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ABSTRACT: The kinetics and the mechanism of the reaction of 4-hydroxy-2-
pentanone (4H2P) with Cl atom were investigated using quantum theoretical
calculations. Density functional theory, CBS-QB3, and G3B3 methods are
used to explore the reaction pathways. Rice−Ramsperger−Kassel−Marcus
theory is employed to obtain rate constants of the reaction at atmospheric
pressure and the temperature range 278−400 K. This study provides the first
theoretical and kinetic determination of Cl rate constant for reactions with
4H2P over a large temperature range. The obtained rate constant 1.47 × 10−10

cm3 molecule−1 s−1 at 298 K is in reasonable agreement with those obtained
for C4−C5 hydroxyketones both theoretically and experimentally. The results
regarding the structure−reactivity relationship and the atmospheric
implications are discussed.

1. INTRODUCTION

Carbonyl compounds play an important role in atmospheric
chemistry and in urban air pollution. Ketones, widespread
atmospheric key molecular species emitted from both
anthropogenic and biogenic sources, are produced in the
oxidation of volatile organic compounds (VOCs). They
constitute a major class of organics emitted directly into the
Earth’s troposphere. They are used worldwide in chemistry, in
medicine, and in industry as solvents, for resins, lacquers, dyes,
flavorings, chloroform, plastics, and for making perfumes and as
fuel tracers for monitoring fuel properties. The atmospheric
photooxidation of these compounds lead to the formation of
organic nitrates and oxygenated products.1−8

Hydroxyketones (HKs), secondary products of the reaction
of ketones with atmospheric photooxidants in the gas phase, are
expected to be removed by chemical reactions with the
atmospheric photooxidants (OH, Cl, NO3, and O3) and by
photolysis. Despite the importance of HKs in atmospheric
chemistry, very little information exists concerning their
atmospheric fate, in particular, regarding their reaction with
Cl atoms.7 Little information is available in the literature
concerning the atmospheric fate of longer chain C4−C5
HKs.9−13 Three experimental studies report rate constants for
chemical reactions of C4−C5 HKs with atmospheric photo-
oxidants14−18 by using a relative rate technique.19

Our work is motivated by the fact that the kinetic studies of
the reaction of HK with chlorine radicals are rare in comparison
with the kinetic studies of their reaction with OH radicals. So
far, it has been carried out by Orlando et al., Stoeffler et al., and
Messaadia et al.20−22

The chemistry of Cl atoms plays an important role in the
troposphere chemistry, particularly in the early morning in sea
marsh, continental regions, and in the Arctic troposphere
during springtime. Although the peak of Cl atom concen-
trations (103 to 104 atoms cm−3) is much lower than that of
OH radicals (106 atoms cm−3),8−23 the two reactions can
compete with one another in areas where the chlorine atom
concentration is sufficiently high because rate constants for the
reactions of Cl with organics are generally 10 times higher than
the corresponding OH rate constants.24

However, very little information exists concerning the
atmospheric fate of longer linear chain C4-hydroxyketones
toward Cl. Only the gas-phase reactions of 3-hydroxy-2-
butanone (3H2B) and 4-hydroxy-2-butanone (4H2B) with Cl
investigated in 2013 by Messaadia et al.13a can be found in the
literature. As many HKs are used as flavors, 4-hydroxy-2-
pentanone (4H2P) was mentioned as a biomass-derived
compound produced in a significant amount a through different
mechanism.13b

To the best of our knowledge, there are no theoretical
studies concerning the reaction of 4H2P with Cl up to now.
The present work reports the first theoretical study regarding
the kinetics of the reactions of Cl with 4H2P. The purpose of
this work is to provide kinetic data for reactions I−V and to
estimate the branching ratios for the different paths
contributing to the overall reactions.
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2. THEORETICAL METHODS
2.1. Quantum Chemistry Calculations. Calculations

were carried out using Gaussian 09 package25 available in the
CLOVIS platform at the University of Champagne-Ardenne in
France. The Optimized geometries and electronic structure for
all minima and transitions states have been performed with
density functional theory (DFT) B3LYP/6-311++G(2d,pd)
level of theory.26

The nature of each stationary point was defined by
calculating harmonic vibrational frequencies. Every minimum
has real frequencies, and the reaction transition states (TSs) are
localized by using the procedure “synchronous transit-guided
quasi-Newton” for the saddle point search (QST3 in Gaussian
09). The presence of a single negative frequency in the Hessian
matrix of TSs is always controlled. Animation of the imaginary

frequency, often combined with intrinsic reaction coordinate
(IRC) calculations,27 enabled us to correlate a certain transition
structure explicitly with its reactants and products.
The B3LYP method overestimates hydrogen-abstraction

reaction energies28−38 and hence gives unreliable thermochem-
ical predictions. Therefore, in this work, B3LYP method was
used only to optimize neutrals, radicals, and transition-states
geometries, whereas the CBS-QB3 model of Petersson and
coworkers38 was used to compute the energies of the different
systems studied here. In fact, recent studies indicate that the
CBS-QB3 method often provides good agreement with
experimental reaction energies and barriers for molecules
having similar size as those studied in this work.39−41 It should
be noted that the energies of all structures were obtained using
the CBS-QB3 method, and differences in zero-point vibrational
energies scaled by 0.99 were corrected for.28 Moreover, the
study by Dybala-Defratyka et al.42 suggests that errors in CBS-
QB3 atomization energies are <4 kcal/mol.
Radom and coworkers43 have revealed that for the standard

CBS-QB3 method a correction for spin-contamination in open-
shell species must be added to the total energy. Heat of
formation for all gaseous species involved in the reaction was
calculated based on the procedure described in the
literature.39,44

G3B3 (or G3//B3LYP) is a variant of G3 method, in which
structures and zero-point vibrational energies are calculated at
the B3LYP/6-31G(d) level. This is advantageous for larger
open-shell systems showing spin contamination. The mean
absolute deviation for the neutral set of molecule is ∼1 kcal/
mol45

The CBS-QB3 and G3B3, two methods that utilize B3LYP
geometries instead of UMP2 ones, and, as mentioned above,
the B3LYP geometries have been shown to be accurate46

Figure 1. Structures of key species (4H2P (4-hydroxy-2-pentanone) and P1−P5 (radicals obtained via channels I−V)) considered for kinetics
simulations determined by B3LYP/6-311++G(2d,pd); bond lengths in angstroms.
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Theoretical enthalpies of formation at 0 K and theoretical
enthalpies of formation at 298 K are calculated as described in
our previous work.47,48

2.2. Rate Theory Calculations. The rate constants
reaction were obtained using RRKM (Rice−Ramsperger−
Kassel−Marcus) theory49−52 with the required sums, density of
states, frequencies, zero-point energies, moments of inertia, and
symmetries. Kinetic behaviors of the reaction were obtained
from optimized reactants, TSs, and products at B3LYP/6-311+
+G(2d,pd) level of theory. Theoretical enthalpies obtained
from both CBS-QB3//B3LYP/6-311++G(2d,pd) and G3B3//
B3LYP/6-311++G(2d,pd) calculations for all gaseous species

involved in the reaction were introduced in the CHEMRATE
database.
The calculations were done to determine the temperature

dependence of each reaction involved in the mechanism.
Further details of the time-dependent master equation (ME)
analysis in CHEMRATE are accessible in the literatures.49−52

The precision of the method implemented in CHEMRATE was
found to be sufficient through wide comparison with
experimental and theoretical data.53−55 We did not take into
account the low-frequency internal rotations as hindered rotors;
our simulations take only the most stable conformer. These
simplifications will have small influence on numerical accuracy
but should not deviate from the validity of rates values.

Figure 2. Structures of key species CR1−CR5 (radicals obtained via channels I−V) considered for kinetics simulations determined by B3LYP/6-
311++G(2d,pd); bond lengths in angstroms.

Figure 3. Structures of key species TS1−TS5 (radicals obtained via channels I−V) considered for kinetics simulations determined by B3LYP/6-311+
+G(2d,pd); bond lengths in angstroms.
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3. STRUCTURAL CALCULATIONS

The calculation involves an examination of the H- abstraction
from 4H2P. The reaction is expected to proceed via H
abstraction from the (CH3C(O)−), −CH2−, CH(OH)−, or
−CH3 groups. The TSs are characterized by a near-linear
alignment of the Cl atom, the hydrogen to be abstracted, and
the central atom of abstraction. The different H-abstraction
paths proceed via three steps. In the first step, the radical
approaches the H atom to be abstracted of the 4H2P, forming
an intermediate complex (CR: complex reactant) more

energetically stable than the reactants. In the second step of
the reaction the intermediate complex dissociates to form an
intermediate complex (CP: complex product) through a TS
(Figures 1−4). The H abstractions, from (CH3C(O)−),
−CH2−, CH(OH)−, and −CH3 groups, were found to be
exothermic and exoergonic for 4H2P with Cl at the CBS-
QB3//B3LYP/6-311++G(2d,pd) level of theory. At the
G3B3//B3LYP/6-311++G(2d,pd) level, the H abstractions,
from −CH3 group adjacent to the −CH(OH) group, are
endothermic and endoergonic. The energies of all species

Figure 4. Structures of key species CP1−CP5 (radicals obtained via channels I−V) considered for kinetics simulations determined by B3LYP/6-
311++G(2d,pd); bond lengths in angstroms.

Table 1. Energies of Reactants and Products Species Involved in the Mechanism Obtained at CBS-QB3//B3LYP/6-311G+
+(2d,pd) Level: CBS-H Enthalpy at 2 98.15 K. CBS-G Gibbs Free Energy at 298.15 K. CBS-E Energy.CBS (0 K) Energy at 0 K.

CBS-H CBS-G CBS-E CBS (0 K) ΔfH°0K
a D0°

b ΔfH°298K
c ΔHr(298 K)d ΔGr(298 K)f img freqg

4H2P+CL −806.093445 −806.154282 −806.095334 −806.105352 −323.23 1836.00 −330.28 0.00 0.00

CR1 −806.093613 −806.144258 −806.094557 −806.105288 −323.18 1835.95 −330.39 −0.11 6.29

CR2 −806.097605 −806.148516 −806.098549 −806.109497 −325.83 1838.60 −332.89 −2.61 3.62

CR3 −806.095216 −806.147282 −806.096160 −806.107225 −324.40 1837.17 −331.39 −1.11 4.39

CR4 −806.099755 −806.149388 −806.100699 −806.111516 −327.09 1839.86 −334.24 −3.96 3.07

CR5 −806.118296 −806.167182 −806.119240 −806.129687 −338.50 1851.27 −345.88 −15.59 −8.09
TS1 −806.085777 −806.135066 −806.086721 −806.096925 −317.94 1830.71 −325.47 4.81 12.06 −1108.13
TS2 −806.075320 −806.124752 −806.076265 −806.086904 −311.65 1824.42 −318.91 11.37 18.53 −1781.9
TS3 −806.069538 −806.118543 −806.070482 −806.080893 −307.88 1820.65 −315.28 15.00 22.43 −1839.37
TS4 −806.032456 −806.078640 −806.033400 −806.042991 −284.09 1796.86 −292.01 38.27 47.47 −723.0
TS5 −806.094881 −806.143888 −806.095825 −806.106393 −323.88 1836.65 −331.18 −0.90 6.52 −1511.24
CP1 −806.099467 −806.140423 −806.099469 −806.110328 −326.35 1839.12 −334.06 −3.78 8.70

CP2 −806.114374 −806.154512 −806.114373 −806.126980 −336.80 1849.57 −343.42 −13.13 −0.14
CP3 −806.104532 −806.145596 −806.104532 −806.116427 −330.17 1842.94 −337.24 −6.96 5.45

CP4 −806.066057 −806.112797 −806.067001 −806.076879 −305.36 1818.13 −313.10 17.19 26.03

CP5 −806.133946 −806.172031 −806.133945 −806.145337 −348.32 1861.09 −355.70 −25.41 −11.14
P1 −806.105920 −806.169564 −806.107808 −806.118395 −331.41 1844.18 −338.11 −7.83 −9.59
P2 −806.108775 −806.173719 −806.107808 −806.118395 −331.41 1844.18 −339.90 −9.62 −12.20
P3 −806.094685 −806.160097 −806.096573 −806.107900 −324.82 1837.59 −331.06 −0.78 −3.65
P4 −806.084667 −806.149925 −806.086556 −806.097519 −318,.31 1831.08 −324.78 5.51 2.73

P5 −806.109771 −806.174514 −806.111660 −806.122634 −334.07 1846.84 −340.53 −10.24 −12.70
aHeat of formation at 0 K in kcal mol−1. bAtomization energy in kcal mol−1 at 0 K. cHeat of formation at 298.15 K in kcal mol−1. dEnthalpy of
reaction at 298.15 K in kcal mol−1. fGibbs energy of reaction at 298.15 K in kcal mol−1. gImaginary frequencies for TSs.
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involved in the H-abstraction reaction are reported in Tables 1
and 2 for 4H2P+Cl.
3.1. Path 1 Abstraction from Group CH3CO−. This path

starts from the reactant complex CR1 toward the complex
product CP1, which includes a strong intermolecular hydrogen
interaction between the carbon radical site of the CH3CO
group and H−Cl with a bond distance of 1.667 Å. The bond
distance C−H in the reactant complex CR1 is ∼1.100 Å, the
like bond H···Cl distance is ∼2.247 Å, while in the transition
TS1, the same bond distances are, respectively, ∼1.420 and
∼1.443 Å. The product complex CP1 gives rise to radical P1
and HCl. The reaction process is exothermic and exoergonic
and involves an energy barrier of ∼12.06(14.68) kcal/mol with
reaction enthalpy of ∼7.83(6.51) kcal/mol and Gibbs free
energy of ∼9.59(8.25) kcal/mol (italics in parentheses
represent the energy barrier at G3B3//B3LYP/6-311++G-
(2d,pd) level)
3.2. Path 2 Abstraction from Group −CH2−. The H-

abstraction process in this path concerns one hydrogen of the
C−H bonds of the −CH2− group adjacent to the carbonyl of
the 4H2P. The product complex CP2 includes an intermediate
intermolecular hydrogen bond between the carbon radical site
of the −CH2− group and HCl with a bond distance of ∼1.968
Å. The bond distance C−H in the reactant complex CR2 is
∼1.145 Å, the like bond H···Cl distance is ∼1.891 Å, while in
the transition TS2 the same bonds distances are, respectively,
∼1.668 and ∼1.667 Å. The product complex CP2 by
dissociation of the hydrogen intermolecular bond gives rise to
product P2 and HCl. The reaction process is also exothermic
and exergonic. This reaction involves a transition state TS2
with energy barrier of ∼18.53(20.80) kcal/mol with reaction
enthalpy of ∼9.62(8.02) kcal/mol and Gibbs free energy of
∼12.20(10.57) kcal/mol.
3.3. Path 3 Abstraction from Group −CH3. The H

abstraction initiated in this path involves one hydrogen of the

C−H bonds of the −CH3 group adjacent to the −CH(OH)
group. The bond distance C−H in the reactant complex CR3 is
1.126 A and C−H···Cl intermediate hydrogen bond is ∼1.976
Å, while for the transition TS3, the same bonds distances are,
respectively, ∼1.669 and ∼1.660 Å. The product complex CP3
includes an intermolecular H bond between the carbon radical
site and HCl with a bond distance of ∼1.969 Å. The product
complex CP3 gives rise to product P3 and HCl. This reaction
involves an energy barrier of ∼22.43(25.12) kcal/mol with
reaction enthalpy of ∼0.70(−0.22) kcal/mol and Gibbs free
energy of ∼3.65(2.65) kcal/mol. The reaction process is
slightly exothermic and exoergonic.

3.4. Path 4 Abstraction from Group −CH(OH)−. For the
path involving abstraction of the hydrogen of the hydroxyl from
group CH(OH), calculation gives a very high barrier TS4
∼47.5 kcal/mol (for the G3B3 level, calculation optimization of
the TS encountered convergence problems) compared with the
other paths was not considered in the kinetic calculations. The
H abstractions are endothermic ∼5.51(6.54) kcal/mol and
endoergonic ∼2.73(3.79)kcal/mol. It is important to note that
all species optimized in this study involve a six-member-like
cycle with a H bond between the hydrogen of the hydroxyl and
the carbonyl groups (∼1.820 Å). In the study of Priya and
coworkers,19 the same difficulties, although at low-level theory,
were encountered to optimize structures for abstraction from
the hydroxyl group path, probably to high barrier energies,
unreachable TSs, and convergence calculations problems.

3.5. Path 5 Abstraction from Group −CH(OH)−. In this
path, the unique hydrogen involved in the process of H
abstraction is the H atom in the C−H bond of the
−CH(OH)− group of 4H2P. The bond distance C−H in the
reactant complex CR5 is ∼1.116 Å and the C−H···Cl strong
hydrogen bond is ∼1.760 Å, while for the transition TS5 the
same bonds distances are, respectively, ∼1.668 and ∼1.650 Å.
This reaction involves an energy barrier of ∼6.52(9.57) kcal/

Table 2. Energies of Reactants and Products Species Involved in the Mechanism Obtained at G3B3//B3LYP/6-311G++(2d,pd)
Level: CBS-H Enthalpy at 2 98.15 K. CBS-G Gibbs Free Energy at 298.15 K. CBS-E eEnergy.CBS (0 K) Energy at 0 K.

G3B3-H G3B3-G G3B3-E G3B3 (0 K) ΔfH°0K
a D0°

b ΔfH°298K
c ΔHr(298 K)d ΔGr(298 K)e img freqf

4H2P+CL −806.721303 −806.782531 −806.723192 −806.733398 −316.31 1829.08 −323.26 0.00 0.00

CR1 −806.721281 −806.772373 −806.722225 −806.733156 −316.16 1828.93 −323.24 0.01 6.37

CR2 −806.723682 −806.775046 −806.724627 −806.735774 −317.81 1830.58 −324.75 −1.49 4.70

CR3 −806.721782 −806.774300 −806.722726 −806.733986 −316.68 1829.45 −323.56 −0.30 5.17

CR4 −806.726818 −806.776903 −806.727762 −806.738781 −319.69 1832.46 −326.72 −3.46 3.53

CR5 −806.740482 −806.789817 −806.741427 −806.752084 −328.04 1840.81 −335.29 −12.04 −4.57
TS1 −806.709395 −806.759129 −806.710339 −806.720758 −308.38 1821.15 −315.78 7.47 14.68 −1108.13
TS2 −806.699506 −806.749390 −806.700450 −806.711298 −302.45 1815.22 −309.58 13.68 20.80 −1781.9
TS3 −806.693043 −806.742495 −806.693987 −806.704608 −298.25 1811.02 −305.52 17.73 25.12 −1839.37
TS4 g g g g g g g g g −723.0
TS5 −806.717818 −806.767277 −806.718762 −806.729540 −313.89 1826.66 −321.07 2.19 9.57 −1511.24
CP1 −806.725284 −806.778050 −806.726228 −806.737172 −318.68 1831.45 −325.75 −2.50 2.81

CP2 −806.734875 −806.787908 −806.735820 −806.747759 −325.33 1838.10 −331.77 −8.52 −3.37
CP3 −806.723412 −806.777142 −806.724356 −806.736186 −318.06 1830.83 −324.58 −1.32 3.38

CP4 −806.726818 −806.776903 −806.727762 −806.738781 −319.69 1832.46 −326.72 −3.46 3.53

CP5 −806.744881 −806.796762 −806.745826 −806.757215 −331.26 1844.03 −338.05 −14.80 −8.93
P1 −806.731684 −806.795685 −806.733572 −806.744346 −323.18 1835.95 −329.77 −6.51 −8.25
P2 −806.734084 −806.799380 −806.735972 −806.746989 −324.84 1837.61 −331.28 −8.02 −10.57
P3 −806.720960 −806.786750 −806.722849 −806.734360 −316.92 1829.69 −323.04 0.22 −2.65
P4 −806.710883 −806.776493 −806.712771 −806.723907 −310.36 1823.13 −316.72 6.54 3.79

P5 −806.735202 −806.800301 −806.737090 −806.748238 −325.63 1838.40 −331.98 −8.72 −11.15
aHeat of formation at 0 K in kcal mol−1. bAtomization energy in kcal mol-1 at 0 K. cHeat of formation at 298.15 K in kcal mol−1. dEnthalpy of
reaction at 298.15 K in kcal mol−1. eGibbs energy of reaction at 298.15 K in kcal mol−1. fImaginary frequencies for TSs. gFor G3B3, TS4 calculation
encountered convergence problems.
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mol with reaction enthalpy of ∼10.24(8.72) kcal/mol and
Gibbs free energy of ∼12.70(11.15) kcal/mol. The product
complex CP5, which gives rise to product P3 and HCl, includes
an intermolecular bond between the carbon radical site of the
−CH(OH)− group and HCl with a like bond distance of
∼1.942 Å.

4. KINETICS
The mechanism of H-abstraction reaction of 4H2P with Cl is
examined as a competition between four H abstractions as
follows

+
⎯→

← ⎯⎯⎯
⎯→

⎯→

← ⎯⎯⎯ +
− −

X
k

k
k

k

k
4H2P (CR) (CP) P1 HCl

Ia

Ia

I Ib I
Ic

Ic

+
⎯→⎯

← ⎯⎯⎯⎯
⎯→⎯

⎯→⎯

← ⎯⎯⎯⎯ +
− −

X
k

k
k

k

k
4H2P (CR) (CP) P2 HCl

IIa

IIa

II IIb II
IIc

IIc

+
⎯ →⎯⎯

← ⎯⎯⎯⎯⎯
⎯ →⎯⎯

⎯ →⎯⎯

← ⎯⎯⎯⎯⎯ +
− −

X
k

k
k

k

k
4H2P (CR) (CP) P3 HCl

IIIa

IIIa

III IIIb III
IIIc

IIIc

+
⎯→⎯

← ⎯⎯⎯⎯
⎯→⎯

⎯→⎯

← ⎯⎯⎯⎯ +
− −

X
k

k
k

k

k
4H2P (CR) (CP) P4 HClV

Va

Va

Vb V
Vc

Vc

According to the reaction profiles, the rate constant (k)
resultant to all of the studied reaction channels can be analyzed
in terms of conventional transition-state theory (TST) or
RRKM/ME calculations. kIa, kIIa, kIIIa, and kVa are the forward
rates and k−Ia, k−IIa, k−IIIa, and k−Va are reverse ones for the first
step and kIb, kIIb, kIIIb, and kVb correspond to the second steps,
respectively, for channels I−V. kIc, kIIc, kIIIc, and kVc are the
forward rates and k−Ic, k−IIc, k−IIIc, and k−Vc are the reverse ones
for the last step. On the basis of this hypothesis, rate constants
of channels I−V (kI, kII, kIII, and kV) can be expressed as

= × ×k k k kI eqIa Ib eqIc (a)

= × ×k k k kII eqIIa IIb eqIIc (b)

= × ×k k k kIII eqIIIa IIIb eqIIIc (c)

= × ×k k k kV eqVa Vb eqVc (d)

where keq (eqs a−d) are the equilibrium constants between the
isolated reactants and the products for channel I to channel V,
respectively. All rate constants involved in the H-abstraction
reaction mechanism were calculated with ChemRate pro-
gram.29 Simulations were performed at pressure of 1 atm and
temperature range 278−400 K. Collisional energy transfer was
described using an exponential-down model, with ΔEdown = 300
cm−1 and Ar as a bath gas with Lennard-Jones parameters of σ
= 4.4 and ξ = 216 K.56,57 All rate constants quoted in this study
are in s−1 or cm3 molecule−1 s−1 units.
In this case, the overall rate constant (eq e) and the

branching ratios (eq f) obtained from theoretical kinetic
simulation are calculated as follows

= + + +k k k k kI II III V (e)

β β β β β=
+ + +

= − + +
k

k k k k
and 1 ( )I

I

I II III V
I II III V

(f)

5. RESULTS AND DISCUSSION
The dominant mechanistic channel of the reaction of 4H2P
with Cl involves the abstraction of H atom from the
CH(OH)− group (as attended), which proceeds through the
TS3 transition state with branching ratio βI of ∼99% in the
temperature range 278−400 K. For the H abstraction from the
CH2, CH3CO, and CH3 groups, rate constants values are
negligible relative to kV (Table 3 and 4). Significant positive
temperature dependence is observed for k. The linear least-
square fit of all data points is provided by the calculation at
different temperatures leads, with a correlation coefficient of
∼0.999, to the following Arrhenius expressions in cm3

molecule−1 s−1 at CBS-QB3 (eq g) and G3B3 (eq h) level of
theory, respectively

Table 3. Rate Constants (cm3 molecule−1 s−1) and Branching Ratio (β4) within the Temperature Range 278−400 K for
Reaction 4H2P + Cl at CBS-QB3//B3LYP/6-311G++(2d,pd) Level. βV Is the Branching Ratio of the Majority Channel.

T (K) KI KII KIII KV K βV

278 3.53 × 10−32 1.73 × 10−18 3.54 × 10−27 9.46 × 10−11 9.46 × 10−11 0.999
298 9.02 × 10−31 8.61 × 10−18 7.68 × 10−26 1.47 × 10−10 1.47 × 10−10 0.999
315 1.02 × 10−29 2.73 × 10−17 7.33 × 10−25 1.96 × 10−10 1.96 × 10−10 0.999
334 1.13 × 10−28 8.20 × 10−17 6.60 × 10−24 2.47 × 10−10 2.47 × 10−10 0.999
356 1.32 × 10−27 2.39 × 10−16 5.89 × 10−23 2.95 × 10−10 2.95 × 10−10 0.999
381 1.51 × 10−26 6.53 × 10−16 4.86 × 10−22 3.30 × 10−10 3.30 × 10−10 0.999
400 7.86 × 10−26 1.24 × 10−15 1.94 × 10−21 3.43 × 10−10 3.43 × 10−10 0.999

Table 4. Rate Constants (cm3 molecule−1 s−1) and Branching Ratio (β4) within the Temperature Range 278−400 K for
Reaction 4H2P + Cl at G3B3//B3LYP/6-311G++(2d,pd) Level. βV Is the Branching Ratio of the Majority Channel.

T (K) KI KII KIII KV K βV

278 3.23 × 10−27 8.57 × 10−20 3.19 × 10−26 6.25 × 10−14 6.25 × 10−14 0.999
298 4.22 × 10−26 5.58 × 10−19 6,65 × 10−25 1.57 × 10−13 1.57 × 10−13 0.999
315 2.82 × 10−25 2.16 × 10−18 6.17 × 10−24 2.97 × 10−13 2.97 × 10−13 0.999
334 1.84 × 10−24 7.93 × 10−18 5.39 × 10−23 5.34 × 10−13 5.34 × 10−13 0.999
356 1.23 × 10−23 2.83 × 10−17 4.67 × 10−22 9.20 × 10−13 9.20 × 10−13 0.999
381 8.06 × 10−23 9.39 × 10−17 3.72 × 10−21 1.48 × 10−12 1.48 × 10−12 0.999
400 2.84 × 10−22 2.03 × 10−16 1.44 × 10−20 1.97 × 10−12 1.97 × 10−12 0.999
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= × * −−k T T( ) 7.29 10 exp( 1166/ )9
(g)

= × * −−k T . T( ) 5 77 10 exp( 3137/ )9
(h)

The calculations of the transmission coefficients, using the
formalisms of Wigner, Skodje, and Truhler,58,59 were obtained
in the temperature range 278−400 K. Small tunneling effect
was observed with a transmission coefficient ranging from 1001
to 1040, which implies no effect on the rate constant values
calculated in this study. The difference between rate constants
obtained at the CBS-QB3 and G3B3 level of theory, in the
absence of other studies, cannot be explained and remains a
subject of theoretical research; see Figure 5.

The previous studies concerning the reactivity of HKs with
chlorine atoms have focused on hydroxyacetone
HOCH2COCH3. Kinetic and mechanistic studies of the
reaction of hydroxyacetone with Cl atoms have been carried
out by Orlando et al.20 at room temperature using an
environmental chamber coupled to a FTIR spectrometry. An
average rate constant of 5.6 × 10−11 cm3 molecule−1 s−1 was
obtained using three different reference compounds (CH2O,
CH3OH, and C2H4). Stoeffler et al.

22 recently studied the same
reaction using a relative rate technique over a range of
temperature of 281−350 K. This study was carried out using a
multipass simulation chamber coupled to a FTIR spectrometer.
Rate constants of (4.4 and 6.1) × 10−11cm3 molecule−1s −1

were obtained at 298 K using CH3OH and CH3CH2OH as
reference compounds, respectively. However, only the gas-
phase reactions of 3H2B and 4H2B with Cl atoms were
investigated by Messaadia et al.21 Sleiman et al.24 studied the
reaction of 3-hydroxy-3-methyl-2-butanone (3H3M2B) with Cl
using the relative method that gives a rate constant of 1.13 ×
10−10 cm3 molecule−1 s−1.
In a 2017 paper El Dib and coworkers have taken the

reaction of 4H4M2P (CH3COCH2C(CH3)2OH) with chlor-
ine; the results give an experimental rate constant of up to 7.4 ×
10−11 cm3 molecule−1 s−1. The H atom abstracted on the −CH2
group appeared to be the dominant channel with a small barrier
height.60 The later reactivity can be compared with the one of

4H2P, where the rate constant obtained with the CBS-QB3//
B3LYP(6-311G(2d,pd)) at the same temperature is 1.47 ×
10−10 cm3 molecule−1 s−1. The difference may be explained by
the fact that 4H2P is a linear HK compared with the ramified
structure of 4H4M2P. Compared with the 3H3M2B reaction
with OH, the ramified structure implies three reaction paths.
The path, involving the hydrogen of the methyl adjacent to the
hydroxyl group, represents the majority issue with branching
ratio equal to ∼52%. For the preferred hydrogen in the
CH(OH) group in this study, H abstraction yields a branching
ratio of ∼99.99%. It is important to note that hydrogen
abstraction is substituted by the methyl in the 3H3M2B and
4H4M2P. In the latter, the theoretical rate obtained gives up to
4.2 × 10−11 cm3 molecule−1 s−1 with a branching ratio of 92% in
favor of the H abstraction from CH2 group.

60

Positive temperature dependence is observed for the reaction
of 4H2P with Cl over the temperature range explored where a
significant effect of the temperature on the reactivity may be
clearly observed.

6. CONCLUSIONS
This study represents the first theoretical determination of the
rate coefficient and detailed mechanism for the reaction of Cl
atom with 4H2P over the temperature range 278−400 K. This
contribution has been carried out using DFT and complete
basis set methods (CBS-QB3 and G3B3), exposed as the most
efficient and accurate computational methods. The reaction of
4H2P with Cl is exothermic exoergonic and the mechanism is
preferentially the H abstraction of the C−H bond from the
group −CH(OH) with a branching ratio approaching 100%.
The proposed mechanism is supported by the results of El Dib
and coworkers for reactions of 3H3M2B and 4H4M2P with
chlorine. The rate constant obtained in this study is on the
order of those obtained by El Dib and coworkers. The same
conclusion can be drawn concerning the 4H2P compared with
the 4H4M2P for which theoretical and experimental values are
obtained. Positive temperature dependence is observed for the
reaction of 4H2P with Cl over the range explored, whereas in
the case of 4H4M2P a slight negative temperature effect was
observed. The rate constants determined in this study gives a
troposphere lifetime of ∼5 to 15 days. This reaction could have
a role in the chemistry of the troposphere on local and regional
scales.
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