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Abstract: The heat of sublimation (HOS) is an essential parameter used to resolve environmental problems
in the transfer of organic contaminants to the atmosphere and to assess the risk of toxic chemicals. The
experimental measurement of the heat of sublimation is time-consuming, expensive, and complicated. In this
study, quantitative structural property relationships (QSPR) were used to develop a simple and predictive model
for measuring the heat of sublimation of organic compounds. The population-based forward selection method
was applied to select an informative subset of descriptors of learning algorithms, such as by using multiple
linear regression (MLR) and the support vector machine (SVM) method. Each individual model and consensus
model was evaluated by internal validation using the bootstrap method and y-randomization. The predictions
of the performance of the external test set were improved by considering their applicability to the domain.
Based on the results of the MLR model, we showed that the heat of sublimation was related to dispersion,

H-bond, electrostatic forces, and the dipole-dipole interaction between inter-molecules.
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Step 1) ’ Data collection (Exp.values & Structures) |
Step 2) ‘ Generation of molecular descriptors |
¥
Step 3) l Split into training and external test sets |
v v
‘ Training set | | External test set |
T
Step 4) ‘ Descriptors preprocessing |
‘ Descriptor selection |
3
Model generation
(MLR & SVM)
¥
Step 5) Internal model validation
(RMSEbootnMAEboouQZbaa:)
)
Step 6) l Consensus model generation |
)
l Y-randomization |
I
Step 7) l External model validation (RMSE,MAE,R?) |
Step 8) ’ Generation of applicability domain |

Fig. 1. Schematic diagram of QSAR analysis for predicting
heat of sublimation.
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Table 1. Molecular descriptor range and means for all data set

All data set (n=923)

Training set (n=462) External test set (n=461)

60.055 ~ 428.532 (183.676)

59.068 ~ 532.683 (182.491)

MW 59.068 ~ 532.683 (183.084)
SlogP (Predicted logP) -3.835 ~ 11.701 (2.356)
No. H-bond acceptors 0~ 12 (1.986)
No. H-bond donors 0~ 6 (0.802)
No. Rotatable bonds 0~ 25 (1.369)

Topological Polar Surface Area 0 ~220.200 (40.264)

-3.585 ~ 10.779 (2.357) -3.835 ~ 11.701 (2.356)

0~ 12 (2.011) 0~ 6 (1.961)
0 ~ 6 (0.801) 0 ~ 6 (0.803)
0 ~ 24 (1.433) 0 ~ 25 (1.306)
0 ~ 220.200 (41.131) 0 ~ 137.460 (39.395)

22. X =S

QSPR &4 2 38429 o538t A} ate B4
7] AR AHAAE St stz il?* H =
d #E dSste AL 72E S Sk
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(molecular descriptor)ES 5314 E4
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Fig. 2. Influence of the number of descriptors in MLR and
SVM on RMSEj.
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Table 2. Comparative statistical performance of MLR, SVM and consensus models

191

Model Training Set (n=462) Bootstrapping validation set External test set (n=461)
(#descriptors) R> RMSE* MAE® R0t RMSE o0t MAEjon R% RMSE MAE.,
MLR(14) 0.819 11422 8301 0.797+0.027 12.018+0.944 8.718+0.0497  0.744 14.430 10.544
MLR(20) 0.840 10.736 7.830 0.817+0.024 11.463+0.842 8387+0.463  0.769 13728 9.822
SVM(10) 0.874  9.627 7.192  0.75240.033 13.403%£1.213 9.591%£0.657  0.719 15.137 10.713
SVM(18) 0912 8.144 6185 0.766+0.029 13.037+1.136 9.305+0.583  0.743 14.468 10.078
MLR(14)+MLR(20) 0.839 10.783 7.858 (0.815+0.024 11.586+0.977 8.394+0.508 0.766 13.785 9.972
SVM(10)+SVM(18) 0.899 8706 6.571 0.768+0.031 12.993+£1.192 9.248+0.615  0.736 14.656 10.274
MLR(14),(20)+SVM(10) 0.874 9.637 7.051  0.830+0.023 11.152+0.995 8.033+0.506  0.781 13351 9.463
MLR(14),(20)+SVM(I8) 0.882  9.317  6.858  0.831+0.022 11.118£0.963 8.033+£0.480  0.783 13.289  9.447
SVM(10),(18)+MLR(14) 0.896 8.859 6.617 0.8124+0.025 11.751+1.059 8.438+0.537 0.768 13.740 9.747
SVM(10),(18)+MLR(20) 0.900 8.651 6428 0.818+0.024 11.559+1.058 8278+0.530  0.775 13.544 9.529
Y-Scrambling MLR(14)  0.070  25.902 19.975 0.042£0.022 26.022+1.480 20.307+1.017 - - -
Y-Scrambling SVM(10)  0.071  25.950 20.097 0.037+0.023 26.018+1.502 20.279+1.029 - - -
“root mean square error, "mean absolute error.
wd AFEE Ads] 2 FFRCE B oS RMSEyodtE SO 2 & ¢ 212tk MLREY
& ASee W A5434=E A8sislen, ol g 52 AZ SR 14F o] 23S 23 wi71A
o] &3t Rdof AMEEE BRI Fo] mE W3} 2d o] MAEE AL 8 F AALH, SVME
& RIS ATH(Fig. 2). d2 10F o]y EAAE T = Y Aol
Be 5o REARTH Syl A9 a4 NAEAE itk 2R 2 AT RdAs
g Aweke P E Aol d@uolEst v o thlod RMSEw@tel 7147] Wak7t 2487] A
A7t QA Ve Ak ol FAay) st Aele WS Rd5S FHOE MLREYH
Y-randomization¥}g & e st=tl, =&l o] AHEE  SVMEH O HSAHE Table 20 VERH ATE. MLR
= TH5HFESE dole)E sgE 9= Bd2 4%, 2059 2dE, SVWMEE L 10F
Ae Hol mU/AA S TS Qs 2 A 18 FS Tetehe mulol viele] eI MLR®
R aehs PPOR, AR Mo MBI @ 5L 46159 ARHZE vlolEd] tjate} Rkl
3= AR Yrandom)S’Jr AA mde] A7}t & xpo]7} 0.720~0.769¢] HHE YEPHAZ, SYMEEEE 27
g At A5k e R AFAA ARE HolEe] distel Rudlo] 0719-0743¢) )
Hrte Bdside] A8 ALgelA] &= 91‘:' HXE Aol BluA 2 g SEHe AL 1T AATh
ol E &3l oS 58I AdE Hretait 7k7ko] k& HFR (MLR, SVM)OM Add N
Bd 5o diste] 1 SAAE et Ha A g
3.2 4 EE oheFek B34 (consensus model)S A3 ste] 7|9
NE RdE3 FddelH, F2EE iy, &5
3.1. & gl mE oY 3 Sl 2E dlolHd U3 Jd5ddx A Hastith
2 7kA] EFWHE(MLR, SVM)E 87 A% st gAHe® EdRdEL /i MLR & SVMEY
EHAE AWEHA st @ 3 (wrapper)da] o] A XA Hrh S ol 9] ¥Rt ol FAEHF e WiEA
g (forward Selection)td'H S F3sto] EARHAE ZtlolH, o FEZE toHl| AT 55Tl
37HFE 20 H7HA] A EtA shdh. FEE o Hod RS 1T F ST ST FollA
ol WEAZT 0B 2] RMSEitel A&7 de = EAA 1457 2058 £33 MLREY, ¥3A} 18
d& HArAR Hestazt siatt Az o= 22 2 ¥gsts SVMEY S £33 Egtrd o i
o] FEA JFoE Y RALTHE SAF =R HS A7 M 2 2945 AT & dJ2
oJm 7} Qith. Fig. 2614 vebd vle} 7Ho] MLR ¥ o] B3 fgt SR XAE HolEe &A=
I SVMHAM = tAF o E R332 7 S7F & 7HE % A3 E 2345 B S A HF 9

G5 prEdgggel os R AEuelEe
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o] Azt G E32 Table 1S(F7FAFE, Supporting
information)?l] JERH AT HEFH o2 B AL
7t A8 At 78S S Hsk Y-
randomization F4& FH3ATE £ AFANA = °]
#4& 1003] A= wHEsle] X 53 P 3,145
7te] HAFAIAE Table 29 oFo] e ST
4% THARZ AHEE MLREYS ASA74=
R0=0.764~0.8175 UERH AL, 1052 EAAZ 7)
2 SVMEH O] A5 H HE Ri=0.752~0.766°] 2
#= Yepd ¥bHol Yerandomizationg 733 Rd S
o] Hit AIE Rl =0.037~0.0425 LERN AT 24
NkEl 293} Yrandomization g O 2 e gk Rl o
AEAAIE 2 AolE YERER -4 /4T (chance
correlation)ol] 2|3+ A7} opdS SHE 4= ATk

32. QSPR =g 24

Ak oz My mdel MLRYHS XHAE]

APAQ] AAE 202 gdstnz 7Y AA 7}
black box® 97 A= SVM, ANNWH Ht} 825
FAlA BdE EAE A6k 7 &olstt. £
ATFlME 1459 FAAE 2T MLRED &
nero g2 Zhzte] ¥ Aol thek A9 IAAF 4
t-ratioghS Table 39 YEMATE. MLRGF2] oA 34
AGe] F3e sstd#e] FAAAE YA, -
ratio 4> 3|7 ATt 2 FFE QAbete] HI&S e
W e 2 o] kel ddigte]l IAW FHoR T
#3HAE 7| =rt Avta B7He F AT} Table 390
el 82 FolA] tratioo] Huizke] & SAlE
Chi0 > NoHobndD >FrVSA ch_gr>Chi3c>Ldipole i <
olm] o] FAHE RddX Fagt qTE e Ao
2 23T F k. M 2 7= E JER 381
= Chiool™ #AAAA TR ghE 725
L3R otk Zhze] AAtel A A g AFAAE (’H

A%, vertex degree)@toll tiste] A4 AlF] F

L
D
3

Sk

¢
his

Table 3. Descriptors included in MLR model for regression coefficients and intercept in the best MLR model for HOS

No. Molecular descriptors Description Coefficient t-ratio
1 Nring5 The number of aromatic bonds composed a molecule -4.232  -3.397
> NHbondD Thﬁi number of functional groups to donor lone pair electrons 11140 16.934

to form hydrogen bond
3 Monocyclic_compounds carbocycles The number of functional groups of monocyclic compounds 9157 7692
carbocycles
4 FrVSA ch gr Fraction of 2D Van der Waals chargable groups surface area 101.752 11.074
5 Ldipole i The average of the charge differences over all boned atom pairs  46.286  8.813
6 WPSA2 This is connecte(% with the electrgstatlc feature and shape to 0113 -5.635
represent Interactions of the polarity between molecules
7 Estate_SssssC Inf . b ; ) atic i . d 4.644  4.640
8 Estate SdsN n orma.tlon al f)ut atomja om electrostatic interactions an 3151 6.582
L . topological environment in the molecule
9 Distance E state min_max 2315  5.032
10 Chi0 A general scheme based on the Randic index to calculate also  10.455 21.378
11 Chide zero-order and hlgher-.or.der. de§cr1ptors and became known as 11573 -10.000
the molecular connectivity indices.
12 SCép The number of subgraphs of a given type and order -0.454  -3.881
13 CATS_binary_Hyd Acc_2 Chemical ad d templat b descrint 5.780  4.340
14 CATS_ binary Pos Neg 3 cmical acdvanced femplale searchl descriptor 30957 5220
Table 4. Comparison of statistical performance of single models and consensus models using applicability domain
Model (#descriptors) #.Compound (coverage) R RMSE, MAE,y,
MLR(14) — within AD 442(95.88%) 0.752 14.041 10.251
SVM(10) — within AD 448(97.18%) 0.732 13.979 10.171
MLR(20) — within AD 441(95.66%) 0.765 13.836 9.863
SVM(18) — within AD 454(98.48%) 0.756 14.150 9.926
CONSENSUS (all data) 461(100%) 0.783 13.289 9.447
CONSENSUS (within AD) 458(99.35%) 0.785 13.235 9.385

Analytical Science & Technology



QSPR analysis for predicting heat of sublimation of organic compounds

oo g

oz ¥R ARES $71 BeFE AAA ek
Table 3914 ©] o] BAAHE ATl Fl %

193

F Atk 2 Lo g 7157t & Chide A= A
Mel AL & Aztel] AfE S d= FEQl S

S AYER, Bae 20} 2SR Qudor | Fele] B 2 0 A5 AgAAT 29
2ago] S7hHRA S8de] F7kshe Ao oY o AFRow T strae] mojol 439 Fu
& Aok F WAR 7] =7t 2 212 NoHbondD o= 7H] gEie] RS ALTE 2 grol AR
FAAE EA W F22e FA9 & 2vsy O- "} o] x| I AATE +ol #wE AHEER,
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Fig. 3. Plot of standard residuals versus distance between external test compounds and nearest training set using descriptors
in (a) 14-variable MLR, (b) 10-variable SVM-10, (c) 20-variable MLR, and (d) 18-variable SVM model.
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