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The title reactions were studied using laser flash photolysis/laser-induced-fluorescence (FP-LIF) techniques.
The two spin-orbit states, Cl*(2P1/2) and Cl(2P3/2), were detected using LIF at 135.2 and 134.7 nm, respectively.
Measured reaction rate constants were as follows (units of cm3 molecule-1 s-1): k(Cl(2P3/2)+CH3OH) )
(5.35( 0.24)× 10-11, k(Cl(2P3/2)+C2H5OH) ) (9.50( 0.85)× 10-11, k(Cl(2P3/2)+n-C3H7OH) ) (1.71(
0.11)× 10-10, andk(Cl(2P3/2)+i-C3H7OH) ) (9.11( 0.60)× 10-11. Measured rate constants for total removal
of Cl*( 2P1/2) in collisions with CH3OH, C2H5OH, n-C3H7OH, andi-C3H7OH were (1.95( 0.13) × 10-10,
(2.48 ( 0.18)× 10-10, (3.13( 0.18)× 10-10, and (2.84( 0.16)× 10-10, respectively; quoted errors are
two-standard deviations. Although spin-orbit excited Cl*(2P1/2) atoms have 2.52 kcal/mol more energy than
Cl(2P3/2), the rates of chemical reaction of Cl*(2P1/2) with CH3OH, C2H5OH, n-C3H7OH, andi-C3H7OH are
only 60-90% of the corresponding Cl(2P3/2) atom reactions. Under ambient conditions spin-orbit excited
Cl* atoms are responsible for 0.5%, 0.5%, 0.4%, and 0.7% of the observed reactivity of thermalized Cl
atoms toward CH3OH, C2H5OH, n-C3H7OH, andi-C3H7OH, respectively.

1. Introduction

Atomic chlorine plays an important role in atmospheric
chemistry.1 The main atmospheric fate of Cl atoms is reaction
with organic compounds and ozone. Many different kinetic
techniques have been applied to study the reactions of atomic
chlorine with organic compounds. For the reactions of atomic
chlorine with alcohols, various experimental techniques such
as discharge flow/electron paramagnetic resonance,2 Fourier
transform infrared (FT-IR)/smog chamber study (relative rate
method),3-5 discharge flow/mass spectrometric detection,6,7 laser
photolysis/chemical luminescence detection,8 laser photolysis/
resonance fluorescence detection,9 flash photolysis/resonance
fluorescence detection,10 and laser photolysis/infrared absorp-
tion5,8,11 have been used. As a result, there is a large kinetic
database concerning such reactions at ambient temperatures.12

The existing kinetic database for reactions of atomic chlorine
does not differentiate between the reactivity of the Cl*(2P1/2)
(denoted below as Cl*) and Cl(2P3/2) (denoted below as Cl)
states. The spin-orbit Cl* and Cl states are separated by 2.52
kcal/mol (882 cm-1), and at ambient temperature there is an
appreciable population of the excited Cl* state (0.71% at 298
K). The reactivity of these two spin-orbit states is expected to
differ considerably. In reactions of halogen atoms, the ground
spin-orbit state2P3/2 is generally considered to be more reactive
than the2P1/2 state due to the adiabatic nature of the corre-
sponding potential surfaces.13 However, there is little informa-
tion concerning the relative importance of the Cl* and Cl states
in the reactions of Cl atoms with organic compounds.14-16

In this study, laser flash photolysis/laser-induced-fluorescence
techniques have been applied to investigate the reactivity of
both Cl and Cl* with methanol, ethanol, 1-propanol, and
2-propanol at 295( 2 K. Cl and Cl* atoms were produced by
193 nm pulsed excimer laser photolysis of HCl. The concentra-
tions of Cl and Cl* in the presence of alcohol reactant were
monitored as a function of time by vacuum UV laser-induced-
fluorescence techniques. The removal processes of Cl and Cl*
atoms following collision with alcohol (ROH) molecules are

wherekreac, kex, kreac
/ , andkrelax

/ are rate constants for processes
1-4.

Enthalpy data17-22 for reactions of Cl atoms with CH3OH,
C2H5OH, n-C3H7OH, andi-C3H7OH are listed in Table 1. Figure
1 gives the schematic energy diagram for the Cl+ C2H5OH
system. The reaction paths for CH3CHOH + HCl (R-hydrogen
abstraction), CH2CH2OH + HCl (â-hydrogen abstraction), and
CH3CH2O + HCl (hydroxyl hydrogen abstraction) are indicated
with the energy barriers that were obtained by Rudic´ et al.23

from ab initio calculations. The energy of the Cl*+ ROH
system is higher by 2.52 kcal mol-1 than that of the Cl+ ROH
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system. Interestingly, in the reaction of Cl+ C2H5OH, the
barrier for H-atom abstraction from theâ-position of C2H5OH
was calculated to be 0.73 kcal mol-1 with respect to the
reactants,23 which is lower than the spin-orbit excitation energy
of Cl* atom. If spin-orbit excitation were effective in overcom-
ing the barrier for H-atom abstraction from theâ-position, we
would expect Cl* to have a greater reactivity than Cl atoms.

To improve our understanding of reactions of Cl atoms with
organic compounds, we conducted a detailed kinetic study of
the reactions of ground and spin-orbit excited chlorine atoms
with a series of alcohols. Rate constants for processes 1, 3, and
4 (kreac, kreac

/ , and krelax
/ ) were determined and are reported

herein.

2. Experimental Section

Experiments were conducted using the laser flash photolysis
laser-induced-fluorescence apparatus described in detailed else-
where.14,15 Cl(2Pj) atoms were produced by the 193 nm
photolysis of HCl, which gives 59% Cl(2P3/2) and 41%
Cl*(2P1/2).24 An ArF excimer laser (Lambda Physik, COMPex
102) was employed as the photolysis light source.

Based on the reported absorption cross section of HCl at 193
nm (8.69× 10-20 cm2)25 and the photolysis laser fluence, we
estimated the initial concentration of chlorine (Cl and Cl*) atoms

in the present experiments to be 5× 1011 atoms cm-3. The Cl
and Cl* atoms produced from the photolysis of HCl have
relatively little translational excitation, since most of the excess
energy goes into the translational energy of the H atom.
Nevertheless, buffer gases were added to the reaction mixtures
to suppress hot atom effects in the kinetic study. Cl(2P3/2) and
Cl*(2P1/2) were detected using vacuum ultraviolet laser-induced
fluorescence (VUV-LIF) at 134.7 nm (4s2P3/2 f 3p 2P3/2) and
135.2 nm (4s2P1/2 f 3p 2P1/2), respectively. The tunable probe
VUV light was generated by four-wave mixing (2ω1-ω2) in
Kr gas using two dye lasers pumped by a single XeCl excimer
laser (Lambda Physik, COMPex 201, FL3002, and Scanmate
2E). The wavelength ofω1 was 212.56 nm, corresponding to a
two-photon resonance to the Kr 5p[1/2]0 state. The wavelength
of ω2 was tuned near 500 nm. Typical pulse energies were 0.2
and 4 mJ for theω1 andω2 lasers, respectively. Theω1 andω2

laser beams were focused into a cell containing Kr gas at 15-
20 Torr with a fused silica lens (f ) 200). The resultant VUV
light beam passed through a LiF window into the reaction cell.

The VUV-LIF signal from Cl* or Cl was detected by a solar-
blind photomultiplier tube (PMT; EMR, 541J-08-17) mounted
at right angles to the propagation direction of the probing VUV
beam and the 193 nm photolysis beam. The 193 nm laser light
and the VUV laser light crossed perpendicularly in the reaction
cell. The PMT has a LiF window and a KBr photocathode that
is sensitive only between 105 and 150 nm. The output from
the PMT was preamplified and fed into a gated integrator
(Stanford Research, SR-250). The delay time between the
photolysis and probe laser pulses was controlled by a pulse
generator (Stanford Research, DG535), and the jitter of the delay
time was less than 10 ns. Both photolysis and probe lasers were
operated with the repetition rate of 10 Hz. In typical experi-
ments, the delay time was scanned to cover the whole time
domain of the fluorescence signal decay, usuallyt ) 0-300µs
(with step∆t ) 2 µs) for the Cl and Cl*. At each step, the
signal was averaged for 10 laser shots, and the total time of the
decay profile measurements was 150 s.

Two sets of experiments were performed. First, the reactivity
of spin-orbit ground state Cl atoms toward CH3OH, C2H5OH,
n-C3H7OH, andi-C3H7OH was measured by photolysis of HCl/
reactant mixtures in 3.0 Torr CF4 diluent. CF4 is an efficient
relaxation agent for Cl* atoms with a collisional relaxation rate
constant of 2.3× 10-11 cm3 molecule-1 s-1 at 298 K.15,26,27In
the presence of 3.0 Torr CF4, Cl* atoms have a lifetime of<0.5
µs with respect to relaxation to the spin-orbit ground state. To
allow sufficient time for essentially complete relaxation of Cl*
atoms, kinetic data for Cl-atom reactions was derived from the
Cl decay at times>5 µs after the photolysis pulse. Second, the
time profiles of Cl* and Cl atoms were monitored following
the photolysis of HCl/reactant mixtures in 1.5 Torr Ar diluent.
Argon is an inefficient relaxation agent for Cl* atoms with a
relaxation rate constant of only 3.0× 10-16 cm3 molecule-1

s-1.27 By monitoring temporal profiles of Cl* and Cl atoms in
the presence of Ar diluent, kinetic data were derived for the
reactivity of Cl* toward the alcohols. In all experiments, the
concentrations of added reactants were at least 100 times greater
than the initial chlorine atom concentration. Accordingly, the
loss of Cl atoms followed pseudo-first-order kinetics.

Reagents diluted in buffer gas were provided to the reaction
cell using mass flow controllers (STEC, SEC-400MARK3).
Pressures in the reaction cell were monitored by a capacitance
manometer (Baratron 122A, 10 Torr full scale). The gases used
in the experiments had the following stated purities: HCl,
99.9%; CH3OH, 99.8%; C2H5OH, 99.5%;n-C3H7OH, 99.8%;

TABLE 1: Enthalpies of Reactions of Cl Atoms with
CH3OH, C2H5OH, n-C3H7OH, and i-C3H7OH

reactants products ∆Ha/kcal mol-1

CH3OH + Cl(2P3/2) CH3O + HCl 1.2
CH2OH + HCl -5.8

C2H5OH + Cl(2P3/2) CH3CH2O + HCl 1.4
CH3CHOH + HCl -10.1
CH2CH2OH + HCl -2.6

n-C3H7OH + Cl(2P3/2) CH3CH2CH2O + HCl 0.3
CH3CH2CHOH + HCl -13.5
CH3CHCH2OH + HCl -8.9
CH2CH2CH2OH + HCl -6.1

i-C3H7OH + Cl(2P3/2) CH3CHOCH3 + HCl 0.8
CH3COHCH3 + HCl -11.5
CH3CH(OH)CH2 + HCl -8.9

a Reaction enthalpy.17-22

Figure 1. Schematic energy diagram for the Cl(2P3/2)/Cl*(2P1/2) + C2H5-
OH system. Reaction energy barrier heights are taken from Rudic´ et
al.23

HCl + hν (193 nm)f H + Cl(2P3/2) 59% (5)

f H + Cl*(2P1/2) 41% (6)
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i-C3H7OH, 99.8%; CF4, 99.99%; and Ar, 99.999%. Alcohol
samples were purified by freeze-pump-thaw cycling prior to
use.

3. Results

3.1. Kinetics of Cl(2P3/2) Atoms in Collisions with CH3OH,
C2H5OH, n-C3H7OH, and i-C3H7OH. Figure 2 shows the
observed time profiles of the two spin-orbit states of chlorine
atoms following the 193 nm pulsed irradiation of a mixture of
6.0 mTorr HCl and 25.6 mTorr C2H5OH in 3.0 Torr CF4 diluent.
The vertical axis scale in Figure 2 is the observed fluorescence
intensity at 135.2 and 134.7 nm from Cl* and Cl, respectively,
in arbitrary units. The CF4 diluent relaxes the excited spin-
orbit state Cl* to the spin-orbit ground state Cl within a few
microseconds. The subsequent decay of Cl atoms at times>5
µs follows pseudo-first-order kinetics and provides information
on the kinetics of the Cl+ C2H5OH reaction. Similar experi-
ments were performed using CH3OH, n-C3H7OH, andi-C3H7-
OH reactants.

Figure 3 shows plots of the observed pseudo-first-order decay
of Cl atoms in the presence of CH3OH, C2H5OH, n-C3H7OH,
andi-C3H7OH reactants. The slopes of the least-squares fits give
the rate constantskreac(Cl+CH3OH) ) (5.35( 0.24)× 10-11

cm3 molecule-1 s-1, kreac(Cl+C2H5OH) ) (9.50( 0.85)× 10-11

cm3 molecule-1 s-1, kreac(Cl+n-C3H7OH) ) (1.71 ( 0.11) ×
10-10 cm3 molecule-1 s-1, andkreac(Cl+i-C3H7OH) ) (9.11(
0.60) × 10-11 cm3 molecule-1 s-1. Quoted uncertainties are
two standard deviations from the least-squares fits plus our
estimate of systematic uncertainties associated with the reactant
concentration. The rate constants for reactions of Cl with ROH
obtained in the present study are listed in Table 2 together with
the values reported previously.

3.2. Reaction and Relaxation of Cl*(2P1/2) in Collisions
with CH 3OH, C2H5OH, n-C3H7OH, and i-C3H7OH. To
investigate the reactivity of Cl* atoms with CH3OH, C2H5OH,
n-C3H7OH, andi-C3H7OH, experiments were performed in 1.5
Torr Ar diluent. Argon is an inefficient quencher of Cl* atoms,
and relaxation of Cl* in collisions with Ar is of negligible
importance. The total removal rate constant (sum of relaxation
and reaction) for Cl* in collisions with HCl is (7.8( 0.8) ×
10-12 cm3 molecule-1 s-1.15 Under our experimental conditions,
the pseudo-first-order rate of removal of Cl* atoms via relaxation
and/or reaction process in collisions with HCl was about 1500
s-1 and does not make a significant contribution to Cl* loss.
Figure 4 shows the observed time profiles of the two spin-
orbit states following the 193 nm pulsed irradiation of a mixture
of 6.0 mTorr HCl and 5.6 mTorr C2H5OH in 1.5 Torr Ar diluent.
The relative strengths of the initial LIF signals in Figure 4 have

Figure 2. Decay of Cl (open circles) and Cl* (filled circles in insert)
following flash photolysis of a mixture containing 6 mTorr HCl and
25.6 mTorr C2H5OH in 3.0 Torr CF4 diluent at 295( 2 K. The solid
line is a first-order-decay fit to the Cl data for times>5 µs.

Figure 3. Pseudo-first-order loss of Cl atoms versus alcohol partial
pressure: open circles, CH3OH; open triangles, C2H5OH; open squares,
n-C3H7OH; and open diamonds,i-C3H7OH.

TABLE 2: Rate Constants for Reactions of Cl(2P3/2) with
Alcohols at Room Temperature

reactant kreac
a methodb references

CH3OH 6.15( 1.33 DF/EPR Dobe et al.2

5.83( 0.77 LP/IR Seakins et al.8

5.38( 0.25 LP/CL Seakins et al.8

5.6( 0.2 LP/IR Smith et al.11

4.57( 0.40 RR Wallington et al.3

6.33( 1.40 FP/RF Michaela et al.9

5.4( 0.9 LP/RF, RR Tyndall et al.10

4.79( 0.38 RR Nelson et al.4

5.5 IUPAC Panel22

5.5 NASA/JPL Panel25

5.35( 0.24 LP/VUV-LIF this work
C2H5OH 10.2( 1.9 LP/CL Seakins et al.8

8.45( 0.91 RR Wallington et al.3

10.1( 0.6 RR Nelson et al.4

9.5( 1.9 LP/IR, RR Taatjes et al.5

10.5( 0.7 RR Crawford et al.7

9.6 IUPAC Panel22

9.6 NASA/JPL Panel25

9.50( 0.85 LP/VUV-LIF this work
n-C3H7OH 14.4( 1.2 RR Wallington et al.3

14.9( 0.7 RR Nelson et al.4

16 IUPAC Panel22

17.1( 1.1 LP/VUV-LIF this work
i-C3H7OH 8.40( 0.35 RR Nelson et al.4

8.8 IUPAC Panel22

9.11( 0.60 LP/VUV-LIF this work

a Units of 10-11 cm3 molecule-1 s-1; errors are two standard
deviations.b DF, discharge flow; EPR, electron paramagnetic resonance;
LP, laser photolysis; IR, infrared absorption; CL, chemical lumines-
cence; FP, flash photolysis; RR, relative rate; RF, resonance fluores-
cence; VUV-LIF, vacuum ultraviolet laser-induced fluorescence.

Figure 4. Time evolution of LIF signal attributable to Cl* (squares)
and Cl (circles) following flash photolysis of a mixture containing 6.0
mTorr HCl and 5.6 mTorr C2H5OH in 1.5 Torr Ar diluent at 295( 2
K. The vertical scales for Cl and Cl* are adjusted to give an initial
ratio [Cl]:[Cl*] ) 0.59:0.41. Curves through the data were obtained
using eq 11; see text for details.
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been scaled to reproduce the 0.59:0.41 ratio of Cl and Cl*
formation from HCl photolysis at 193 nm.24

To quantify the relative importance of reactions 1-4,
expressions 7 and 8 were evaluated and compared to the
observed Cl and Cl* profiles.

The rate constant for the Cl excitation process (2) in collisions
of Cl + ROH, kex, is estimated to be less than 1% that for the
Cl* collisional relaxation process (4),krelax

/ , at 295 K based on
the principle of detailed balance and energy separation of 2.52
kcal mol-1 between Cl* and Cl. The excitation process (2) can
be neglected when [Cl*]. 0.01[Cl]. The Cl* time profile is
determined by loss via chemical reaction (3) and physical
relaxation (4) in collisions of Cl* with ROH. Accordingly, as
seen in Figure 4, the loss of Cl* follows a single-exponen-
tial form with a pseudo-first-order rate. Values for (kreac

/ +
krelax
/ )[ROH] were obtained from the single-exponential decay

of the Cl* signal. Figure 5 shows plots of the pseudo-first-order
rate of the Cl* signal versus ROH concentration. The slopes
correspond to total removal (sum of reaction and relaxation)
rate constants (ktotal

/ ≡ kreac
/ + krelax

/ ) of Cl* by ROH. The values
obtained arektotal

/ (Cl*+CH3OH) ) (1.95( 0.13)× 10-10 cm3

molecule-1 s-1, ktotal
/ (Cl*+C2H5OH) ) (2.48( 0.18)× 10-10

cm3 molecule-1 s-1, ktotal
/ (Cl*+n-C3H7OH) ) (3.13( 0.18)×

10-10 cm3 molecule-1 s-1, andktotal
/ (Cl*+i-C3H7OH) ) (2.84

( 0.16) × 10-10 cm3 molecule-1 s-1. Quoted errors are two
standard deviations from the least-squares analyses.

The Cl profile is expected to follow either an exponential or
a nonexponential profile depending on the relative magnitudes
of Cl* loss processes (3) and (4). If the reactive process (3)
dominates the relaxation process (4), the time profiles of Cl
and Cl* will be essentially decoupled and both will follow
single-exponential decay. If, on the other hand, the relaxation
process (4) dominates the reactive process (3), there will be
significant recovery of Cl via relaxation of Cl*, leading to a
rise in the Cl time profile and hence nonexponential Cl decay.

To estimate the rate constant for reactive loss of Cl* (channel
3) in collisions with ROH,kreac

/ , we analyzed the observed time
profiles of Cl and Cl* by an integral profiles method.28-30

Integration of both sides of eq 8 fromt ) 0 to t gives

where [Cl]0 is the initial concentration of Cl after HCl photolysis
at 193 nm. The left-hand side of eq 9 can be evaluated directly
from the observed [Cl]t profiles as a function of delay time,t.
Integrated values of [Cl]t and [Cl*]t in the right-hand side of
eq 9 were calculated using a trapezoidal formula. Equation 9 is
rewritten as follows:

Equation 10 indicates that a plot of ([Cl]t - [Cl] 0)/∫0
t [Cl] t dt

versus∫0
t [Cl*] t dt/∫0

t [Cl] t dt should be linear with a slope of
krelax
/ [ROH] and an intercept of-(kreac + kex)[ROH]. Figure 6

shows a plot of ([Cl]t - [Cl] 0)/∫0
t [Cl] t dt versus∫0

t [Cl] t dt/
∫0

t [Cl] t dt derived from the data in Figure 4.
The time profile of Cl was calculated with rate constant values

obtained by regression calculations of eq 10:

The calculated time profile for [Cl]t using eq 11 is shown as
the solid line in Figure 4. The observed time profile of Cl is
well reproduced over the whole range of the delay time. The
values of the chemical reaction rate constantkreac

/ for Cl* +
C2H5OH were thus determined by subtractingkrelax

/ from
values of (kreac

/ + krelax
/ ) which were obtained from the

single-exponential-decay profiles of the Cl*. Figure 7 shows a
plot of the rateskreac

/ [C2H5OH], krelax
/ [C2H5OH], and (kreac

/ +
krelax
/ )[C2H5OH] versus the C2H5OH concentration as deter-

mined by the analysis of time profiles for Cl and Cl* using eqs
10 and 11. Linear-least-squares fits givekrelax

/ ) (1.82( 0.21)
× 10-10 cm3 molecule-1 s-1 andkreac

/ ) (6.4 ( 1.7) × 10-11

cm3 molecule-1 s-1 for the Cl* + C2H5OH system. Quoted
errors are two standard deviations from the least-squares fits
together with our estimate of systematic uncertainties in the

Figure 5. Pseudo-first-order loss of Cl* atoms versus alcohol partial
pressure: circles, CH3OH; triangles, C2H5OH; squares,n-C3H7OH; and
diamonds,i-C3H7OH.

Figure 6. ([Cl] t - [Cl] 0)/∫0
t [Cl] t dt versus ∫0

t [Cl*] t dt/∫0
t [Cl] t dt

calculated from the data in Figure 4 (see text for details).

[Cl] t - [Cl] 0 ) -(kreac+ kex)[ROH]∫0

t
[Cl] t dt +

krelax
/ [ROH]∫0

t
[Cl*] t dt (9)

[Cl] t - [Cl] 0

∫0

t
[Cl] t dt

) -(kreac+ kex)[ROH] +

krelax
/ [ROH]

∫0

t
[Cl*] t dt

∫0

t
[Cl] t dt

(10)

[Cl] t ) [Cl] 0 exp{-(kreac+ kex)[ROH]t} +

krelax
/ [ROH]∫0

t
[Cl*] t exp{-k*relax[ROH](t - x)} dx (11)

d[Cl*]
dt

) -(kreac
/ + krelax

/ )[ROH][Cl*] + kex[ROH][Cl] (7)

d[Cl]
dt

) -(kreac+ kex)[ROH][Cl] + krelax
/ [ROH][Cl*] (8)
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reactant concentration measurements. Similar experiments and
analyses were performed using CH3OH, n-C3H7OH, andi-C3H7-
OH reactants. Thekreac

/ andkrelax
/ values obtained are listed in

Table 3, together with relative importance of channels 1, 3, and
4.

We also analyzed temporal behavior of Cl using a Runge-
Kutta method as reported by Hitsuda et al.15,31The simultaneous
differential equations, (7) and (8), were solved numerically to
obtain the temporal behavior of Cl. The detailed balance
principle was assumed between the excitation and relaxation
rate constants,kex andkrelax

/ . Thekreac
/ andkrelax

/ values obtained
by the Runge-Kutta method were in good agreement with those
by the integral profiles method.

4. Discussion

4.1. Reaction of Cl(2P3/2) Atoms with CH3OH, C2H5OH,
n-C3H7OH, and i-C3H7OH. The room-temperature rate con-
stants for Cl+ ROH reactions determined using the VUV-LIF
technique in the present study are listed in Table 2. Literature
data obtained using a variety of experimental techniques are
also given in Table 2 for comparison. The present study is the
first to apply the VUV-LIF technique. The rate constant
determined for Cl+ CH3OH in this study is in agreement with
those from previous studies8,10,11,22,25 within the combined
experimental uncertainties. Our data for reactions of Cl with
C2H5OH, n-C3H7OH, and i-C3H7OH are, within the quoted
uncertainties, in good agreement with the NASA/JPL and
IUPAC recommendations and most previous experimental
studies. It should be noted that this is a first report to apply an
absolute technique for determination of the rate constants for
n-C3H7OH andi-C3H7OH reactions (Table 2).

As listed in Table 2, the reactivity of Cl toward alcohols
increases along the series CH3OH, C2H5OH, andn-C3H7OH.
This observation presumably reflects a relative change in
activation energy for H-atom abstraction along the series. The
height of the activation barrier should be related to the
exothermicity of the reaction channels. At room temperature,
the H-atom abstraction channels from theR-, â-, andγ-positions

are exothermic, while those from the hydroxyl position are
slightly endothermic as listed in Table 1.

In the Cl + CH3OH reaction, it has been suggested that
H-atom abstraction occurs predominantly (>95%) from the
R-position forming the CH2OH radical rather than CH3O
radical.23,32-34 Rudić et al.23 performed ab initio calculations
to estimate the energetics for H-atom abstraction from the
R-position and hydroxyl position for Cl+ CH3OH reaction at
the G2//MP2/6-311G(d,p) level of theory. They revealed that
R-hydrogen abstraction has no intrinsic barrier, while hydrogen
abstraction from the hydroxyl group has an energy barrier of
8.27 kcal mol-1 relative to the reactants.

Similarly, reaction of Cl with C2H5OH proceeds predomi-
nantly (>90%) via H-atom abstraction from theR-posi-
tion.5,6,33,35Ab initio calculations for Cl+ C2H5OH reaction23

suggest thatR-hydrogen abstraction has no intrinsic barrier while
â-hydrogen and hydroxyl hydrogen abstraction have energy
barriers of 0.73 and 8.53 kcal mol-1 relative to the reactants,
respectively (see Figure 1). For the Cl+ n-C3H7OH reaction,
it has been suggested that H atoms at both theR- andâ-positions
are abstracted.6 The trendkreac(Cl(2P3/2) + CH3OH) < kreac-
(Cl(2P3/2) + C2H5OH) ≈ kreac(Cl(2P3/2)+i-C3H7OH) < kreac(Cl-
(2P3/2)+n-C3H7OH) follows the trend of exothermicity values
listed in Table 1 for H-atom abstraction from theR-position;
that is,∆HR(Cl+CH3OH) > ∆HR(Cl+C2H5OH) ≈ ∆HR(Cl+i-
C3H7OH) > ∆HR(Cl+n-C3H7OH).

4.2. Chemical Reaction of Cl*(2P1/2) Atoms with CH3OH,
C2H5OH, n-C3H7OH, and i-C3H7OH. As indicated in Table
3, chemical reaction accounts for 18-34% of the total removal
of Cl* in collisions with CH3OH, C2H5OH, n-C3H7OH, and
i-C3H7OH. This result is consistent with previous reports that
chemical reaction is of minor importance as a removal mech-
anism of Cl* in collisions with CH4, C2H6, C3H8, n-C4H10, and
i-C4H10.14,15,31,36

Interestingly, in the reaction of Cl+ C2H5OH, the barrier
for H-atom abstraction from theâ-position (0.73 kcal mol-1

with respect to the reactants23) is lower than the Cl* spin-
orbit excitation. If spin-orbit excitation were effective in
overcoming the barrier for H-atom abstraction from theâ-posi-
tion, we would expect that Cl* atoms would have a greater
reactivity than Cl. However, our results indicate that Cl* is less
reactive than Cl toward C2H5OH at room temperature (
kreac
/ /kreac ) 0.67; see Table 3). We also find that Cl* atoms

have lower reactivity than Cl atoms in reactions with CH3OH,
n-C3H7OH, and i-C3H7OH (kreac

/ /kreac ) 0.65, 0.62, and 0.93,
respectively).

Hitsuda et al.15,31reportedkreac
/ /kreac≈ 0.3 for C3H8, n-C4H10,

and i-C4H10, and kreac
/ /kreac < 0.17 for C2H6 and C3D8, and

attributed the lower reactivity of Cl* to adiabatic correlations
between the reactant state and the product state. The reactant
state of Cl(2P3/2) + R-H 1Σ+(1A′) correlates adiabatically to
the product state HCl(X1Σ+) + R• due to the2Σ+(2A′) symmetry
in theC∞V (Cs) point group, while Cl*(2P1/2) + R-H 1Σ+(1A′)
correlates to the highly excited product state HCl(1Σ+) + R•*

TABLE 3: Kinetic Data for Cl*( 2P1/2) Atoms Derived in the Present Work

reactant (kreac
/ + krelax

/ )a kreac
/ b krelax

/ c kreac
/ /kreac

d kreac
/ /(kreac

/ + krelax
/ )e

CH3OH 19.5( 1.3 3.5( 1.5 16.0( 1.5 0.65( 0.29 0.18( 0.08
C2H5OH 24.8( 1.4 6.4( 1.7 18.2( 2.1 0.67( 0.19 0.26( 0.07
n-C3H7OH 31.3( 1.8 10.7( 2.9 20.6( 4.0 0.62( 0.18 0.34( 0.10
i-C3H7OH 28.4( 1.6 8.5( 2.5 20.0( 2.6 0.93( 0.29 0.30( 0.09

a Rate constant for total removal (reaction+ relaxation) of Cl* in units of 10-11 cm3 molecule-1 s-1. b Rate constant for loss of Cl* via reaction
in units of 10-11 cm3 molecule-1 s-1. c Rate constant for loss of Cl* via relaxation in units of 10-11 cm3 molecule-1 s-1. d Ratio of Cl*(2P1/2)
(channel 3) to Cl(2P3/2) (channel 1) reactivity.e Fraction of Cl*(2P1/2) loss occurring via reaction.

Figure 7. Pseudo-first-order relaxation and reaction rates of Cl* atoms
versus C2H5OH partial pressure: filled triangles, total loss rate (kreac

/

+ krelax
/ )[ROH]; filled circles, relaxation ratekrelax

/ [ROH]; and open
circles, reaction ratekreac

/ [ROH].
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due to the2Π1/2(2A′) symmetry. The reaction of Cl*(2P1/2) with
R-H to produce HCl(X1Σ+) + R• should take place through
nonadiabatic couplings of the two surfaces. Results from the
present study show that Cl* is less reactive than Cl toward ROH
at room temperature. These results imply that the adiabatically
forbidden character between the potential energy surfaces is
effective for Cl*/Cl + ROH reactions.

The kreac
/ value for Cl*-atom reactions with ROH combined

with the population of the excited state (0.71% at 298 K) leads
to the conclusion that Cl* atoms are responsible for 0.5%, 0.5%,
0.4%, and 0.7% of the observed reactivity of thermalized
chlorine atoms with CH3OH, C2H5OH, n-C3H7OH, andi-C3H7-
OH, respectively.

4.3. Relaxation of Cl*(2P1/2) Atoms in Collisions with
CH3OH, C2H5OH, n-C3H7OH, and i-C3H7OH. The rate
constants for relaxation (channel 4) of Cl*,krelax

/ , in collisions
with CH3OH, C2H5OH, n-C3H7OH, and i-C3H7OH are listed
in Table 3. Hitsuda et al.15,31and Matsumi et al.14 have measured
rate constants for relaxation of Cl* by several hydrocarbons
using the VUV-LIF technique. Chichinin26 measured the
relaxation rate constants of Cl* with a series of inorganic and
organic molecules using time-resolved laser magnetic resonance
(LMR) and suggested that electronic-vibrational (E-V) energy
exchange is the dominant pathway for Cl* relaxation.26 For
hydrocarbons, the relaxation rate constants of Cl* increase as
follows: CH4, 2.7× 10-11 cm3 molecule-1 s-1; C2H6, 1.12×
10-10 cm3 molecule-1 s-1; and C3H8, 1.29 × 10-10 cm3

molecule-1 s-1.15,16,26,27,31Interestingly, the present study shows
that rate constants for relaxation of Cl* by CH3OH, C2H5OH,
n-C3H7OH, andi-C3H7OH are a factor of approximately 2-6
times larger than those for the corresponding alkanes (CH4,
C2H6, and C3H8). This may be explained by the existence of
C-O stretching mode in alcohols. According to the NIST
Chemistry WebBook,12 the fundamental vibrational frequencies
of O-H, C-H, and C-O stretching modes in alcohols are about
3700, 3000, and 1000 cm-1, respectively. The C-O stretching
mode in alcohols has a very strong band intensity,12 and its
fundamental vibrational frequency is close to the spin-orbit
energy difference between Cl* and Cl (882 cm-1). It seems
likely that the near resonance between the C-O stretching
frequency and the spin-orbit excitation energy accounts for the
efficiency with which collisions with alcohol molecules relax
Cl*.

5. Conclusion
The kinetics of reactions of Cl and Cl* atoms with CH3OH,

C2H5OH, n-C3H7OH, and i-C3H7OH were studied at 295 K.
VUV-LIF combined with laser flash photolysis techniques
enabled independent monitoring of the temporal behaviors of
both spin-orbit states of chlorine atoms. The kinetic data
measured here for reactions of spin-orbit ground Cl atoms with
the alcohols were consistent with results from previous studies.
The reactivity of spin-orbit excited Cl* atoms toward alcohols
was examined for the first time. Rate constants for chemical
reaction of Cl* atoms with alcohols are smaller than those for
the corresponding reactions involving Cl atoms. The majority
of collisions between Cl* and alcohol molecules lead to
relaxation of Cl* to Cl. Under ambient conditions spin-orbit
excited Cl* atoms are responsible for 0.5%, 0.5%, 0.4%, and
0.7% of the observed reactivity of thermalized chlorine atoms
toward CH3OH, C2H5OH, n-C3H7OH, andi-C3H7OH.
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