CHAPTER 1V
RESULTS AND DISCUSSION

This chapter is divided into two parts namely, propylene glycol conversion

and pinacol rearrangement reaction. The details are shown below.

4.1 Propylene Glycol Conversion

A\
All structures of prop . on in pinacol rearrangement
._J

reaction were optimized uw mlevel of theory. The zero
point energies and thermody ities of activation steps were derived from

and PPNE are shown in Figures-4.1, 4.2 and 4.3, respectively. For molecular

electrostatic potential ‘¢hergy of propylene slycol —the Hositive potentials (blue

regions) are located on theliydroge: -whilst negative potentials
|

(red regions) are located*on oxygen atoms. The molecular electrostatic potential

which there are slightl v sbécdas have not’any acidic site.
Thiéxo lene glycol conversions have been investigated using the protonated

vible gt 4P rbdaal (PRI o plonaing fppe. A

representativg scheme of a whole concerted reaction mechanisms of propylene glycol

forms of p

conversion to propanal and propanone via transition states TS1, TS2 and TS3 which
are the secondary and primary carbonium ions is shown in Figure 4.4. Total energies
and geometrical structures of species HPG®, HPPNL® and HPPNE" and the
corresponding transition states of various acid-catalyzed models are determined at the

B3LYP/6-31G(d) level of theory with zero point energy corrections.
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Figure 4.1 Molecular electrostatic potential energy of propylene glycol(PG): (a) side

view and (b) front view.
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0.11166
0.10038
0.08909 ,
0.07780  wd.
0.06652 m
0.05523 ,
0.04394
0.03266 :
o.ozmﬂ u
0.01008

000120 ¥

aogsts | ]
-0303506
-0.04635
-0.05764
-0.06892
-0.08021
-0.09150
-0.10278
-0.11407

‘o

Figure 4.3 Molecular electrostatic potential energy of propanone (PPNE).
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There are three concerted pathways in pinacol rearrangement of propylene
glycol, C1H, C1Me and C2H. When the water molecule of protonated propylene
glycol is lost at carbon 2, the rearrangement can occur in two pathways. One is C1H
pathway which means that hydrogen atom is migrated from carbon 1. The other is
pathway that methyl group is migrated, C1Me pathway. While carbon 1 of protonated
propylene glycol is lost water molecule, there have two equivalent hydrogen atoms

from carbon 2 to migrate. Thus, there is only one pathway, C2H pathway, when

and HPPNE’, respectively. : ﬂroduct HPPNL" is produced
via transition states TS1 ilst H produced via transition state
153

HPPNL —> PPNL + H

~ !_l

PG + H — HPG

AUBINONINYINS

~CH:

olile aﬂn‘a"s‘ﬂmﬁ VEIaY™ "

TS3 (CIH)

TS2 (C lMe)

Figure 4.4 A representative scheme of reaction mechanism of propylene glycol in

pinacol rearrangement.
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In this work, four acid-catalyzed models for the pinacol rearrangement of
propylene glycol are studied. The first model, model I, is the gas phase model whilst
the other models, model II to model IV, are the aqueous phase models which water
molecules are added. Model II is added one water molecule while model III and
model IV are added two and three water molecules, respectively. The zero point
energies and activation thermodynamic quantities, forward and backward rate

constants of acid-catalyzed reaction models I, II, III and IV are shown in Tables 4.1,

ers of forward rate constants of four

reaction models as tabulated in. Table 4.1 t cluded as

model I: k; (C1Me),
model II: k] (C1Me),
model III: > k; (C1Me),
model IV: > k] (C1Me).

The typical structure itios s‘: ¢ [S and TS3 are the secondary
] 1) ca ium cations, respectively. As the
decreasmg order of structural stab:W;‘ ark I m ions is as tertiary > secondary >
[S1 (C2H) is the stable
Ansition states TS2 and TS3

C primary &bonium ions of transition

primary, the seconda

species in gas-phase whigh is much

in gas-phase which is defimd as mode
states TS2 (C1Me) and TS3'(€1H) are stabiliged in aqueous-phase which is defined

s o 1, e i o )O3 o fer i o s e

hydration in model¥. The stability order of transm n state TS3 respect to TS1

o YRS R YD S o

shown in following scheme.

1 Model I Model 11 Model 111 Model IV
TS2 P TS2 =——1—2 TS2 = TS2
Relative stability
TS3 —> TS3 ——a—> TS3 TS1
o
TS1 e, T8 ) g T8I TS3
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Relative energetic profiles for acid-catalyzed reaction models I, II, III
and IV are shown in Figures 4.13 a, b, c and d, respectively. The activation
energies of three concerted mechanisms of various acid-catalyzed reaction models
computed at B3LYP/6-31G(d) // B3LYP/6-31G(d), B3LYP/6-31G(d, p) // B3LYP/6-
31G(d) and B3LYP/6-311G(d) // B3LYP/6-31G(d) levels of theory are tabulated in
Table 4.6. From that table, the activation energies derived from the total energies of
transition states TS1, TS2 and TS3 using single point calculations are in the same

order of magnitudes with respect

vy YP/6-31G(d) energies of zero-point
energy corrections. The reactant | PG' % tates TS1, TS2 and TS3 and
products HPPNL" and HPP d V are shown in Figures
4.5,4.7,4.9 and 4.11, res

©—H distances of hydrogen
bond of intermolecular i s and involved species and
of pinacol rearrangement

igures 4.6, 4.8, 4.10, and

their dipole moments ar

of propylene glycol in mo

derived from equation 3.3 ated 'in Fable 4.5. The models I, II and III in
Table 4.5 result that the H '
than 85 %. For the product ratio &ﬁiﬂN :

T TR

53.41. These support ﬂle ackndwfcég‘ém'

uct of which percent is larger
" of the model IV is 46.59 to
pinacol _rearrangements in acid
catalyst in aqueous ph ‘,3:-:-1-1-:-,_‘:1‘{-215-5__:e,-':__T;: s are difficult to control
the product selectivity.

. |
The transition stafes involve in the rearrangemeQ of protonated propylene

glycol to HPPNL X i - iti te geometries might
be related to the%ﬂ:}zl\:d lﬁj‘gj mﬁmﬁ ammond’s postulate
[51] which postulates that the transi iofl state geo of hi exothermic reactions
is similmﬁtﬁ&ﬁ(ﬁﬂ%m M(ﬁﬁﬁemi ﬁ)argdl.lct is a better
model for thqe transition state. For propylene glycol in pinacol rearrangement, it can be
observed from the relative energetic profiles that the reaction is slightly exothermic
(AE ranged from -17.44 to 33.36 kcal/mol). The transition state geometries present
that the migration groups of TS1, TS2 and TS3 (proton for TS1 and TS3 and methyl
group for TS2) from all models are closer to the structure before migration than the

structure of product. Thus, these results are in good accordance with Hammond’s

postulate.
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Table 4.1 Activation thermodynamic quantities and rate constants of acid-catalyzed

reaction model 1.

Reaction APECr ANHZY  NGPs  pANROD k,©

C2H pathway

k/ :HPG' —> TS1 1865 20.19 16.37 12.80 6.21x10°
k' :HPPNL' _, TS1  36.06 36.45 35.87 1.96 3.16x 10™
CIMe pathway '

E HpGT — 9.16 6.40x 10
k! :HPPNL' —» -1.68 3.26x 107
CIH pathway

k! :HPG"® T > 6.34 7.32x10°
k! :HPPNE' —> T =512 1.39x 107

? in kcal/mol. ® in cal/mol K

Table 4.2 Activation thermodyna --

reaction model II.

k") rate constants.

s A

Reaction m A AlSO P k,°
C2H path
k/ : HPG" —ﬂuﬂqsmﬂnQWHQﬂill]l 1.01x 10°
k! : HPPNL® 3701 ¢ 3740  _37.85 . 1.12x 10"
CIMWQ«'W'] ﬁNﬂ‘iﬂJ ma'nwma e
k[ :HPG" 1 —> TS2 35 33.77 30.12 12.25 520x 10"
ky :HPPNL' —» TS2  43.28 43.60 43.70 -0.34 576 x 107
CIH pathway
k) : HPG" TS3 2013 2997  27.97 6.72 1.96x 107
k! :HPPNE' —> TS3  54.04 53.58 55.64 -6.92 1.01x107%

% in keal/mol. * in cal/mol K. © forward (k” ) and backward ( k) rate constants.



49

Table 4.3 Activation thermodynamic quantities and rate constants of acid-catalyzed

reaction model I11.

Reaction MESE NEYE® ARG} Ager k©

C2H pathway

K/ :HPG® —> TS1  28.80 29.91 26.79 10.45 1.42x 107
k' :HPPNL' — TSI  46.14 46.21 46.93 -2.42 245x107%
CIMe pathway N

k/ :HPG® —> 12.71 1.14x 10™
k! :HPPNL' —» -0.17 1.97x107%
CI1H pathway

k/:HPGT T > 6.39 a0
k! :HPPNE' —> T -4.63 2.08x 107

%in kcal/mol. ®in cal/mol &

Table 4.4 Activation thermodyna ;

reaction model IV.

*) rate constants.

ad rate constants of acid-catalyzed

i i
Reaction NG APSOP .

C2H pathway

& - HPG —ﬂulﬂ%mﬂmgw Ejf]ﬂilsos 2.23x10°
k*:uppNL YU T1s1 4763 ¢ 4809 4906 3,27 6.71 x 107
emermeff| | 197 3 1 WNANRY

k{ :HPG* 9—> Ts2 3051 32.37 27.25 17.17 6.51x 10°
k; :HPPNL'——» TS2  23.68 54.01 55.25 -4.14 1.96 x 107
CI1H pathway

k/ :HPG' — > TS3  23.71 2527 20.99 14.37 2.56x 107
k! :HPPNE'—> TS3  57.06 56.87 59.47 -8.71 1.58x 107"

% in kcal/mol. " in cal/mol K. ¢ forward (&’ ) and backward ( k*) rate constants.
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Figure 4.6 Relative energetic profiles of conversion reactions of model L
All energies (in kcal/mol) are based upon total energies with respect to reactant
HPG" computed at B3LYP/6-31G(d) level of theory.
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Figure 4.8 Relative energetic profiles of conversion reactions of model II.
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Table 4.5 Percent of product compositions of HPPNL" and HPPNE" and its ratio
based upon the B3LYP/6-31G(d) computation.

Model [HPPNL']® [HPPNE']® [HPPNL']:[HPPNE]"
1. 99.88 0.12 848.13
1. 99.81 0.19 516.65
111. 89.01 10.99 8.10

V. 46.59 0.87

%in percent. ° Computed usir

_of various acid-catalyzed

A\

AFE

Table 4.6 Activation energi ih¢ Conyersior \
R

Transition frer )\ -
structure  B3LYP/6-31G(d)/ BILYP/6-31G(d)A B3LYP/6-31G(dp) B3LYP/6311G(d,p)
B3LYP/6-31G(d)° p/6-210kay°  B3LYR/6-31G(d)  //B3LYP/6-31G(d)  // B3LYP/6-31G(d)

Model 1 —
TS1 18.65 ?,5»7" - 23.14 19.76
TS2 2473 ) 12820 25.68
TS3 gER S =1 24.90 22.51
Model 11 = =3
TSI 26.25 E 25. ] 3020 26.93
TS2 3251 ¢ . 3188 36. 21 36.32 33.67
TS3 86 30.36
ode 1 FT*IJEJ’J"WEJVI El’mﬁ
TSl 28.23 33.23 32.54 28.99
35.31
ammn‘%ﬁu WRANARY =
Model IV
TSI 24.45 23.97 27.32 26.29 21.94
182 30.51 29.91 31.74 31.59 27.85
TS3 23.71 23.24 25.89 25.12 21.59

* in kcal/mol. ® with ZPE corrections. © with ZPE corrections, scaled by 0.9804.
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4.1.2 Zeolite HZSM-5 Catalyst

The structure of zeolite HZSM-5 used in this study are 3T and 5T cluster
models. All structures are optimized using DFT at B3LYP/6-31G(d) level of theory.
The optimized structures of 3T and 5T are shown in Figure 4.14. Three dimensional
surfaces of electrostatic potential of 3T and 5T cluster models are shown in Figure
4.15. The lowest electrostatic potential (red region) is in the proximity of the lone pair

of the oxygen atom, whereas the positive potential (blue region) is in hydrogen atom

Figure 4.14 Structural geometries of 3T and 5T cluster models. Bond distances are

in angstroms.
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Figure 4.15 Molecular electrostatic potential energies of 3T and 5T cluster models.
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The pinacol rearrangements of propylene glycol conversion to propanal and
propanone in the zeolite are composed of three reaction path ways namely via the TS1
(C2H), TS2 (CIME) and TS3 (C1H), as the same as acid catalyst. Two adsorption
complexes between the propylene glycol and zeolite were obtained. Complex 1 and
complex 2 are the complexes of a and B-hydroxyl oxygen molecules of propylene
glycol directly interacting with acid proton of zeolite, respectively. The overall

optimized geometries of pinacol rearrangement of propylene glycol over 3T and 5T

.20, respectively.
ster model in C2H, C1Me and

and 4.9, respectively and

cluster models are shown in Figures 4

Geometry paramet
ClMe reaction pathways
structural geometries of tr , H ¢ and C1H reaction pathways are
shown in Figures 4.17,
model are shown in T to 4.23. The zero point

energies and activation : quantitics), forward and backward rate

activation energy of transiti . lower than C1Me and C2H
pathways. The orders of activ, lombl‘;’gfci pinacol rearrangement of propylene
glycol in zeolite models are as TS j ,- - (C2H) > TS3 (C1H), see details in
Figure 4.24 =

The percent comny oducts derived from
equation 3.3 are tabulated-in Tabl e 4. atPPNE is the main product

of the pinacol rearrangemnt of propylene glycol in 3T and 5T models, 97.64 % and

97.43 %, respec fﬁ ults from the same

reaction in acid cﬂyﬂﬂ lﬁlﬂﬁ ﬂ\“] nﬁs is the main product.

According to the results from model TV of acid €atalyst in ’i ml)phase which
c

intuded e Vb dsdided Wedd

composmons of PPNL and PPNE are 46.59% and 53.41%, respectively. It can be

of product

observed that although activation energies of pinacol rearrangement of propylene
glycol in acid catalyst and zeolite are in the same range (30-40 kcal/mol) but the

selectivity of reaction in zeolite is higher than those of acid catalyst in aqueous phase.
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Table 4.7 Selected geometrical parameters (bond distances and bond angles) of C2H
pathway on 3T cluster model in pinacol rearrangement of propylene glycol

Reaction state

System/parameter

HZ Complex 1 TS1 Product 1
C2H
rC;-Cy* 1.4198 1.4999
r(C;-0y)* -
r(Cs-05)" 1.2251
r(0,-H)* 1.8389
r(05-Hy)® 1.0108
r(0;-H)*® 0.9687
r(0O;-H)*® 0.9821
r(0,-Hy)® 1.6220
r(Al-0))® 1.7608
r(Al-0))® 1.8178 1.8915
a (Si;-0',- AD°® 127.061 136.666
o (Si- O'5- AD)® 124.666 123.822

“Bond distance, in angsg

Complex 1 TS1 (C2H) Product 1 (PPNL)

Figure 4.17 The structural geometries of C2H reaction pathway on 3T cluster

model.
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Table 4.8 Selected geometrical parameters (bond distances and bond angles) of

C1Me pathway on 3T cluster model in pinacol rearrangement of propylene glycol

Reaction state

System/parameter

HZ Complex 2 TS2 Product 1
C1Me
r{Ci=Co)* = 1.4090 1.4999
P {Ci=0p)" 1428 1.3254 1.2251
r(C:-0y)* : é 2.2042 2
r(O,)-H)* 1. | 6982 1.8389
r(O,-Hp* 1.5711 1.0108
F(Op-H)® 0220 1.6220
r(O:-Hy)* 0.9710 0.9687
r(0,-H)*® 0.9996 0.9821
r(Al-0,)* 1.8015 1.7608
r(AL-O5)" 1.8175 1.8915
o (Si;- 01- AD°® 126.449 136.666
a (Siy- 0,- Al ° 124.311 123.822

“Bond distance, in angsttoms.

Complex 2

14

TS2 (C1Me)

Product 1 (PPNL)

Figure 4.18 The structural geometries of C1Me reaction pathway on 3T cluster

model.
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Table 4.9 Selected geometrical parameters (bond distances and bond angles) of C1H

pathway on 3T cluster model in pinacol rearrangement of propylene glycol

Reaction state

System/parameter
HZ Complex 2 TS3 Product 2

CIH

FCi=C3)* 1.4235 1.5045
r(C,-0p* 1.3294 1.2320
r(C;-0y)* 2.0967 3.3583
r(0-H)* 1.6295 1.8372
r(05-Hy)® 1.5678 1.0182
r(0y-Hy*® 1.0226 1.5845
r(0;-Hy)* 0.9716 0.9687
r(0,-H)* 11.0102 0.9825
r(Al-0))* 1.8045 1.7619
r(Al-0,)* 1.R157 1.8890
a (Si;- 0~ AD® 125.989 136.860
a (Si- O- Al ® 125.754 124.494

“Bond distance, in i’; —Aete

Complex 2 TS3 (C1H) Product 2 (PPNE)

Figure 4.19  The structural geometries of C1H reaction pathway on 3T cluster

model.
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Complex |
(HZ + PG)

d Product 2
(HZ + PG) . (PPNE + ZH +H,0)

AU INENTHEINT
RN IUTINGa Y

Figure 4.20 The overall optimized geometries of pinacol rearrangement of propylene

Complex 2

glycol reaction in ST cluster model. Bond distances are in angstroms.
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Table 4.10 Selected geometrical parameters (bond distances and bond angles) of

C2H pathway on 5T cluster model in pinacol rearrangement of propylene glycol

Reaction state

System/parameter
Complex 1 TS1 Product 1
C2H
r(C-Cy)* 1.4181 1.4995
r(Ci=0p)* 23115 =
r(Cz-0)" = 1.3184 1.2329
r(0)-H)* 18674 1.8823
r(O-Hy)*® 5501 1.0053
r(O;-Hp* 9843 0.9688
. r(0,-H)*® 0.9855 0.9800
r(0,-Hy)* 0279 1.6549
r(Al-0))* 7774 1.7537
r(Al-0,)* 1.8086 1.8867
a (Si;- 0- Al® 135.179 139.009
o (Si;- 05- Al °® 128.534 126.331

Complex 1

“Bond distance, in angstfoms: > Ang:

b [
o

TS1 (C2H) Product 1 (PPNL)

Figure 4.21 The structural geometries of C2H reaction pathway on 5T cluster

model.
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Table 4.11 Selected geometrical parameters (bond distances and bond angles) of

C1Me pathway on 5T cluster model in the pinacol rearrangement of propylene glycol

Reaction state

System/parameter

HZ Complex 2 TS2 Product 1
C1Me
r(;-Cy* 1.4995
r(C-0p*® 1.2329
r(C;-0y)* =
r(0,-H)* 1.8823
r(O5-H)?® 1.0053
r(0,-Hp?® 1.6549
r(0;-Hy)* 0.9688
r(0,-H)?® 0.9800
r(Al-0,)* 1.7537
r(Al-0,)® 1.8867
a (Si;- 0 - Al°® 134.633 139.009
o (Si- 05- Al)° 128.818 126.331

Complex 2 TS2 (C1Me) Product 1 (PPNL)

Figure 4.22 The structural geometries of C1Me reaction pathway on 5T cluster

model.
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Table 4.12 Selected geometrical parameters (bond distances and bond angles) of C1H
pathway on 5T cluster model in pinacol rearrangement of propylene glycol

Reaction state

System/parameter
HZ Complex 2 TS3 Product 2

CiH

r(€i-Ca)* 1.4227 1.5057
r(Ci-0y)* 1.3277 1.2328
r(C:-0y)°® 2.1294 3.3303
r(0,-H)? 1.8273 1.8323
r(03-H)* 1.5827 1.0210
r(0,-H)*® . 1.0202 1.7582
r(0:-Hy)* L= 20 0.9897 0.9689
r(0,-H)*® 3 v ) 0.9886 0.9833
r(Al-0,)® : 1.7789 1.5738
r(Al-0,)* 1.8073 1.8845
a (Si;- 0y - Al)® 134.713 137.683
o (Sip- 05- Al)® 129.342 128.613

Complex 2 TS3 (C1H) Product 2 (PPNE)

Figure 4.23 The structural geometries of CI1H reaction pathway on 5T cluster

model.
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Table 4.13 Activation thermodynamic quantities and rate constants of pinacol

rearrangement of propylene glycol catalyzed by zeolite cluster 3T and 5T *.

Reaction AEOY  ANHOD  ANGOY  AISOS X

C2H pathway

7 32.67 32.56 34.06 -5.02 6.69x 10"
k/ : Complex1 —> TS1  (39.79) (39.92) (40.80) (-2.95) (7.71 x 107'%)

-6.82 1.11x 107"
(-10.18)  (1.40x 10

. 37.87
k/ :Productl —> TSI  (47.

CIMe pathway

. 33.08_ S ndd2 -3.85 1.08x 107
k] : Complex2 —> TS2 (44.51) (@5, 78 (-4.26) (1.71 x 107"

-8.60 1.95x 102!

k! :Productl —> TS2 (-11.70)  (1.68x 10°%)

CIH pathway

-6.82 2.54x 10"

k! : Complex2—> TS3 (-523)  (3.19x10™)

-9.18 3.50x10%
(-11.56)  (9.53x 1079

k! : Product] —> TS3

? in parentheses are valugs from cluster 3T, plain numbetsiaze from cluster 5T. ° in

o
N,

kcal/mol. € in cal/mol «::- ~ Fate constants.

] ]
‘a o/
Table 4.14 Perceﬂru Elj gdw E(}xmsﬁowot}%m PPNE from zeolite

catalyzed and its raa‘!) based upon the B3LYP/6-31 G(d) computation. ,

#]

Mod PPNL]* [PPNE PNL]:[PPNE] "
3T 2.36 97.64 0.02
5T 2.56 97.44 0.03

* in percent. ® Computed using equation 3.3
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4.2 Pinacol Rearrangement Reaction

In this study, three catalytic systems investigated in pinacol rearrangement are

acid catalyst, zeolite cluster and metal substituted molecular sieve. The results are
discussed below.
4.2.1 Acid Catalyzed Reaction

All structures of pinacol rearrangement reaction in acid catalyst were

optimized using DFT at B3LYP/6-3 eory. The zero point energies
re derived from the frequency
n oxygen atom of pinacol is
protonated, methyl group mi GCU e glycol is asymmetric diol,
hydrated the migration is
occurred only one pathway } 1p migration while three pathways of
migrations occurred for chapter 1. Thus the pinacol
rearrangement in acid ca one\ \ el.. The electrostatic potential
4.25 and 4.26, respectively.
Positive potential (blue regio f pinac ated on the hydrogen atom of OH
group while negative potential (r’,_ i Jdocated on oxygen atom. For the
product of the reactio 5 P i potential because the
molecule has not any acidie site. ']
Optimized geome@s and be
in Figure 4.27. Relative enegggc profile of t]als reaction is presented in Figure 4.28

Activation energ;ﬁ‘uxﬁl"saﬁ.ﬂﬂﬁﬁ wc%}af’]y‘ﬂ r§14 13 keal/mol and

thermodynamic qudhitities are reported i ip Table 4. 15

ARIANN 3N NN Y

o mac@rearrangement are shown
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Figure 4.26 Molecular electrostatic potential energy of pinacolone.
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Figure 4.27 The optimi 3 of pi L.rea angement in acid catalyst.
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Reaction coordinate

Figure 4.28 Relative energetic profile of pinacol rearrangement in acid catalyst. All
energies (in kecal/mol) are based upon total energies with respect to reactant, PC + H',
computed at B3LYP/6-31G(d) level of theory with zero-point energy corrections.
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4.2.2 Zeolite HZSM-5 Catalyst

All structures of pinacol rearrangement reaction in zeolite cluster models, 3T
and 5T, were optimized using DFT at B3LYP/6-31G(d) level of theory. The zero
point energies and thermodynamic quantities of activation steps were derived from
the frequency calculations at 298.15 K at the same level of theory. Optimized

geometries and bond distances of pinacol rearrangement in 3T and ST cluster model

are shown in Figure 4.29. Relative energeti¢ profiles of pinacol rearrangement in 3T
and ST cluster models are sho n\ y e calculation from 3T and 5T
cluster models provides quite jlar parameter but also relative
energetic profiles. The overall agwation th dynamic quantities and rate constants

3
Table 4.15 Activation _ihe [.c n'; \\ nd rate constants of pinacol
100

\

rearrangement in acid catalys d Hf er

Reaction Algan k,©
Acid catalyst ) : 7
k/:HPC* — TS Noig iy 1sRe g . ' 15.05 234 x 10*

Y e Y

k’:HPCL* — TS B) 30.92 0.58 1.34x 107°
3T cluster
k’ : Complex aTﬂ”Ej’J‘”EﬂjWﬂ’]ﬂ‘jl% 8.93x 10"
k® :Product — TS 40.42 89.79 1.02x10™®
5T cluster Q Wq aq ﬂﬁm quq ﬂﬂq a E'
k' Complex - TS 31.99 32.50 32.48 0.06 9.53x 10"
k”:Product — TS 40.36 40.25 41.49 -4.16 2= 10"

% in kcal/mol. * in cal/mol K. ¢ forward (k” ) and backward ( k*) rate constants.
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roduct (PCL+ZH)
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Figure 4.29 The optimized geometries of pinacol rearrangement in zeolite catalyst ,

(a) 3T and (b) 5T. Bond distances are reported in angstroms.
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4.2.3 Metal Substituted Molecular Sieve

For metal substituted molecular sieve section, Fe- and Cu-ZSM-5 catalysts for
pinacol rearrangement were investigated. All structures were optimized using DFT at
B3LYP/6-31G(d) level of theory. The zero point energies and thermodynamic
quantities of activation steps were derived from the frequency calculations at 298.15
K at the same level of theory. Fe- and Cu-ZSM-5 catalysts were modeled by using Fe-

and Cu-3T cluster models of zeolite where d Cu atoms are set on bridge between

two oxygen atoms of 3T zeol’r ~7 : m Figure 4.31. That picture
provides not only structural “geer & , ented molecular electrostatic
electrostatic potential (red
region) is in the proximi ms, whereas the positive

potential (blue region) i Cu, which represent the

positive charge of Fe and uintet spin state for Fe(II)
substituted in zeolite Z Cu(II) The result form the
calculations show that the als to 3.773, while those of

Cu ion equal to 0.698. The &tomic c];gﬁé‘g{ on Fe ai ions are 1.125 and 1.002,
respectively. The atomic chargés atid‘spin 'i e§'of Fe and Cu in this study is listed
in Table 4.16. These charges aﬂ% 9~.‘- sities of all atoms correspond to their

Table 4.16 Computed am'n' :

ic charges an spin densitiejln a model of Fe-3T and
Cu-3T cluster modpf

'@e(ll) quintet Cu(II), doublet
Atom : o
‘ glun density *
=4 0.698
O -0.849 0.092 -0.799 0.125
Si 0.670 0.007 0.656 -0.002
Al 1.088 0.003 1.102 -0.006

* from Mulliken atomic charges and Mulliken atomic spin densities.
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Figure 4.31 The structural geometries and electrostatic potential energies of (a) Fe-
3T and (b) Cu-3T cluster models. Bond distances are reported in angstroms.
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Optimized geometries and bond distances of pinacol rearrangement over Fe
and Cu-ZSM-5 catalysts are shown in Figure 4.32 and Figure 4.33, respectively. The
geometrical parameters of pinacol rearrangement over Fe-3T cluster models are
shown in Table 4.17. It can be observed that reaction mechanisms of pinacol
rearrangement over Fe- and Cu-3T cluster models are different from the reaction over
normal zeolite and acid catalyst in aqueous phase. Because reaction in Fe and Cu

substituted in zeolite framework does not involve the acid proton of zeolite, but it

v echanism of pinacol rearrangement
‘)p]ained by using Fe-3T cluster

L

involves in the positive charge of m
over metal substituted in zeoli '7
model as an example, see de&

First of all, when y
charge of the Fe induces

oxygen atom is donated i

makes the proton of OH

(I1) active site, the positive
complex A. Then, the
ith the Fe(II) atom. This

ily transfer to the vicinal

i = =
TR

£ e}-'l'

complex is the coordinated form

called complex B. Fo _;: T cluster model, the
reaction mechanism can be-¢xplai ' ﬂ
The overall activation thermodynamic quantities and rate constants of pinacol

rearrangement are {l\ia > 43185 It ), ] the highest positive
relative energy is ngzj e r?)jmajeﬁﬁx ml' S1. Thus, the TS1
is the rate determining_ step i inaol re t over Fe- afid Cu-3T cluster
models. Raté|c tgta)r\iifiﬁr aﬁﬁnﬁ m ﬂ ‘ a'E]l\ster models
equal 3.07 )? 10" and 1.40 x 10, respectively. Thus, the activation energy of
pinacol rearrangement over Fe-3T is lower than reaction over Cu-3T. This result is
in good agreement with the result from the experiment data ///. For uncomplicated

comparison, relative energy profiles of pinacol rearrangement in Fe- and Cu-ZSM-5

catalysts are shown in Figure 4.34 and Figure 4.35, respectively.
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Figure 4.32 The structural geometries of pinacol rearrangement over Fe-substituted in
framework of zeolite, modeled by Fe-3T cluster model.
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Figure 4.33 The structural geometries of pinacol rearrangement over Cu-substituted
in framework of zeolite, modeled by Cu-3T cluster model.
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Table 4.17 Selected geometrical parameters (bond distances and bond angles) of

pinacol rearrangement over Fe-3T cluster model.

Reaction state

System/parameter

Complex A TSI TS2 Complex B
Fe-3T
r(Fe—0))° 1.9823
r(Fe—0y)* 2.0924
#{C=C)" 1.5187
P CI=00" 1.2486
r(C,-0y)° -
7 {Oy=Hi)® .
r(0,-Hy)* 0.9714
r (0, —Hy) * 0.9736
r(Fe—0')* 1.9661
a(0'—Fe—-0)" 81.319
a(0'-Al1-0)° 87.208
Cu-3T
r(Cu-0y)" u8s82 18300 18678 1.9252
r(Cu-0y)° 200069 1.9949
G =0)" 3413 1.4388 1.5207
r(C; =07)* 15060 1.4568, 1.3303 1.2482
oot FUBTNUNSNYINT
r(O;-Hy* 4 .996 1.3540 5 s
r(O:-Hi)A aer - i . ¢ 10985 . & 00711 & 09762
oA WATHTU MBI NENR Y oo
r(Cu-0 )"‘I 1.8639 2.0601 1.9285 1.9184
a (0= Cu-0)" 84.286 76.674 81.327 81.939
a (0/-Al-0)" 83.790 89.772 86.203 85.322

Bond distance, in angstroms. ” Angle, in degrees.
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Table 4.18 Activation thermodynamic quantities and rate constants of pinacol

rearrangement in acid catalyst, Fe-3T and Cu-3T cluster models.

Reaction AEON MEtY merr (NstD k
Fe-3T cluster model
Complex A — TSI 29.63 28.75 33.16 -1476  3.07x 10"
-22.92 15.97 =

TS1 — TS2 -20.12

2.80 -

TS2 — Complex B -34.47°%

Cu-3T cluster model

-8.56 1.40x 107

Complex A — TSI
TS1 — TS2 9.66 -
TS2 — Complex B 0.35 -

2in kcal/mol. ° in cal/mol

’ =
]

AU INENTNEINS
ARIANTAUNNING 1A Y
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