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Theoretical Study on the Acidity of Neighboring Acid Sites in ZSM-5 Zeolite
and Its Effect on Ethylene Protonation
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Abstract: By the QM/MM hydride ONIOM2 (B3LYP/6-31G(d,p):UFF) method, the substitution of framework Al pairs at T6, T9, and T12
sites in ZSM-5 was calculated, and the stability and acidity of the neighboring acid sites were theoretically studied. According to the calcu-
lated Si/Al substitution energy, the most stable acid site is located at Al6-Al6, and the more stable acid site is at A16-Al9. The localization of
acidic proton was explored by calculating (Si/AL,H) substitution energy, and the acid strength was evaluated with the calculated deprotona-
tion energy. The results indicated that the neighboring framework Al leads to the decrease in acid strength, and the acidity is in the order
Al6-Al9 < Al6-Al6. The adsorption property of ethylene molecule on the neighboring acid sites was also explored. It was found that the
-Al-O-Si-O-Al- structure neighboring acid sites have strong effect on the adsorption and the protonation of ethylene and especially lead to
very low stability of ethoxide product.
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Fig. 1. Distinct T sites in ZSM-5 zeolite.
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Fig. 2. 52T models of ZSM-5. (a) Centered on T6 and T9; (b) Centered on T3 and T12. Balls and sticks represent the high layer, and lines

represent the low layer.
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Fig. 3. Dual Al positions in ZSM-5 zeolite. (a) T6-T6; (b) T6-T9; (c) T3-T12.
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Table 1 The geometric parameters of different sties before and after Al substitution

T3-T12 T6-T9 T6-T6

Parameter Si3-Sil2  Al3-All2 Parameter Si6-Si9  Al6-Al9 Parameter Si6-Si6  Al6-Al6

T-O 02-T3 1.6189 1.7480 05-T6 1.6264 1.7388 05-T6 1.6264 1.7385
T3-020 1.6199 1.6808 T6-018 1.6364 1.7119 T6-018 1.6364 1.7488

024-T12 1.6247 1.7038 025-T9 1.6202 1.6891 018-T6 1.6364 1.7488

T12-020 1.6205 1.7540 T9-018 1.6266 1.7630 T6-05 1.6264 1.7386

Si-O Si2-02 1.6372 1.5773 Si5-05 1.6278 1.5578 Si5-05 1.6278 1.5662
020-Sil12 1.6206 1.5721 018-Si9 1.6266 1.5882 018-Si9 1.6266 1.5807

Sil2-024 1.6247 1.5872 Si9-025 1.6202 1.5787 Si9-018 1.6266 1.5807

020-Si3 1.6199 1.5546 018-Si6 1.6364 1.5699 05-Si5 1.6278 1.5662

ZT-O-T ZSi2-02-T3 149.94 138.21 ZSi5-05-T6 148.24 142.19 ZSi5-05-T6 148.24 141.96
ZT3-020-Si12 151.52 142.13 ZT6-018-Si9  142.01 133.978 ZT6-018-Si9 140.01 130.50
/Sil12-024-T12  142.51 133.65 /8i9-024-T9  153.20 149.43 ZSi9-018-T6 142.01 130.50

£ T12-020-Si3 151.54 141.04 ~£T9-018-Si6  142.01 130.17 £ T6-05-Si5 148.24 141.96
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Table 2 Calculated Si/Al substitution energy and relative Si/Al substitution energy at different T sites

Structure Ez/au. Ez.ap*/a.u. AE(ap/a.u. AE’(a1/(kcal/mol)
T3-T12 —3172.79845 -3078.70700 94.09145 24.77
T6-T9 -3172.72810 -3078.64581 94.08229 19.50
T6-T6 —-3172.72810 -3078.67612 94.05198 (0.00)

E;—potential energy of pure silicalite model, E(z.a1>~—potential energy of Al substituted model, AE s ;)—substitution energy, AE ’a—relative

substitution energy relative to T6-T6 model.
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Table 3  Substitution energy AE s u) at different T sites

Structure E,/a.u. Eam/a.u. AE a1 m/a.u.

T3-T12 (02-H)AI3-(024-H)AL12 —3172.79845 -3079.90189 92.89656
Al3(020-H)-Al112(020-H) —3172.79845 -3079.87782 92.92063
(02-H)Al13-A112(020-H) —3172.79845 -3079.87475 92.92370
Al3(020-H)-(024-H)Al12 -3172.79845 -3079.87731 92.92114

T6-T9 (05-H)Al6-(025-H)AI9 -3172.72810 -3079.82463 92.90347
Al6(018-H)-AI9(O18-H) -3172.72810 -3079.83123 92.89687

(05-H) Al6-A19(018-H) —3172.72810 -3079.82395 92.90415
Al6(018-H)-(025-H)Al19 —3172.72810 -3079.80733 92.92077

T6-T6 (O5-H)AI16-(O18-H)Al6 -3172.72810 -3079.83680 92.89130
(0O5-H)Al16-Al6(05-H) -3172.72810 -3079.83772 92.89038
Al6(018-H)-(O18-H)Al6 —3172.72810 -3079.82376 92.90434

E(a,n—(ALH) substitution energy, AE(any—relative (ALH) substitution energy. Structures underlined are stable.
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Table 4 Calculated deprotonation energy of different models correlating to the localizations of two protons

Structure Epa/au. Eam/a.u. AEg,/a.u. AE’ g, /(kcal/mol)
HAI3-HAIL12 -3078.70700 -3079.90189 1.19489 21.47
Al6H-AI9H -3078.64581 -3079.83123 1.18542 15.52
HAl6-HAL6 -3078.67612 -3079.83680 1.16068 (0.00)
HALl6-Al6H -3078.67612 -3079.83772 1.16160 0.58

SRR, NNNN A U5 AR 10 e v 2o 1
NNN A7 AT X300 1 2280 2 1) R 3 B, R R
PERRACHBR 2. ZSM-5 431§ HhoAH &8 B8 1 A7 1 R 7
WL YR N HAL6-HAL6 = HAI6-AI6H > Al6H-
AI9H > HAI3-HAI12.
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Table 5 Calculated adsorption energy of ethylene on different

acidic sites

Acid site AE 4/ (kcal/mol)
Si3-HAI12 —-11.09
Al6H-Si9 -12.90
Si6-A19H -12.32
Si6-HAI6 -12.90
HAI3-HAI12 -9.91
Al6H-AI9H -12.36
Al6H-AI9H -12.36
HAl6-HAL6 -12.56

P SR WP e, T DUF R R B ST
Al6> A19>A112. o5 DA B A2 XUR 1 A7 11 45 2R
AR, TE A2 [P NNN {7 A3 AEAERS, A2 A7 [
PERREE TR, ZATR B RESE . 4T AL6 A7, 7E NNN
PEAT FAAR R PEAL(AI6H-AIOH) IS, 82 P i 3 A7 4 FAAE,
LR e LEAE AT BR M F 3% % T 0.54 keal/mol.
fH 24 A19 {7 A7 NNN AH 4B R 1 47 (A16H-A19H) i,
AR B8 JUF- 55 BT R A AR R, AN 205 W B &%
HEYRI LT CUE W, EAHAT Al6H-A19H Al
AL6H-AI9H RVENT b, 29 7 1 S B bW Bt o A
P A 2 18] (] 4(a)), X&) Al6 Fi AL9 A7 1) IR P
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Fig. 4. The adsorption complexes of ethylene at NNN-acid sites. (a) AlI6H-A19H/C,H4; (b) HA13-HAI112/C,H,.
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Table 6 Calculated energy of ethylene protonation on different
acidic sites

S AET s AETs AE;.
Acid site
(kcal/mol) (kcal/mol) (kcal/mol)

Si3-HAI12 -7.06 24.58 —-12.07
Al6H-Si9 -8.33 27.84 -13.13
HAI3-HAL12 -5.40 30.13 -3.99
Al6H-A19H —6.94 25.18 -1.05
HAI16-HAI16 —8.25 29.23 —14.75

AFE1,4s—Adsorption energy, AErs—energy barrier at transition state,
AE,.—reaction energy relative to the isolated acidic zeolite and
ethylene molecule.
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