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Abstract The reaction between titanyl hydroxy and titanium(IV) has long been interested in and studied as its value in
catalysts, analytic chemistry and synthesis of novel ceramic materials. Nevertheless, the possible reaction mechanism and its
final products have never been concluded under different experimental conditions. Even in some particular condition i.e. pH
<1, different products had been proposed such as Ti(0,)*" and Ti(0,)(OH) n4__2")+ . In this article, a possible reaction mecha-
nism has been proposed based on first-principles calculations in order to explain its experimental phenomenon under specific
condition(s) (pH<<1). The calculation is carried out by the combination of B3LYP functional and 6-311G+(3df,2p) basis set.
As to estimate the solvent effect, the IEF-PCM model was also introduced in the calculation. Based on the calculation level
mentioned above, the reaction profile and heat were figured out, and heat of reaction is comparable to the experimental data
(27 kJ/mol vs. 24 kJ/mol). The rate limiting steps are also identified by checking the transformation of molecular orbitals
before and after triatomic ring annulation reaction and hydrogen (H") transfer reaction. In the annulation reaction, the com-
plicated interaction between Ti's 3d orbitals and O's 2p orbitals acts crucial role in the transformation of bonding types into
triatomic ring. In the hydrogen (H") transfer reaction, the vacant orbital 1s of hydrogen (H") attacks the HOMO of the titanyl
peroxo complex to form new O—H bond while breaking the old O—H bond in the complex. The two steps reaction model
fits well with pseudo-first-order hypothesis of the general dynamics of the reaction and the deviation of the general reaction
dynamics as well, which supports the thermochemistry results made by first principles calculation. We hope this possible
mechanism not only explains the reaction products under the specific condition, but also can be extended to other transition
metals' reactions with peroxo complex and find its value in the synthesis of epoxidation catalysts and ceramics.
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Table 1 Structural parameters deduced by various of computation methods

Tt B SR RIS, RIELAE R K S TS5 S5
5 S bR A (B 22, LI R I, S S
M2 30%. TMASCHER K B3LYP 6-311G+
(3dE,2p) 7 LT B 16 JUART 2 55 ¥ v E 577 T AR 2 IR L 4,
JEHEAE AR O—H By 1H, B AR ILE T MP2
SR = 2520 1) Post-Hartree Fock 5Ly, PRI A S #E
BIEIZ A DFT AT BT HIVHEAE A Beck's 224028
72 PRI LYP K2 6 P2 (B3LYP). B3LYP 32 iR Wl it
IEEARSC AR R PR 5, Bk s, #ikEH
TR RIS Gl R 1 BRI b, SREE
AW I AT LR B o S ORI, IRl A5
R T R R FIRN T T 5 RS, IEF Pople —HEEEHRY
WAL 6-311G+, FEXT Ti B39 =/~ d ZB49R
BT R — A F RS BREUIE, X C, N, O JE43 Hil 4 i ws
A p BTRECHOE. ISR B N bR v
QST2 A1 QST3 Jrvk, HXIHr ity A#17% 42 H Hessian
R B 30 E LA M 110 S L 2 % A2 P R AU FH TR C
SR EGAIE KN %42, ASCAEH] TEF (integral equation
formalism) A A% S AR 7K v 7R R N 304711
B R A M BRI v (e S RIHE, A 7
PRRC A RN BRI SAOHE B, 8 B 3 1) 2 B4R R R 1)
AR gdiis 1500k, HUeH I 0 A 45 My A T v
BN A, RN IR PR, AT
(1 fi R 2 % S0k VRS 7 XY, B By = Eo(0 K)
Esor, AH= 2 Eeypopy =2 Eeuggyny WSy

v K G9AH B AE R, RHEAT T BSSE AEP, 45
INZAE AT R R S A, X 45 G Rem)
SUASEE 0.001 Hartree. 2% R, TH & 4
R LB F AN =S, By R a4
R EE BT, BARRBREULAT 90%IK 5L HF L,
N T UV EIT A, A S HL AR R ABEE b ™ b 5
AR, MHIEZ HEIREN 1. Pra M ai R #A
INAT: A7 % B v B, A AR o SR e Sk HE b
Maximum Force < 0.000450, RMS Force < 0.000300,
Maximum Displacement<<0.001800, RMS Displacement
<0.001200.

Computation method Length of 0—O bond/A

Angle of O—O—H/degree

Dihedral angle/degree Length of O—H bond/A

MP2 6-31G(3df) 1.439
MP2 6-31G(d)*” 1.468
B3LYP 6-31G(3df) 1.441
B3LYP 6-311G+ +(3df,3pd)>" 1.446
B3LYP 6-311G+(3df2p)” 1.446
CCSD(T) CC-PCVTZP 1.455
B3PW91 6-311G+ 1.506
Experimental data!®**! 1.464

100.3 109.2 0.969
98.7 121.2 0.976
101.0 109.3 0.969
100.8 112.5 0.966
100.9 111.9 0.965
99.6 113.9 0.963
99.6 144.2 0.978
99.4 111.8 0.965
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Figure 1 The geometry configuration and main constants of the reac-
tants, transition states, intermediates and product (bond length in A)
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N 73 7 45 A6 L 25 H TR R 1 RS s B TR S 1) e
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Table 2 Results of molecular total energy in vacuum and by applying solvent model

AN TR IF 9 1) 2546 (1) 6 fi/Hartree

et ——
o} A TSI B TS2 C D Ti(02)* +H,0

Vacuum ~ —1075.4585 —1075.5969 —1075.5938 —1075.6198 —1075.6028 —1075.5633 —1075.6234 —1075.6284  —1075.4912

[EFPCM  —1076.1656 —1076.1700 — —1076.1711 —1076.1716 — —1076.1739  —1076.1760°  —1075.1555

 BEACTERER T UR N T AR R, SR RELEZ T SCIR(35], A 3.2 cal/mol.
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Table 3 The list of molecular orbitals with distinguished change of
electrons' distribution before and after reaction A—B

ANTF) 45 74 BE it /Hartree

HUBEFS ¢
Ex Ersi Ep (Eg—Ea)/Ex
23 —0.357 —0.749 —0.825 1.10
22 —0.388 —0.796 —0.832 1.14
21 —0.403 —0.847 —0.838 1.08
20 —0.404 —0.850 —0.847 1.10
19 —0.412 —0.853 —0.855 1.08

“HOMO( i BB 23 S HUE, JERPUEK KB,
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Figure 3 The bonding modes between Ti and n’ peroxo group ligand,
the electrons' isosurface value is set to be 0.02 e/A’

(a) HOMO-4(p-d) = (p-d-p); (b) HOMO-3 none — (d-p); (¢) HOMO-2
weak(d-p)—strong(d-p); (d) HOMO-1 single side(d-p)—double sides(d-p); (e)
HOMO strong(p-p)—weak(p-p)
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C 5 CEitARITE, LR BT KB OV ) istie
H LR ) C AT, Bk, e WO I A B
THILEA o B AR E7H BCh T4 O—H
TEWIEGE 77 FHOE IR E, CH A T = % B
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Figure 4 The transformation of HOMO (a) and HOMO—6 (b) during
H ' -transfer reaction
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Table 4 The list of molecular orbitals with distinguished change of
electrons' distribution before and after H' -transfer reaction B—»C—D

AN 45 1 fé f/Hartree
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PUE S
Eg Ec Ep (En—Ec)/Es  (Ec—Ep)/Ec
23¢ —0.825 —0.779 —0.766 5.8% 1.7%
20 —0.847 —0.855 —0.923 —0.9% —8.0%
17 —1.010 —1.000 —0.974 0.9% 2.6%
14 —1.414 —1.455 —1.528 —2.9% —5.0%
“HOMO( i )R 23 SHIE, HARPUEKIGEI.

Bl5 C5DIN145H 20 SHGELEERR VTG T 20 m00
TR N 0.02 e/A%)

Figure 5 The possibility distribution of electrons in HOMO-9 and
HOMO-3 before and after the H -transfer reaction from C to D (the elec-
trons' isosurface value is set to be 0.02 e/A?)
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