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The title reactions were studied using laser flash photolysis/laser-induced-fluorescence (FP-LIF) techniques.
The two spir-orbit states, CI"{Py;) and CIéPs,), were detected using LIF at 135.2 and 134.7 nm, respectively.
Measured reaction rate constants were as follows (units 8froolecule® s71): k(CI(2Ps5)+CHzOH) =
(5.35+ 0.24) x 1071, k(CI(?P312)+CoHsOH) = (9.50 £ 0.85) x 107, k(CI(?Ps)+n-CsH;OH) = (1.71+

0.11) x 1071° andk(CI(?Ps)+i-C3H,OH) = (9.11+ 0.60) x 10~*L. Measured rate constants for total removal

of CI*(?Py) in collisions with CHOH, GHsOH, n-CsH;,OH, andi-C3H,OH were (1.954+ 0.13) x 10°1°,
(2.484 0.18) x 107%0, (3.134 0.18) x 10719, and (2.84+ 0.16) x 107, respectively; quoted errors are
two-standard deviations. Although spinrbit excited CI*¢P;/;) atoms have 2.52 kcal/mol more energy than
CI(?P3p), the rates of chemical reaction of CiRy;) with CH;OH, GHsOH, n-C3H;OH, andi-CsH;,OH are

only 60—-90% of the corresponding CHs;,) atom reactions. Under ambient conditions spombit excited

Cl* atoms are responsible for 0.5%, 0.5%, 0.4%, and 0.7% of the observed reactivity of thermalized ClI
atoms toward CkDH, GHsOH, n-C3H;,OH, andi-CsH;OH, respectively.

1. Introduction In this study, laser flash photolysis/laser-induced-fluorescence
techniques have been applied to investigate the reactivity of

Atomic chlorine plays an important role in atmospheric )
both ClI and CI* with methanol, ethanol, 1-propanol, and

chemistry! The main atmospheric fate of Cl atoms is reaction 8
with organic compounds and ozone. Many different kinetic 2:Propanol at 295 2 K. Cland CI* atoms were produced by
techniques have been applied to study the reactions of atomicl93 nm pulsed excimer laser photolysis of HCI. The concentra-

chlorine with organic compounds. For the reactions of atomic t0ons of Cl.and CI* in the presence of alcohol reactant were
chlorine with alcohols, various experimental techniques such Menitored as a function of time by vacuum UV laser-induced-

as discharge flow/electron paramagnetic resonarfeeyrier quorescence.techniq.u.es. The removal processes of Cl and CI*
transform infrared (FT-IR)/smog chamber study (relative rate atoms following collision with alcohol (ROH) molecules are
method)3~° discharge flow/mass spectrometric detecfidtaser K
photolysis/chemical luminescence detecfidaser photolysis/  Cl + ROH——+ HCI + (products)  reaction of Cl (1)
resonance fluorescence detectioifash photolysis/resonance
fluorescence detectio,and laser photolysis/infrared absorp- Kex o
tion>811 have been used. As a result, there is a large kinetic Cl+ ROH—CI* + ROH excitation of Cl - (2)
database concerning such reactions at ambient temper&tures. ks

The existing kinetic database for reactions of atomic chlorine CI* + ROH——~ HCI + (products) reaction of CI*  (3)
does not differentiate between the reactivity of the &()
(denoted below as CI*) and CRs,) (denoted below as Cl) Ketax .
states. The spinorbit CI* and Cl states are separated by 2.52 CP +ROH—=CI+ROH relaxation of CI* (4)

kcal/mol (882 cml), and at ambient temperature there is an
: g : where , andk®,, are rate constants for processes
appreciable population of the excited CI* state (0.71% at 298 ;_, Keao Kox Kreao aNdcora, P

K). The reactivity of these two spirorbit states is expected to Eﬁthalpy dati~22 for reactions of Cl atoms with CiDH,

differ corllsiderably..ln reactions of halogen atoms, the grqund C:HsOH, n-CsH;OH, andi-CaH70OH are listed in Table 1. Figure
Sr? |n—ohrb|2t state’Py, 'j generahlly c%nsgje.red to be m(f)rehreactwe 1 gives the schematic energy diagram for the4CC,HsOH
than the®P,, state due to the adiabatic nature of the corre- system. The reaction paths for @gHOH + HCI (a-hydrogen
spondlng po_tentlal surfa_cé%_However, there is Ilt:EIe informa- abstraction), ChCH;OH + HCI (3-hydrogen abstraction), and
Flon concerning the relative |mportance c.)f the CI* and %I states CH3;CH,0 + HCI (hydroxyl hydrogen abstraction) are indicated
in the reactions of CI atoms with organic compou#s! with the energy barriers that were obtained by Ruglial2?

* Corresponding author. Fax:+81-533-89-5593. E-mail: matsumi@ {rom ab initio calculations. The energy of the Ct# ROH
stelab.nagoya-u.ac.jp. system is higher by 2.52 kcal mdlthan that of the Ci+ ROH
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TABLE 1: Enthalpies of Reactions of Cl Atoms with in the present experiments to bes10! atoms cmis. The Cl
CH30H, C2HsOH, n-CsH;0OH, and i-CsH,0H and CI* atoms produced from the photolysis of HCI have
reactants products AH#/kcal mol? relatively little translational excitation, since most of the excess
CH4OH + CI(%P») CH:0 + HCl 12 energy goes into the translational energy of thg H atom.
CH,OH + HCI -58 Nevertheless, buffer gases were added to the reaction mixtures
CHsOH + Cl(?P3)  CH3CH,O + HCI 1.4 to suppress hot atom effects in the kinetic study2/@3}f) and
g:?’gn%}a:HHccl:l —12-36l CI*(2Py/2) were detected using vacuum ultraviolet laser-induced
2! 2 <. — 2
N-CsH7OH + CIPy;)  CHyCH,CH,O + HCI 0.3 fllggrgsrfgn(iegévur'é":g at 134.7 nm (4By, — 3p ?Py) and
CHsCH,CHOH + HCl ~135 2 1/2 p 2P1s2), respectively. ‘I_'h_e tunable p_robe
CHsCHCH,OH + HCl -89 VUV light was generated by four-wave mixingdz2—w>) in
CH,CH,CH,OH + HCI -6.1 Kr gas using two dye lasers pumped by a single XeCl excimer
i-CsH;0H + CI(*P3)  CH;CHOCH; + HCI 0.8 laser (Lambda Physik, COMPex 201, FL3002, and Scanmate
CH,COHCH; + HCI —115 2E). The wavelength ab; was 212.56 nm, corresponding to a
CHLCH(OH)CH + HC —8.9 two-photon resonance to the Kr 5p[142}ate. The wavelength
2 Reaction enthalpy’~>* of w, was tuned near 500 nm. Typical pulse energies were 0.2
and 4 mJ for thev, andw, lasers, respectively. The; andw;
laser beams were focused into a cell containing Kr gas at 15
.51 2_0 Torr with a fused silica Iens_f € 200). T_he resultant _VUV
CHsCH,OH + CI*(?P1p) light beam passed through a LiF window into the reaction cell.
~ K* oo CH.CH.O + HCI The VUV-LIF signal from CI* or Cl was detected by a solar-
S ﬂ ﬂkex == blind photomultiplier tube (PMT; EMR, 541J-08-17) mounted
% CHaCH,OH + CICPap) at right angles to the propagatio_n direction of the probing VU_V
S CH,CH,OH + HCI beam and the 193 nm photolysis beam. The 193 nm laser light
NG and the VUV laser light crossed perpendicularly in the reaction
> 5F cell. The PMT has a LiF window and a KBr photocathode that
E is sensitive only between 105 and 150 nm. The output from
CHCHOH + HCI the PMT was preamplified and fed into a gated integrator
-10f (Stanford Research, SR-250). The delay time between the
Reactants Products photolysis and probe laser pulses was controlled by a pulse
generator (Stanford Research, DG535), and the jitter of the delay
Reaction coordinate time was less than 10 ns. Both photolysis and probe lasers were
Figure 1. Schematic energy diagram for the T,)/CI*(2Py,) + CoHs- operated with the repetition rate of 10 Hz. In typical experi-
OH system. Reaction energy barrier heights are taken from’Ratdic  ments, the delay time was scanned to cover the whole time
al? domain of the fluorescence signal decay, usuay0—300us
) ) _ (with step At = 2 us) for the Cl and CI*. At each step, the
system. Interestingly, in the reaction of € CHsOH, the signal was averaged for 10 laser shots, and the total time of the
barrier for H-atom abstraction from theposition of GHsOH decay profile measurements was 150 s.

was calculated to be 0.73 kcal mélwith respect to the
reactant22 which is lower than the spirorbit excitation energy
of CI* atom. If spin—orbit excitation were effective in overcom-
ing the barrier for H-atom abstraction from tfieposition, we
would expect CI* 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 spiprbit excited chlorine atoms
with a series of alcohols. Rate constants for processes 1, 3, ané;
4 (Keao Kiene and K,,) Were determined and are reported
herein.

Two sets of experiments were performed. First, the reactivity
of spin—orbit ground state Cl atoms toward @BH, G,HsOH,
n-CzH-,OH, andi-C3H;OH was measured by photolysis of HCI/
reactant mixtures in 3.0 Torr GHliluent. CR is an efficient
relaxation agent for CI* atoms with a collisional relaxation rate
constant of 2.3« 10711 cm® molecule™! st at 298 K15:2627|n
the presence of 3.0 Torr GFCI* atoms have a lifetime 0£0.5
s with respect to relaxation to the spiarbit ground state. To
llow sufficient time for essentially complete relaxation of CI*
atoms, kinetic data for Cl-atom reactions was derived from the
Cl decay at times-5 us after the photolysis pulse. Second, the
time profiles of CI* and Cl atoms were monitored following
the photolysis of HCl/reactant mixtures in 1.5 Torr Ar diluent.

Experiments were conducted using the laser flash photolysis Argon is an inefficient relaxation agent for CI* atoms with a
laser-induced-fluorescence apparatus described in detailed elserelaxation rate constant of only 30 10716 cm® molecule®
where!415 CI(?P) atoms were produced by the 193 nm s 1.27 By monitoring temporal profiles of CI* and Cl atoms in
photolysis of HCI, which gives 59% CRs,) and 41% the presence of Ar diluent, kinetic data were derived for the
ClI*(?Py119).2* An ArF excimer laser (Lambda Physik, COMPex reactivity of CI* toward the alcohols. In all experiments, the

2. Experimental Section

102) was employed as the photolysis light source. concentrations of added reactants were at least 100 times greater
than the initial chlorine atom concentration. Accordingly, the
HCI + hv (193 nm)— H + CI(*P;,,) 59% (5) loss of Cl atoms followed pseudo-first-order kinetics.

Reagents diluted in buffer gas were provided to the reaction
— H + CI¥(?Py) 41% (6) cell using mass flow controllers (STEC, SEC-400MARK3).
Pressures in the reaction cell were monitored by a capacitance
Based on the reported absorption cross section of HCI at 193manometer (Baratron 122A, 10 Torr full scale). The gases used
nm (8.69x 1072° cm?)?5 and the photolysis laser fluence, we in the experiments had the following stated purities: HCI,
estimated the initial concentration of chlorine (Cl and CI*) atoms 99.9%; CHOH, 99.8%; GHsOH, 99.5%;n-C3H;OH, 99.8%;
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) TABLE 2: Rate Constants for Reactions of CI€Pz/,) with
. € Alcohols at Room Temperature
% o g reactant Kread method references
>|° 2 CH:OH 6.15+1.33 DF/EPR Dobe et 4.
a 5 5.83+0.77 LP/IR Seakins et &l.
8] ° 5.38+0.25 LP/CL Seakins et &l.
£ 5.6+0.2 LP/IR Smith et at!
w 457+040 RR Wallington et al.
-~ 6.33+1.40 FP/RF Michaela et &l.
@ R 5440.9 LP/RF, RR Tyndall et d°
0 20 40 60 479+ 0.38 RR Nelson et dl.
Delay time / ps 55 IUPAC Panékt
55 NASA/JPL Pané?
Figure 2. Decay of Cl (open circles) and CI* (filled circles in insert) 535+ 0.24 LP/VUV-LIF this work
following flash photolysis of a mixture containing 6 mTorr HCI and C,HsOH 10.24+ 1.9 LP/CL Seakins et &l.
25.6 mTorr GHsOH in 3.0 Torr Ck diluent at 295+ 2 K. The solid 8.45+ 091 RR Wallington et al.
line is a first-order-decay fit to the Cl data for time® us. 10.1+0.6 RR Nelson et &l.
9.5+ 1.9 LP/IR, RR Taatjes et &l.
2 10.5+ 0.7 RR Crawford et &l.
9.6 IUPAC Panef
T -CaH7OH 9.6 NASA/JPL Pané?
& 9.50+0.85 LP/VUV-LIF this work
=) n-CsH,OH 14.4+1.2 RR Wallington et at.
=1 14.9+0.7 RR Nelson et &.
I 16 IUPAC PaneF
8 17.1+1.1 LP/VUV-LIF  this work
= i-CsH/,OH 8.40+0.35 RR Nelson et &.
8.8 IUPAC Panef
0 , , , 9.11+0.60 LP/VUV-LIF  this work
0 S 10 15 aUnits of 10 cm® molecule s, errors are two standard
[ROH] / 10" molecules cm™ deviations? DF, discharge flow; EPR, electron paramagnetic resonance;

) ) ~ LP, laser photolysis; IR, infrared absorption; CL, chemical lumines-
Figure 3. Pseudo-first-order loss of Cl atoms versus alcohol partial cence; FP, flash photolysis; RR, relative rate; RF, resonance fluores-

pressure: open circles, GBIH; open triangles, £1s0H; open squares,  cence; VUV-LIF, vacuum ultraviolet laser-induced fluorescence.
n-CsH;OH; and open diamonds,CsH;OH.

0.8
i-C3H,0OH, 99.8%; Chk, 99.99%:; and Ar, 99.999%. Alcohol -
samples were purified by freezpump-thaw cycling prior to g
use. £
2]
2
3. Results ®
[0
3.1. Kinetics of CI@P35) Atoms in Collisions with CH3OH, ©
C,Hs0H, n-C3H,OH, and i-C3H;OH. Figure 2 shows the

1
100

observed time profiles of the two spiorbit states of chlorine _
atoms following the 193 nm pulsed irradiation of a mixture of Delay time / us
6.0 mTorr HCl and 25.6 mTorr £1sOH in 3.0 Torr CR diluent. Figure 4. Time evolution of LIF signal attributable to CI* (squares)

The vertical axis scale in Figure 2 is the observed fluorescenceand Cl (circles) following flash photolysis of a mixture containing 6.0
intensity at 135.2 and 134.7 nm from CI* and ClI, respectively, ET_IC_’LV HCI t*'?‘”dl 5.6 lm'r?” %ISOHdIr(IZI%*.S TorrdAr ?”getm at 295- 2 il
in arbitrary units. The CFdiluent relaxes the excited spi - I'heé vertical scales Tor LI an are agjusted 1o give an iniia
orbit stateyCI* to the spirorbit around state Cl within agtrenw ratio [CI]:[CI*] = 0.59:0.41. Curves through the data were obtained
. p 9 . using eq 11; see text for details.

microseconds. The subsequent decay of Cl atoms at tinbes

us follows pseudo-first-order kinetics and provides information . . n . -
on the kinetics of the Ci- C;HsOH reaction. Similar experi- 3.2. Reaction and Relaxation of CI{Py) in Collisions

ments were performed using @BH, n-C3H;OH, andi-C3H- ‘,Nith CHZOH, CzHsOH, n'CiH7OH’ apd I-CsH70H. To
OH reactants. investigate the reactivity of CI* atoms with GABH, G;HsOH,

Figure 3 shows plots of the observed pseudo-first-order decay'" C3H7OH, andi-CaH:OH, experiments were performed in 1.5

of Cl atoms in the presence of GBH, CHsOH, n-CsH,OH, Torr Ar diIue_nt. Argon i_s an in_efficient_quencher of CI* atoms,
andi-CsH7OH reactants. The slopes of the least-squares fits give @Nd relaxation of CI* in collisions with Ar is of negligible
the rate constant§ead CIHCHsOH) = (5.35+ 0.24) x 101 |mportanc_e. The total_remO\_/a_I rate c_onstant_ (sum of relaxation
c? molecule s, kead ClHCoHsOH) = (9.50-+ 0.85) x 1011 and reaction) for CI* in collisions with HQI is (7.& 0.8) X

cm? molecule? 572, Keead CHN-CaH70H) = (1.71+ 0.11) x 1022 cm? molecule s71.15 Under our experimental conditions,
10710 cm® moleculet s, andkead ClHHi-CsH7OH) = (9.11 + the pseudo-first-order rate of removal of CI* atoms via relaxation

0.60) x 1071t cm? molecule s1. Quoted uncertainties are ~ and/or reaction process in collisions with HCl was about 1500
two standard deviations from the least-squares fits plus ourS™* and does not make a significant contribution to CI* loss.
estimate of systematic uncertainties associated with the reactantigure 4 shows the observed time profiles of the two spin
concentration. The rate constants for reactions of Cl with ROH orbit states following the 193 nm pulsed irradiation of a mixture
obtained in the present study are listed in Table 2 together with of 6.0 mTorr HCl and 5.6 mTorr £1s0H in 1.5 Torr Ar diluent.

the values reported previously. The relative strengths of the initial LIF signals in Figure 4 have
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3fF C,HsOH 4 001
_ i-CsH;,OH <
" n-C3H;OH = CI/CI* + C,Hs0H
5 2t < 0
-~ CH5OH o
T )
S 4l =
x =
= < -0.01
S
| I |
00 5 10 L:;“
14 -3 = -0.02 I ! . !
[ROH] /10 molecules cm = 0 0.2 0.4 0.6

Figure 5. Pseudo-first-order loss of CI* atoms versus alcohol partial t ¢
pressure: circles, CIDH; triangles, GHsOH; squaresn-CsH;OH; and IO[C| 1dt/ IO[Cll dt

diamonds-CsH;OH. . t t t
Figure 6. ([Cll: — [Clo)/fo[Cl]: dt versus [ [CI*¥], dt/f [CI]; dt
calculated from the data in Figure 4 (see text for details).

been scaled to reproduce the 0.59:0.41 ratio of Cl and CI* ntegration of both sides of eq 8 frotn= 0 to't gives
formation from HCI photolysis at 193 nAd.

To quantify the relative importance of reactions-4, [Cl, — [CNo= —(KeacT keX)[ROH]ft[CI]tdt-i-
expressions 7 and 8 were evaluated and compared to the 0 .
observed Cl and CI* profiles. Kid ROH] [([C]  dit (9)

d[CI¥] where [Cl} is the initial concentration of Cl after HCI photolysis
@ —(Keac T Keind[ROH][CI*] + Kk [ROH][CI] (7) at 193 nm. The left-hand side of eq 9 can be evaluated directly
from the observed [Cl]profiles as a function of delay time,
d[CI] Integrated values of [Glland [CI*]; in the right-hand side of
Tat = —(Keac T ke, )[ROH][CI] + k¢ o, [ROH][CI*]  (8) eq 9 were calculated using a trapezoidal formula. Equation 9 is
rewritten as follows:

The rate constant for the Cl excitation process (2) in collisions [Cl]; — [Cl],

of Cl + ROH, ke, is estimated to be less than 1% that for the eIl dit = ~(Keact ke)[ROH] +

CI* collisional relaxation process (4., at 295 K based on fo[ It

the principle of detailed balance and energy separation of 2.52 ft[CI*] Jdt

kcal mol* between CI* and Cl. The excitation process (2) can K, [ROH] 0 (10)
be neglected when [CI*}> 0.01[ClI]. The CI* time profile is fot[cut dt

determined by loss via chemical reaction (3) and physical

relaxa.tion.(4) in collisions of CI* with ROH. Acpordingly, as Equation 10 indicates that a plot of ([CH [Cllo)//4[CI]; dt
seen in Figure 4, the loss of CI* follows a single-exponen- o s {[ci4], dt//L[CI], dt should be linear with a slope of
tial form with a pseuqlo-ﬁrst-order rqte. Values fdff?gc + K:,,[ROH] and an intercept of (keeac+ ke)[ROH]. Figure 6
K;e,aﬁ)[RC(l)H] werle obtained rf]rom tr;e smfglﬁ-exponéantflal dec;ay shows a plot of ([C{ — [Cl]o)//L[Cl]; dit versusf{,[CI]t dt/
of the CI* signal. Figure 5 shows plots of the pseudo-first-order ; P
rate of the CI* signal versus ROH concentration. The slopes Sl (-jt denve_d from the data in F|gur.e 4.

) ! The time profile of Cl was calculated with rate constant values
correspond to total removal (sum of reaction and relaxation) gpiained by regression calculations of eq 10:
rate constants, = Koo+ Kija Of CI* by ROH. The values
obtained ardg;,,(Cl*+CHsOH) = (1.95+ 0.13) x 100 cm? [Cl, = [Cl]p exp{ — (Keac T Kend [ROH]t} +
molecule! s71, k', (CI*+CHsOH) = (2.48+ 0.18) x 10710 S _ _
cm? molecule™? s, K, (CI*+n-CoH70H) = (3.13+ 0.18) x KewlROH) f5[C']  expl ~KipROHI(t = )} dx (1)
1071% cm® molecule® s7%, andk; ., (CI* +i-CsH/OH) = (2.84
+ 0.16) x 10719 cm® molecule’! s1. Quoted errors are two
standard deviations from the least-squares analyses.

The calculated time profile for [Gllusing 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

The Cl profile is expected to follow either an exponential or yglues of the chemical reaction rate constgit. for Cl* +
a nonexponential profile depending on the relative magnitudes c,H.0H were thus determined by subtractirid,, from
of C!* loss processes'(3) and (4). If the reqctive process () values of K... + K..) which were obtained from the
dominates the relaxation process (4), the time profiles of Cl gjngle-exponential-decay profiles of the CI*. Figure 7 shows a
and CI* will be essentially decoupled and both will follow
single-exponential deca )I/f on thg other hand, the relaxation plot of the rateske,C-HOH], Kop[C2HsOH. and foeg. +

9 P . y. . ' , K2 [C2HsOH] versus the @HsOH concentration as deter-
process (4) dominates the reactive process (3), there will be inaq by the analysis of time profiles for Cl and CI* using eqs
significant recovery of Cl via relaxation of CI*, leading to a : .
risge in the Cl time E)/rofile and hence nonexponéntial C?decay 10 and 11. Linear-least-squares fits ghig,, = (1.82:+ 0.21)

) _ * x 10719 cm® molecule? s andK,,.= (6.4 + 1.7) x 107!

To estimate the rate constant for reactive loss of CI* (channel ¢m3 molecule® s! for the CI* + C,HsOH system. Quoted
3) in collisions with ROHK,,, we analyzed the observed time errors are two standard deviations from the least-squares fits
profiles of Cl and CI* by an integral profiles methé#3° together with our estimate of systematic uncertainties in the
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TABLE 3: Kinetic Data for CI*( 2Py,) Atoms Derived in the Present Work

reaCtant Iceac—’_ K‘elax)a Kfear? l¢elaxc Kfeakaeacd Wea!(@eac-i_ K*e|a>‘)e
CH3OH 19.5+1.3 3.5+1.5 16.0£ 1.5 0.65+ 0.29 0.184+ 0.08
C;HsOH 248+ 1.4 6.4+ 1.7 18.2+ 2.1 0.67+ 0.19 0.26+ 0.07
n-CsH;OH 31.3+1.8 10.7£ 2.9 20.6£ 4.0 0.62+ 0.18 0.344+0.10
i-CsH;OH 28.4+ 1.6 8.5+ 2.5 20.0£ 2.6 0.93+0.29 0.304 0.09

2 Rate constant for total removal (reactignrelaxation) of CI* in units of 10** cm® molecule* s™%. ? Rate constant for loss of CI* via reaction
in units of 10** cm® molecule® s™%. ¢ Rate constant for loss of CI* via relaxation in units of #0cm?® molecule s ¢ Ratio of CI*(Py)
(channel 3) to CRPs») (channel 1) reactivity® Fraction of CI*¢Py,) loss occurring via reaction.

3

CI* + C,HsOH

Total loss »

’
.

N

Relaxation

k[C,HsOH]/10° s

Reaction

10
[C,HsOH] / 10™ molecules cm™

Figure 7. Pseudo-first-order relaxation and reaction rates of CI* atoms
versus GHsOH partial pressure: filled triangles, total loss ral@

+ K., )[ROH]; filled circles, relaxation rate’, ., JROH]; and open
circles, reaction rat&,,[ROH].

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

In the Cl + CH3zOH reaction, it has been suggested that
H-atom abstraction occurs predominantly96%) from the
o-position forming the CHOH radical rather than CiD
radical?®32-34 Rudic et al?® performed ab initio calculations
to estimate the energetics for H-atom abstraction from the
o-position and hydroxyl position for C+ CH3;OH reaction at
the G2//MP2/6-311G(d,p) level of theory. They revealed that
o-hydrogen abstraction has no intrinsic barrier, while hydrogen
abstraction from the hydroxyl group has an energy barrier of
8.27 kcal mof? relative to the reactants.

Similarly, reaction of Cl with GHsOH proceeds predomi-
nantly (>90%) via H-atom abstraction from the-posi-
tion.>6:33.35Ap initio calculations for CH- C,HsOH reactior®
suggest that-hydrogen abstraction has no intrinsic barrier while

reactant concentration measurements. Similar experiments and’-"ydrogen and hydroxyl hydrogen abstraction have energy

analyses were performed using §MH, n-C3H;OH, andi-CzH+-

OH reactants. Thé&,..andK,,, 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 The 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 constantse, andk,,,. Thek’, . andKy,,, values obtained
by the Runge-Kutta method were in good agreement with those
by the integral profiles method.

4. Discussion

4.1. Reaction of CIgPs;) Atoms with CH3OH, C,HsOH,
n-C3H,OH, and i-C3H;OH. The room-temperature rate con-
stants for CH- 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 CH- CH3OH in this study is in agreement with
those from previous studie¥1122.25yithin the combined
experimental uncertainties. Our data for reactions of Cl with
C,HsOH, n-C3H;OH, andi-CsH;OH 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-CsH;OH andi-C3H;OH reactions (Table 2).

As listed in Table 2, the reactivity of Cl toward alcohols
increases along the series ¢&»H, GHsOH, andn-C3H;OH.

This observation presumably reflects a relative change in
activation energy for H-atom abstraction along the series. The

barriers of 0.73 and 8.53 kcal md@lrelative to the reactants,
respectively (see Figure 1). For the €In-C3H;OH reaction,
it has been suggested that H atoms at botluttend-positions
are abstracte®l.The trendkead Cl(?Ps;2) + CH3OH) < Keeae
(CI(3P3j2) + CoHsOH) & kread Cl(2P3/2)+i-C3H70H) < Kread Cl-
(°P312)+n-C3H70H) follows the trend of exothermicity values
listed in Table 1 for H-atom abstraction from theposition;
that is,AH(CI+CH30H) > AHy(CI+C,Hs0OH) ~ AH(Cl+i-
C3H7OH) > AHQ(CI+n-C3H7OH).

4.2. Chemical Reaction of CI*¢Py,;) Atoms with CH3OH,
C,HsOH, n-C3H70OH, and i-C3H,OH. As indicated in Table
3, chemical reaction accounts for484% of the total removal
of CI* in collisions with CHOH, GHsOH, n-CsH7OH, and
i-CsH7OH. This result is consistent with previous reports that
chemical reaction is of minor importance as a removal mech-
anism of CI* in collisions with CH, CoHg, CsHg, n-C4H10, and
i_C4H10_14,15,31,36

Interestingly, in the reaction of G+ C;HsOH, the barrier
for H-atom abstraction from thg-position (0.73 kcal mott
with respect to the reactaf®s is lower than the CI* spin
orbit excitation. If spin-orbit excitation were effective in
overcoming the barrier for H-atom abstraction from fhposi-
tion, we would expect that CI* atoms would have a greater
reactivity than Cl. However, our results indicate that CI* is less
reactive than Cl toward £sOH at room temperature (
K ,/keac = 0.67; see Table 3). We also find that CI* atoms
have lower reactivity than Cl atoms in reactions with 4CHH,
n-CsH,OH, andi-CsH7OH (K, {Keac = 0.65, 0.62, and 0.93,
respectively).

Hitsuda et at>3reported, ,/kieac™ 0.3 for GHs, n-CsHao,
and i-C4H1o, and K, /kreac < 0.17 for GHs and GDs, and
attributed the lower reactivity of CI* to adiabatic correlations
between the reactant state and the product state. The reactant
state of CI{Ps;) + R—H =F(1A’) correlates adiabatically to

height of the activation barrier should be related to the the product state HCIZE") + Re due to the="(2A’) symmetry

exothermicity of the reaction channels. At room temperature,
the H-atom abstraction channels from the -, andy-positions

in the C., (Cy point group, while CI*ZPy5) + R—H 1=T(1A")
correlates to the highly excited product state HET) + Re*
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due to the’IT;»(?A") symmetry. The reaction of CI2Py) with Dynamics of the Sun-Earth-Life Interactive System, No.G-4,
R—H to produce HCI(X=") 4+ Re should take place through the 21st Century COE Program from the Ministry, is also
nonadiabatic couplings of the two surfaces. Results from the acknowledged. This work was also supported in part by the
present study show that CI* is less reactive than Cl toward ROH Mitsubishi Chemical Corporation Fund (K.T.) and the Steel
at room temperature. These results imply that the adiabatically Industrial Foundation for the Advancement of Environmental

forbidden character between the potential energy surfaces isProtection Technology (Y.M).

effective for CI*/Cl + ROH reactions.
The K, value for Cl*-atom reactions with ROH combined

with the population of the excited state (0.71% at 298 K) leads
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