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1. INTRODUCTION 
The synthesis of halogen substituted isoxazoline derivatives has increase the attention as a source of new 
pharmacological agents. The isoxazoline derivatives have been reported to possess antifungal1, 
antimicrobial2, antitumor3, anti-inflammatory4,5, antidepressant6,7 and analgesic8 activity.  The halogen 
group can alter the course of the reaction as well as the biological activities. In addition, isoxazoline 
derivatives have played a crucial role in the theoretical development of heterocyclic chemistry and are 
also used extensively in organic synthesis9,10.  
For study of halogen substituted isoxazoline drug, mainly study the effect of halogen group over the drug 
activity is important. To study such effect the synthesis of isoxazoline is not necessary. Many theoretical 
methods are available like QSAR, ab-initio, semi-imperical, DFT, HF method etc, to predict such drug 
activity without synthesis. Amongst these, the DFT method has commonly used to determined molecular 
effect of halogen group on pharmacological activity11. 
 In this work we have studied the computational method for 8-(5-((4-fluoro phenyl)amino)–4-(4-
chlorobenzoyl)-4,5-dihydroisoxazole-3-yl)-7-hydroxy-4-methyl-2H-chromen-2-one (Ia) and 8-(5-((4-
chlorophenyl)amino)–4-(4-chlorobenzoyl)-4,5-dihydroisoxazole-3-yl)-7-hydroxy-4-methyl-2H-chromen-
2-one (Ib) including electronic structure spectroscopic and thermo-dynamical properties. 
 
2. COMPUTATIONAL DETAILS 
The ground state geometry optimizations were carried out at the DFT12-16 using the modified hybrid 
functional of Perdew, Burke and Ernzerhof (PBE1PBE)17,18 with the 6-311g basis set19–23. Electronic 
absorption spectra were computed as vertical electronic excitations from the ground state using TD-
DFT24-26 with PBE1PBE/6-311g basis set. The optimized structural parameters were used for vibrational 
frequency calculation to characterize all the stationary points as minima. All the calculations performed 
with Gaussian-03 package27. Molecular visualization and the vibrational frequency assignment were 
made by using Gauss View 3.07 program. The gauge-including atomic orbital (GIAO) approach28 was used 
to ensure gauge invariance of the result. The calculated chemical shifts were transformed to the -scale as 
the difference between the isotropic part of magnetic shielding tensor and that of TMS. 
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ABSTRACT 
The Density Functional Theory (DFT) calculations have been performed to investigate the thermo-
dynamical, electronic structure, spectroscopic properties and solvent effect on electronic absorption 
spectra of fluorine and chlorine substituted coumarin isoxazolines (Ia) and (Ib) by using PBE1PBE 
functional with 6-311g basis set. The results revealed that the electronegativity of halogen group 
affect the bond length, atomic charges, excited wavelength, molecular orbital energy gap, vibration 
frequency, thermo-chemical parameters and stability of compounds.  
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3. RESULTS AND DISCUSSION 
3.1 Geometry optimization 
The molecules were first optimized using DFT method with PBE1PBE function using 6-311g basis set in 
gas phase. The geometry optimization has started without symmetry constraints and after optimization; 
the structure converged to C1

 symmetrical species. The calculated geometrical parameters are the basis 
for calculating other parameters such as vibrational frequency, UV-Vis spectra, chemical shift and thermo-
dynamical properties of compounds. 
The geometry was optimized in a lowest energy singlet ground state and the optimized structures of Ia 
and Ib shown in Fig. 1 and 2 respectively.  The optimized geometric parameters of Ia and Ib are recorded 
in supplementary information Table S1 and S2 respectively.  
The heterocyclic ring bond lengths of 48C-49C, 49C–35O and 34N–33C were slightly more in Ia than Ib. 

The 35O–34N bond length is slightly more in Ib than Ia. The 15O–16H bond length was almost same and 

was important in formation of metal complexes (Tabe 1). 

Dihedral angles of Ia; 2C-6C-33C-34N, 22O-21C-48C-49C, 37H-36N-49C-35O were showed the values 
126.71564, 66.16824, 93.63012 Å respectively with respect to the isoxazoline ring and was slightly 
smaller than Ib (except 2C-6C-33C-34N). It showed the three aromatic rings were non-planar to the 
isoxazoline ring and also non planar to each other. The geometry of both the compounds was non-planar 
because of strong distortion between electron cloud of three aromatic rings and isoxazoline ring. 
 

 
Fig. 1: Optimized structure of Ia in gas phase 

 

 
Fig. 2: Optimized structure of Ib in gas phase 
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Table 1: Bond length and Dihedral angle of Ia and Ib 

Type 
Bond Length (Ǻ) 

Type 
Dihedral angle 

Ia Ib Ia Ib 
48C-49C 1.54612 1.54580 2C-6C-33C-34N 126.71564 126.45997 
49C-35O 1.51954 1.51626 22O-21C-48C-49C 66.16824 66.67280 
35O-34N 1.42132 1.42236 37H-36N-49C-35O 93.63012 94.65076 
34N-33C 1.29109 1.29093 10C-6C-33C-48C 129.08951 128.95267 
33C-48C 1.52045 1.52082 36N-49C-48C-33C 94.97477 94.81292 
15O-16H 0.96848 0.96847 
49C-36N 1.40075 1.40260 
36N-37H 1.00933 1.00956 
48C-21C 1.50898 1.50924 
21C-22O 1.24910 1.24929 

 
3.2 NBO Charges: 
The natural bond orbital (NBO) atomic charges calculated in gas phase ( 

Table 2). The atomic charge gives information about oxidation states of atoms in molecule, which 
provides important information for the complex formation.  

The carbon atoms connected to the high electronegative (F, O, and N) atoms were positive in nature 
except 45C in Ib compound was contained negative charge. 45C was contained 0.372 and -0.031 charges 
in Ia and Ib respectively. This may be happened due to high electronegativity of fluorine. Amongst all 
oxygen and hydrogen atoms the 15O and 16H contained high negative and positive charge respectively. It 
means the 15O-16H will provide the binding site for metal ion.  
 

Table 2: NBO charges of Ia and Ib 
Atoms Ia Atoms Ia Atoms Ib Atoms Ib 

1C 0.732 30C 0.017 1C 0.732 30C 0.017 
2C 0.382 31H 0.243 2C 0.382 31H 0.243 
3C 0.164 32H 0.235 3C 0.164 32H 0.235 
4C 0.088 33C 0.199 4C 0.088 33C 0.200 
5C -0.332 34N -0.053 5C -0.332 34N -0.652 
6C -0.149 35O -0.431 6C -0.150 35O -0.429 
7C -0.148 36N -0.641 7C -0.148 36N -0.637 
8H 0.239 37H 0.421 8H 0.239 37H 0.422 
9C -0.284 38C 0.162 9C -0.284 38C 0.174 

10C 0.382 39C -0.225 10C 0.382 39C -0.227 
11H 0.222 40C -0.245 11H 0.222 40C -0.246 
12H 0.219 41C -0.258 12H 0.219 41C -0.224 
13O -0.557 42H 0.216 13O -0.557 42H 0.217 
14O -0.529 43C -0.253 14O -0.530 43C -0.219 
15O -0.640 44H 0.231 15O -0.640 44H 0.232 
16H 0.473 45C 0.372 16H 0.474 45C -0.031 
17C -0.625 46H 0.231 17C -0.625 46H 0.230 
18H 0.229 47H 0.232 18H 0.229 47H 0.230 
19H 0.229 48F -0.362 19H 0.229 48C -0.376 
20H 0.226 49C -0.377 20H 0.226 49C 0.278 
21C 0.557 50C 0.278 21C 0.557 50H 0.268 
22O -0.576 51H 0.267 22O -0.576 51H 0.216 
23C -0.154 52H 0.215 23C -0.154 52Cl -0.013 
24C -0.153 53Cl -0.014 24C -0.153 53Cl -0.047 
25C -0.133 

  
25C -0.133   

26C -0.235 
  

26C -0.235   
27H 0.243 

  
27H 0.243   

28C -0.240 
  

28C -0.240   
29H 0.240 

  
29H 0.240   

 
3.3 Electronic absorption spectra 
The electronic absorption spectra has computed as lowest 20 vertical electronic excitations from the 

singlet ground state to singlet excited state using TD-DFT and the effect of solvent was simulated by 

IEFPCM ( 
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Table 3).  

In both compounds, polarity of solvent affect on wavelength, and excitation at higher wavelength in 
DMSO. Decrease in electronegativity of halogen group increases the excited wavelengths in both phases, 
because as electronegativity decrease the electron cloud slightly shifted towards HOMO and then electron 
excited to LUMO by low energy11. 

 
Table 3: Electronic absorption data of Ia and Ib in different phases 

Excited state 
Gas Acetonitrile THF DMSO 

λ (nm) f λ (nm) f λ (nm) f λ (nm) f 
Ia 

1st 445.78 0.0012 415.97 0.0015 420.78 0.0016 415.36 0.0016 
2nd 394.50 0.0002 346.00 0.0051 347.27 0.0011 345.88 0.0053 
3rd 340.95 0.0025 340.17 0.0017 343.89 0.0057 340.07 0.0017 
4th 327.55 0.0115 329.88 0.0014 330.46 0.0022 330.13 0.0016 
5th 312.91 0.0471 311.33 0.0327 311.76 0.0335 311.25 0.0390 
6th 309.61 0.0214 301.61 0.2737 302.48 0.2673 302.87 0.2952 
7th 303.68 0.0052 292.42 0.0425 294.06 0.0440 292.34 0.0457 
8th 293.17 0.1845 288.73 0.0181 290.69 0.0376 288.91 0.0181 
9th 276.42 0.0001 269.54 0.1211 268.49 0.1624 269.86 0.1548 

10th 271.19 0.0018 269.19 0.0796 268.14 0.0531 269.39 0.0607 
11th 268.43 0.0007 265.80 0.0003 267.31 0.0023 265.50 0.0006 
12th 265.07 0.1154 263.93 0.5441 263.91 0.5379 264.59 0.5740 
13th 262.93 0.0220 257.43 0.0467 258.10 0.0472 257.79 0.0511 
14th 261.91 0.0511 255.30 0.0793 255.97 0.0031 255.30 0.0727 
15th 261.73 0.0849 253.58 0.0025 255.12 0.0875 253.42 0.0026 
16th 259.99 0.3340 251.52 0.0024 254.74 0.0047 251.37 0.0024 
17th 257.66 0.0423 247.43 0.0008 249.18 0.0018 247.52 0.0008 
18th 255.87 0.0080 239.48 0.2380 240.96 0.0005 239.69 0.2483 
19th 250.65 0.0292 237.88 0.0003 240.15 0.2165 237.81 0.0004 
20th 248.19 0.0221 236.21 0.0232 237.79 0.0160 236.36 0.0244 

Ib 
1st 440.12 0.0012 408.50 0.0016 413.48 0.0016 408.66 0.0017 
2nd 388.89 0.0003 346.62 0.0049 344.46 0.0054 346.89 0.0052 
3rd 340.72 0.0026 334.70 0.0020 341.65 0.0016 334.58 0.0021 
4th 327.44 0.0111 329.95 0.0014 330.61 0.0020 330.05 0.0015 
5th 311.28 0.0502 311.33 0.0328 311.83 0.0334 311.51 0.0378 
6th 306.61 0.0283 301.44 0.2759 302.24 0.2732 302.62 0.2992 
7th 304.38 0.0036 289.07 0.0684 290.85 0.0807 289.21 0.0724 
8th 293.08 0.1818 287.98 0.0033 289.75 0.0083 288.09 0.0027 
9th 276.28 0.0001 269.87 0.0465 268.77 0.1150 270.15 0.1351 

10th 268.58 0.0027 269.61 0.1611 268.67 0.1119 270.04 0.0882 
11th 268.38 0.0009 264.76 0.0001 266.41 0.0006 265.19 0.6085 
12th 265.32 0.1365 264.45 0.5807 264.44 0.5724 264.82 0.0002 

13th 263.40 0.0388 257.07 0.0356 257.68 0.0376 257.32 0.0389 

14th 261.95 0.1725 255.53 0.0778 255.86 0.0045 255.66 0.0722 
15th 260.75 0.0005 253.54 0.0025 255.42 0.0862 253.49 0.0025 
16th 260.39 0.2907 248.35 0.0026 251.66 0.0026 248.42 0.0028 
17th 257.96 0.0313 247.37 0.0006 249.08 0.0015 247.24 0.0007 
18th 253.81 0.0171 239.92 0.3016 240.68 0.2531 240.18 0.3197 
19th 251.06 0.0166 236.64 0.0029 239.65 0.0001 236.59 0.0040 
20th 249.58 0.0722 236.09 0.0152 237.57 0.0334 236.09 0.0153 

Note: λ = Wavelength and f= Oscillator strength. 

 
3.4 Frontier Molecular Orbital 
Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are 
important parameters in quantum chemistry. HOMO is the outermost orbital containing electrons and 
tends to donate these electrons, while LUMO is the innermost orbital containing free places to accept 
electrons. The λmax of compound formed due to excitation of electron from HOMO to LUMO.  HOMO and 
LUMO of Ia and Ib in different phases shown in Fig. 3 and 4 respectively.  
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Fig. 3: HOMO and LUMO of Ia (Isodensity value=0.02) 
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Fig. 4: HOMO and LUMO of Ib (Isodensity value=0.02) 
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The calculations indicated that the titled compounds have 127 and 131 occupied MOs in Ia and Ib 
respectively. In gas and solvent phases the HOMO is located on the heterocyclic, fluorophenylamine and 
chlorophenylamine ring of Ia and Ib. The HOMO was formed due to the  bonding and non-bonding 
electron density of fluoro/chloro-phenylamine and heterocyclic ring. LUMO is located over the 
chlorobenzoyl ring, heterocyclic ring and slightly on coumarine ring in gas phase. HOMO-LUMO transition 
of both molecules in gas phase implies an electron density transfer to the chlorobenzoyl ring. In solvent 
phase the LUMO is located over the chlorobenzoyl ring and heterocyclic ring and it increases the acceptor 
character of the ring. 
The calculated HOMO-LUMO gap for the compounds at the 6-311g level is in the range 0.1306 - 0.1401 eV 
in different phases.  
The molecular orbital energy gap was very important to study the photo-physics and kinetic stability of 

isoxazoline. E (LUMO), E (HOMO) and molecular orbital energy gap of Ia and Ib were shown in  

 

 

Table 4 in different phase. 

A large HOMO–LUMO gap implies high kinetic stability and low chemical reactivity because it is 
energetically unfavorable to add electrons to a high-lying LUMO. Meanwhile, a molecule with a small 
frontier orbital gap is more polarizable, is generally associated with a high chemical reactivity, low kinetic 
stability and is termed as soft molecule29.  
In both compounds, the energy of LUMO is low in THF solvent than other solvents. This is may be due to 
the interaction of non-bonding orbital of oxygen atom and carbonyl group of coumarin ring with LUMO. 
Hence, it affects to lower the energy gap. 
The energy gap was lowest in gas phase and in solvent phases showed the following order. 

ETHF < EAcetonitrile < EDMSO. 

This may be happened due to polarity order of solvents. 
The important properties like global hardness (η), global softness (σ), electronegativity (χ), chemical 
potential (μ), and electrophilicity index (ω) were calculated by using these HOMO–LUMO energy values. 
 
The hardness (η) of a species: η =(ELUMO−EHOMO)/2 is a qualitative indication of how polarizable it is.  
The softness (σ) is the reciprocal of the hardness: σ = 1/η30-32. 
Electronegativity is the tendency of molecules to attract electrons: 

χ = −(ELUMO + EHOMO)/2. 
 
Chemical potential is defined as the first derivative of the total energy with respect to the number of 
electrons in a molecule33, chemical potential is simply the negative of electronegativity value; μ = −χ. 
Electrophilicity index is a measure of the electrophilic power of a molecule and it can be measured 
through the equation:  
 

ω = (μ2/2η)34 
 In gas phase the Ia was soft molecule, having low electronegativity, high chemical potential and high 
electrophilicity index. Ib showed high electronegativity, higher hardness, low chemical potential and low 
electrophilicity index. But in solvent phases, Ia in THF solvent showed higher hardness, low 
electronegativity, high chemical potential and high electrophilicity index; that showed the solvent effect 
over the energy gap. 
As compared to Ia the Ib was soft molecule having high electronegativity; it means solvent increases the 
electronegativity, softness and decreases the hardness, chemical potential, and electrophilicity index. 

 
 
 

Table 4: Energy gap (a.u.) for Ia and Ib. 
Solvent ELUMO EHOMO  η σ χ Μ ω 

Ia 
Gas phase -0.0886 -0.2192 0.1306 -0.0653 -15.3139 0.1539 -0.1539 -0.00077 

Acetonitrile -0.0899 -0.2284 0.1385 -0.06925 -14.4404 0.15915 -0.15915 -0.00088 
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THF -0.0894 -0.2266 0.1372 -0.0686 -14.5773 0.15800 -0.15800 -0.00086 
DMSO -0.0898 -0.2285 0.1387 -0.06935 -14.4196 0.15915 -0.15915 -0.00088 

Ib 
Gas phase -0.0903 -0.2215 0.1312 -0.0656 -15.2439 0.1559 -0.1559 -0.0008 

Acetonitrile -0.0905 -0.2306 0.1401 -0.07005 -14.2755 0.16055 -0.16055 -0.0009 
THF -0.0902 -0.2288 0.1386 -0.0693 -14.4300 0.1595 -0.1595 -0.00088 

DMSO -0.0906 -0.2306 0.1400 -0.0700 -14.2857 0.1606 -0.1606 -0.0009 

 
3.5 Vibration mode 
The molecules have C1 point group symmetry and hence, all the calculated frequency transforming to the 
same symmetry species (A). Both the molecule consists of 53 atoms and has 153 normal modes of 
vibrations. The IR spectra were calculated by Gaussian using PBE1PBE 6311g basis set. The calculated IR 
spectra were compared with reported values. Table 5 presents the calculated frequencies and reported 
values. We have compared our calculated values with reported values35. Some difference is seen in 
between calculated spectra and reported values. 
 

Table 5: IR spectral data of Ia and Ib 

Type Vibration mode 
Frequency (cm-1) 

Ia Ib Reported 

Isoxazoline 
ring 

N-O str. 907.253 906.468 850-800 

C=N str. 1629.06 1629.28 1690-1640 

Amine N-H str. 3593.78 3589.69 3400-3200 

Phenolic OH 
O-H str. 3759.69 3759.63 3200-3600 

O-H def. (out of plane) 357.373 357.637 290-320 
O-H def. (in plane) 1221.44 1221.14 1150-1250 

Carbonyl C=O Str. 1664.64 1676.16 1650-1800 

 

The heterocyclic ring stretching mode of N-O and C=N was observed at 907.253cm-1 and 1629.06 cm-1 for 
Ia and 906.468cm-1 and 1629.96cm-1 for Ib respectively. Other characteristic vibration modes of 
compounds are N-H stretching and O-H stretching. N-H stretching mode was observed in the region 
3589.69-3593.78 cm-1 and O-H stretching mode was observed in the region 3759.63-3759.69 cm-1 for 
both compounds respectively. The O-H deformed out of plane vibration observed at 357.373-357.637 cm-

1 and O-H in plane bending vibration observed in the region 1221.14-1221.44 cm-1 for Ia and Ib 
respectively. The C=O stretching mode was observed at 1664.64 and 1676.16 cm-1  for Ia and Ib and is in 
good agreement with reported wave numbers.  

 
3.6 Thermo-chemical study 
The thermo-chemical parameters were calculated to their ideal gas state at 298.15 K and 101.325 kPa for 
Ia and Ib. The thermodynamic parameters  including total electronic energy (Et), enthalpy (HΘ), entropy 
(SΘ), Gibbs free energy (GΘ) and standard heat capacity at constant volume (C Θ

v) were obtained from the 
Gaussian frequency output files (Table 6). The equations used for computing thermo-chemical data in 
Gaussian programs have derived from statistical thermodynamics36. The thermal energy (Ethermal) 
calculated as the sum of zero-point energy and thermal energy corrections for molecular translation 
(Etrans), rotation (Erot), and vibration (Evib). The enthalpy (HΘ) was obtained by adding RT to the total 
electronic energy (Et) and thermal energy at 298.15 K and 101.325 kPa.  
 

Table 6: Thermo-dynamical  
properties of Ia and Ib 

Thermo-dynamical 
Properties 

Ia Ib 

Et (Hartree) 266.191 265.635 
HΘ (Hartree) -2044.7789 -2405.0600 
GΘ (Hartree) -2044.8716 -2405.1616 

C Θv (cal/mole- K) 112.762 113.564 
SΘ (cal/mole- K) 195.001 197.620 

 
With decrease in electronegativity of halogen group, the values of Et, HΘ, and GΘ decreased and the value 
of C Θ

v and SΘ increased.  It has known that the compounds with higher free energies are less stable than 
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those with lower free energies. The Ib was more stable because it has low free energy i.e. -2405.1616 
Hartree. 
 

4. CONCLUSION 
Some conclusive remarks can be derived from the results obtained from density functional theory 
calculations. The electronic structure, thermo-dynamical properties and spectroscopic properties were 
satisfactorily explained by DFT with PBE1PBE function using 6-311g basis set. DFT explained the solvent 
effects on energy gap, hardness, softness of molecule, electonegativity, electrophilicity index. From these 
properties the Ia was soft molecule and highly electronegative. Less polar solvent (THF) increases the   
electronegativity and softness of molecules. With decrease in electronegativity of halogen group the 
values of Et, HΘ, and GΘ decreased and the value of C Θ

v and SΘ increased. 
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SUPPLEMENTARY INFORMATION 

Table S1: 
# Symbol NA NB NC Bond Angle Dihedral X Y Z 
1 C       -3.5458050 -0.1877180 1.6912250 
2 C 1   2.4538758   -2.3659880 -1.7927800 0.2582860 
3 C 2 1  1.4034355 91.3964111  -3.5761110 -2.2449990 -0.2901040 
4 C 3 2 1 1.4486988 118.5437556 -1.0043287 -4.8131990 -1.6609470 0.1865770 
5 C 4 3 2 1.3600675 119.4269984 0.7061598 -4.7704810 -0.6870480 1.1349860 
6 C 2 1 5 1.3959764 145.0255873 -178.3923853 -1.1169530 -2.3005800 -0.1033780 
7 C 3 2 1 1.4040841 117.1877144 179.5307004 -3.5016880 -3.2519780 -1.2657610 
8 H 5 4 3 1.0796038 121.4799527 179.8573095 -5.6716490 -0.2274830 1.5121340 
9 C 7 3 2 1.3806704 120.8597672 -0.1363722 -2.2828210 -3.7651940 -1.6622750 

10 C 6 2 1 1.4001529 117.1009107 -179.1337829 -1.0935120 -3.2935980 -1.0901880 
11 H 7 3 2 1.0809451 119.7616828 179.9510525 -4.4084580 -3.6315950 -1.7153180 
12 H 9 7 3 1.0830154 120.1089905 -179.3938499 -2.2389370 -4.5348400 -2.4229600 
13 O 1 5 4 1.2270376 127.7201835 177.5996028 -3.4069230 0.7107730 2.5152680 
14 O 2 1 13 1.3798334 29.0614815 3.4465528 -2.3602200 -0.8014200 1.2180320 
15 O 10 6 2 1.3668765 117.4360545 178.1065748 0.1285650 -3.7674570 -1.4779210 
16 H 15 10 6 0.9684751 112.6912788 -178.7357687 0.0657750 -4.4361450 -2.1756730 
17 C 4 3 2 1.4969836 119.7618031 -179.2806539 -6.1206050 -2.1344250 -0.3679210 
18 H 17 4 3 1.0930918 111.1441157 -59.6587179 -6.1696890 -1.9795950 -1.4488780 
19 H 17 4 3 1.0930939 111.1230065 59.8226426 -6.2623790 -3.2027230 -0.1849080 
20 H 17 4 3 1.0883552 110.9800330 -179.9208196 -6.9529830 -1.6009700 0.0871500 
21 C 6 2 1 3.1177078 94.5105714 -49.7491878 0.1643280 0.5042740 -0.5629590 
22 O 21 6 2 1.2490982 86.9593519 -128.8465134 0.5345470 0.0788850 -1.6775120 
23 C 21 6 2 1.4748927 126.3520733 -2.8578154 -0.5197620 1.8063720 -0.4540090 
24 C 23 21 6 1.4013481 123.4621164 57.0201391 -1.1807250 2.2374430 0.7040420 
25 C 23 21 6 1.4045780 117.4640754 -122.0728483 -0.5144170 2.6376550 -1.5861660 
26 C 24 23 21 1.3916968 120.5200478 -178.9848025 -1.8248400 3.4707810 0.7325580 
27 H 24 23 21 1.0801598 121.7134220 -2.2322141 -1.2546080 1.6121730 1.5817230 
28 C 25 23 21 1.3861191 120.8553835 179.8572105 -1.1386090 3.8750520 -1.5625190 
29 H 25 23 21 1.0811403 118.3929295 -0.2210762 -0.0102920 2.2897330 -2.4770490 
30 C 26 24 23 1.3860366 118.8689809 -0.8465219 -1.7860830 4.2722650 -0.3975830 
31 H 26 24 23 1.0795544 120.2957195 178.3965605 -2.3548080 3.7880530 1.6179450 
32 H 28 25 23 1.0800216 121.0600321 179.3226541 -1.1272530 4.5215070 -2.4276280 
33 C 6 2 1 1.4653230 120.5005838 0.2819407 0.1038590 -1.7912550 0.5270010 
34 N 33 6 2 1.2910871 121.2970386 126.7156403 0.9556570 -2.5882310 1.0803320 
35 O 34 33 6 1.4213179 108.9717793 -179.9594181 2.0314670 -1.8222190 1.6056920 
36 N 35 34 33 2.4265741 108.3183749 -50.1166922 2.8208230 -0.3238400 -0.1321340 
37 H 36 35 34 1.0093251 113.9001990 -8.4310400 2.4118950 -0.4973310 -1.0384540 
38 C 36 35 34 1.3966787 109.7899368 -144.2977642 4.2068120 -0.1792090 -0.0381780 
39 C 38 36 35 1.4037846 119.0998359 158.2269529 4.9273040 0.2423400 -1.1668050 
40 C 38 36 35 1.4023439 121.8372697 -22.3834051 4.8976230 -0.4312720 1.1558960 
41 C 39 38 36 1.3892202 120.6975017 178.8799280 6.3037550 0.4194770 -1.1040530 
42 H 39 38 36 1.0826441 119.4055772 -0.3224615 4.3990520 0.4427730 -2.0903280 
43 C 40 38 36 1.3930605 120.2998273 -177.7584968 6.2745360 -0.2320180 1.2267900 
44 H 40 38 36 1.0805244 120.0949395 5.4580300 4.3726260 -0.8309340 2.0115720 
45 C 43 40 38 1.3809426 119.0224651 -1.3598083 6.9495640 0.1889250 0.0980090 
46 H 41 39 38 1.0805288 121.3665834 179.9836897 6.8690280 0.7433030 -1.9661120 
47 H 43 40 38 1.0805161 121.0856778 -179.8073834 6.8199320 -0.4251450 2.1393470 
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48 F 45 43 40 1.3942744 119.0097253 -179.4305591 8.3294570 0.3767280 0.1660260 
49 C 21 6 2 1.5089788 58.0846506 104.5509762 0.4714240 -0.3220680 0.6617320 
50 C 36 35 34 1.4007516 35.3986541 95.4166588 1.9795830 -0.4375090 0.9820920 
51 H 49 21 6 1.0883253 111.5183938 -105.0683318 -0.0345360 0.0672420 1.5431480 
52 H 50 36 35 1.0878631 111.6243269 115.4996215 2.2977820 0.2143440 1.7928220 
53 Cl 30 26 24 1.7996802 119.0913136 -179.6032030 -2.6078580 5.8730100 -0.3636700 

 
 
 

Table S2: 
# Symbol NA NB NC Bond Angle Dihedral X Y Z 
1 C       -3.8212330 -0.1578920 1.7030230 
2 C 1   2.4538495   -2.6631330 -1.7731980 0.2639370 
3 C 2 1  1.4033773 91.4029606  -3.8797320 -2.2129770 -0.2800750 
4 C 3 2 1 1.4487576 118.5386610 -1.0257251 -5.1091540 -1.6174790 0.2024210 
5 C 4 3 2 1.3600686 119.4236334 0.7219018 -5.0529600 -0.6450170 1.1516030 
6 C 2 1 5 1.3959235 145.0334218 -178.3564243 -1.4207950 -2.2932280 -0.1031700 
7 C 3 2 1 1.4041000 117.1867029 179.5196471 -3.8189930 -3.2195730 -1.2570970 
8 H 5 4 3 1.0795995 121.4774369 179.8589506 -5.9480410 -0.1771750 1.5330330 
9 C 7 3 2 1.3807056 120.8694916 -0.1314116 -2.6068530 -3.7444240 -1.6590870 

10 C 6 2 1 1.4001074 117.1247102 -179.1341017 -1.4107400 -3.2853940 -1.0909990 
11 H 7 3 2 1.0809452 119.7526622 179.9604734 -4.7312750 -3.5896350 -1.7034580 
12 H 9 7 3 1.0829942 120.1110244 -179.3905210 -2.5736280 -4.5135680 -2.4207890 
13 O 1 5 4 1.2269786 127.7331271 177.5525467 -3.6699640 0.7388440 2.5267090 
14 O 2 1 13 1.3797435 29.0713500 3.5015816 -2.6434620 -0.7828830 1.2244480 
15 O 10 6 2 1.3668203 117.4201233 178.0996607 -0.1946830 -3.7705050 -1.4835170 
16 H 15 10 6 0.9684735 112.7160619 -178.8729412 -0.2660550 -4.4394390 -2.1802050 
17 C 4 3 2 1.4969562 119.7636881 -179.2541486 -6.4234080 -2.0778770 -0.3468040 
18 H 17 4 3 1.0930874 111.1504620 -59.6397253 -6.4756450 -1.9219980 -1.4274580 
19 H 17 4 3 1.0930937 111.1187337 59.8452487 -6.5747620 -3.1448400 -0.1636760 
20 H 17 4 3 1.0883475 110.9800653 -179.9030117 -7.2486240 -1.5366260 0.1120710 
21 C 6 2 1 3.1186247 94.6129634 -49.7714818 -0.1081460 0.4972950 -0.5676630 
22 O 21 6 2 1.2492903 87.2549313 -129.2036817 0.2620170 0.0708150 -1.6820330 
23 C 21 6 2 1.4745326 125.9684564 -3.1185299 -0.7860610 1.8022070 -0.4586570 
24 C 23 21 6 1.4014347 123.4710084 57.2846543 -1.4402180 2.2388510 0.7012740 
25 C 23 21 6 1.4046904 117.4590710 -121.8539387 -0.7812260 2.6313550 -1.5925200 
26 C 24 23 21 1.3916054 120.5209147 -179.0274937 -2.0781150 3.4753100 0.7299480 
27 H 24 23 21 1.0801446 121.7280947 -2.2628063 -1.5135650 1.6159810 1.5806860 
28 C 25 23 21 1.3860358 120.8541817 179.8848915 -1.3994480 3.8716510 -1.5687990 
29 H 25 23 21 1.0811334 118.4009613 -0.1990318 -0.2821990 2.2795220 -2.4847280 
30 C 26 24 23 1.3860874 118.8725931 -0.8370603 -2.0402550 4.2743640 -0.4020050 
31 H 26 24 23 1.0795512 120.2911233 178.4055983 -2.6027580 3.7969170 1.6169370 
32 H 28 25 23 1.0800172 121.0563838 179.3299624 -1.3885050 4.5163060 -2.4352500 
33 C 6 2 1 1.4653595 120.4874953 0.3364453 -0.1926510 -1.7975820 0.5239470 
34 N 33 6 2 1.2909350 121.2946972 126.4599670 0.6503460 -2.6037600 1.0770710 
35 O 34 33 6 1.4223610 108.9413518 -179.9243415 1.7364820 -1.8486760 1.5998210 
36 N 35 34 33 2.4236763 108.2244472 -50.2531379 2.5399590 -0.3694320 -0.1438730 
37 H 36 35 34 1.0095603 114.4485684 -7.4997819 2.1219630 -0.5253350 -1.0495140 
38 C 36 35 34 1.3931080 109.8582215 -144.0719492 3.9247140 -0.2441240 -0.0572620 
39 C 38 36 35 1.4036948 119.1793808 156.7800946 4.6503560 0.1337350 -1.1978870 
40 C 38 36 35 1.4021557 121.9479257 -23.8209161 4.6168770 -0.4724290 1.1405810 
41 C 39 38 36 1.3884528 120.7804549 178.6685592 6.0282560 0.2952650 -1.1422020 
42 H 39 38 36 1.0828137 119.4757325 -0.4608018 4.1255150 0.3144490 -2.1276020 
43 C 40 38 36 1.3923818 120.3733535 -177.7059942 5.9960860 -0.2915650 1.2022080 
44 H 40 38 36 1.0806098 120.2202939 5.5632582 4.0920520 -0.8411860 2.0102330 
45 C 43 40 38 1.3846964 119.4699778 -1.2503595 6.6845380 0.0910040 0.0633230 
46 H 41 39 38 1.0804853 120.4890802 -179.9236600 6.5820000 0.5874470 -2.0227960 
47 H 43 40 38 1.0804507 120.1956294 -179.8155113 6.5269730 -0.4711840 2.1259340 
48 C 21 6 2 1.5092408 58.0752394 104.4744557 0.1927850 -0.3324090 0.6566080 
49 C 36 35 34 1.4025970 35.3931711 95.5502555 1.6994390 -0.4677820 0.9746670 
50 H 48 21 6 1.0883296 111.5074164 -105.0449325 -0.3065710 0.0628880 1.5391300 
51 H 49 36 35 1.0878408 111.6349978 115.6086969 2.0274890 0.1840750 1.7814280 
52 Cl 30 26 24 1.7993443 119.0929944 -179.6085007 -2.8540160 5.8788180 -0.3679410 
53 Cl 45 43 40 1.8098220 119.4145249 -179.5778749 8.4787690 0.3145020 0.1423130 
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