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This study provides a theoretical explanation of the catalytic mechanism of novolac resin
in the hydrofluoric acid (HF) gas-based dry etching process for silica glass (a-Si02)
surfaces. Using density functional theory (DFT) calculations, the study demonstrates that
the hydroxyl groups in novolac resin form strong hydrogen bonds with HF molecules. This
interaction weakens the HF bond and enhances the nucleophilicity of the fluorine atoms,
ultimately lowering the activation barrier for the etching reaction. The catalytic mechanism
facilitates rapid and vertical anisotropic etching, a result that has been challenging to achieve
with conventional reactive ion etching methods. Consequently, it has the potential for
significant advancements in the manufacturing processes of next-generation a-SiO2 devices.
To identify new high-activity catalysts, a predictive method for catalytic activity was
developed that combines feature design based on semi-empirical quantum chemical
calculations with a linear regression model. This approach exhibits high predictive accuracy
(R2 = 0.89) when compared to reference DFT calculations, enabling efficient screening
across a broad range of compounds. In a case study targeting high-temperature-resistant
catalysts, the active properties of 62,574 molecules were predicted, yielding 1,410 high-
activity candidates. These candidates were found to possess specific substructures that
provide design guidelines for developing new catalysts. This study not only enhances the
efficiency and performance of etching processes in a-SiO2 device manufacturing but also
underscores the effectiveness of integrating simulations and machine learning in catalyst
discovery. The proposed method shows promising applications across various fields, paving
the way for future advancements in catalyst development and materials science.
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YUNHTA (a-Si02) 1. WFEAE BV, K
WAE, EEEET COBRVWEERE R =— 2
Fia R 312 SBETIE, aSiOzFfIH L7z~ A 70
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(Reactive Ion Etching: RIE) 2SHW LA™, L
L 25 DA 2, R E CoMmME MG
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AEINDZ LD, FHEM RIS L L6
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FE & RIS E DRI /e 7 9 A 5 —E T IV &
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FAT L, O X B = X LB L7z,
DFTEME DG & B A 72 b G o S 1
b LIS, MRS ISR A JRER T 5 720121,
PEEETVOMEDRENTH D, ZDXH) T —
& BRENEI ORI VIRV BR % 72 70 BF T &2 LD C
BY. MIEEIRERICB O THREAHFE ST 52629,
£l DR & B AT R YR LA e 2 250 R0 A IR
T AL 3T GRS 0 RS T O SRS O i
ML ANF N EONRTA—F1F, FIZT VT LT
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— I WE L RO TRELTWA Z EHIEDOK X
GREEEL oo THBY ., FHICHERT— 5 202 L T 56
TREAZFTH DD X ) BGA. HREOER
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Photoresist-type catalyst

a-Sio,

Fig. 1 Cross-sectional SEM image of a-SiO5 glass substrate
coated with photoresist-type catalyst after HF gas
treatment.
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kL CTW5,
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727 x ) —VHSFE Wz (Fig. 2b),
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(b)

Fig. 2 (a) Optimized SiO; cluster model. (b) Optimized
phenol cluster model.
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Si027 I A% —FFNVH BSIF, 15T 2T 5 F
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Stepl
HF + (HO),- (Si0;),, = F(HO)- (Si0;),, + H,0,
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HF + F(HO)- (Si0,),, - F,- (5i0,), + H,0,
Step3
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Fig. 3 (a) Snapshots of the reaction process in each step
for SiO, etching by HF without phenol. The spheres
are colored by atomic species. (white : hydrogen,
peach : oxygen, light blue : fluorine, dark blue :
silicon). Bonding distances of HF molecules are
shown in blue (A). (b) Energy diagram for each
step. The blue values are the activation barriers. The
vertical axis is offset by the reactant energy.
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Fig. 4 Optimized structure of the reactant and product in
each reaction step of SiO, cluster -HF etching
reaction.

Table 1 Si partial charges and activation energies at each

step.
Partial charge of Si o
in the initial state | 2Ctivation energy
Step 1 +1.413 1.22 eV
Step 2 +1.424 1.19eV
Step 3 +1.460 1.16 eV
Step 4 +1.513 0.84 eV

4.2. /K7y 7EEEMEICAVSIOREDHF
IvFry

KIS, 2 RT v 7BROMEIRE €T L727 =
=V BEAET 56052 ~T (Fig. 5a).
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Fig. 5 (a) Snapshots, and (b) energy diagrams of the
reaction process in each step for SiO, etching by HF
with phenol and (c) (d) step1 with NH4F.
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Fig. 6 Optimized structure of the reactant and product in
each reaction step of SiOs cluster -HF etching
reaction with phenol catalyst.
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FEML2ERTIE, dHFOKREES Ly Fo 7L
— MR =B AR S 7z (Fig. 7¢). %
BRSO RN SO R E N TV 5, ZORE
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Table 2 dHF of different catalyst model and activation
energy of step 1 with them.

None | Phenl Asmmontum Mﬂ;’i"c‘ | Pyidine
dHF i i } }
A) 093 | 095 i 097 | 098 | 098
Activation i : i :
energy | 122 ! 086 | 047 | 040 | 036
(5] N ¥ Il '
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Fig. 7 (a) dHF vs. activation barrier plot grouped by
catalyst substructures. (b) Distribution of activation
barriers for each substructure group. (c) Correlation
plot between dHF and experimental etching rate.
Molecular structures of highly active catalysts are
explicitly illustrated.
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5.1. #F7—42tv  OIEE
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W& 15572012, SciFinder$2 510fE 0 5 72 % i 55
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1000FE 3" D% L 720 ¥&kiZ. RDKitb% HwC, I
L7250 T DM 1 DGasteiger@ o7 8% 545 L,
GasteigerEM A D HICKEWVET-%, HEDWAE T
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Table 3D10FEIZ Y TIL FE 5 W LEWI LA O B
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L7720 Fzn WSV A NETFICHFS 1255 L7z
L&, 7y RETINIKER VIR EIND L9 25
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BAER 2R & 0720, RIFE Tl ilui o35 R4 WA
F A ML BHFSFOMEEHOAKRIZERT 5 (Fig.
S7-S9), WM SN0 F 7 — & O#EIF2997
THY. HoEDONR%ETable 3138 T . 4577 —
Yty POdHFZEH T 57201213 5T 0
SMILES & iR & &2 2 L. s34 MBI
HEA 2L, & 7AbEEEE % H O SE Rol b
2T HVENH D, Z 2Ty SMILESH 52K ToHE 1%
ZHER L. WWRNZAFEERTFZMHIML 06, 3T
Wik 2 B Lo DRSS L ICER LS 1 b
JEFAIH Ly B0 RKREFZ—D2M L. Bif+le
DIRRE CHERERE L EAT o 720 15 DG IR
L. g A MET-2 SR L 72K R E T ) X
7 MVOREM W, 7y EETE, KERTH2S
1.0 ABELCHIE L7 OS2 OB LT,
DFTRMAAC & A b2 9 L7z, B ook
WAL T, HES FHE#EA12 AU LETHLH0
R, WA A MNETEHFS T OKERT & Ok
25 AU LETHEF— %2 BI L $720 Boh:
T G S BEE D o 70T L HE T & O
OMEEH T AN F=DPIEE o2 TiE, T—% &
v EPSBI L. =5y FOETOREEITR L
TEHMEL72dHFIE, 0965 A Zruls& L2IEB R
WCIRAS>TBY, WY 27wz & 22 L7z (Fig. 8)o

Table 3 Details and breakdown of test molecular dataset.

Class Aroma6 | Hetero6 | Aroma5 | Heterob
(v ]
Substructure Z I @ / \ < \
_\N ______ \\N_"__"
Number of | 57, 261 36 353
molecules
Class l-amine | 2-amine | 3-amine
Substructure A \
H g \'H H \‘-s / \\
Number of | )35, 137 150
molecules
Class [0} P S
Substructure 0 P S
[ Numberof | van | x| o |
molecules 190 45 72
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Fig. 8 Histogram of dHF of test data.

5.2. dHFFRIETIVOESE
5.2.1. EFIVOERES

dHFO 7 — % & v 55 AERK S W7z i oA
BRI D0.8% M 2 B8, ZOMOF= & D
BREBORMPRENTT 2RI L7 TN D=
BML7T—% 1y ba, 8208E&EThL—=V 7
T=FET AT LI, 2613 RSy T
— YBoruta (v8.0.0) ®Borutaf¥®& MM L T, $
BOBRRZFAT L 72, FEBEEIRICBII 27 vy Ay —
FOFPUL, FUKEEICKE REEE 5.2 o lz7:
O, Y= F0ZMA L, wKiterationf%200& LT
FAT L 720 TterationASEeRIZi#E L 72K i TR 2 tRRED
BRI L 720 Sho bz, P
0. EEASUC R B X ) WL L7z ZOTINET
IR 72 HEOAE S VTF Lz L —= v 75
— % % H\WT, Scikitlearn THEEL 72T ¥ ¥ LT *
LA MNaYgET IV, #JEEET IV, Ridgelnl)sE€T
WL LassollJFETF N2 L 720 TV F LT+ L
A PETNVORERDER T ¥ 5 Ly — FOERTT
WA ICKRE LB L 52 hholclco, ThZEh
100, B L U0& #% % L7zs Ridgell)#dE 7 IV & Lasso
)5 E T WA BIT BIRERARD 8T A —F aflild, 7
Uy FH—FI2 X ) RERE (R PRdmE kb
iR L7z HETNVDZDMDINA I8—I85 X —
ZXT7 4V MEZSRH L7z,

5.2.2. 1FHERETEETIVOMEEESTTE

F LI, JURN R » b T A RDKitatik
& Mordreditif 7% F W CHEMGE 217 > 720 4%
BEOBBIIAS L 1TTH > 720 FEMTREE & ST
70 v  %Table 4. Fig. 9II/R T b HWVR?
IZ. Mordreditib -2 H\W7/=9 ¥ L7+ LA ME
TR L720.70TH D FUFREEE XK, 2L, 2
o OFER Y v P FhgES RO 2R L
WERT %, Bl ATEERED R D VIR e
NBCUT2D_MRHI& nBaseTH H. bl 451
NOET- D b B2 R Isue &, SRS
SREEDEE NV N T B ETH B 43HITH
BIL 7z 0, dHFIEBAEY A b o IEME s E %
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THh D720, JaiEE L L 2 3G 54
Bhd 5o

S DI ZR TR % 23 5 R, R T
DR BIMTH B, 2Ty GasteigerizZ HWCEf
B2 A, SREEORBEHIZY 7 P LTWS D
DD, WHY A MET-OES R IXdHF & A5 & <
MBI LTS (Fig. 10a), Z DIRIHEMRLREZ & D5
T D ENEHIET A 72012, WET A MNET-O R THE
Ry WA A MRFEGORE, WA A MR
DGasteigerBTm e Ex MM 7258 = vy b (D,
Gasteigerf#fia L IE5) 2B L7z, Bl Gl L 72
J7EC, R o EE 3STIICEI L 720 Gasteiger
B CIlMiL72T » ¥ 57 + L A M EFVOHIGE
e ZHME-FfE 7 0 v b ZTable 4. Fig. 10biZ/R
o PUHEEBRFICHA, RUZ088 K& L ELTW
2500, 7IVPHOFT—% (0. P, S) IETFikE
FEAMRNZ DB, THIE. T I IS LTIEEE
MRS AR EL TV 00, FRUSORES
BEFHEOAEE L TWE I ENHETHL, O
ZOEFIVIZ, IEHEHPHO4 T ORI L TERIIC
PR % BT 2 DD ) . e OREE LT
PR RETH D — T 73 V2T %2 TR
FUC LA ORUZ091 & FEHICH . #BaHEREIC X
HPHREEDAES D s, FEEHEHPET -
TWABRRFEISF LTI BERLETVTH D LR b
Gasteiger§¥ s 2 iV 72 TS R o 1a) IR 55
HDWHTH H DL, GasteigerFENHE O ELE
MDA TEMZFET S LICHET 2, HOWS
HOEE IR L CH RIS TRE T 5720121, Bk
DOEMEHEFERHERELIC X 256 R, = Avy
—DERPLEETDH Do — 1 TDFTR I B B KO 5
ICRE SN ELFEHR TR, BRSBTS K
B E 2D LD EEIND, IS OBEE R
TAHHEE LT, PR R LA EH 2 I U720
BEAEr e . IS FIE TV OMERERGE % 1T
(o) f:o

UM 7 BBy & Lt E sy r — U Th B
xTB™ ™13, DFTEMEOR VA v 7 % BRI R
FYYANETNEEIRZ H T, EEP O Y
FEOFETEZFEELTWD, DEiORYF<—72
Tld. HDZEIE L XV ODFTEE & MED1E T
FEE et LoD, 3~MREE#ETH S 2 Lol
ENTVBEB, ZOREEREDNT V22X, W)
PP O 720 ORI 7V ORfR & LTHW S
NTBY ., B2 TEREG T OISR B e
EH, v —OFHHEENOFUIHEH ST
5o

R eI, xTBZ v TRl b L 724k
OB/MGAT FEEE, TAVF—OfEZH Wz, 30
DT, xTB%E W 72§ & fe #i b CAHF% 515 L.
DFT# % 722 HdHF & Ol 2175720 xTB
THEL72dHFId. DFTHESE & ik L C0.005 A
BB % 2%, 0.98 AT oS WdHF#IR Tl
BIZICHBE L TWb Z &A% 25 (Fig. 11a), —J



TRWAHFHIRTIRK0.02 ABAFFAMG L. s
Bh e hotze ZOMEZHFs_xTBE W) FE
BEIZER L, BRI 2T L2 2 A, REZ
071 TH o720 £ZT, RN RIS ER, FRIE
WAHFHIE O S 7% 2 2 M5 5 720, JBINOFE
BEEt 21T o 72

xTBTHE & R a# b L 7= il i - HE 5 T8 & R o,
HF5FORFZIRT L WA METF oL R
distances_ HB_xTBZEM L 7z. Z O#kEIL. dHF
EFRRICAKRFER G ORI YL T 525, BWAHF#H
BWCHMERE OMEE . RIS, ZA VT -0
R OARFERGIREZIHT AL LT, ik &
HFED FOMAEEH T AV F—%2FKFads_xTBE, fil
HEo7Ta b B RTPAs_xTBEE L 72,
INnHiE, BERK L BN AL 0D,
AR FEDREERWAET A NETF LS S OFH A
TER % BT AL D 5. IRIC, BMOERE L
C. charges_site_ads_xTB. charges_site_d_xTB.
charges F_xTB, charges_proton xTB% 3B/ 72,
IhsiEEhzn, ME-HF S FEE RO A
MET-ORER, AEE-HFS- 786K & G0
WA A NRF OB, EE-HFSFE GO
HE5F 07 v RILFOEMN, R oWAgH 4 Mg
FHRFAL L 72 B OKFEHTFOBEMEL T 2D
X9 EMOMWHIZ, WA A META S EAERT
LEA~OBEMBE R, 2F ) ETHGEELEL, BT
BEHOBN»OAHFZHAT 2EICZ D 9 5 L
F 2720 F72. 4O DGasteigerfF i #xTBTHE
BLU. BRH L7z, Do &R iR 120
R O THEET VRS L7,

xTBfifsEt Yy b WL - 2hZhoE
TV D EHMi R EE & ZIRAE-FHE 72 v b ERIRT
(Table 4. Fig. 11b, ¢)o Wb EVRIEZ, TV F A7
F VA METNVD094TH V. GasteigerfFia 2Lt
RCME L7, &b EEEOES W EIZHFs_xTB
TH O, PR TEZ v md{b A2 DF TR
HOMEZRLERLTWAZ ENKRELHTH
%o %72, Fig. Mat k2L, RN RIES5DE
REWIHFFIRO PR E2SSE LCB D, BT
R LD FUWREORY v, Ziud, #
AREREM, ANV F—OIERE N2 TUREN 2%
my PERELTWDL I EPHHTH 5, FIERYG
ETNVORDT VAT 4+ VA MILELDIR, —iB
DR A H AR LTI ICHBE T 5 2 & A8
FHTH 55 RAFX089TH 0. HhohiEic X 2K
ED VW ENLTHREETH S, Ridgel)aR
LassolnlfiZ & AFEEA FIZ A SN h o7z,

WIZ, T A T =7 I2EF N WSOk
JEAWGE L7z SERIETZWAE A MNETICHEORE
(aroma6~1-amine) 72} #82DHATIHT— 7 &
TAMT=FIhE L, 2512, ZOMOETOR
# (0. P.S) 27 AMF—=FOARIIMA, ETLD
e PR EAT o720 R IHFRR TEVLRIRE 5
ZARTWES Y F AT 3 LA METIVORUI0.81T,
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K& IR L 720125t Ly BIENNE £ 7L OR120.89
TEALD 2o 720 Fig. 11dIS7R T S IAE-THE 7
Oy ME, TIVHEHOTF— S DORTIHLZT > 5 A
7+ LA M EFNHBZEOMOESHEE (O Py S) &
HPATETCVRNI L ERL TV 5, MERFET IV
i, T — 7 IZE EF N TR WEEICH L TR
002 AD#EZREL TV B, KIEoMHEDIHF %
FMTETVS (Fig. 11e)c ZOTIGEIL. B
BRI T 2 ARIBHER IS B VT, YDA
V==V 72T DITTHTH L, TOF Ly b
IZEFNBETORBEIL, xTBTREL S h7-fil
RS- HE 5 F A RO, BT, AHxT =
WE—=POEPNLETH Y 5 TSRS 5
ERHELELE LRV 20720, FaoitHE e
BRI NN B E2 A S 9 IREICHIT 55T
BT T 7T 8 EAGDESZ LT, ML EB)
FUT—27 70— %R 5 2 EDTHETH 5o

Table 4 R? values of various regression models for dHF
with each feature set.

Random : Linear Ridge Lasso
Forest ! regression i regression i regression
RDKit 0.65 0.48 0.48 0.48
Mordred 0.70 0.51 0.50 0.50
Gasteiger 0.88
XTB 0.94 089 : 089 : 089
(a) (b)
A sructure
v | % . o =20 % @ aoma
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¥ . £ ¥ .| reeres
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DFT reference of dHF [A] DFT reference of dHF [A]

Fig. 9 DFT reference vs. predicted dHF plots for random
forest models with different feature sets. (a) RDKit
features reduced by Boruta. (b) Mordred features
reduced by Boruta.

@) ) (b)
- e Structure
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k ‘%: 5 § ) ® o

. o o P
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- charges_site feature ¥ FJ:T;;1er‘;‘nn:=..«nt:HFTA|.—;.

Fig. 10 (a) Charge_site feature vs. DFT reference plot. (b)
DFT reference vs. predicted dHF plots for random
forest models with Gasteiger charge based feature
set.
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Fig. 11 (a) dHF correlation plot calculated by DFT and
xTB. DFT reference vs. predicted dHF plots with
XxTB based feature set with (b) random forest
model, (c) linear regression model, (d) random
forest model trained with only amine data and (e)
liner regression model trained with only amine data.

5.3. #FERTOY 7 LORE

dHFFE 7 VAR TS HSMILESAT) 7 —
Y% HByCEKRT 2707 T DA FEH LIz, 5 THEK
TNTYZALE LTAL AL TS DIEERN TV
TYRALBSR 5720 —FVEy hT—2Th
D, TNE T, FEEDRRIER 2R M ERESR,
FEOKGEM N =0 L @ETLT 727551
THREY, GEREE O X B A 7 55 TRk
B EDPREINTE 2, SNOSOTHEIL, Mike HY
BROBRII S P THROWED L WREIETH Y |
F7:, MENORBEMEZIGTE 2FHbH 5,
KFZEDY 6. WEONRIIHENHETH ), &
FBE U v ML EOEENERAEY A b e E
F ZDEHE AR T S T A9 B A+ TH
%o Fo. 3O NG R ESRSH 2 H
e L THGEES NS 720, KBRS Z AT 28 &
D HPVH MDA T Ly, ShS0FHRS, 1L
FHI 2 IR % X — A NTEB M 2 T B v —
N=ADGTHERT O T T 2T LT, EELT
a5 LD TR 7 0 —%Fig. 1212183,
Lo, WIREEOSMILES % #tdkikis, ZOF)
W& 2. RDKitOAddHs X ¥ v & H W THIRIY
LAKFEFEF 2T 5. WIS, PIFIEEICEEND Y
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@ rrUkETHH L

@ SWICHEEAVERTRETH L 2 &
B L7z SIS &7 L2 FAEdiase v K UHE
BOWEI IO, REDGTREMAI TG, O
ERTOWEI X > TER S N0 FHEE SR S
%o HEIEDWE DB Tl - 7250 THExE & e shiz
Yitr. ZO0FREGEZHIR L. FENIREED S
WE % FIGT %0

ZHOEHICLTHEELL 7T YT AIEFig. 131K
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Rule-based molecular formation flow

define initial state
“NCT N—C
add H atoms & pick target atom —
- i} add bered
THINHDCEHINHDET  NH, — CH,H (| EEadaEhmaced ARtz Ca
!E(Qelmm'/ | T “‘Q*n._h i

HngHpcHy  NHz = CH
{[Hle1ccoeet”

X
werification
() check zero formal charge
& check Kekule struchre
{3 check 3D structure

aver specifiod MW

save SMILES

Fig. 12 Schematic of rule-based molecule formation

program.
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g %;7 ~& Sy o e
th Y Y e e (i
rr’g gy J_JJ}’E‘\@ s " o

Fig. 13 Example of molecular structure generated with
methylamine as the initial structure.



5.4. 7—-v70-0O%k%E

G | 7ol T T — 2 7 1 — ok % Fig.
1412717,

BFLOIIZ, GT7ERTT 75 22X - TG Z
G5 T OSMILES % KT %0 2 DSMILES% fit
A, xTB%E I TR RT3 S AL B 2 i 1 o #iA b
& BN % FATS b0 TNENORELREE DR E
DHPANDHEAERER T AN F =2 T 5550 A5
walH 2179 (Table S3). JFf¥im % ftAiAd, FHil
Wi L 72dHF Pl 7V CAHF O Filll % 479 %,
TPl L 72dHFA31.00 ALLECTH - 72854, DFTRE
THEMERELE FEITT 5. DETEHESET S
72, T RAES L dHFPIE TV o
T — 21z 5N5, TOEMOIRIL, fliEs
VZHRIC 2 T MR R A M RIS O AR 2 T RS
EHLzM-72b0THY, HEHTEToR7T—%
BIMASTE TRV, AR TIRFINEEET 5,
ZD XL T, SRS T OMREE HEB)CEHI
LoD, EFNVOIFRT— % 2 BIEMNT 57— 7
u— %L 72,

Automated catalytic activity prediction workflow

initial structure

molecular formation

(Eig. 12)

SMILES

xTB
geometry opt & charge analysis for
(1) simple substance
2) HF complex
3 con d aci

check structural parameter

I f
reject calculate feature values
data from xTB results

|
Linear regress ion model
(Section. 5.2.2)

predicted dHF
= 1.00

Gaussian

HE complex
(initial structure is xTB(2))

\

save
+ SMILES

+ predicted dHF
* dHF

- optimized
structure

- feature value

add
train data

save
+ SMILES
+ predicted dHF

Fig. 14 Schematic diagram of the catalytic activity prediction
workflow.
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6. MBRERFEZX— LOERA : =&
Tt AR DIRTR

N FE CMEEIL DA A i A R L C & 22
A FEH M T 51201 /KT v 7R
XA E LR — %22 5 0ENDH L, F
B SR ) < =Ty F U IR R 52 5
ZEWGI o TWD, BIZIE, & DITKIEEZET S
7 KRF v 7HE & Polyglycerol Polyglycidyl Ether
(PPE) 13 FNZNdHFA%0.956%0.960TH 1. [f%
OfEE 2 H T 5. —H T, TNHE/NSF—= 7
LHF# Z L % L 72 289 Cld, T IRATK & <
BB hnoTnb, /RT v 7ERE v/
MITIXELSRRBH L TWBE DD, /NS nT—o3
—f LR MEE% 43 % (Fig. 15a, b). PPE%
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ERL TSI EW5h5 (Fig. 15b, €)o ZONNT
TEIRDENZ, il 1 OB R R T 5.
IHF A A T 2 v K70 AL, #4
SRR WPPEIE, T v F ¥ 7 OikfT & KRS
Do L AT EHUHE D OB DOAE—{boskE 2
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i 24P D 7 Wl T OB A & > T Do

DR R Y v — ke L TREN O, K
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T®»% (Fig. 16a, b)o PBOIZ. EAF 28, &
N7 BEEEB L BN BRSO W T, WRHK
THEMFZE S N TH Y902 2B RIREIZ350 T~
650 CHEETH L% M, 2, SiO-HFF AL v F
Y707 vALKFEFIANLE250 CA2BEISHEZ 5MHT
HY. B E Lo EE NS, —H T,
ZOfRIETH BRI F F P — )V (Benzoxazole:
BO) ®OdHFIZ0970Td 1), faEMEIEZ U3 &5 <
X%, 20720, BOOZTHKETHY ., hoiftk
AL 2 YRR T DTN D 5o T DFRER R
T 572012, BOFH (Fig. 16c) = wWiiE s LT,
Y — 7 7 a0 — & AT L7,

BFE FIVICEE A T N2 TOHT O TFRdHF
D54 % Fig. 1702183, BOBRIZH LT, 3G
AWET S LT, L) EWAHF 2R3 il 725
SR LN FRIL 20 TRIEEE % B %62574T
HY. Z0I HAHFA0985 A DL Lo siE it pd
131410CTH o770 REFIVIIERES EEZZE LT
Wn7zo, BWAHFPIME 2 R L2 6 6
WHER T RS 20BN D 5. Sl & 0 zhEEm
AR RET D720, 85N D3ERED
=27 %d Ll BWIEEOERNERAE L. 203
BB 05 7 2 BRGSO R o &
3% 37.C, Uniform Manifold Approximation and
Projection (UMAP)%% H\W\WT2RIE~ v FI2 X 50]
BULZR ATz SHOFHO2RITG~ v 7Tk, B
S FREDBEA TR E FUNGEOFREE SRR IR U
5NBZ LD o7z (Fig. 18)0 THNGEA S HE
BIIBODWIG SRV R FEFH TR E T W 55017
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INHOFEN S, PBOFIORY) v —I2, Th¥
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(a)

Fig. 15 SEM images after HF gas treatment using (a) (b)
novolac resin and (c) (d) PPE as catalyst®®.

(a)
OO0t
(b)

foto.l
(c)

L

Fig. 16 Molecular structure of (a) PBO, (b) PBO polymerized
by m-stack and (c) BO skeleton.
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histogram of predicted dHF
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Fig. 17 Histogram of predicted dHF of molecular structures
with benzoxazole skeleton.
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Fig. 18 UMAP based on predicted dHF and 2D features and
representative structures of each region.

(a) (b)
- n N n

Fig. 19 Example structure of benzoxazole polymers predicted
to be highly catalytic activity. Polybenzoxazole with
(a) Carbon chain spacers and (b) side chains imparted.
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Fig. S1 Adsorption structures of HF to different O site on
SiO, cluster model. AE,q4 represent the respective
adsorption energies.
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Fig. S2 (a) Snapshots of the reaction process in step 1 and
2 for Si-O etching by HF on Si-O-Si site. Details are
the same as in Fig. 3a. (b) Energy diagrams for
step 1 and 2.
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Fig. S3 Different computational models for SiO, surfaces.
(a) Si;0O22H15 cluster model. (b) Sij7052Ho7 cluster
model.

Table S1 Geometric parameters of different SiO, calculation

models.
This work (a)Si:0nH; ; B)SirOsHz
cluster model : cluster model
Si-OH length 1.64/ 1.63/
(A) 1.66 i 1.64
Si-O length 1.63/ : 1.64/
(A) 1.63 : 1.66
0-Si-0 angle 110 106
(deg) H
Si-0-Si angle 146/ : 140/
(deg) 146 : 142
Refs. SixOHis | MD P ep®
cluster model i configuration™ E
Si-OH length 164/ - ; -
(A) 1.66 i :
$i-0 length 163 162 i1 16l
@A) 163 :
0-50 angle o i 10 1 109
(deg) | .
$i-0-Si angle 146/ 145 142
(deg) 146 :

Table S2 Activation energies for different SiO, cluster

models.
()Si:02His (b)811;05:Hz; Siz0wHe
cluster model i cluster model i cluster model
Step | 122V LI8eV | 1.33eV
Step 2 1L19¢V | 115¢V | L12eV
Step 3 LI6eV | 108¢V | 1.00eV
Step 4 084eV i 078eV i 063eV
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calculated by the same method as in section 3.
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Table S3 Parameter range of data adoption criteria.

Structual or energy range of
parameter employment
HF adsorpti : Eads

adsorption energy: Faa 15< Eus <0
(eV)
Proton affinity: PA (eV) -15<PA<0

HF bond length of catalyst-HF
complex: dur (A)

Distance between HF and
adsorption site of catalyst-HF
complex: dus (A)

Distance between F atom of
HF and adjacent hydrogen
atom of catalyst-HF complex:
dra (A)

Number of hydrogen atoms
present within 3 A on F
atom of HF molecule of
catalyst-HF complex: Nus

0.945 <dwr < 1.150

1.2<dus<3.0

2.4<dra

Nus <2
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