68, d

4.56, dd

30 1.91, m

Table A.2. Calculated 1HNMR Shifts and Intensities (HF/6-31G)
Proton (H) Positions NMR Shifts Intensity

H1 155.0062 1

H2 155.19 1

H3 151.4619 1

H3 151.7143 1

H4 151.5869 1

H5 151.7689 1

H6 151.667 1

H7 151.1003 1

H8 151.2108 1

H9 151.0376 1

H10 151.7859 1

H11 150.7258 1

H12 150.8493 1

H13 150.7147 1

H14 151.2285 1

H15 151.0298 1

H16 151.3493 1

H17 150.9264 1

H18 150.745 1

H19 150.678 1

H20 150.5494 1

H21 151.4505 1

H22 150.774 1

H23 150.6484 1

H24 150.826 1

H25 150.9936 1

H26 150.6166 1

H27 150.678 1

H28 150.7038 1

H29 150.9978 1

H30 151.0984 1

H31 150.6166 1

H32 151.0389 1

H33 151.0141 1

H34 150.7984 1

H35 150.8505 1

H36 151.1042 1

H37 151.1946 1

H38 151.3096 1

H39 150.8793 1

H40 150.1559 1

H41 151.9492 1

H42 150.9593 1

H43 151.058 1

H44 150.9723 1

H45 150.7594 1

H46 150.8234 1

H47 150.8723 1

H48 150.8828 1

H49 150.9656 1
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Table A.3. Calculated 13CNMR Shifts and Intensities (HF/6-31G)
Carbon (C) Positions NMR Shifts Intensity

C1 -0.99370000 1

C2 -33.5193 1

C3 -34.2821 1

C4 -22.1261 1

C5 -20.1514 1

C6 -22.5142 1

C7 -34.6418 1

C8 -39.8709 1

C9 -22.9535 1

C10 -18.3348 1

C11 -31.2666 1

C12 -35.2191 1

C13 -17.6819 1

C14 -34.5975 1

C15 -26.0337 1

C16 -35.9879 1

C17 -33.0091 1

C18 -36.311 1

C19 -16.0533 1

C20 -20.3598 1

C21 -28.5832 1

C22 -29.8028 1

C23 -21.1833 1

C24 -19.6722 1

C24 -26.6967 1

C26 64.5305 1

C27 -35.5094 1

C28 42.3449 1

C29 -36.1233 1

C30 -38.6698 1

Table A.4. Calculated Vibrational frequencies and IR Intensities
Frequency (cm−1) IR Intensity

34.2664 0.103

48.5397 0.034

64.9959 0.0374

74.5675 0.1218

95.6402 0.5599

109.7831 0.0353

122.9271 0.4645

133.5016 0.7972

159.058 0.4743

179.0287 0.8137

180.8244 1.1814

191.7638 1.6467

198.5778 0.5301

200.2592 0.0625

205.7251 0.1482

234.1184 15.6098

238.3642 2.8351

250.3291 0.2801

257.5912 134.1213

270.3491 5.226

279.5448 0.4498

283.666 1.769

287.6795 3.7178

293.0775 1.9557

305.1297 0.0752

308.4898 0.4929

314.4236 0.1673

316.2735 0.3221

335.6664 0.2081

340.6585 1.9832

347.8063 6.1192

363.1674 0.5909

367.6254 0.1677

377.4335 0.6758

384.3601 1.6566

394.6771 2.6703

404.6349 0.0203

415.7407 0.568

423.5642 0.4645

444.4364 3.0956

445.9229 1.5534

475.5432 0.4778

485.7342 0.9767

498.3908 0.6236

502.1873 0.5731

513.838 3.0382

521.5359 0.1888

529.2357 1.2657

556.1511 0.7178

566.7736 0.0299

579.3761 1.6167

594.7113 4.1184

608.1828 5.0873

611.9556 0.119

629.1391 0.8746

679.9742 0.4094

692.4149 1.2301

698.0177 10.6065

729.4774 2.2854

734.8164 1.095

752.4131 0.5169

775.297 0.1029

797.6294 0.4945

811.7264 0.491

822.5956 0.803

857.7038 1.679

864.7266 2.2562

875.4045 0.6138

881.8408 5.5482

893.5278 0.9111

910.4034 1.2041

927.7776 0.5442

938.2776 0.713

961.5413 4.467
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974.4943 0.2542

982.122 0.1434

999.8035 2.7213

1009.8951 1.3765

1018.2245 0.2185

1027.8411 0.7023

1033.9286 6.0052

1035.0279 14.3456

1041.6659 3.5362

1048.6255 1.6696

1052.4703 14.7286

1064.638 12.0711

1073.2384 0.6046

1079.0657 1.6119

1088.8747 1.9662

1092.2938 24.7727

1092.9557 31.4288

1101.4615 2.3848

1118.1683 2.2633

1125.4265 12.5059

1128.9733 87.9846

1135.1578 4.3467

1138.199 1.229

1143.1725 4.1059

1161.5519 2.2199

1164.7138 0.2517

1168.3107 15.4217

1181.0978 1.2439

1183.4637 2.4076

1199.7338 8.0952

1203.7328 6.138

1216.6105 5.2351

1222.452 0.9235

1226.5607 0.85

1244.5387 0.9188

1258.382 14.4675

1259.2886 21.631

1264.8355 11.0289

1276.3025 40.0859

1282.3415 3.3559

1299.0668 1.5954

1307.479 25.768

1319.0329 0.6775

1320.7218 1.2198

1328.8212 1.4806

1343.1829 1.924

1354.1874 3.4833

1358.8548 0.6519

1369.4395 0.1122

1372.8993 0.1679

1376.2425 3.5577

1391.2007 4.5473

1396.5452 5.6622

1404.6947 2.1273

1410.288 1.8963

1411.7944 5.8833

1412.5977 1.2015

1425.0494 4.0427

1442.5598 1.5517

1461.999 0.78

1471.5398 1.283

1486.2445 0.1284

1487.0182 1.9725

1495.0898 0.8008

1503.3857 2.4188

1508.291 0.1224

1512.892 2.2713

1515.6132 0.5326

1524.8931 0.3805

1525.5287 0.46

1528.5183 0.1989

1537.536 6.9604

1540.0626 1.7197

1544.3392 1.1979

1547.2054 1.0391

1559.9814 2.4595

1564.7342 0.1102

1565.4302 10.7325

1568.0011 1.6676

1578.1227 3.7951

1581.8366 8.1829

1584.5031 9.8351

1588.3975 7.3871

1591.3691 20.4861

1595.0816 16.9691

1607.9255 1.158

1642.0268 4.0862

1644.3175 9.8725

1647.4254 0.2473

1652.3138 2.0329

1653.7271 0.9103

1655.0138 6.2493

1655.2165 5.8388

1656.9377 4.2932

1659.1451 2.4512

1661.9595 1.8695

1663.7721 6.4165

1665.3028 9.3185

1666.6763 4.8188

1668.4273 2.3947

1671.5672 8.5781

1672.8819 0.5894

1674.9083 6.439

1678.1501 1.8924

1679.1135 9.8012

1680.7766 3.107

1683.5313 8.1437
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1687.506 0.3813

1692.5979 18.9101

1697.121 5.0813

1698.0846 6.2274

1723.7758 4.0301

1878.4644 15.1766

3114.4921 8.0212

3156.965 18.4959

3165.5629 6.2208

3166.3274 33.5819

3179.0947 38.4578

3179.9989 35.004

3181.9261 13.0747

3188.4155 21.8916

3192.1955 31.5924

3194.2028 5.3689

3195.0516 50.2462

3199.0491 55.291

3201.1393 36.6022

3204.8758 13.9607

3206.5073 27.9674

3213.7359 46.8039

3214.0439 40.0394

3215.1071 34.7092

3216.2642 0.4769

3220.3914 3.8766

3224.5676 115.0688

3227.4334 32.2797

3232.5263 20.5689

3234.4275 46.5231

3235.4988 33.4462

3241.7579 28.9395

3243.4694 50.1792

3244.4624 18.7824

3246.9113 10.1243

3255.1906 62.2547

3259.2406 69.7346

3261.9126 64.9835

3265.7863 66.9811

3271.6732 73.6524

3273.0942 37.1242

3277.4299 36.2298

3287.1829 40.0703

3297.2231 29.657

3298.2179 42.4032

3303.465 21.3698

3304.9603 31.0005

3309.0543 23.6702

3316.329 42.4452

3320.1686 21.9835

3327.9026 56.752

3338.8346 25.7311

3370.623 33.1197

3434.9867 15.4369

3492.1246 7.4925

4022.3717 31.7654

Table A.5. Calculated Bond Lengths and Bond Angles of Lupeol
Parameter Predicted Value

R(1-2) 1.536

R(1-6) 1.539

R(1-31) 1.443

R(1-73) 1.084

R(2-3) 1.540

R(2-74) 1.084

R(2-75) 1.086

R(3-4) 1.543

R(3-76) 1.075

R(3-77) 1.084

R(4-5) 1.588

R(4-9) 1.580

R(4-17) 1.554

R(5-6) 1.581

R(5-12) 1.548

R(5-81) 1.086

R(6-7) 1.545

R(6-8) 1.544

R(7-69) 1.084

R(7-70) 1.081

R(7-71) 1.086

R(8-66) 1.083

R(8-67) 1.080

R(8-68) 1.081

R(9-10) 1.564

R(9-14) 1.552

R(9-61) 1.084

R(10-11) 1.557

R(10-13) 1.644

R(10-18) 1.554

R(11-12) 1.533

R(11-62) 1.084

R(11-63) 1.082

R(12-64) 1.083

R(12-65) 1.083

R(13-15) 1.560

R(13-22) 1.579

R(13-30) 1.541

R(14-16) 1.557

R(14-56) 1.083

R(14-57) 1.083

R(15-16) 1.530

R(15-19) 1.570

R(15-53) 1.080

R(16-54) 1.085

R(16-55) 1.082

R(17-78) 1.085

R(17-79) 1.080

R(17-80) 1.083

R(18-58) 1.079

R(18-59) 1.076

R(18-60) 1.081

R(19-20) 1.560
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R(19-24) 1.563

R(19-42) 1.087

R(20-21) 1.534

R(20-23) 1.549

R(20-29) 1.553

R(21-22) 1.567

R(21-46) 1.087

R(21-47) 1.088

R(22-48) 1.079

R(22-49) 1.085

R(23-25) 1.553

R(23-40) 1.086

R(23-41) 1.083

R(24-25) 1.581

R(24-26) 1.518

R(24-37) 1.088

R(25-38) 1.083

R(25-39) 1.083

R(26-27) 1.514

R(26-28) 1.325

R(27-34) 1.087

R(27-35) 1.082

R(27-36) 1.085

R(28-32) 1.066

R(28-33) 1.074

R(29-43) 1.080

R(29-44) 1.078

R(29-45) 1.085

R(30-50) 1.070

R(30-51) 1.077

R(30-52) 1.085

R(31-72) 0.951

A(2-1-6) 113.9

A(2-1-31) 110.2

A(2-1-73) 109.8

A(1-2-3) 114.0

A(1-2-74) 107.6

A(1-2-75) 109.2

A(6-1-31) 108.0

A(6-1-73) 107.3

A(1-6-5) 108.1

A(1-6-7) 107.8

A(1-6-8) 109.9

A(31-1-73) 107.3

A(1-31-72) 113.1

A(3-2-74) 108.7

A(3-2-75) 110.4

A(2-3-4) 113.2

A(2-3-76) 107.8

A(2-3-77) 109.1

A(74-2-75) 106.6

A(4-3-76) 109.9

A(4-3-77) 110.1

A(3-4-5) 110.2

A(3-4-9) 115.4

A(3-4-17) 107.7

A(76-3-77) 106.5

A(5-4-9) 109.5

A(5-4-17) 107.9

A(4-5-6) 116.0

A(4-5-12) 112.9

A(4-5-81) 104.8

A(9-4-17) 105.9

A(4-9-10) 118.5

A(4-9-14) 114.5

A(4-9-61) 100.8

A(4-17-78) 110.7

A(4-17-79) 111.9

A(4-17-80) 111.6

A(6-5-12) 112.9

A(6-5-81) 103.6

A(5-6-7) 108.0

A(5-6-8) 115.6

A(12-5-81) 105.2

A(5-12-11) 114.8

A(5-12-64) 108.0

A(5-12-65) 109.8

A(7-6-8) 107.1

A(6-7-69) 111.3

A(6-7-70) 110.2

A(6-7-71) 111.0

A(6-8-66) 110.9

A(6-8-67) 113.5

A(6-8-68) 108.8

A(69-7-70) 108.3

A(69-7-71) 107.8

A(70-7-71) 108.1

A(66-8-67) 107.8

A(66-8-68) 107.9

A(67-8-68) 107.6

A(10-9-14) 109.6

A(10-9-61) 105.3

A(9-10-11) 108.9

A(9-10-13) 108.7

A(9-10-18) 110.2

A(14-9-61) 106.5

A(9-14-16) 112.6

A(9-14-56) 110.6

A(9-14-57) 109.0

A(11-10-13) 112.9

A(11-10-18) 105.8

A(10-11-12) 114.3

A(10-11-62) 110.6

A(10-11-63) 108.4

A(13-10-18) 110.3

A(10-13-15) 108.4

A(10-13-22) 113.6

A(10-13-30) 107.8

A(10-18-58) 113.9

A(10-18-59) 110.3

A(10-18-60) 110.9

A(12-11-62) 109.6
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A(12-11-63) 108.1

A(11-12-64) 109.8

A(11-12-65) 108.9

A(62-11-63) 105.3

A(64-12-65) 105.2

A(15-13-22) 105.9

A(15-13-30) 113.5

A(13-15-16) 112.6

A(13-15-19) 117.5

A(13-15-53) 102.0

A(22-13-30) 107.7

A(13-22-21) 117.8

A(13-22-48) 110.1

A(13-22-49) 108.4

A(13-30-50) 111.6

A(13-30-51) 112.9

A(13-30-52) 110.2

A(16-14-56) 109.9

A(16-14-57) 108.1

A(14-16-15) 108.8

A(14-16-54) 109.1

A(14-16-55) 111.6

A(56-14-57) 106.4

A(16-15-19) 118.4

A(16-15-53) 103.2

A(15-16-54) 110.1

A(15-16-55) 111.4

A(19-15-53) 99.2

A(15-19-20) 116.5

A(15-19-24) 130.5

A(15-19-42) 98.6

A(54-16-55) 105.8

A(78-17-79) 107.1

A(78-17-80) 108.1

A(79-17-80) 107.2

A(58-18-59) 107.1

A(58-18-60) 107.8

A(59-18-60) 106.5

A(20-19-24) 106.9

A(20-19-42) 99.2

A(19-20-21) 105.4

A(19-20-23) 96.9

A(19-20-29) 120.8

A(24-19-42) 96.8

A(19-24-25) 100.2

A(19-24-26) 125.3

A(19-24-37) 106.3

A(21-20-23) 117.4

A(21-20-29) 110.3

A(20-21-22) 114.2

A(20-21-46) 110.9

A(20-21-47) 108.3

A(23-20-29) 105.9

A(20-23-25) 103.0

A(20-23-40) 110.6

A(20-23-41) 113.5

A(20-29-43) 113.1

A(20-29-44) 112.8

A(20-29-45) 108.8

A(22-21-46) 108.0

A(22-21-47) 108.9

A(21-22-48) 105.7

A(21-22-49) 108.6

A(46-21-47) 106.2

A(48-22-49) 105.7

A(25-23-40) 110.9

A(25-23-41) 111.6

A(23-25-24) 107.5

A(23-25-38) 111.8

A(23-25-39) 109.3

A(40-23-41) 107.3

A(25-24-26) 112.1

A(25-24-37) 107.7

A(24-25-38) 111.6

A(24-25-39) 109.7

A(26-24-37) 104.3

A(24-26-27) 113.2

A(24-26-28) 126.4

A(38-25-39) 107.0

A(27-26-28) 120.4

A(26-27-34) 110.7

A(26-27-35) 111.4

A(26-27-36) 111.7

A(26-28-32) 122.5

A(26-28-33) 121.2

A(34-27-35) 108.0

A(34-27-36) 107.0

A(35-27-36) 107.9

A(32-28-33) 116.3

A(43-29-44) 108.4

A(43-29-45) 107.4

A(44-29-45) 106.0

A(50-30-51) 107.1

A(50-30-52) 107.1

A(51-30-52) 107.6

Table A.6. Higher Occupied Molecular Orbital and Lower Unoccupied Molec-
ular Orbital Energies, Occupancies and Symmetries.
Orbital Number Energy (Ev) (Occupancy) (Symmetry)

1 -559.059056608 Occupied A

2 -306.84072276 Occupied A

3 -305.863282088 Occupied A

4 -305.807770424 Occupied A

5 -305.783007868 Occupied A

6 -305.769674184 Occupied A

7 -305.712257708 Occupied A

8 -305.639874852 Occupied A

9 -305.605860352 Occupied A

10 -305.400957004 Occupied A
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11 -305.38626274 Occupied A

12 -305.329390496 Occupied A

13 -305.28149808 Occupied A

14 -305.27061344 Occupied A

15 -305.221360444 Occupied A

16 -305.16720936 Occupied A

17 -305.1440795 Occupied A

18 -305.132922744 Occupied A

19 -305.122854452 Occupied A

20 -305.088023604 Occupied A

21 -305.065710092 Occupied A

22 -305.0624447 Occupied A

23 -305.029246548 Occupied A

24 -304.974279116 Occupied A

25 -304.958224272 Occupied A

26 -304.80937682 Occupied A

27 -304.74134782 Occupied A

28 -304.685291924 Occupied A

29 -304.66651592 Occupied A

30 -304.620800432 Occupied A

31 -304.5930446 Occupied A

32 -36.848316024 Occupied A

33 -31.651444656 Occupied A

34 -31.24299854 Occupied A

35 -30.417942828 Occupied A

36 -29.556695688 Occupied A

37 -29.1096091 Occupied A

38 -28.890827836 Occupied A

39 -28.449183568 Occupied A

40 -27.843997584 Occupied A

41 -27.344120492 Occupied A

42 -27.062480432 Occupied A

43 -26.276609424 Occupied A

44 -26.204226568 Occupied A

45 -25.373728536 Occupied A

46 -25.339986152 Occupied A

47 -25.14215782 Occupied A

48 -25.105694276 Occupied A

49 -24.921471744 Occupied A

50 -24.834394624 Occupied A

51 -24.462684168 Occupied A

52 -23.164690848 Occupied A

53 -22.798150596 Occupied A

54 -22.24956474 Occupied A

55 -21.73798666 Occupied A

56 -21.65907302 Occupied A

57 -20.898780916 Occupied A

58 -20.462034736 Occupied A

59 -19.70664072 Occupied A

60 -19.113155724 Occupied A

61 -18.871788832 Occupied A

62 -18.653279684 Occupied A

63 -18.172450712 Occupied A

64 -17.920471296 Occupied A

65 -17.724003544 Occupied A

66 -17.6535255 Occupied A

67 -17.372157556 Occupied A

68 -17.29025064 Occupied A

69 -17.072285724 Occupied A

70 -16.77050908 Occupied A

71 -16.616219308 Occupied A

72 -16.308183996 Occupied A

73 -16.103280648 Occupied A

74 -15.95824282 Occupied A

75 -15.900009996 Occupied A

76 -15.70381436 Occupied A

77 -15.64667 Occupied A

78 -15.396051164 Occupied A

79 -15.304348072 Occupied A

80 -15.154412156 Occupied A

81 -15.045021524 Occupied A

82 -14.908147176 Occupied A

83 -14.769640132 Occupied A

84 -14.7486872 Occupied A

85 -14.61126862 Occupied A

86 -14.508680888 Occupied A

87 -14.409086432 Occupied A

88 -14.339968968 Occupied A

89 -14.197380184 Occupied A

90 -14.18268592 Occupied A

91 -13.9867624 Occupied A

92 -13.92689688 Occupied A

93 -13.779410008 Occupied A

94 -13.64389624 Occupied A

95 -13.549199872 Occupied A

96 -13.45205446 Occupied A

97 -13.337493624 Occupied A

98 -13.1704144 Occupied A

99 -13.068915132 Occupied A

100 -12.970681256 Occupied A

101 -12.75135576 Occupied A

102 -12.689857544 Occupied A

103 -12.624549704 Occupied A

104 -12.516791768 Occupied A

105 -12.309711492 Occupied A

106 -12.2112055 Occupied A

107 -12.114332204 Occupied A

108 -12.034602216 Occupied A

109 -11.902081724 Occupied A

110 -11.71731496 Occupied A

111 -11.52683376 Occupied A

112 -11.474315372 Occupied A

113 -11.15539542 Occupied A

114 -11.041650932 Occupied A

115 -10.700145352 Occupied A

116 -10.359728236 Occupied A

117 -10.138770044 Occupied A

118 -10.024481324 Occupied A

119 -9.152349544 Occupied A

120 5.041221016 Unoccupied A
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121 5.391434308 Unoccupied A

122 5.762872648 Unoccupied A

123 6.165332212 Unoccupied A

124 6.307920996 Unoccupied A

125 6.437720328 Unoccupied A

126 6.671740088 Unoccupied A

127 6.730245028 Unoccupied A

128 6.811335596 Unoccupied A

129 7.055423648 Unoccupied A

130 7.14440558 Unoccupied A

131 7.235020208 Unoccupied A

132 7.365363772 Unoccupied A

133 7.53489204 Unoccupied A

134 7.561559408 Unoccupied A

135 7.593669096 Unoccupied A

136 7.89000342 Unoccupied A

137 8.003203676 Unoccupied A

138 8.097083696 Unoccupied A

139 8.263890804 Unoccupied A

140 8.341171748 Unoccupied A

141 8.40974498 Unoccupied A

142 8.553150112 Unoccupied A

143 8.626349316 Unoccupied A

144 8.720773568 Unoccupied A

145 8.860913308 Unoccupied A

146 8.936833672 Unoccupied A

147 9.018740588 Unoccupied A

148 9.043503144 Unoccupied A

149 9.129763916 Unoccupied A

150 9.194527524 Unoccupied A

151 9.250039188 Unoccupied A

152 9.331673988 Unoccupied A

153 9.54718986 Unoccupied A

154 9.567054328 Unoccupied A

155 9.760256688 Unoccupied A

156 9.850327084 Unoccupied A

157 9.908832024 Unoccupied A

158 9.923254172 Unoccupied A

159 10.00434474 Unoccupied A

160 10.08597954 Unoccupied A

161 10.186934576 Unoccupied A

162 10.232650064 Unoccupied A

163 10.331972404 Unoccupied A

164 10.358639772 Unoccupied A

165 10.537147868 Unoccupied A

166 10.648171196 Unoccupied A

167 10.7553849 Unoccupied A

168 10.869129388 Unoccupied A

169 10.881374608 Unoccupied A

170 10.921103544 Unoccupied A

171 11.171994496 Unoccupied A

172 11.30233806 Unoccupied A

173 11.362475696 Unoccupied A

174 11.439212408 Unoccupied A

175 11.572277132 Unoccupied A

176 11.591869484 Unoccupied A

177 11.75269004 Unoccupied A

178 11.866162412 Unoccupied A

179 11.94317124 Unoccupied A

180 12.1227678 Unoccupied A

181 12.165762128 Unoccupied A

182 12.29420088 Unoccupied A

183 12.306990332 Unoccupied A

184 12.430803112 Unoccupied A

185 12.592984248 Unoccupied A

186 12.885781064 Unoccupied A

187 12.997076508 Unoccupied A

188 13.34320806 Unoccupied A

189 13.514913256 Unoccupied A

190 13.558723932 Unoccupied A

191 13.593826896 Unoccupied A

192 13.923903604 Unoccupied A

193 14.051798124 Unoccupied A

194 14.172617628 Unoccupied A

195 14.469496184 Unoccupied A

196 14.777531496 Unoccupied A

197 14.848825888 Unoccupied A

198 15.089104316 Unoccupied A

199 15.390608844 Unoccupied A

200 15.538912064 Unoccupied A

201 15.878240716 Unoccupied A

202 16.06436806 Unoccupied A

203 16.297843588 Unoccupied A

204 16.850239068 Unoccupied A

205 17.020311568 Unoccupied A

206 20.007601016 Unoccupied A

207 20.154543656 Unoccupied A

208 20.398631708 Unoccupied A

209 20.455776068 Unoccupied A

210 20.798642228 Unoccupied A

211 20.884086652 Unoccupied A

212 21.160284392 Unoccupied A

213 21.462333152 Unoccupied A

214 21.48900052 Unoccupied A

215 21.726829904 Unoccupied A

216 21.857173468 Unoccupied A

217 21.979081436 Unoccupied A

218 22.224257952 Unoccupied A

219 22.395691032 Unoccupied A

220 23.136118668 Unoccupied A

221 23.16931682 Unoccupied A

222 23.307551748 Unoccupied A

223 23.376941328 Unoccupied A

224 23.621301496 Unoccupied A

225 23.775591268 Unoccupied A

226 23.939677216 Unoccupied A

227 24.145396912 Unoccupied A

228 24.325265588 Unoccupied A

229 24.399009024 Unoccupied A

230 24.575612308 Unoccupied A

231 24.84555138 Unoccupied A

232 24.981065148 Unoccupied A

233 25.036576812 Unoccupied A
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234 25.37073526 Unoccupied A

235 25.482847052 Unoccupied A

236 25.57618284 Unoccupied A

237 25.775099636 Unoccupied A

238 25.86326522 Unoccupied A

239 25.933471148 Unoccupied A

240 26.04014062 Unoccupied A

241 26.07415512 Unoccupied A

242 26.269262292 Unoccupied A

243 26.386272172 Unoccupied A

244 26.414572236 Unoccupied A

245 26.611039988 Unoccupied A

246 26.793629824 Unoccupied A

247 26.920980112 Unoccupied A

248 27.245886616 Unoccupied A

249 27.41704758 Unoccupied A

250 27.55990848 Unoccupied A

251 27.687258768 Unoccupied A

252 27.963184392 Unoccupied A

253 28.044002844 Unoccupied A

254 28.22387152 Unoccupied A

255 28.379521872 Unoccupied A

256 28.740619804 Unoccupied A

257 28.967836664 Unoccupied A

258 29.016001196 Unoccupied A

259 29.313151868 Unoccupied A

260 29.502000372 Unoccupied A

261 29.614656396 Unoccupied A

262 29.744183612 Unoccupied A

263 30.136030652 Unoccupied A

264 30.152629728 Unoccupied A

265 30.253040532 Unoccupied A

266 30.475087188 Unoccupied A

267 30.62529522 Unoccupied A

268 30.976869092 Unoccupied A

269 31.10149822 Unoccupied A

270 31.405179676 Unoccupied A

271 31.48790294 Unoccupied A

272 31.573891596 Unoccupied A

273 31.777434364 Unoccupied A

274 31.801924804 Unoccupied A

275 31.895260592 Unoccupied A

276 32.115946668 Unoccupied A

277 32.168737172 Unoccupied A

278 32.326292336 Unoccupied A

279 32.408471368 Unoccupied A

280 32.635143996 Unoccupied A

281 32.648749796 Unoccupied A

282 32.814740556 Unoccupied A

283 32.979370736 Unoccupied A

284 33.0688969 Unoccupied A

285 33.130395116 Unoccupied A

286 33.277881988 Unoccupied A

287 33.317338808 Unoccupied A

288 33.40632074 Unoccupied A

289 33.559522048 Unoccupied A

290 33.625646236 Unoccupied A

291 33.701838716 Unoccupied A

292 33.773949456 Unoccupied A

293 34.001166316 Unoccupied A

294 34.1369522 Unoccupied A

295 34.234369728 Unoccupied A

296 34.258860168 Unoccupied A

297 34.3206305 Unoccupied A

298 34.459137544 Unoccupied A

299 34.616420592 Unoccupied A

300 34.67710246 Unoccupied A

301 34.797649848 Unoccupied A

302 34.832480696 Unoccupied A

303 34.95466078 Unoccupied A

304 35.093167824 Unoccupied A

305 35.162285288 Unoccupied A

306 35.261335512 Unoccupied A

307 35.434129172 Unoccupied A

308 35.534539976 Unoccupied A

309 35.566105432 Unoccupied A

310 35.646923884 Unoccupied A

311 35.923665856 Unoccupied A

312 35.950333224 Unoccupied A

313 36.027069936 Unoccupied A

314 36.219183832 Unoccupied A

315 36.262722392 Unoccupied A

316 36.442863184 Unoccupied A

317 36.50844314 Unoccupied A

318 36.676610828 Unoccupied A

319 36.911446936 Unoccupied A

320 37.117166632 Unoccupied A

321 37.231455352 Unoccupied A

322 37.472550128 Unoccupied A

323 37.559083016 Unoccupied A

324 37.692964088 Unoccupied A

325 37.84317212 Unoccupied A

326 37.864125052 Unoccupied A

327 38.113111192 Unoccupied A

328 38.509312088 Unoccupied A

329 38.533530412 Unoccupied A

330 38.855171524 Unoccupied A

331 39.011366108 Unoccupied A

332 39.109599984 Unoccupied A

333 39.53437306 Unoccupied A

334 39.72077252 Unoccupied A

335 40.007038552 Unoccupied A

336 40.275617044 Unoccupied A

337 40.772228744 Unoccupied A

338 41.095502552 Unoccupied A

339 41.369251248 Unoccupied A

340 41.779874292 Unoccupied A

341 42.149679936 Unoccupied A

342 42.688469616 Unoccupied A

343 42.74670244 Unoccupied A
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344 43.353793236 Unoccupied A

345 44.019661088 Unoccupied A

346 44.04333518 Unoccupied A

347 44.776143568 Unoccupied A

348 45.038463392 Unoccupied A

349 45.13179918 Unoccupied A

350 45.658887872 Unoccupied A

351 46.07468112 Unoccupied A

352 46.685037308 Unoccupied A

353 47.149267204 Unoccupied A

354 47.59172782 Unoccupied A

355 48.03799806 Unoccupied A

356 48.926184684 Unoccupied A

357 49.266057568 Unoccupied A

358 49.503886952 Unoccupied A

359 49.802942436 Unoccupied A

360 50.999164372 Unoccupied A

361 51.573601248 Unoccupied A

362 51.865581716 Unoccupied A

363 53.3143273 Unoccupied A

364 53.462086288 Unoccupied A

365 53.798421664 Unoccupied A

366 54.118702196 Unoccupied A

367 55.349210748 Unoccupied A

368 56.618631888 Unoccupied A

369 57.554166696 Unoccupied A

370 58.927536148 Unoccupied A

371 59.886200816 Unoccupied A

372 60.282401712 Unoccupied A

373 61.199432632 Unoccupied A

374 63.409014552 Unoccupied A

375 65.357365112 Unoccupied A

376 68.309007364 Unoccupied A

377 70.593965416 Unoccupied A

378 74.12848014 Unoccupied A

379 78.472539964 Unoccupied A
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