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I. QM Calculations 

Quantum mechanical calculations were performed using TURBOMOLE Version 6.4, 7.1 and 7.21–4. Atomic information of 
xyz files was transformed into coord files using TURBOMOLE x2t script. Input files were generated with define. Redundant 
internal coordinates were generated (ired) followed by a single-point calculation with universal force filed (UFF) using ff 
with default parameters. For charged structures charge was set to the externally determined formal charge (c). Furthermore, 
bond analysis was carried out (banal). Atomic basis set was assigned to def2-TZVPP for all atoms (b all def2-TZVPP)5,6. 
Molecular orbitals and occupation numbers were taken from extended Hückel guess with default parameters, except for 
charged structures, where charge was set to formal charge of the molecule (eht). SCF iteration limit (iter) was set to 1000 
with an accuracy of SCF energy (conv) of 10-8 hartree. RICC2 defaults were modified by treating orbitals with eigenvalues 
smaller than -3.0 as inert using cc2 and freeze keywords. Furthermore auxiliary basis sets were assigned using cbas7,8. Max-
imum core memory was set to 75 % of maximum available system random access memory (memory). Geometry optimiza-
tion (or energy minimization) was done using jobex level cc2 with a maximum of cycles of 1,000 and the convergence criteria 
of the Cartesian gradient norm set to 10-4. GRIDPARM was used to generate vector definitions of a surrounding box of a 
given molecule with an overlap of 5 au in each Cartesian direction. The equidistant grid point distance was 0.2 au. The grid 
vector definitions and the origin were inserted into control file: For electron density calculations into $pointval and for ESP 
calculations into $pointval pot section, respectively. Single point energy calculations and electrostatic potential calculations 
were done by calling dscf1,9,10 followed by ricc211–13. 

 

Molecular transformations for visualization purpose, i.e. creation standardized orientation, were done with coord data 
by an in-house Java application in atomic units with double precision. MOLCAD II v1.4 was used for visualization purposes 
of electrostatic potentials and electron densities14. 

Adduct formation energies of adducts 𝐸𝑎𝑑 were calculated as follows:  𝐸𝑎𝑑 = 𝐸𝐶𝑜𝑚𝑝𝑙𝑒𝑥 − (𝐸𝐵𝐵 + 𝐸𝐿𝑖𝑔) 
where 𝐸𝐶𝑜𝑚𝑝𝑙𝑒𝑥 is the total single point energy of the backbone model system (N-methylacetamide) and the ligand, 𝐸𝐵𝐵 

and 𝐸𝐿𝑖𝑔 is the total energy of the same backbone or the ligand geometry, respectively. A distance scan was applied in order 
to calculate a close-to-global-minimum adduct formation energy while avoiding secondary interactions. The X-C axis of 
(hetero)aryl halides was oriented 120° to the carbonyl function of N-methylacetamide. The dihedral angle defined by the 
plane of the amide of the backbone model system and the plane of the aromatic ring of the σ-hole donor was set to 90°. 
The distance between the carbon of C-X and the oxygen of the backbone model system was increased from 4 Å to 6.8 Å by 
0.1 Å (Figure S8). Global minima were approximated by calculating the minimum of a fitted polynomial of order 2 of the 
smallest energy values in R.  
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II. Feature Vector Property Calculation 

Group electronegativity15 was calculated for each atom in central aromatic ring:  

𝐺𝜒 =
{   
  
   1𝑛1𝑙∑ 1𝑛2𝑙𝑛1𝑙

𝑙=1 [  
   
 ∑…𝑛2𝑙
𝑙=1 ( 

 1𝑛𝑘𝑙∑𝑋𝑘𝑙𝑛𝑘𝑙
𝑙=1⏟      𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑙𝑒𝑣𝑒𝑙 𝑘) 

 
⏟                𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑙𝑒𝑣𝑒𝑙 2

…
]  
   
 

⏟                          𝑒𝑞𝑢𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑙𝑒𝑣𝑒𝑙 1 }   
  
   

 

 

where 𝑋𝑘𝑙 is the Pauling electronegativity for atom 𝑙 in sphere 𝑘 and 𝑛1𝑙 , 𝑛2𝑙 , … , 𝑛𝑘𝑙 are the sum of atoms that are directly 
attached to the 𝑘-th root atom. Annulated rings were treated as substructures with two or more roots. 

Lone-pair electrons index16,17 was calculated for each residue attached to the central aromatic ring as follows: 𝐿𝐸𝐼 = 1𝑘∑∑𝐿𝐸𝑖𝐷𝑖𝑗2𝐾
𝑗=1

𝑃
𝑖=1  

where 𝐾 is the number of vertices in heavy atom graph, 𝑃 is the number of heteroatoms and 𝐷𝑖𝑗 is the topological distance 
between vertex 𝑖 and 𝑗. 𝐿𝐸𝑖 was used to calculate the lone-pair electrostatic interaction as follows: 𝐿𝐸𝑖 = √𝐿𝑖 ∗ (𝑍𝑖𝑣 − 𝑍𝑖𝑏)Χ𝑖𝑃𝐴  

Where Χ𝑖𝑃𝐴 is the Pauling electronegativity of the i-th atom, 𝑍𝑖𝑣 is the number of valence electrons of the ith atom and 𝑍𝑖𝑏 
is the number of bonding electrons and 𝐿𝑖 the principle quantum number.16,17 

Electrotopological state indices were calculated as follows: 𝑆𝑖 = 𝐼𝑖 +∑ 𝐼𝑖 − 𝐼𝑗(𝑑𝑖𝑗 + 1)2𝐴
𝑗=1  

Where 𝑑𝑖𝑗 is the topological distance of the ith and jth atom, 𝐴 the number of atoms and the instrinsic state 𝐼𝑖: 
𝐼𝑖 = (2𝐿𝑖)2 ∗ 𝑑𝑖𝑣 + 1𝑑𝑖  

Where 𝐿𝑖 is the principle quantum number, 𝑑𝑖𝑣 is the number of valence electrons and 𝑑𝑖 is the number of sigma electrons 
of the i-th atom.16,18–20 

 

III. Illustration of the Treatment of Annulated Ring Systems 

 

Figure S1. Exemplified decomposition of heteroaromatic ring in order to calculate substituent attributes of group electronegativity 
(G) and lone-pair electrostatic interaction (Li), as well as Pauling electronegativity and lone-pair electrons index of atoms of central 
aromatic ring in ortho (HetO) and meta (HetM) to the halogen atom (I). 
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IV. SVM Hyper Parameter Optimization 

Weka 3.8.2 was used with SMOreg for regression using regression optimizer RegSMOImproved21,22. 

 

 

Figure S2. Grid search of SVR complexity (C) and RBF Kernel parameter (γ) evaluated in 2-fold CV by correlation coefficient (A 
and C) and RMSE (B and D) for calculating Vmax at 0.001 au. A and B: Grid search for training set, C and D: Grid search for complete 
data set (set 1-3). 
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Figure S3. Grid search of SVR complexity (C) and RBF Kernel parameter (γ) evaluated in 2-fold CV by correlation coefficient (A 
and C) and RMSE (B and D) for calculating Vmax at 0.020 au. A and B: Grid search for training set, C and D: Grid search for complete 
data set (set 1-3). 

 

Three dimensional surface plots were created with Python 3 and Matplotlib23.   
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V. Dataset Creation 

 

Table S1. Overview of heterocycle composition in training set for Vmax prediction. #HA number of heteroatoms in 
five- or six-membered ring and their annulated equivalents. #Structures number of selected structures in order 
to fulfil the target distribution defined by portion.  

#HA #Structures Portion 

1 10 

2/3 2 85 

3 171 

4 67 1/6 

5 67 1/6 

> 5 0 0 

 400 1 

 

Structures used as test set are available as separate SMILES file.  
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VI. Deduction of a Charge Distance Vmax Relationship 

 

 

Figure S4. Influence of negative and positive charges to Vmax at 0.02 au in halo benzene derivatives with quaternary amine or 
carboxylate side chains with respect to the topological distance. Annotated linear curve fitting equation and coefficient of deter-
mination with standard error as grey shades. 
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Figure S5. Influence of negative and positive charges to Vmax at 0.001 au in halo benzene derivatives with quaternary amine or 
carboxylate side chains with respect to the topological distance. Annotated linear curve fitting equation and coefficient of deter-
mination with standard error as grey shades. 

 

 

 

Figure S6. Euclidean distances of formal charged atoms to halogen after unconstraint geometry optimization. A 4-(3-bromo-
phenyl)-N,N,N-trimethylbutan-1-aminium with positively charged quaternary amine in 9.4 Å Euclidean distance and a topological 
distance of 8 to bromine. B 4-(3-bromophenyl)butanoate with 6.5 and 4.5 Å Euclidean distance and a topological distance of 9 of 
formally charged oxygen atoms to bromine.  
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VII. Adduct Formation Energy Calculation 

 

 

Figure S7. Structural formulas of exemplarily selected ligands of test set (set 2) for machine learning (A) and their alignment (B) 
for the distance scan approach (C-E). Angle between carbonyl group of protein backbone model system N-methylacetamide was 
set to 120° and dihedral angle between aromatic ring system of σ-hole donor to Lewis base’ amide plane was set to 90°. Minimal 
energy was determined by regression analysis of global minimum of energies of distance scan approximated by quadratic equation 
in R. 
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VIII. Outlier of Correlation of Calculated Vmax and Adduct Formation Energy 

 

Figure S8. Correlation of Adduct Formation Energy and calculated Vmax at electron isodensity level of 0.020 au (A) and 0.001 au 
(B). Annotated the polynomial function of degree 3 of non-linear regression and the resulting RMSE in kJ/mol. Outlier that was 
removed for final determination of correlation depicted in C. Secondary interaction shown as yellow dashed line.  

IX. Correlation of Predicted Vmax and Adduct Formation Energy 

 

Figure S9. Correlation of Adduct Formation Energy and predicted Vmax at electron isodensity level of 0.020 au (A) and 0.001 au 
(B). Annotated the polynomial function of degree 3 of non-linear regression and the resulting RMSE in kJ/mol. A single outlier 
was removed (see Supporting Information, Figure S8, C). 
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X. Electron Isodensity-dependent Results of Fit of Adduct Formation Energy  

 

Figure S10. Selected electron isodensities of 0.001 au, 0.018 au and 0.050 au (from outer shell to inner shell) and electrostatic 
potential in plane from -0.01 au (blue) via 0 au (white) to 0.01 au (red) of chloro-, bromo- and iodobenzene. Regression analysis of 
correlation of Vmax, evaluated on electron isodensity levels from 0.001 au to 0.050 au in steps of 0.001 au, to adduct formation 
energy by linear fit of each halogen atom type separately (Cl-Linear, Br-Linear, I-Linear) and over all atom types (Linear, Quadratic 
and Cubic). Goodness of fit evaluated by R².  
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Figure S11. Selected electron isodensities of 0.001 au, 0.018 au and 0.050 au (from outer shell to inner shell) and electrostatic po-
tential in plane from -0.01 au (blue) via 0 au (white) to 0.01 au (red) of chloro-, bromo- and iodobenzene. Regression analysis of 
correlation of Vmax, evaluated on electron isodensity levels from 0.001 au to 0.050 au in steps of 0.001 au, to adduct formation 
energy by linear fit of each halogen atom type separately (Cl-Linear, Br-Linear, I-Linear) and over all atom types (Linear, Quadratic 
and Cubic). Goodness of fit evaluated by RMSE.
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Table S2. AICc values of tested polynomial functions (from linear to cubic) as regression fit of electron isodensities from 0.001 au to 0.050 au of the correlation of 
adduct formation energy to Vmax. 
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Table S3. Relative AICc values of each tested electron isodensity. 
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Table S4. Akaike weights for selecting model for each electron isodensity level. 
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XII. Appendix: Electron Isodensity-dependence of Adduct Formation Energy 
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RMSE = 3.633 kJ/mol
R² =  0.875
y = 509 x³ +

−311.5 x² + −169.1 x + −9.2
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RMSE = 3.519 kJ/mol
R² =  0.879

y = − 172 x + − 8.6
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RMSE = 2.453 kJ/mol
R² =  0.911

y = − 164.2 x + − 10.7
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R² =  0.963
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RMSE = 3.879 kJ/mol
R² =  0.857
y = −168.2 x + −8.5
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RMSE = 3.471 kJ/mol
R² =  0.886
y = −266.3 x² + −153.2 x + −7.8
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RMSE = 3.457 kJ/mol
R² =  0.886
y = 425.3 x³ +

−315.7 x² + −158.4 x + −7.6
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RMSE = 3.792 kJ/mol
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RMSE = 3.351 kJ/mol
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RMSE = 3.726 kJ/mol
R² =  0.868
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RMSE = 3.666 kJ/mol
R² =  0.872
y = −161.7 x + −4.9
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RMSE = 3.189 kJ/mol
R² =  0.903
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RMSE = 3.175 kJ/mol
R² =  0.904
y = 362.2 x³ +

−325.8 x² + −138.2 x + −4.4
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RMSE = 3.606 kJ/mol
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RMSE = 3.616 kJ/mol
R² =  0.876
y = −160.2 x + −3.9
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RMSE = 3.124 kJ/mol
R² =  0.907
y = −256.3 x² + −131.2 x + −3.8
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RMSE = 3.111 kJ/mol
R² =  0.908
y = 347.4 x³ +

−327.8 x² + −132.5 x + −3.5
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RMSE = 3.081 kJ/mol
R² =  0.910
y = −253.2 x² + −127.1 x + −3
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RMSE = 3.535 kJ/mol
R² =  0.881
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R² =  0.914
y = 338.5 x³ +
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RMSE = 3.652 kJ/mol
R² =  0.870

y = − 157.1 x + − 1.3

−50

−25

0

−0.06 0.11 0.28

Vmax  [au]

E
n

e
rg

y
 [

k
J
/m

o
l]

● Cl

●
●

●
●

●
●●

●

●
●●

●●●
●

●●
●●

●
●●

●

●

●

●

●

●
●

●

●

●

●●

●
●

●●

●

●

●

●●
●

●

●

●

●

●

●

●
●

●
●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●
●●
●
●
●

●●

●
●●

●●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●●

●

●

●

●
●
●

●

●

●

●

●
●

●

●

●

●

●

●
●

●
●●

●

●

●

●

●

●
●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

RMSE = 2.185 kJ/mol
R² =  0.929

y = − 147.9 x + − 2.5

−50

−25

0

−0.08 0.08 0.24

Vmax  [au]

E
n

e
rg

y
 [

k
J
/m

o
l]

● Br

●

●●

●
●

●
●

●

●
●

●

●
●

●

●
●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●
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RMSE = 3.500 kJ/mol
R² =  0.884
y = −156.7 x + −1
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RMSE = 2.990 kJ/mol
R² =  0.915
y = −247.2 x² + −119.2 x + −1.5
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RMSE = 2.907 kJ/mol
R² =  0.920
y = −239.4 x² + −108.7 x + 0.4
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RMSE = 2.895 kJ/mol
R² =  0.920
y = 290 x³ +

−333.4 x² + −104 x + 0.6
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RMSE = 3.702 kJ/mol
R² =  0.866

y = − 153.9 x + 1.9
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RMSE = 2.142 kJ/mol
R² =  0.932

y = − 144.5 x + 1.2
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RMSE = 3.403 kJ/mol
R² =  0.890
y = −152.8 x + 2.4
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RMSE = 2.885 kJ/mol
R² =  0.921
y = −236.4 x² + −105.4 x + 1
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RMSE = 2.874 kJ/mol
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RMSE = 2.871 kJ/mol
R² =  0.922
y = −233.9 x² + −102.2 x + 1.5
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RMSE = 2.860 kJ/mol
R² =  0.922
y = 260.5 x³ +

−328.2 x² + −95.8 x + 1.6
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RMSE = 3.368 kJ/mol
R² =  0.892
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RMSE = 2.854 kJ/mol
R² =  0.923
y = −229.4 x² + −95.9 x + 2.6
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RMSE = 2.846 kJ/mol
R² =  0.923
y = 225.1 x³ +

−319.2 x² + −88.3 x + 2.6
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RMSE = 3.739 kJ/mol
R² =  0.863

y = − 151.4 x + 5
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RMSE = 2.117 kJ/mol
R² =  0.934

y = − 142 x + 4.7
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RMSE = 3.362 kJ/mol
R² =  0.893
y = −149.3 x + 5.6
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RMSE = 2.853 kJ/mol
R² =  0.923
y = −226.8 x² + −93 x + 3
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RMSE = 2.852 kJ/mol
R² =  0.923
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RMSE = 2.846 kJ/mol
R² =  0.923
y = 188.9 x³ +
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RMSE = 3.353 kJ/mol
R² =  0.893
y = −147.5 x + 7.1
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RMSE = 2.853 kJ/mol
R² =  0.923
y = −221.5 x² + −87.3 x + 3.9
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RMSE = 2.848 kJ/mol
R² =  0.923
y = 169 x³ +

−298.2 x² + −79 x + 3.8
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RMSE = 3.761 kJ/mol
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y = − 150.1 x + 7.2
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RMSE = 3.352 kJ/mol
R² =  0.893
y = −146.7 x + 7.8
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RMSE = 2.858 kJ/mol
R² =  0.922
y = −218.8 x² + −84.6 x + 4.4
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RMSE = 2.854 kJ/mol
R² =  0.923
y = 149 x³ +

−289.2 x² + −76.4 x + 4.2
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RMSE = 3.764 kJ/mol
R² =  0.862

y = − 149.7 x + 7.9
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RMSE = 2.091 kJ/mol
R² =  0.935

y = − 140 x + 8
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RMSE = 3.354 kJ/mol
R² =  0.893
y = −145.8 x + 8.5
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RMSE = 2.866 kJ/mol
R² =  0.922
y = −216.1 x² + −81.9 x + 4.8
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RMSE = 2.863 kJ/mol
R² =  0.922
y = 129.2 x³ +

−279.5 x² + −74.1 x + 4.6
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RMSE = 2.877 kJ/mol
R² =  0.921
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RMSE = 3.365 kJ/mol
R² =  0.892
y = −144 x + 9.9
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RMSE = 2.890 kJ/mol
R² =  0.921
y = −211.2 x² + −76.7 x + 5.5
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R² =  0.921
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RMSE = 3.773 kJ/mol
R² =  0.861

y = − 148.5 x + 10.1
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RMSE = 3.374 kJ/mol
R² =  0.892
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RMSE = 3.414 kJ/mol
R² =  0.889
y = −140.5 x + 12.6
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RMSE = 2.972 kJ/mol
R² =  0.916
y = −200.8 x² + −67 x + 6.8

−50

−25

0

0.03 0.21 0.39

Vmax  [au]

E
n

e
rg

y
 [

k
J
/m

o
l]

● ● ●Cl Br I

●

●
●

●

●

●
●

●
●

●

●
●

●●
●

●
●

●

●
●

●

●

●

●

●

●
●

●

● ●●

●

●
●

●
●

●●
●

●

●●
●

●
●

●●
●

●

●●
●

●

●

●

●

●
●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●
●

●●●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

● ●

●

●●

●

●

●
●

●

●

●
●●

●

●

●

●

●

●

●

●
●

●

●●
●

●

●

●

●

●

●

●
●

●

●

●

●●●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●●

●

●
●

●●

●

●

●

●

●

●
●

●

●●

●

●
●

●

●

●

●●

●●

●

●
●

●

●

●

●

●

●

●●●●
●

●

●

●

●

●

●

●●

●

●

●
●

●

●●●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

● ●●
●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●
●●

●●

●

●

● ●●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●
●

●●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

● ●

●

●

●

●●

●

●
●

●

●

●

●

●

●
●

●

●

●

●
●

●
●

●

●

●

●

●●
●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●●●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●● ●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

RMSE = 2.972 kJ/mol
R² =  0.916
y = −2.3 x³ +

−199.4 x² + −67.2 x + 6.8
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RMSE = 3.785 kJ/mol
R² =  0.860

y = − 147.1 x + 12.9
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RMSE = 2.064 kJ/mol
R² =  0.937

y = − 137.5 x + 13.7
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RMSE = 3.431 kJ/mol
R² =  0.888
y = −139.7 x + 13.3
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RMSE = 3.000 kJ/mol
R² =  0.915
y = −197.9 x² + −64.8 x + 7.1
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RMSE = 3.030 kJ/mol
R² =  0.913
y = −195 x² + −62.7 x + 7.4
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RMSE = 3.030 kJ/mol
R² =  0.913
y = −44.6 x³ +

−166.7 x² + −67.8 x + 7.7
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RMSE = 3.496 kJ/mol
R² =  0.884
y = −137 x + 15.1
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RMSE = 3.097 kJ/mol
R² =  0.909
y = −188.9 x² + −58.8 x + 8
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RMSE = 3.096 kJ/mol
R² =  0.909
y = −85.7 x³ +

−131.4 x² + −69.9 x + 8.6
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RMSE = 3.794 kJ/mol
R² =  0.859

y = − 146.1 x + 15.8
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RMSE = 2.049 kJ/mol
R² =  0.938

y = − 136.2 x + 16.8

−50

−25

0

0.05 0.23 0.41

Vmax  [au]

E
n

e
rg

y
 [

k
J
/m

o
l]

● Br

●

●●

●
●

●
●

●

●
●

●

●
●

●

●
●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

RMSE = 2.227 kJ/mol
R² =  0.967

y = − 145.2 x + 17.3

−50

−25

0

0.08 0.25 0.42

Vmax  [au]

E
n

e
rg

y
 [

k
J
/m

o
l]

● I

48



0.032 au

●

●
●

●

●

●
●

●
●
●

●
●

●●
●

●
●

●

●
●

●

●

●

●

●

●
●

●

● ●●

●

●
●

●
●

●●
●

●

●●
●

●
●

●●
●

●

●●
●

●

●

●

●

●
●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●
●

●●●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

● ●

●

●●

●

●

●
●

●

●

●
●●

●

●

●

●

●

●

●

●
●

●

●●
●

●

●

●

●

●

●

●
●

●

●

●

●●●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●●

●

●
●

●●

●

●

●

●

●

●
●

●

●●

●

●
●

●

●

●

●●

●●

●

●
●

●

●

●

●

●

●

●●●●
●

●

●

●

●

●

●

●●

●

●

●
●

●

●●●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

● ●●
●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●
●●

●●

●

●

● ●●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●
●
●●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●

●

●

● ●

●

●

●

●●

●

●
●

●

●

●

●

●

●
●

●

●

●

●
●

●
●

●

●

●

●

●●
●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●●●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●● ●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

RMSE = 3.521 kJ/mol
R² =  0.882
y = −136 x + 15.7
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RMSE = 3.134 kJ/mol
R² =  0.907
y = −185.7 x² + −57 x + 8.2
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RMSE = 3.548 kJ/mol
R² =  0.880
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RMSE = 3.173 kJ/mol
R² =  0.904
y = −182.5 x² + −55.2 x + 8.5
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RMSE = 3.170 kJ/mol
R² =  0.905
y = −126.8 x³ +
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RMSE = 3.608 kJ/mol
R² =  0.876
y = −133.2 x + 17.4
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RMSE = 3.258 kJ/mol
R² =  0.899
y = −176 x² + −51.9 x + 9

−50

−25

0

0.07 0.26 0.45

Vmax  [au]

E
n

e
rg

y
 [

k
J
/m

o
l]

● ● ●Cl Br I

●

●
●

●

●

●
●

●
●
●

●
●

●●
●

●
●

●

●
●

●

●

●

●

●

●
●

●

● ●●

●

●
●

●
●

●●
●

●

●●
●

●
●

●●
●

●

●●
●

●

●

●

●

●
●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●
●

●●●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

● ●

●

●●

●

●

●
●

●

●

●
●●

●

●

●

●

●

●

●

●
●

●

●●
●

●

●

●

●

●

●

●
●

●

●

●

●●●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●●

●

●
●

●●

●

●

●

●

●

●
●

●

●●

●

●
●

●

●

●

●●

●●

●

●
●

●

●

●

●

●

●

●●●●
●

●

●

●

●

●

●

●●

●

●

●
●

●

●●●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

● ●●
●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●
●●

●●

●

●

● ●●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●
●
●●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●

●

●

● ●

●

●

●

●●

●

●
●

●

●

●

●

●

●
●

●

●

●

●
●

●
●

●

●

●

●

●●
●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●●●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

RMSE = 3.252 kJ/mol
R² =  0.900
y = −167.5 x³ +

−51.5 x² + −79.3 x + 10.7
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RMSE = 3.303 kJ/mol
R² =  0.896
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RMSE = 3.296 kJ/mol
R² =  0.897
y = −187.5 x³ +

−29.9 x² + −82.7 x + 11.3
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RMSE = 3.803 kJ/mol
R² =  0.859

y = − 144.8 x + 19.3
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RMSE = 3.350 kJ/mol
R² =  0.893
y = −169.5 x² + −48.9 x + 9.4
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RMSE = 3.341 kJ/mol
R² =  0.894
y = −207.2 x³ +

−7.9 x² + −86.5 x + 11.9
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R² =  0.887
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R² =  0.884
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RMSE = 3.482 kJ/mol
R² =  0.885
y = −261.1 x³ +

58.3 x² + −100 x + 14.2
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RMSE = 3.809 kJ/mol
R² =  0.858
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y = −127.3 x + 20.5

−50

−25

0

0.1 0.3 0.5

Vmax  [au]

E
n

e
rg

y
 [

k
J
/m

o
l]

● ● ●Cl Br I

●

●
●

●

●

●
●

●
●
●

●
●

●●
●

●
●

●

●
●

●

●

●

●

●

●
●

●

● ●●

●

●
●

●
●

●●
●

●

●●
●

●
●

● ●
●

●

●●
●

●

●

●

●

●
●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●
●

●●●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

● ●

●

●●

●

●

●
●

●

●

●
●●

●

●

●

●

●

●

●

●
●

●

●●
●

●

●

●

●

●

●

●
●

●

●

●

●●●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●●

●

●
●

●●

●

●

●

●

●

●
●

●

●●

●

●
●

●

●

●

●●

●●

●

●
●

●

●

●

●

●

●

●●●●
●

●

●

●

●

●

●

●●

●

●

●
●

●

●●●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

● ●●
●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●
●●

●●

●

●

● ●●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●
●
●●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●

●

●

● ●

●

●

●

●●

●

●
●

●

●

●

●

●

●
●

●

●

●

●
●

●
●

●

●

●

●

●●
●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●●●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

RMSE = 3.546 kJ/mol
R² =  0.881
y = −156.3 x² + −43.9 x + 10.3
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RMSE = 3.645 kJ/mol
R² =  0.874
y = −149.5 x² + −42 x + 10.7
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RMSE = 3.625 kJ/mol
R² =  0.875
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RMSE = 3.814 kJ/mol
R² =  0.858

y = − 143.2 x + 24.3
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RMSE = 3.942 kJ/mol
R² =  0.852
y = −124.5 x + 22
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RMSE = 3.695 kJ/mol
R² =  0.870
y = −146 x² + −41.1 x + 10.9

−50

−25

0

0.12 0.31 0.50

Vmax  [au]

E
n

e
rg

y
 [

k
J
/m

o
l]

● ● ●Cl Br I

●

●
●

●

●

●
●

●
●
●

●
●

●●
●

●
●

●

●
●

●

●

●

●

●

●
●

●

● ●●

●

●
●
●

●

●●
●

●

●●
●

●
●

● ●
●

●

●●
●

●

●

●

●

●
●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●
●

●●●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

● ●

●

●●

●

●

●
●

●

●

●
●●

●

●

●

●

●

●

●

●
●

●

●●
●

●

●

●

●

●

●

●
●

●

●

●

●●●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●●

●

●
●

●●

●

●

●

●

●

●
●

●

●●

●

●
●

●

●

●

●●

●●

●

●
●

●

●

●

●

●

●

●●●●
●

●

●

●

●

●

●

●●

●

●

●
●

●

●●●

●

●
●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

● ●●
●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●
●●

●●

●

●

● ●●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●
●
●●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●

●

●

● ●

●

●

●

●●

●

●
●

●

●

●

●

●

●
●

●

●

●

●
●

●
●

●

●

●

●

●●
●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●●●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

RMSE = 3.673 kJ/mol
R² =  0.872
y = −321.3 x³ +
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RMSE = 3.981 kJ/mol
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RMSE = 3.721 kJ/mol
R² =  0.868
y = −334.4 x³ +
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RMSE = 3.849 kJ/mol
R² =  0.859
y = −135.1 x² + −39.5 x + 11.7
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RMSE = 3.820 kJ/mol
R² =  0.861
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RMSE = 3.824 kJ/mol
R² =  0.857

y = − 142.5 x + 27.1
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RMSE = 4.106 kJ/mol
R² =  0.840
y = −120.6 x + 23.8
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RMSE = 3.903 kJ/mol
R² =  0.855
y = −131.3 x² + −39.1 x + 11.9
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