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Theoretical Study of Substituent Effects on Bond Dissociation
Enthalpies in Lighite Model Compounds

Wang, Xinhua“ Feng, Li** Cao, Zexing”
Liu, Xiangchun” Tang, Haiyan“ Zhang, Man“
(“ School of Chemical Engineering and Technology, China University of Mining and Technology, Xuzhou 221116)
(® College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005)

Abstract Lignite is an abundant natural resource that is a potential source of clean fuel and value-added chemicals. The
mechanisms by which thermal and catalytic treatments deconstruct lignite remain elusive, which is where quantum mechani-
cal calculations can offer fundamental insights. In order to investigate the cleavage of C—O bridge bond, which is the critical
step in the thermal decomposition of lignite, the a-O-4 and S-O-4 types of structural units are selected as lignite model com-
pounds to calculate the C—O bond dissociation enthalpies using several kinds of density functional theory methods
(B3PW91, B3P86, PBEIPBE, BMK, M06-2X and M05-2X) at 6-31+G(d,p) level. By the comparison between the results
and the theoretical benchmark values provided by CBS-QB3 method, M05-2X functional was applied for the calculations on
C—O bond dissociation enthalpies. The present results indicate that the C—O average bond dissociation enthalpies are 51.0
kcal/mol and 66.1 kcal/mol for the a-O-4 and -O-4 types of model compounds, respectively. Local substituents have a great
effect on the C—O bond dissociation enthalpies, the C—O bond dissociation enthalpies will decrease when the adjacent
arene rings are substituted by electron donating groups (OH, OCH; and CH3), while the results are opposite for the electron
withdrawing groups such as carboxyl group. Then the substituent effects are deeply analyzed on the basis of the ground-state
effect and radical effect. An electron donating group can stabilize the phenoxy radicals (radical effect), however, an electron
withdrawing group has the opposite effect. In most cases, the radical effect is more important than the ground-state effect.
Furthermore, there is a negligible correlation between the C—O bond distances and strengths, and the C—O bond dissocia-
tion enthalpies cannot be predicted so easily. Interestingly, the C—O bond dissociation enthalpies can be significantly influ-
enced by the intramolecular hydrogen bond, if the intramolecular hydrogen bond still exists after the cleavage of the C—O
bond, the bond dissociation enthalpies will be lower.

Keywords density functional theory; bond dissociation enthalpy; lignite model compounds; substituent effect; in-
tramolecular hydrogen bond
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Figure 1 The a-O-4 and -O-4 types of lignite model compounds
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Table 1 Bond dissociation enthalpies of the carbon-oxygen bond in the a-O-4 type of the various substituted lignite model compounds

a-0-4 R' R’ R’ R’ R R? R" Ether bond
Bond distance/A BDE-ZPE corrected/(kcalsmol ')
L1 H H H H H H H 1.435 55.2
L2 CH; H H H H H H 1.435 53.0
L3 H CH; H H H H H 1.435 54.9
L4 H H CH; H H H H 1.434 52.5
L5 OH H H H H H H 1.421 51.8
L6 oH’ H H H H H H 1.438 46.8
L7 H OH H H H H H 1.436 56.5
L8 H H OH H H H H 1.433 50.0
L9 OCH; H H H H H H 1.420 50.9
L10 H OCH; H H H H H 1.435 56.6
L11 H H OCH; H H H H 1.433 49.6
L12 COOH” H H H H H H 1.447 52.8
L13 COOH H H H H H H 1.439 56.5
L14 H COOH H H H H H 1.437 56.3
L15 H H COOH H H H H 1.441 58.1
L16 OCH; H OH H H H H 1.419 46.9
L17 OCH; H OH CH; H H H 1.441 44.9
L18 OCH; H OH CH; H COOH H 1.432 444
L19 OCH; H H H OCH; OH H 1.423 51.2
L20 OCH; H COOH H OCH; OH H 1.428 53.5
L21 H H OH H OH OCH; H 1.437 49.8
L22 H H OH H OH COOH H 1.432 47.8
L23 H H OH H OH COOH OH 1.434 46.9
L24 H H OH H OH COOH CH; 1.435 47.6
L25 OH H OCH; H H H H 1.419 47.9
L26 OH H OCH; H COOH H H 1.421 49.4
L27 OH H OCH; H COOH OH H 1.422 48.9
L28 COOH H OH H H H H 1.436 50.2
L29 COOH H OH H CH; H H 1.437 51.6
L30 COOH H OH H CH; COOH H 1.433 50.3
L31 COOH H OH H CH; COOH OH 1.437 49.0

“R* R, R'""=H; ® represent that the L6 and L12 model compounds including intramolecular hydrogen bonds.
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Table 2 Bond dissociation enthalpies of the carbon-oxygen bond in the -O-4 type of the various substituted lignite model compounds
p0-4 R R’ R® R’ R" R" R" Ether bond
Bond distance/A BDE-ZPE corrected/(kcalemol ')
L32 H H H H H H H 1.424 69.1
L33 OH H OCH; OH CH; H OH 1.419 66.8
L34 OH OH OCH; OH CH; H OH 1.420 67.3
L35 OH OH OCH; OH COOH H OH 1.424 69.9
L36 OH OH OCH; CH,OH COOH H OH 1.432 66.4
L37 OH OH COOH CH,OH COOH H OH 1.437 67.1
L38 OH CH; COOH CH,OH COOH H OH 1.437 66.3
L39 OCH; OCH; COOH H OH H OCH; 1.426 60.9
L40  OCH; CH; COOH H OH H OCH; 1.425 60.7
L41  OCH; CH; OH OCH; OH H OCH; 1.405 63.9
L42 OCH; COOH OH H OH H OCH; 1.433 64.3
L43 COOH COOH OH OCH; CH; H OCH; 1.426 66.7
L44 H OCH; OH OCH; OCH; H COOH 1.429 72.2
L45 H OCH;  Phenoxyl OCH; OCH; H COOH 1.412 67.7
L46 CH; H Phenoxyl OCH; OCH; H COOH 1.417 66.7
L47 CH; H Phenoxyl OCH; OCH; COOH H 1.410 68.0
L48 CH; H Phenoxyl H OCH; H COOH 1.421 64.8
L49 OH H Phenoxyl H OCH; H COOH 1.421 64.8
L50 OH OH Phenoxyl H OCH; H COOH 1.422 64.8
L51 OH OCH;  Phenoxyl H OCH; H COOH 1.423 64.8
L52  OCH; OH Phenoxyl H OCH; H COOH 1.422 64.8

“R',R?,R*, R®, R’=H.

XTI 31 Bl a-O-4 FBRAL ), ASFIEURIR
BN C—O MBI EZER. LA MIEH A
44.4~58.1 kcal/mol, “T-¥J{H K 51.0 kcal/mol. FATRIN
45 Wk 41 CH;, OH, OCH; 71 AR S84 A0 A7 U I B
BT C—O M iy, X5 SCHR[4115 45 —2
TEIRL X C—O B EIS s m AR /N, EE2 RN
filf (L7, L10). IAk, REHER(L1: PhCH,OPh)/E AR FR
F A4 OCH; BXUAR 5 (L11), 3L 2 i 45 FR (S T 5.6
keal/mol, JRH 2T T-FE T FlAS JE 2 Wi 1h e 22 7 15
(7 B A B A 5.5 keal/mol. TR F T34 4] COOH
FEARIR AR B RedEm C—O Mgy, JoILAExt
PELAS)E, HEMSHEINT 2.9 keal/mol(F%F T L1 1
). U 2P ARIE IR R IR(L16~1L31) /5, C—O 1
SRS D IR, b L8 P AR B 4% (BDE
=44.4 kcal/mol), X3 2 T EEUE A R — IR 2R 3R
FARTE AN T UL, X T L16 (BDE =46.9
kcal/mol)F1 L25 (BDE=47.9 kcal/mol), FA'1% I OCH;
HOH TEZARFR IR A, LA B 5, e ATII B s A 22
1.0 keal/mol, 1% 1] GE & B FPIE 145 v 76 ) 22 5 T 801
Ak, L16 FTL25 h C—O (MEE KA, 20 1.419 A, 7E
FTAT 0-O-4 FSBERE A4 B S

XTI E 1) 21 B B-O-4 AR &), JPE
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BRISMEA 66.1 keal/mol. i L33 KBS N 69.1
kcal/mol, F ¥ 42 4T SC R 1 169.5 kcal/mol. X} LL L1
(BDE=55.2 kcal/mol)#! L33 (BDE=69.1 kcal/mol), J
BDE {EAH7 13.9 keal/mol, XA fETFHIE T3 A 1
B 5O CHE A AL, A Rk I35 1, BR IR
p-n SEHEUR R, M i3S nde e R, ARt R
IR B KR B2 FAR. A TRINAE B-0-4 KA WIINEIT
B(R6 F1 R7) FAELEHURIERT, SHaefE— e A ERK
C—O M fiky. XLk 135, L36 & L37, >4 CH,OH (L35)
4R OH (L36)J5, JL BDE {H Ik 3.5 keal/mol; >4 COOH
(L37){ OCH; (L36))5, H: BDE {14111 T 0.7 keal/mol. X}
L48~152, HEAHIFIF) BDE, A, 75 R6 17 & FAAAEARGEHE
HITEOL R, 253 | OH, OCH; L& CH; B C—O B
ST LLZBEANTE, St MU AR C—O Bffasg
I[EvN

WEAEDLT, B 50 N 1 i 55 R S A — 2 1)
RIRPE. XTI 52 PR 59, a-0-4 K4k
HYF C—O T B Ny 1.432 A, W1 p-0-4 254k
CIP B 1.423 AL LB RS SEEK M C R WK 3
s, BATKIAFHPARHEE T a-0-4 F1 g-0-4 AL
AW C—O MBS SHEK SR AR EM KRN, X
LA [FHUREERT C—O BSRAS IR sE i & 52011, ANhe
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Table 3 Radical, ground-state and total substituent effects for the
cleavage of C—O bond in the a-O-4 type of single substituted lignite
model compounds L1~L15 (energy unit: kcal/mol)

a-0-4 RE GE TE
L1 0.00 0.00 0.00
L2 2.70 0.52 2.18
L3 0.41 0.10 0.31
L4 2.09 —0.57 2.66
L5 2.97 —0.44 3.41
L6 9.52 1.16 8.36
L7 1.39 2.74 —1.34
L8 5.76 0.58 5.18
L9 3.61 —0.71 4.32
L10 0.82 2.27 —1.45
L11 5.79 0.24 5.55
L12 6.34 3.94 2.40
L13 —6.19 —4.87 —1.31
L14 —1.59 —0.51 —1.08
L15 —1.59 1.27 —2.86

FH RN AL BV, CH3 7EX 7 (TE=2.66 kcal/mol)&k,
ZBA7(TE=2.18 keal/mol) JU I GEFFAR C—O Efifsa, 1
LENA(TE=0.31 kecal/mol)f %] C—O Bl dd 5 R 1
s B AR TR FRAT A H 1) CH 7E X I AR ISR,
(TE =2.66 kcal/mol) JF # 4 3T + 512 4 i P'TE = 2.20
kcal/mol. X§-J- OH F1 OCHj, W3 %) k& e th i
SEMREEAR ), B2 AE AR I ) 55 SE A AR e v, e
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Figure 5 Equilibrium geometries of model compounds (L6, L11, L44
and L44%) including intramolecular hydrogen bonds (bond lengths are
given in A)
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