2025352, Vol. 63, No. 1, 18-29

https://doi.org/10.12772/TSE.2026.63.018

ISSN 1225-1089 (Print)
ISSN 2288-6419 (Online)

HAl2YS $E HE EAESAI
AE 2

HHEZ - OIFS - ZEfZ’

e SR o R B e

Correlation Analysis Between Molecular Descriptors of Dyes and
Dyeability on Polypropylene Fiber Using Machine Learning

Yeongrang Bae, Junheon Lee, and Taekyeong Kim’

Department of Textile System Engineering, Kyungpook National University, Daegu 41566, Korea

Abstract: Polypropylene fibers are difficult to dye because of their extreme hydrophobicity
and high crystallinity. Therefore, we have developed and reported superhydrophobic dyes
which have high affinity towards polypropylene fibers. In the previous studies, dyeability
(K/S) was analyzed using a single molecular descriptor (logP) which effectively represented
the hydrophobicity of the dyes. However, as more and more dyes were synthesized and
their dyeing results obtained, the dyeability could no longer be explained by the single
molecular descriptor alone. In order to numerically analyze the relationship between the
dye structures and dyeability on polypropylene fibers, a machine learning approach based
on multiple molecular descriptors was applied. Linear regression and random forest mod-
els were used, and model interpretation was performed using weight analysis and SHAP
for explainable artificial intelligence (XAl). Both models achieved high predictive perfor-
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mance, indicating that the relationships between molecular descriptors and dyeability
were successfully captured. Model interpretation revealed that logP, degree of alkyl substi-
tution, and hydrogen-bond donors were consistently identified as the key molecular

descriptors affecting dyeability. These results demonstrate that dyeability is determined by
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the combined effects of multiple molecular characteristics, providing a quantitative basis
for the rational design of dyes for polypropylene fibers.
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Figure 1. Chemical structures of alkyl-substituted superhydrophobic dyes [4-21].
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Figure 2. Chemical structures of conventional disperse and solvent dyes.
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Table 1. Definition of molecular descriptors of the dyes used as input features for machine learning

Descriptor Definition
C Number of carbon atoms in the dye molecule
H Number of hydrogen atoms in the dye molecule
N Number of nitrogen atoms in the dye molecule
(6] Number of oxygen atoms in the dye molecule
MW Molecular weight of the dye molecule
SE_Vol Solvent excluded volume(A?), representing the volume inaccessible to solvent molecules
Ovality Shape factor describing the deviation of the molecular shape from a perfect sphere
Rot_Bond Number of rotatable bonds, representing molecular flexibility

Access_Area
intermolecular interactions.

Polar_Area
H_bond_Acceptors
H_bond_Donors

Accessible surface area(A?) of the molecule that is exposed to the surrounding environment and available for

Polar surface area(A?) associated with polar functional groups
Number of hydrogen bond acceptor sites in the molecule
Number of hydrogen bond donor sites in the molecule

Phenyl Number of phenyl groups in the dye structure
Alkyl/1chain Number of alkyl substituents per single alkyl chain
Total_alkyl Total number of alkyl substituents in the dye molecule
logP Octanol-water partition coefficient representing molecular hydrophobicity
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AQ C. L Solvent Violet 26 proton 500 1200 2000 000 2683 910 1410 .100 4280 954 .000 2000 000 .100 1100  0.069 430

Figure 3. Overview of the dataset including molecular descriptors of the dyes and color strength (K/S) on polypropylene fiber.



22 | waw

Textile Science and Engineering, 2026, 63, 18-29

913 chopet 2 mAeh 9 AF| AolE 2
= ek i AR T Bel ofoll B91E
€ RAEGS U2 502 4goH Ao,
70 52 W9l BxY Holrt AFAE B 7
G 12 5 Uee Mol BE EXHJBW ol
AR 2AYE A AR HHEE skt

rlr
o2
il

Jo é [T N

. N mlm

N
'S
=2
r=
o
fr or
o2 N
E e
1}%)
2 5
T oox
fr
_.>Li I
o
e
“3
o2
x
ox.
()
1
i)
_>#

o
20
>~
O
i
e
2,
i
of
ol
ol
N
o
-9

|
o F
o>
_‘E
ol
i

Jo
o

9] /}:)]—EZL_Q__Q_E ouﬂ&yd oz A=) i
Fe B T2 ) vAley 2
T-E5ol BaE, of2gt Lo
[27,28]. & Aol = AT}
B KISy HFH o2 o=k 3
, chepeh oA BAEAR L] 7o
7] 915 AR ThE e FRE ZHe A
g ZYAE »nale Aesigch A3 3
A mde A} 549 7|3} o)) tfgHs A
(welght)—J 7%35—} Hek(bias)S B3 dMTS =9

2 o5k T2 7HM, 4 () 2ol ;

g
Y
ri
ults
U
o

r‘;
.
flo
d
o
o o oL %
o>‘

e o

2
|y
gﬂ
H
——
o )

%
-0
riﬁ ol

]_

;O
5

N

T
T
o

Bl oX
ol
-

i

o2
=

ox

tlo hu o

e

> 32 ju
o
_EL

Ot
_r.

ot
ot
)
k1
o mE‘J
_ISBL i)
) @

[‘-l]I uin}

g\l

ro
1T}

t
éa%

A<

£

y= Zn: wx;+b (2)

i=1

]r
N
N

—_—

71A xi= 2F EAREEAE, rt— 6H
9 7]°:]°P— TVEAE b HFE

ofj Al O] oS 7549} AR At 7J° EXF 24 §P
S A B S W
shro] $awelch

A AR BUS A2 e EAEHAS R o
olg ZgE 7|HFo 2 t}4=9] AA - (decision tree)= /%‘
dskaL, 7t AR A& ks Htsto] 2 oS
s EEokich 2 A= EAREA s Ve
2 HolHE dA YR B7|st= EY| dagE O]%OH
QRIS oS3t

wd B AR ol AS 829 vl FH
Elo} BlaEg doleR waelel Yat. &
B PO shgof AMREGloH, HIAE HolE = o5
o] 2tr ¥ B9 9 J5S Hrshs o &85kt o]
o ABA 57 mele] o) %S Ao Bkt
7] #18l, B d o LXH(MAE), BAlH-2XHRMSE), ~L
Pl3 ARARRYE B AEZ Agieon, 2t Bt
AL cheat ol Adksielch

PN {3

|

En)

Ir % oo
£
L o

L&, s
MAE = Ei;b/,» i (3)

RMSE = (4)

RE=1- (5)
A7NA y= AAGE, §, = ASEE Qvlsi y, = AA
7o) Ht, me Frho| ARgE AA dlolg 9] & YEr
Ril=

2.5. B3 5l (Explainable AI) HltH

2 AFoIAE JTAS wao] AN ol T
g BARDAE dHel] 99, mae] FEH B4
3} s o] wel AR s e Hgeldlct. v
A 4% 89 AL male] B9, 7t 12 540 fgale
VRIS e R Aol BALY Tho) TS o
stlom, 7|9 2719t RES5 Sl 4 EAREAT}
Qa4 a0 vl A AH kT WS ShelE 4
Sichzs]. Whe WY EAAE mu w7 72| B o
&S Tl 52 SRR, AF 39 HdoAet
22 YAAR] 7R 7F 2 SHA] b=t o]of what i
EAREAATE AN A& vA= FEE AR st
= A2 ofHrh mebA & dAtolA= FEE 7oA
2ESs vwEAHs7] 3] SHAP(SHapley Additive

exPlanations) 7|2 &85}t SHAP 7|2 7 B} %
WAt mEES o FREA A9kS wle) o a3t
317} "rd =l Shapley valueZ AARFO 24, 7 o= 4
T} oA BEXAREA] 7022 Hekslelis 2L 7}
53514 3hch26,30]. o]9F 2o md A B S Faf o
A e Sof 7]ofshes A BARAAE =E5kaL, B2
of Sh5dt FARet AAG The] TR A QL AR
s4aklct.

Ut pe o

3. 243t YW nE

J

3.1 EEO| EXIEXIRL HAM(K/S) ZHo] M Alpta EA

ARo| Bal P2 B4 JA4 2| BAE AEH
oz ZA8H] Qldll, 1671 EAREEALL}E FAA (KIS)ZT
o] 7l AbA BAL 4351}, E AFEES Figure
4o YEhfglnt. o] chorgt BAEER} 7k9] U
PAZ 2517 oMol A HATHARL AT} B
Ade 7HA=A] SIS E Y] QIR EAlolth 1 Axf, B
T AR oA AxtA o' 7y FAEARR} K/S 71| A

I'



o = _ — = = o
WA Y e BEE GE BARAL} BemRUA 48 G4 7o) a2 || 23
° oo
o © Se o o0 H H ! § 8o °
25 - ° 25 o 25 - ° 25 °
LX) 8 o o 8
20 A ° e 20 o e 20 A ° 8 20 |
o © ° ° ’ .o 0 o © PO Y
° o9 ° o 8 e @
¥ 15 A 00989 o ¥ 15 A .oﬂ*o. 0 15 A [ i ¥ 15 A ’o.
38 o0 A oo o0 ° ' 8 8 o e
10 * bed 10 A o e 10 ° 104 @ b
) ©0g0 [ e 00 o H ° []
° 8 ° ® 2 ° 8
51 40 o o0 5 - 000% o © o © 5 5 '...
o0g ° e © o . o © . ° ° ! °
:o!’ ° ﬁto [ [} [] °
0@ 0% ode® 0
r T T T T T T T T r T T T T T T r T T
15 20 25 30 35 40 10 20 30 40 2 4 6 0 2 6 8 10
C H N o
o0 % ° % o o 00 ..’. o o 00 ..’.
25 4 ° 25 4 ° 25 4 °
° ° °
2 o000 ° . o S0 @ ° 2 ° o o o
o © ° O Y e © og oo
® °g ® ® : ® o
g7 .?'. 0 151 9151 © 08°28 o
o © 8 0. 800
10 A 4 Ld 10 4 10 A °
° ° O 000 © © o 00
O ° °
5 Q:F e®0®e s | o..:o.....’. 5 | ...o.oi ° . ® o e
oo ° ° oo o g ° °
ol o83®0 e ole ..f'a °® o8 878 oo
T T T T T T T T T T T
300 400 500 600 14 15 16 17 18 0 5 10 15 200 300 400 500
MW Ovality Rot_Bond SE_Vol
cess *te, T s ., i
25 4 ° 25 4 ° 2510
4 8
® e
20 4 ® 204¢e e 20 |
°® o © g8 o © ° ° °
15 ® ° 15 HIH 154° H H
¥ 15 o oQ 0 15 ' 15 !
'.‘ ° o0 © .
10 A oo 10 A ® 10 4 °
° ®e o e o e
e o ®o ®0°0 ° g ° °
®] © P o %o , ° *1 ° ° >1e ° °
o—.""' o 0 ".‘ cee 04 § 8 ¢ o o o{8 ° °
T T T T T T T T T T T T T T T
400 600 800 1000 50 100 150 200 4 6 8 0 1 2 3 4
Access_Area Polar_Area H_bond_Acceptors H_bond_Donors
i oo 8 o ooo 8§ oo
254e 25 ° 25 - ° 25 4 °
® o o ® o o ®e
20 ¢ e 20 8 . 20 8 . 20 o °° °
° ' ° ) o, ° e ® o R ° .p. °
° ® ° (] ° ° e ©o L4
o 15 ¥ 15 A ee000%e @ 15 A ee0®%e o 15 C al
g e ol 2 H H o3 e o 2 H 8° .8 o 2 poo ®
[] [ 8 °® ® 8 o ) )
10 A L4 104 © . 104 @ 10 A ” o
° ° ° ° eo o e o oo of ©
oo oo ° ] °
5 ' ’ 8 54 .!"".. 5 .". §°°® o ° 54 Gogte o@®e®®
{ $ g ¢ R ‘ g8 o ° o -
4
0 A 0 01 0 A
r T T T T T T T T T T r T T T T T T
2 3 4 5 00 25 50 75 100 125 ] 5 10 15 25 50 7.5 100 125
Phenyl Alkyl/1chain Total_alkyl logP
Figure 4. Scatter plots of individual molecular descriptors versus K/S.
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Figure 5. LogP vs. K/S scatter plots showing (a) six dye groups with a good relationship and (b) all dye groups.
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Figure 6. Visualization of training behavior of the weight (a) and bias (b) parameters in the linear regression model, (c) example decision tree

from the trained random forest.
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Figure 7. Comparison of predicted and experimental true K/S values using (a) linear regression and (b) random forest models.
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Table 2. Prediction performance of linear regression and random
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Figure 8. SHAP-based interpretation of molecular descriptor contributions to K/S prediction based on (a) linear regression and (b) random forest.
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