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Accurate Prediction of the Boiling Point of Organic Molecules by
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Abstract Boiling point (BP) is the basic physical chemistry quantity of organic molecular liquids, and an important param-
eter in the chemical industry. The boiling point of organic molecules is determined by the molecular structure, showing a
complex structure-property relationship. Traditional methods such as function method and group contribution method cannot
cope with the prediction of BP of organic molecules of complex and diverse structures. In this study, we developed an en-
semble machine learning method, combining artificial neural networks (ANN) and support vector machines (SVM), to build
a multi-component model to realize the boiling point prediction of high accuracy in wide structure space. We developed three
heterogeneous models: ANN based on interpretable descriptors, ANN based on correlated descriptors, and SVM based on
hybrid molecular fingerprints. The three heterogeneous models were evaluated and optimized using a boiling points data set
containing 4550 organic molecules of various categories. The first model (Model A) is an interpretable ANN with selected
descriptors possessing physical properties such as molecular composition and molecular chain branches, and with an ANN
structure of 19-14-1. The second model (Model B) is an ANN with 35-30-1 structure, of which the descriptors were obtained
by using correlation coefficient selecting and bidirectional stepwise regression method. The third model (Model C) is a fin-
gerprint SVM, which had integrated molecular fingerprint information of 1679 bit. Among the three component models,
Model A had the best generalization ability and Model B had the best prediction accuracy. The heterogeneous mul-
ti-component learner combined with the three models showed a better prediction accuracy and generalization property with
low overfitting than that of a single model or homogeneous model. The mean square error on test set of the multi-component
model is 12 K by a 5-fold cross validation on 4550 organic molecular data sets, better than all the previous BP prediction
methods. The ensemble machine learning strategy we developed here based on heterogeneous models can also be well gener-
alized to the prediction of physical chemical properties beyond BP.
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Figure 1 (A) Shows the molecular weight distribution of the organic molecular data set. According to the number of heavy atoms (), most compounds
have 7~10 heavy atoms; (B) shows the boiling point distribution of molecules in the data set; (C) shows the species distribution of molecules in the data
set, which is divided into 9 categories according to the characteristics of functional groups
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Table 1 Interpretable descriptor set

No. Name Type Detail
1 Log P Molecular properties Octanol-water partition coeff.
2 nROH Functional group Number of hydroxyl groups
3 nROR Functional group Number of ethers
4 nR=0 Functional group Number of carbonyl
5 nRNH, Functional group Number of 1st amine
6 nRNHR Functional group Number of 2st amine
7 nRNR, Functional Group Number of 3st amine
8 nRCN Functional Group Number of nitriles
9 nSatom Constitutional indices Number of Surfur atom
10 nFatom Constitutional indices Number of Fluorine atom
11 nClatom Constitutional indices Number of Chlorine atom
12 nBratom Constitutional indices Number of Bromine atom
13 nlatom Constitutional indices Number of Iodine atom
14 nCatom Constitutional indices Number of carbon atom
15 HA Structural Parameter Number of acceptor atom for H-bond
16 HD Structural Parameter Number of donor atom for H-bond
17 nCharge Constitutional indices Total charge
18 Chi2n Topological indices 2-Path kier shape index
19 AromR Ring descriptors Aromatic Ratio

9% RBUTIEIE T Spearman Bk Rk BUR
R AR AT, HF1% 7 A RIXUAZ 2 B AT
. WA IZEA EAR A F AL 5INRR T, t K06 50 K 5]
NGRS AT, 0 1 MBS R 08 R 25
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Table 2 Descriptor set got by regression
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T SCI T A AR PR AT, ) P B0 T 920 1 S [ )
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No. Descriptor® Type” Detail

1 Sv Constitutional indices Sum of VDW volumes

2 Sp Constitutional indices Sum of polarizabilities

3 nBO Constitutional indices Number of non-H bonds

4 SCBO Constitutional indices Sum of conventional bond orders

5 nH Constitutional indices Numbers of Hydrogen atoms

6 pilD Walk and path counts Conventional bond order ID number

7 IDET Information indices Total information content on the distance equality

8 HVepx Information indices graph vertex complexity index

9 TIC1 Information indices Total Information Content index

10 CICO Information indices Complementary Information Content index

11 ATS4m 2D autocorrelations B-M autocorrelation of lag 4 (log function) weighted by mass

12 ATS2p 2D autocorrelations B-M autocorrelation of lag 2 (log function) weighted by polarizability
13 ATS11i 2D autocorrelations B-M autocorrelation of lag 1 (log function) weighted by ionization potential
14 ATS3i 2D autocorrelations B-M autocorrelation of lag 3 (log function) weighted by ionization potential
15 ATSCli 2D autocorrelations Centred B-M autocorrelation of lag 1 weighted by ionization potential
16 MATS1i 2D autocorrelations Moran autocorrelation of lag 1 weighted by ionization potential

17 GGl10 2D autocorrelations topological charge index of order 10

18 SpMin3_Bh(m) Burden eigenvalues smallest eigenvalue n. 3 of Burden matrix weighted by mass

19 SpMin4 Bh(m) Burden eigenvalues smallest eigenvalue n. 4 of Burden matrix weighted by mass

20 P VSA m 2 P_VSA-like descriptors P_VSA-like on mass, bin 2

21 P VSA e 2 P_VSA-like descriptors P_VSA-like on Sanderson electronegativity, bin 2

22 P VSA p 1 P_VSA-like descriptors P_VSA-like on polarizability, bin 1
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B3k
No. Descriptor® Type” Detail
23 P_VSA ppp L P_VSA-like descriptors P_VSA-like on potential pharmacophore points, L-lipophilic
24 P_VSA ppp_ar P_VSA-like descriptors P_VSA-like on potential pharmacophore points, ar-aromatic atoms
25 P_VSA_ charge 6 P_VSA-like descriptors P_VSA-like on partial charges, bin 6
26 nCbH Functional group counts number of unsubstituted benzene C(sp2)
27 CATS2D 03 LL Pharmacophore descriptors ~ CATS2D Lipophilic-Lipophilic at lag 03
28 Qpos Charge descriptors total positive charge
29 RPCG Charge descriptors relative positive charge
30 MLOGP2 Molecular properties squared logP
31 LOGPcons Molecular properties Octanol-water partition coeff. (consensus)
32 PDI Molecular properties packing density index
33 BLTDA48 Molecular properties Verhaar Daphnia base-line toxicity from MLOGP (mmol/L)
34 DLS cons Drug-like indices DRAGON consensus drug-like score
35 MDEC-23 MDE descriptors molecular distance edge between all secondary and tertiary carbons
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Figure 2 A process for predicting boiling points using a multicomponent heterogeneity model. Descriptor sets and molecular fingerprint sets are obtained
through SMILES input calculation. Then three-component models: ANN based on interpretability descriptors, ANN based on correlation descriptors and
SVM based on compound molecular fingerprints, are constructed. Finally, the three models are integrated to predict Boiling point of organic molecules
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(A) The MSE of each descriptor set

800
| 750
700 4 674 700
¥ -
U 600
)
= 1515 530 541
500 480
400 T T T T 1 1 ‘

O AN AN W02 g0
" a@o\\ﬁé’\‘(\(}%ﬁ%&s&%ﬁ?ﬁ@ ‘(;?Xg\ 0e°
N\ [J) e

Chosen descriptor set

(B) The BP relationship and conf. band
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Figure 3  (A) Shows the average MSE obtained by 5-fold cross valida-
tion of different descriptor sets selected when constructing Interpretable
model A; (B) shows the predicted value actual value relationship and
confidence band of model a under the final selected descriptor set
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£3  FINARHIMELUE NS E SVM AL XIRHIES R
Table 3 MSE results of SVM model using different topological finger-
print as parameter

Fingerprint Length Radical MSE
ECFP* 1024 2-2 378
ECFP 2048 2-2 398
ECFP 2048 2-4 420
PFP’ 1024 2-6 685

© 2022 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

2 ECFP is extended connectivity fingerprints; * PFP is path fingerprints.
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(A) Prediction of Model A
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(B) Prediction of Model B
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(D) Prediction of Composite Model
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Figure 4 Figures A, B and C show the Observation-Prediction Boiling point relationship of models A, B and C respectively; Figure D shows the O-P BP
relationship of heterogeneous combination model; All of these models are under the parameters of the optimal performance

R4 PR 2 H AR AR T R

Table 4 Prediction performance of single model and different composite model

Model composition Rtrain Rest MA Etrain MAE(est MSErain MSEest
Model A 0.9885 0.9793 9.23 10.84 186.7 333.9
Model B 0.995 0.9833 5.61 8.53 81.4 270.1
Model C 0.9951 0.9789 6.01 10.45 83.2 350.1
Heterogenous” 0.9953 0.9872 5.52 7.95 77.8 209.8
Heterovoted” 0.9953 0.9864 5.55 8.1 73.8 214.6
Homogenous® 0.9955 0.9848 5.16 7.96 79.9 245.6

@Heterogenous Model is generated by average method from Model A, B, C; ? heterovoted model is generated by the voted method from Model A, B, C; ¢homoge-
nous Model is generated from three parallel Model B and compared with heterogenous Model.
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Acta Chim. Sinica 2022, 80, 714—723

© 2022 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences
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Table 5 Summary of related work on predicting boiling point of organic molecules by QSPR method
Type of compound N Descriptor Method R? S Reference
Alkanes 94 TIs(W, P) MLR 0.97 [3]
Alkanes 74 TIs(5) MLR 0.999 1.86 [28]
Alkanes(C2~C7) 72 TIs(LOVTI’s) RA 0.994 39 [29]
Furans, thiophenestrahydrofuran 209  TIs, electronic, geometrical RA 0.969 11.2 [30]
Alkanes, alcohols 245  Atom-type E MLR 8 [31]
Alcohols 58  Weighted path related Tls MRA 0.978 3.04 [32]
Diverse organic compounds 298  Constitutional, topological, geometrical and CPSA(8) MLR 0.954 16.15 [33]
Hydrocarbons 143 Tls MLR 0.9821 7.2549 [34]
2:;2;2 (;rigzgl’l(;,cg?[];uéls 0 612  Constitutional, topological, geometrical and CPSA(8)  MLR 0.965 15.5 [35]
Diverse organic compounds 450  Molecular weight and specific gravity RBF 18.78 [36]
Single ring, fused rings, halogens
OH, COOH, COOR, CON, CN, 155 Tils BMLR 0.9864 9.1 [37]
NH, and NO,
Diverse organic compounds 14216 Mathematical Selection ANN 0.943 22 [14]

Diverse organic compounds

4550 Tls, Constitutional, Fingerprints

Composite ML 0.9953 10.0873 Present work
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