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Abstract: Chromatographic retention index (RI) is an important parameter for describing the

retention behavior of substances in chromatographic analysis. Experimentally determining the
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RI values of different aldehyde and ketone compounds in all kinds of polar stationary phases is
expensive and time consuming. Quantitative structure activity relationship (QSAR) is an impor-
tant chemometric technique that has been widely used to correlate the properties of chemicals
to their molecular structures. Irrespective of whether the properties of a molecule have been
experimentally determined, they can be calculated using QSAR models. It is therefore necessary
and advisable to establish the QSAR model for predicting the RI value of aldehydes and ketones.
Hologram QSAR (HQSAR) is a highly efficient QSAR approach that can easily generate QSAR
models with good statistics and high prediction accuracy. A specific fragment of fingerprint,
known as a molecular hologram, is proposed in the HQSAR approach and used as a structural
descriptor to build the proposed QSAR model. In general, individual HQSAR models are built in
QSAR researches. However, individual QSAR models are usually affected by underfitting and
overfitting. The ensemble modeling method, which integrate several individual models through
certain consensus strategies, can overcome the shortcomings of individual models. It is worth
studying whether ensemble modeling can improve the prediction ability of the HQSAR method
in order to build more accurate and reliable QSAR models.

Therefore, this study investigates the QSAR model for chromatographic RI of aldehydes and
ketones using ensemble modeling and the HQSAR method. Two individual HQSAR models com-
prising 34 compounds in two stationary phases, DB-210 and HP-Innowax, were established.
The prediction ability of the two established models was assessed by external test set validation
and leave-one-out cross validation (LOO-CV). The investigated 34 compounds were randomly
assigned into two groups. Group [ comprised 26 compounds, and Group I comprised 8 com-
pounds. In the validation of the external test set, Group I was employed to manually optimize
the two fragment parameters (fragment distinction (FD) and fragment size (FS)) and build
the HQSAR models. Group [l was used as the test set to assess the predictive performance of
the developed models. For the DB-210 stationary phase, the optimal individual HQSAR model
was obtained while setting the FD and FS to “donor/acceptor atoms (DA)” and 1-9, respec-
tively. For the HP-Innowax stationary phase, the optimal individual HQSAR model was obtained
by setting the FD and FS to “DA” and 4-7 respectively. The squared correlation coefficient of
cross validation (g, ), concordance correlation coefficient (CCC) , squared correlation coeffi-
cient of external validation (q.,), predictive squared correlation coefficient (@}, and Q;,) of
the two models for predicting the RI value were 0. 935 and 0. 909, 0. 953 and 0. 960, 0.925 and
0.927, 0.922 and 0. 918, and 0. 931 and 0. 927, respectively. The results of the two validations
show that there is a quantitative relationship between the molecular structure of these com-
pounds and the RI value, and the HQSAR model is capable of modeling this relationship. Sec-
ond, the ensemble HQSAR models were established using the four individual HQSAR models
with the highest accuracy as the sub-models through arithmetic averaging. The ensemble
HQSAR models were validated by external test set validation and LOO-CV. The ¢, , CCC, ¢_,,,
Q:,, and @}, for predicting the RI values of the DB-210 and HP-Innowax stationary phases were
0.927 and 0.919, 0.956 and 0.979, 0.929 and 0. 963, 0.927 and 0.958, and 0. 935 and 0. 963,
respectively. Compared to the individual HQSAR models, the established ensemble HQSAR
models show better robustness and accuracy, thus establishing that ensemble modeling is an
effective approach. The combination of HQSAR and the ensemble modeling method is a practi-
cable and promising method for studying and predicting the RI values of aldehydes and ketones.
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Table 1 Experimental!?! and predicted retention indices of the investigated aldehydes
and ketones on two chromatographic columns
RI of DB-210 RI of HP-Innowax
Group  Compound Pred RE/% Pred RE/%
Exp Pred
Ind Ens Ind Ens Ind Ens Ind Ens

I acetone 7929  764.8 7929 -3.54 0.00 835.0 8773 879.1 5.07 5.28
2-butanone 882.1 869.9 872.6 -1.38 -1.08 919.8  917.5 915.6 -0.25 -0.46
3-methyl-2-butanone 943.3 943.8 934.1 0.05 -0.98 949.4  951.8 948.4 0.25 -0.11
3-pentanone 960.8 970.2  959.3 0.98 -0.16 996.9  972.3 968.0 -2.47 -2.90
3,3-dimethyl-2-butanone 992.0  991.6  982.8 -0.04 -0.93 968.5 904.8 893.7 -6.58 =7.72
4-methyl-2-pentanone 1027.1 1004.2  995.6 -2.23  -3.07 1025.2 1041.4 1033.6 1.58 0.82
2 ,4-dimethyl-3-pentanone 1038.5 1084.2 1077.8 4.40 3.78 1014.8  971.1 1010.7 -4.31 -0.40
2-hexanone 1081.5 1079.0 1075.6 -0.23  -0.55 1097.2  1100.2 1085.6 0.27 -1.06
4-heptanone 11345 11269 1122.3 -0.67 -1.08 1139.4 1148.0 1156.6 0.75 1.51
5-methyl-2-hexanone 1161.3 1122.9 1118.4 -3.31 -3.69 1156.1 1139.5 1148.8 -1.44 -0.63
2-heptanone 1184.3 1186.6 1185.7 0.19 0.12 1195.8 1211.3 1183.5 1.30 -1.03
2-methyl-3-heptanone 1192.4  1173.2  1164.1 -1.61 -2.37 1178.7 1201.5 1210.8 1.93 2.72
5-methyl-3-heptanone 1026.9 1172.2 1184.1 14.15 15.31 1200.1 1166.2 1190.4 -2.82 -0.81
3-octanone 1255.5 1252.3 1254.0 -0.25 -0.12 1265.5 1262.5 1257.1 -0.24 -0.66
5-nonanone 1342.6  1310.0 1325.4 -2.43 -1.28 1334.1 1345.1 1361.4 0.82 2.05
acrolein 743.7  770.1 776.1 3.55 4.36 867.0  853.0 855.0 -1.61 -1.38
isobutanal 803.7 839.9 839.3 4.50 4.43 830.4  836.8 877.7 0.77 5.70
butanal 843.1 860.5 859.3 2.06 1.92 894.8 9374  927.7 4.76 3.68
isovaleraldehyde 912.8 919.1 908.1 0.69 -0.51 936.0  951.3 963.9 1.63 2.98
2-methylbutanal 913.3 893.9 890.2 -2.12 -2.53 931.2  897.2  920.6 -3.65 -1.14
valeraldehyde 953.8 966.8 959.3 1.36 0.58 998.1 1037.6 1007.9 3.96 0.98
2-butenal 967.2 897.7 912.7 -7.19 -5.63 1061.5 953.8 955.2 -10.15  -10.01
2-ethylbutyraldehyde 1009.6  1000.9 989.8 -0.86 -1.96 1018.0 1146.8 1112.5 12.65 9.28
hexanal 1059.3 1113.6 1133.3 5.13 6.99 1098.3  1135.8 1156.0 3.41 5.25
heptanal 1162.7 1149.4 1148.4 -1.14 -1.23 1199.6  1207.7 1176.9 0.68 -1.89
octanal 1265.4 1240.9 1238.5 -1.94 -2.13 1298.8 1265.8 1249.2 -2.54 -3.82

I 2-pentanone 973.9  979.3 978.7 0.55 0.49 996.2 1011.0  993.0 1.49 -0.32
3-methyl-2-pentanone 1036.1 1023.7 1021.1 -1.20 -1.45 1033.9 1021.6  1008.8 -1.19 -2.43
3-hexanone 1048.4 1043.9 1042.3 -0.43 -0.58 1068.0 1055.9 1058.4 -1.13 -0.90
3-heptanone 1153.6  1132.8 1139.2 -1.80 -1.25 1167.2 1154.8 1158.0 -1.06 -0.79
propanal 739.4  760.0  764.3 2.79 3.37 808.8 855.9 856.7 5.82 5.92
trimethylacetaldehyde 841.6 876.4  900.8 4.13 7.03 822.6  779.7 840.5 -5.22 2.18
3,3-dimethylbutanal 978.4 9433 938.1 -3.59 -4.12 968.6  885.9 942.6 -8.54 -2.68
2-ethylhexanal 1205.4 1109.1 1129.7 -7.99 -6.28 1197.8  1189.8 1240.2 -0.67 3.54

Exp. experimental; Pred: predicted; Ind:
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individual; Ens: ensemble; RE: relative error.

iR (e S R R ER) W R B
(molecular fragments) , #6531 A Bett 47 g b5 il
Z WAk M 4rF4 B (molecular hologram) , 73 F4%
P R B B R AR 35 22 i B RR 1 (fragment distine-
tion, FD) fl i Bt R ~F (fragment size, FS) H/~%
BRI . FD S80I £ 1) (8 6 45 I 1 (atoms,
A) fk2#8E (bonds, B) \#%# (connections, C) &
J5i-F-(hydrogen atoms, H) . F/( chirality, Ch) Fl
MK/ 3Z 4K JiL T ( donor/acceptor atoms, DA), A
AL A3 AR 2B J 5 B AT LRI R -8 i Ak
SR AR 25 55 C AT DRI A B R g 4= 4RIk



3 W

R, 55 < ERR AL 5 1 (0 O B 5 B 4 il R A AR OC R Y - 335 -

A ; Ch 1] DUk | Be b R 7 Ak 2= 5 0 ST AR 2415
B H AT DU R 4r B B i SURE AR Bl s A1
B FS SEUEALRE e/ INE (M) A KT
B(N) , WH M PABUERS /NN 2 FFEG ;N A
KT M, RE— R 12 AL S T8 8T
B, 38 o R B R 99 B35 (cyclic redundancy
check, CRC) TF5- AN 45 ¥4 RFAFE 18 1 30 %) 48 %%
BTl 0~ 231 B9 B LR G, (45
BAN T AT RN Oy — KR R R AR R IR
Hashing 5120 AT 4 oy ELoA A RS B 1 3 5K
OBRCA T4 B 7E SYBYL-X 2.0 ) HQSAR
Wi 4314 B K B (hologram lengths, HL) M
REEING 6 MM .97 151 199,257 307 Fl 353
TR, H PLS kg kG W T a8 5
2 6] HQSAR [al 9 8Y | jii i 4% FD FS K&
& BRESSHORABAL
123 SRAMHEA A

B IR AR (1 A A5 Pl AP IR (1) £
S — RGN Z R A RBETY (FRIRL) 5 (2) RS
YRR BRI IN] | X 24— A AR %) Tt 25 SR A T AR AR, 15
FIERL () 455 F TSR o 2 AR Y
B2 R, ARSI ) 152 25 ] Bl At 22 A4S (AR E Y BT A b
2 A A5 4 BB A S AR PR RE AR T AR AR, 22
ARAFUF LR BB T | 4% TR TR N 3% HL AT — o e
Ji, B e 8 2Rk, R, ARSCRA AR
] 2 $0d 57 A4S 1R HQSAR K BIAE S T #5581 (b,

Ry, hy, -, hy) BEST AR HQSAR Y, DL4% T4
TR TR 4 SR A ST I (A Sy £ RS 751 ) 00 2%
s (4) PR,

()= X k() (@)

() ok, () RS TR TN, T 2R T
BRI

2 GRS

2.1 MK HQSAR #&#!

DLES T A b ZR4E, ik FD A1 FS 280,
S, EHIBRIAR FS S50 4~ 7, % BURTR FD 44
#7201~ HQSAR #EAL, 3 2 fr81) R H i 6 i
FERERI A 2514, 3% 2 WI %0, 7€ [ %€ A DB-
210 A1 HP-Innowax [, FD Z%{{& & “ DA” i 0] L)
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Table 2 Statistics of the hologram quantitative structure-activity relationship (HQSAR) models

with different fragment distinctions

Fragment distinction 3 DB-210 5 HP-Innowax
[/ SEE HL PCs [/p SEE HL PCs
B 0.801 37.357 257 4 0.879 27.872 199 4
DA 0.913 21.600 97 5 0.909 24.377 151 6
A+DA 0.852 26.059 353 5 0.893 33.318 353 3
B+DA 0.804 34.375 257 4 0.859 47.967 151 2
A+C+DA 0.856 27.910 97 5 0.862 26.596 97 5
A+B+H+DA 0.821 24.813 353 5 0.883 26.959 257 4

qiv; squared correlation coefficient of cross validation; SEE. standard error of estimate; HL: hologram lengths; PCs: principal

components.

* 3 AREABER~TH HQSAR #AI %t S
Table 3 Statistics of the HQSAR models with different fragment sizes

DB-210 HP-Innowax
Fragment size qz, 72 SEE HL PCs Fragment size q2, r? SEE HL PCs
1-9 0.935 0.990  17.124 151 5 4-7 0.909 0.978  24.377 151 6
3-10 0.921 0.990  17.710 151 5 1-9 0.908 0.937  37.685 97 2
4-7 0.913 0.984  21.600 97 5 3-10 0.908 0.972  26.202 151 4
2-5 0.897 0.955  36.017 151 4 3-6 0.894 0.962  30.662 151 4
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Table 4 Statistics of individual and ensemble
HQSAR models

DB-210 HP-Innowax

Parameter Individual Ensemble Individual Ensemble

model model model model
RMSE 39.123 40.417 41.451 37.553
MAPE 2.60% 2.69% 2.97% 2.74%
CCC 0.953 0.956 0.960 0.979
@ 0.925 0.929 0.927 0.963
Q% 0.922 0.927 0.918 0.958
Qi 0.931 0.935 0.927 0.963
q2, 0.935 0.927 0.909 0.919

RMSE: root mean square error; MAPE: mean absolute per-
centage error; CCC: concordance correlation coefficient;
¢, : squared correlation coefficient of external validation;

Q2,, Q3 : predictive squared correlation coefficient F2, F3.
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