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ABSTRACT

The kinetics, mechanisms and thermodynamics of the gas-phase pyrolysis of isobutyl bromide at
623 K was carried out using Density Functional Theory modelling with B3LYP at 6-311++G (2df, 2
p) level method of calculation. Calculations showed that the reaction is a unimolecular reaction and
the pyrolytic reaction proceeds through a four-centered cyclic transition state that involved a C-H,
anq Cs-Brg bond breaking and H,-Brg bond making. The calculated data JAHreacﬂon(48.08 kJd/mol),
AH’ (205.35 kJ/mol), Ea (210.35 kJ/mol), log A (13.86), rate, k (1.67 x 10™ s™)] obtained at 623 K
are in agreement with experimental calculated results at 693 K [AHcaction(58.61 kJ/mol), AH*(204.83
kJ/mol), Ea (211.01 kd/mol), log A(13.10), rate, k (1.52 x 10 s™)] results.

Keywords: Density functional theory calculation; isobutyl bromide; gas-phase; kinetics.

1. INTRODUCTION Cs — H on the alkyl halide gives gas—phase

elimination through a four—centered cyclic
Pyrolysis of isobutyl bromide gives 2-methylprop-  transition  state  mechanism.  Gas-phase
1-ene and hydrogen bromide. The presence of unimolecular reactions appeared to take place
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through a 4-centered and 6-centered cyclic
activated complex [1] but hydrogen halide
elimination from the alkyl halides to produce
olefins is usually a four-centered reactions.
Computational studies on the reactivities of alkyl
halides over Al,O3 nanoclusters showed that the
results are in excellent agreement with the
experimental observation, also using the alumina
clusters at different sizes with different alkyl
halides having B-H for elimination showed that
during the elimination pathway the orientation
involved a three-centered mechanism with the
alumina [2]. Adsorption of series of alkyl halides
RX (X=Cl, Br) over acidic zeolite was
investigated by ONIOM2 method a 56T model

cluster with DFT methods at B3LYP/6-
31+G(d,p)genECP:UFF and MO62x/6-
31+G(d,p)genECP, examining the selective

structural changes on the computed adsorption
enthalpies of the van der Waals 1:1 adsorption
complexes was formed and a modest influence
of the halogen atom involved was observed [3].
The mechanisms of the gas-phase elimination
kinetics of 1-chloro-3-methylbut-2-ene and 3-
chloro-3-methylbut-1-ene and their
interconversion was examined by MP2 and DFT
levels of calculation, the result obtained was in
agreement  with  experimental parameters
showing that elimination reaction occurred in
greater rate for 1-chloro-3-methylbut-2-ene and
was found to be more thermodynamically stable
than 3-chloro-3-methylbut-1-ene [4]. The study of
the kinetics and mechanisms [5] of the gas-
phase elimination of 2-hydroxyphenethyl chloride
and 2-methoxyphenethyl chloride showed that
the reaction proceeded through a three-
membered cyclic transition state and a four-
membered cyclic transition state by the
assistance of the aromatic ring. Also, [6] in
theoretical study of pyrolytic elimination reaction
of ethyl chloride discovered that the results are in
agreement with experimental calculated results.

The kinetic, mechanisms, thermodynamics and
vibrational calculations carried out on ethyl
bromide at 623K [7] using HF at 3-21G, 6-31G*
and DFT with B3LYP/6-31G*, 6-311++G (2df, 2p)
basis sets showed that the calculated results are
in agreement with experimental results.
Quantum mechanical calculations of the kinetics,
mechanisms and thermodynamics of gas-phase
pyrolysis of isopropyl bromide showed that the
calculated parameters are also in good
agreement with experimental results [8]. In the
current study, quantum mechanical calculations
were carried out as continuation of the previous
study to further explain the influence of bulkiness
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of methyl substituent on the rate of pyrolysis of
alkyl bromide using isobutyl bromide.

2. COMPUTATIONAL PROCEDURE
2.1 Conformational Search

Molecular mechanics force field (MMFF) was
used to carry out comformational search [9,10] to
obtain the most stable structure (structure with
lowest energy of formation). This is an indication
of the stability of the molecule.

2.2 Geometry Optimization

DFT with B3LYP at 6-311++G (2 df, 2 p) level
methods of calculation in Spartan 10 were used
for the gas-phase elimination reaction. The
ground state, transition state and the products
were subjected to geometry optimization to
obtain the geometric parameters like bond
lengths, bond angles, dihedral angles, atomic
charges, HOMO/LUMO energy and vibrational
properties. These data were used in calculating
the kinetic and thermodynamic parameters. The
hydrogen that is attached to the B-carbon (H,) is
the hydrogen atom that is to be eliminated. The
geometry of the isobutyl bromide is defined in
Fig. 1.

Fig. 1. Geometry of isobutyl bromide

2.3 Reaction Path Studies

H, —Bry of the optimized geometry of the
isobutyl bromide was set as the reaction
coordinate for reaction path calculations. The
initial distance (3.044 A) between H, — Bry in its
stable reactant form was varies to its value
(1.440 A) in the stable product form. This was
done by slowly altering the inter atomic distance
throughout the calculation of the reaction path in
20 iterations. It was observed that the energy of
formation increased to a very high value with a
sharp change in the reactant to the product
geometry with a sudden drop in the energy of
formation to give the approximate value for the



sum of the expected products (hydrogen bromide
and 2-methyl prop-1l-ene). This is in line with
reports on previous work [11].

2.4 Transition State

The saddle point corresponds to the maximum
energy, the principle behind this is that there will
be interconnectivity by smooth pathways
between the reactants and the product through a
clearly defined transition state. The guess-
transition state in Spartan was used to confirm
the suggested mechanism and this was
subjected to two tests that could be used to
ascertain that a geometry corresponds to a
saddle point or a transition state and that this
saddle point connects the reactants, the
transition state and the products together. The
presence of only one imaginary vibrational
frequenc%/ (i1052 cm‘l) within the range of 400 -
2000cm™ that smoothly connect the reactants
and the products together ascertained the
transition state. The intrinsic reaction coordinates
method was also used, the molecule was
optimized subject to a fixed position along the
reaction coordinate to perform the two
calculations in a positve and negative
perturbation along the same normal coordinates.

2.5 Calculations of Kinetic and

Thermodynamic Parameters

The statistical mechanically method for
calculating enthalpy and entropy to obtain the
kinetic and thermodynamic parameters through
calculations on the ground state, the transition
state and the products are not true
representation of the total energy of the molecule
hence the sum of the ground state energy (GSE)
of molecules and the statistical mechanically
calculated energy gives a closer value to the true
energy of the molecule. The modified version of
the equation to calculate the heat of reaction
given below in accordance with [12].

The enthalpy is thus given as:
Hi = GSEL + Hism

Where the ‘sm’ is the statistical mechanically
calculated enthalpy. Putting this equation into
the original definition of the heat of reaction we
have:

AHRxn = (GSEproduct + H?"::Jduct) - (GSEreactant + Hlﬁg;ctants)
Activation energy (Ea) was calculated according

to the transition state theory for a unimolecular
reaction at 623K. and it is given as:
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Ea = AH + RT

Entropy of the reaction was calculated by taking
the difference of product and reactant entropies.

ASreaction = SProduct - Sreactants

Gibbs free energy of activation was calculated
using:

G =H-TS and AG* = AH" — TAS.

The first order rate constant k (T) was calculated
using transition state theory (TST) according to
[1] assuming that the transmission coefficient is
1. This is shown in the equation below.

- E

RT

k, T
k(T)= exp
h

Where kg and h are the Boltzmann and Planck’s
constants respectively

3. RESULTS AND DISCUSSION
3.1 Geometric Optimization

Geometric optimization (Fig. 2) was performed
on the stable structure of isobutyl bromide to
obtain the bond lengths, bond angles, dihedral
angles (Table 1) and atomic charges (Table 4).
The transition state obtained give only one
imaginary IR value at vibrational frequency
i1052cm™ with the intensity at 246.43 and the
intrinsic reaction coordinate calculation also
shows that the transition state obtained is a true
transition state. The bond length between C; —C;
in the ground state (GS) (1.526A) shows the
length of a carbon-carbon single bond, in the
transition state (TS) (1.404 A) there is a
decrease in the value tending to assume a value
for the carbon-carbon double bond in the product
(PRD) (1.339 A) form. Also, the bond between
Cy-H, in the GS is 1.095 A; in the TS there is an
increase in the value (1.241 A) indicating that
there is a stretching in the bond length, and in
the product, the C;-H, bond does not exist any
longer showing that a cleavage has occurred.
The C5-Brg bond length in the gs is 1.986A, in the
transition state, it has stretched to 2.779 A and in
the product the bond does not exist any longer
showing that a cleavage has also occurred. The
bond lengthening between C;-Brg in the TS is
higher compared to other bond lengthening; this
shows that the cleavage of the bond between Cs;-
Bry is the rate determining step. In the ground
state it is observed that there is no bond between



H,-Bry but the bond distance is 3.044A, the
transition state shows that a new bond is forming
gradually with bond length (2.122 A) and the
product shows the emergence of a new bond H,-
Bry with bond length (1.448 A). The variation in
the bond angles (Table 2) and dihedral angles
(Table 3) in the GS, TS and products occurs as a
result of the distortion that occur during
transformation from reactants to the transition
state and finally to the products.

3.2 Atomic Charges

Atomic charges (Fig. 3) in Mulliken are preferred
because it gives simple and reasonable
estimates of atomic charges [9]. The charges in
the TS (Table 4) show that Brg has the least
charge development while C; has the largest
(+0.465). The bond polarization between C;-C;
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facilitates the flow of electron from C;-Brg to
enhance the formation of new bond between H,-
Brg and the bond polarization of the H,-Brg
increase the charge on C; atom in the transition
State.

Table 1. Bond lengths (A)

Bond Ground  Transition Product
state state

Ci-H2 1.095 1.241 -

Ci-C3 1.526 1.404 1.339
C1-Cs 1.539 1.518 1.506
C:-Cpy 1.532 1.518 1.506
C3-Brg 1.986 2.779 -

Cs-H, 1.089 1.082 1.085
Cs-Hs 1.088 1.082 1.085
Brg-H, 3.044 2.122 1.448

Reactant

Transition state

2-methyl Prop-1-ene + Hydrogen Bromide

Fig. 2. Optimized geometry of the reactant, transition state and product

Table 2. Bond angles (A) and energy of formation (kJ/mol)

Bond angles Ground state Transition state Products
C3-Ci-H, 107.71 72.75 -

Brg -C3-C; 113.55 98.20 -

C;-Ci1-GCs 112.79 119.76 122.14
C;-Ci-Cyip 108.28 119.66 122.04
Energy of formation (kJ/mol) -7171629.67 -7171421.51 -7171580.06




Table 3. Dihedral angles (A)

Angles Ground Transition
state state
Brg —C5-C;-Cs -171.61 -99.66
Brg —C5-C;-H, -54.97 0.57
Brg —C3-C;-Cyy 64.94 101.07
>
% 1
Br=--.___ 007 2
21/
\ b(’?,'\— XQ bso 1 — H13
e
/ AN Hha
H o
/ H7
6l g

Fig. 3. Distribution of atomic charges

3.3 Mechanism of Pyrolysis of Isobutyl
Bromide

The gas-phase elimination reaction of isobutyl
bromide proceeds through a four centered
mechanism (Fig. 4) which involves a C; — Bry,
C;:-H, bond breaking and a H,-Brg bond making
suggesting C; — Bry bond (2.779A) as the rate
determining step. The C;-H, in the transition
state is stretched (1.241 A), becomes very long
and about to break while the H,-Brg (2.122 A)is
almost fully formed with the bond length between
Cs; — C; almost assuming a C=C double bond
length (1.404 A) value.

3.4 HOMO and LUMO Energy

Two atomic orbitals interact to give rise to two
new molecualar orbitals with one of the new
orbitals having higher energy than the original
(anti-bonding orbital) and the lower one (bonding
orbital) in the the process of accepting electron
when the initial orbital is filled with a pair of
electrons and the outer is empty, the two
electrons can thus be placed in the lower level of
the new orbital [13] and this Filled-Empty
interaction gives a stabilizing effect. The HOMO,
LUMO energy gives insight to the movement of
electron in the process of bond breaking and
bond formation as revealed in the variation of the
HOMO-LUMO gaps in the reactant, transition
state and in the products (Table 5): E-HOMO GS
[(-7.5), TS (-6.3), PRD (-7.3), and E-LUMO GS (-
0.6), TS (-3.1), PRD (-0.6)] eV with HOMO-
LUMO gap GS [(-6.9), TS (-3.2) and PRD (-6.7)]
eV. In the HOMO and LUMO surface diagram
(Fig. 5). Using frontier molecular orbital theory,
electrons are donated from the HOMO of the
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nucleophile to the LUMO of an electrophile. The
presence of bromine causes a dipole which
results in electron density being distributed
towards bromine and away from carbon. This
thus made the carbon more electrophillic and as
a result of the relative placement of the LUMO
orbital, the mixing of p-orbital on bromine which
is more lower in energy (more electronegative)
make it to have poor energy match which is an
indication that the energy does not mix as much
and therefore makes the LUMO very low and
causes the halide ion to leave [14].

%gr..2.122
et 2
B e
S = /
\\‘ l‘ [ llC/H13
LSIRC T I |
5H—CW0/ AN
H/ \, Hy,
4 C
/ \\H7
lOH H8

Fig. 4. Structure showing the mechanism of
the pyrolysis of isobutyl bromide

3.5 Kinetic and

Calculations

Thermodynamic

Kinetic and thermodynamic calculations at 623 K
shown in Table 6 for B3LYP/6-311++G (2df, 2 p)

AH*(205.35 kJ/mol), Ea(210.35 kJ/mol), log A
(13.8) and k (1.67 X 10* s) are in good
agreement with experimental at 693 K [15]
results AH'(204.83 kJ/mol), Ea(211.01 kJ/mol),
log A (13.1) and k (1.52 X 10 s™). The positive
values (48.08 kJ/mol) obtained for the enthalpy
of reaction (AHeaction) IS an indication that the
reaction is endothermic. Also the values obtained
for the energy of formation shows that the value
obtained for the TS (-7171421.5125 kJ/mol) is
closest to the product (-7171580.0625 kJ/mol)
than it is to the reactant (-7171629.675 kJ/mol)
obeying Hammond postulates to confirm the
endothermicity of the reaction. Positive entropy
of activation (14.05 J/mol.K) suggests that the
activation complex have significant amount of
bond cleavages to form two molecules [14].
These values also follow the same trend with
isopropyl bromide [8]. The vibrational frequency
values obtained (Table 7) and the spectra
(Fig. 6) agree with experimental value
www.chem.ucla.edu/-webspectra/irtable.html and
http://biochempress.com [16].
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Table 4. Atomic charges

ATOMS GS TS PRD AQ=TS -GS
Ci +0.213 +0.465 +0.329 +0.252
H; +0.155 +0.027 -0.169 -0.128
Cs -0.330 -0.421 -0.446 -0.091
H, +0.166 +0.216 +0.138 +0.050
Hs +0.174 +0.217 +0.136 +0.043
Cs -0.512 -0.502 -0.527 +0.01
H- +0.144 +0.154 +0.141 +0.01
Hs +0.136 +0.152 +0.145 +0.016
Brog -0.145 -0.441 -0.150 -0.296
Hio +0.146 +0.165 +0.156 +0.019
Cu -0.556 -0.504 -0.530 +0.052
Hi, +0.136 +0.154 +0.140 +0.018
His +0.139 +0.151 +0.153 +0.012
Hig +0.133 +0.166 +0.145 +0.033

Table 5. HOMO/LUMO energy

States HOMO LUMO (HOMO-LUMO Gap)
Reactant -7.5 -0.6 -6.9
Transition state -6.3 -3.1 -3.2
Product -7.3 -0.6 -6.7
(S <
@t B
y = c, -

HOMO REACTANT -7.5 eV

HOMO TS -6.3 eV
-

HOMO (PRD) -7.3 eV

LUMO REACTANT -0.6 eV
S

LUMO TS -3.1 eV

S

LUMO (PRD) -0.6 eV

Fig. 5. HOMO/LUMO density surface diagram for the reactant, transition state and products for
isobutyl bromide

Comparing the data obtained for calculated rate
constant, k =6.6 x 107 for isopropyl bromide [8]
and for isobutyl bromide (k = 1.67 x 10'4) there is
an indication that rate of pyrolysis is higher in

isobutyl bromide because of the cumulative
inductive effect caused by the methyl groups.
The trends of the results obtained is in line with
experimental calculated results.
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Table 6. Kinetic and thermodynamic parameters at 623k

Parameters Experimental values Calculated values
AHeaction (kJ/mOI) 58.61 48.08

ASeaciion (J/Mol.K) N/A 22.03

AS (J/mol.K) N/A 14.05

AH (kJ/mol) 204.83 205.35

AG (kJ/mol) N/A 196.62

Ea (kJ/mol) 211.01 210.35

log A 13.10 13.86

Ratek (s 1.52 X10* 1.67 X 10"

Experimental values Ref: Harden and Maccoll, 1959

peeTROTE)

PBIRTIOTE)

PeIETOOTRD

Fig. 6. Spectra of the reactant, transition state and product respectively
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Table 7. Vibrational frequency (cm™)

Experimental values Calculated values
REACTANT
0(C-H)pending 985-1000 1031-1410
0(C-H)stretching 3101-3010 2978 -3167
PRODUCT1(2-Methylprop-1-ene)
0(C-H)bending 988-1010 1004 -1442
0(C=C)stretching 1620-1700 1869
0(C-H)stretching 3010-3100 3022 -3158
PRODUCT2 (Hydrogen Bromide)
u(H-Br) 2348 2439

4. CONCLUSION

Computational modelling could be used to
effectively predict that as the bulkiness and
branching of methyl substituent increases the
rate of pyrolysis of alkyl halide to form alkenes
also increases. This is shown in the result
comparing the previous calculated result on
isopropyl bromide with the calculated result on
isobutyl bromide.
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