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A new laser-induced fluorescence spectrum has been observed in the regi@682tm. Since this spectrum

is observed when reacting oxygen atoms with chlorinated ethylenes such@CHCH,CCl,, CHCICHCI,

and CHCICHF and also when chlorine atoms react with chloroacetaldehyde, the fluorescing molecules are
identified ascis- andtrans2 chlorovinoxy radicalsdis- andtrans CHCICHO). From an analysis of the laser-
induced single vibronic level fluorescence, some of the vibrational frequencies can be assigned for the ground
electronic state (XA""): v3(CO str)= 1567,v4(CH rock.)= 1380,vs(CH rock.)= 1309,v¢(CC str)= 1060,

v7(CCl str) = 820, vg(CCO bend.)= 677, andvo(CCCI bend.)= 220 cnm? for cissCHCICHO; v3 = 1581,

vs = 1379,vs = 1267,vs = 1145,v; = 942,vg = 472, andve = 324 cn1! for transsCHCICHO. Some of

the vibrational frequencies for the excited state also are assigned. These vibrational assignments are
supported by ab initio calculations. The calculated geometries ofith@ndtranssCHCICHO radicals are

planar in the ground state and slightly nonplanar in the excited state. Radiative lifetimes of the eiseited
andtransCHCICHO radicals are also reported. The experimental results showed that-tbe @ skeleton

and spectroscopic character of #tis- andtransCHCICHO are closer to those of GEHO than to those of
CH,CFO. The mechanisms of the © halogenated ethylene reactions are discussed.

Introduction In the present paper, the generation and analysis of the new
) ) ) spectrum is desired, the rationale for assigning this spectrum
Recently, the formation of the 1-fluorovinoxy radical (&H  tg ¢is- andtrans2-CHCICHO is presented, and finally, mech-

CFO) was observed by laser-induced fluorescence (LIF) when anisms of the reactions of halogenated ethylenes with atomic
atomic oxygen, Gf), reacted with several fluorinated ethyl- oxygen are discussed.

enest—3 More recently, methyl-substituted vinoxy radidalere
observed in reactions of olefins with atomic oxygen. In the Experimental Section
present study, a new LIF spectrum observed when reacting g gnnaratus used was the same as that described previous-
oxygen atom_s with chI(_)rlnated ethylenes has been assigned tqy174 and is only reviewed briefly here. The 2-chlorovinoxy
th_e 2—ch|oro_vmo>§y radical (CHCIC_HO). The S_pectroscopy of radical was generated by reacting several chlorinated ethylenes
this radical is of interest because it was previously obsérved with atomic oxygen, which was produced in a microwave
that the 1-fluorovionxy radical has a tight carbonyl structure discharge (2450 MHz) of an oxygeielium mixture (10% ).
(C—C=0); i.e., the vibrational frequency of the<D stretch Oxygen atoms and chlorinated ethylenes were mixed coaxially
in CH,CFO, 1724 cm?, is much larger than that in GEHO, about 10 cm upstream of the detection area.
1540 cnt® Fluorescence was induced by a frequency-doubled tunable
It is knowrf that interaction of a ground state oxygen atom dye laser (Lumonics HD-300) pumped by a Nd:YAG laser
with an olefin or a substituted olefin may lead to any of the (Lumonics HYAG-750) for the range 35844 and 336-308
following three types of chemical change: (1) “abstraction” of nm and a Lambda Physik FL-3002E tunable dye laser pumped
an H atom by the O atom; (2) “addition” of the O atom to the by a XeCl excimer laser (Questek 2440) to cover the range from
olefin; and (3) “replacement” of an H atom or substituent (CI 346 to 335 nm. Fluorescence was collected at right angles
atom in the present study) by the O atom. Since “replacement” relative to the collinear counterpropagating laser beams and was
itself is initially an “addition”, followed by subsequent or measured with a Hamamatsu R268 photomultiplier tube using
simultaneous fragmentation of the resulting adduct, the structureband-pass filters (L38- B390, transmiting the range 36600
of the resulting vinoxy radicals should give information about nm).
the site of the O atom attack on the halogenated ethylene double The probe laser beam was perpendicular to the gas flow. The
bond. probe laser line width was 0.2 crh Dispersed fluorescence
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spectra were recorded by pumping a particular vibrational L L
transition with the probe laser frequency fixed, collecting the . a) CH,=CHCl + O ]
LIF through a lens and focusing it onto a 0.25 m monochromator C
(Nikon P-250). The resolution of this system wa6.4 nm. 1;‘
In a few experiments, LIF spectra were investigated by
photolysis or by chlorine atom reactions. The appropriate
precursor molecules (chlorinated acetaldehydes) were photo-
lyzed by an ArF excimer laser (Lumonics EX-700). For chlorine = o g] b H
atom reactions, radicals were produced by reacting precursor s L _ i
. . : ; 3 b) CH,=CCl, + O
molecules with atomic chlorine, which was generated by the o 06r .
photolysis of CCJ at 193 nm. 8 - : 7
= 04r ¥ ' .
CCl, + (193 nm)— Cl + CCl, (1a) g,) 0.2: ' ; ]
— 2Cl+ CCl, (1b) = 0; J
—~ 1
All experiments were carried out at room temperature (296 ) CH,CICHO + CCl, ]
+ 4 K). The chemicals were purchased from the following 1r +hy ]
suppliers and used without further purification: €&+CHCI b 1960
(99.9%, Takachiho); CkH=CCl, (99%), transsCHCI—CHCI
(99%), cissCHCI=CHCI (99%), CHCICHO (40% in water), ' .
(—CH,CCIO), (95%) (all from Toko Kasei); CGI(98%), CH- ok : 5
CCIO (98%) (both from Wako Pure Chemicals); CFCIH, e —
(97%), CHC=CHF (97%) (both from PCRY); and CDECDCI 28000 29000 30000 31000
(cis/trans mixture, 99.8%, C/D/N Isotopes). Wavenumber (cm )
Figure 1. (a) Excitation spectrum of radicals produced in the,CH
Results CHCI + O(P) reaction. The shaded bands are from vinoxyHdD)

L . oL radicals. The residual spectrum is attributed to a new radical. The
1. Excitation Spectra. Figure 1a shows the LIF excitation  qyorescence intensity is normalized for laser power. The spectral

spectrum observed in the region 3237 nm when vinyl resolution is 1 cmt. The pressures of GIEHCI, O@P), and He are
chloride (CH=CHCI) reacted with atomic oxygen. Part of this 1.5 mTorr, 2.0 mTorr, and 4 Torr, respectively. (b) LIF excitation
spectrum, which is shaded in Figure 1la, is identical to the spectrum of the new radical produced in the:CBl; +- O(P) reaction.
spectrum of the vinoxy radical (G&HO) reported previously. The pressures of GIECl,, OCP), and He are 1.5 mTorr, 2.0 mTorr,

The remainder of this spectrum is attributed to a new radical, "4 4 Torr. respectively. For peaks shown by arrows, dispersed
fluorescence spectra were measured (see the text). (c) LIF excitation

which is thought to be the 2-chlorovinoxy radicals (CHCICHO) - gpectrym of radicals produced in the photolysis of theQIBHO/
formed by reaction 2b or the 1-chlorovinoxy radicals ¢€H  ccly/He system at 193 nm (1 mJ/@mThe shaded bands are from the

CCIO) formed by reaction 2c. vinoxy radical, which is produced by the direct photolysis of £H
CICHO. The residual spectrum is attributed to the new radical that is
CH.=CHCI + o(3p)_. CH.,CHO + ClI (2a) produced in the CKCICHO + CI reaction. The pressures of GH
2 2 CICHO, CCl, and He are 0.3 mTorr, 50 mTorr, and 4 Torr,
— CHCICHO+H (2b)  respectively.
— CH,CCIO+ H (2c) photolyzed by an ArF (193 nm) excimer laser. Since only the

] ] ) LIF spectrum of vinoxy radicals (shaded in Figure 1c) was
The LIF spectrum observed in the reaction of 1,1-dichloro- gpserved by direct photolysis of GRICHO in the absence of

ethylene (CH=CCL) with atomic oxygen is shown in Figure  ccl,, reaction 5a, it was concluded that the 2-chlorovinoxy
1b. The spectrum obtained is identical to the residual one shownragical was produced by reaction 6a.

in Figure 1la. The same spectrum as shown in Figure 1b was

also observed when 1,2-dichloroethylene (CHCHCI) reacted CH,CICHO + h»(193 nm)— CH,CHO+ Cl  (5a)
with atomic oxygen (not shown in Figure 1). The CHCICHO
or CH,CCIO radicals could be produced by reactions 3 and 4. — other products (5b)
CH,=CCl, + O(*P) —~ CHCICHO+ Cl (3a) CH,CICHO + Cl— CHCICHO+ HClI (6a)
— CH,CCIO+ ClI (3b) — other products (6b)

CHCI=CHCI + O(P)— CHCICHO+ ClI (4a) Consequently, the new LIF spectra in Figure 1 can be attributed

— CH.CCIO+ CI to the 2-chlorovinoxy radical (CHCICHO), since the 1-chlo-
2 (4b) rovinoxy radical (CHCCIO) cannot be produced by reaction
6.

As expected, no other LIF signals from vinoxy radicals were This assignment is consistent with the results that no LIF

observed in these reaction systems. For reaction 3a to occurSpectra were observed in the reaction of acetyl chlorides{CH

the migration of a hydrogen atom in the hot adduct would be CCIO) with atomic chlorine and also after the photolyses of

required; this will be discussed later. acetyl chloride or succinyl chloride (CICOGEH,COCI). In

A spectrum identical to that in Figure 1a was obtained when these reactions, only the GEICIO radical should be produced.
chloroacetaldehyde (GEICHO) reacted with atomic chlorine
(Figure 1c). In this case, the GEICHO/CClL/He mixture was CHZCCIO + Cl — CH,CCIO + HCI (7)
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CH,CCIO+ hv — CH,CCIO+H (8a) TABLE 1: Reactions Forming (and Not Forming) Vinoxy
Type Radical$
— other products (8b) vinoxy type radical

(CH,CCIO), + hv(193 nm)— 2CH,CCIO  (9a) _ other vinoxy

reaction CHCICHO CHCHO CH,CFO  type radicals
— other products % CH,=CHCI+ O strong  strong — -
(9b) CH,=CClL + O strong  — - —
. CHCI=CHCI+ O strong — - -
It might seem strange that the LIF spectrum of the,CEIO CHCI=CClL + O - - - -

radical could not be observed since the LIF spectrum of the CHCI=CHF+ O strong - weak  CHCICFO (strong)

CH,CFO radical has been observed in previous studizZhis CH~=CCIF+ O - - strong —
B . . CH3CC|O+ hV193 - - - -
is explored in more detail later. CH:CCIO + Cl B B B B
The LIF spectrum of CHCICHO was also observed in the cH,CICHO+ hvgs — strong  — _
reaction of 1-chloro-2-fluoroethylene with atomic oxygen but CH,CICHO+ ClI strong - — -
could not be observed in the reaction of 1-chloro-1-fluoroeth- (CCHHZC((::}L?:)TOQV:L% - - - -
; = - strong  strong —
ylene with oxygen atoms (only the LIF of GHBFO was CH—CF, + O° _ > strong —

observed). The former reaction can produce three different cyp—cpe+ ov _ — _

vinoxy-type radicals.

CHCI=CHF + O(3P)— CHCICHO+F  (10a)
— CH,CFO+ ClI
(10b)
— +
CHCICFO+ H (100)

The present findings concerning the reactions forming (and not

forming) vinoxy-type radicals are summarized in Table 1.
2. Equilibrium Structures and Fundamental Frequencies
of Chlorovinoxy Radicals by ab Initio Calculation. Ab initio

calculations were performed with the Gaussian 98 W program
using a 6-31 G* basis set. Optimized geometries of the ground

(X2A') and excited BA" state for thecis-CHCICHO, trans-

CHCICHO, and CHCCIO radicals were calculated by the

CASSCF method as described previouslyibrational frequen-

cies at optimized geometries were obtained from analytically

calculated force constant matrices. 3
The geometries of the ground and excitedtBtes for each

CHFCFO (strond)

CH3CFO+ hvyodf - - strong —

aKey: strong, weak, ane represent “observed strongly”, “observed
weakly”, and “not observed”, respectivef/Reference 2¢ Reference
1. 4 Reference 3.

CIYIS °© H 0 H °©
1203 1219’/”58 1070\‘“2' “97°/1363 \”37‘ ‘“‘/343
. ’\1449/\ Lon ’\uuqf\
usa“( M)nga' ”54( Ci7—71C )mx" C C
Ly e ARG

20.1° T, 1074 723" T, Lo
i 15 nst %)

H o7 H 1721 H

B state (non-planar)
(-611.09370 hartree)

1204 160"
1

UK
7N

B state (planar) <
{-611.09899 hartree)

a B state (non-planar)
(-611.09466 hartree)

= -1
| (Te:285110m'1) | (Te=28296cm'1) (T=29644cm™)
Cl
1 70\ 1217 ‘/O H 0 H " 0

1242 /1015 1070\\”1 o ma°/ 107;\ 175 1250 /‘ 1o
™~ 1218 Y
DM‘U/CZ ’aluofcz 91442@

1
107V\/ - \J1087 1720 J K{ Loss
12207 1208 1209° 1213
H H H
C

f)\(d state (planar)
(-611.22353 harlree)

[ ¢is-CHCICHO |

! 06%\155 119 s“\
H 1772
1

,)\(’ state (planar)
(-611.23398 hartree)

[ CH,CCIO |

’)? state (planar)
(-611.22351 hartree)

[ trans-CHCICHO |

radical were optimized, and the calculated equilibrium structures Figure 2. Equilibrium structures of the ground and excitedsttes

are shown in Figure 2. Planar structures were found to be the

of the cis- andtranssCHCICHO and CHCCIO radicals calculated by
the ab initio method. Bond lengths are in angstroms, and bond angles

most stable for the ground state of each radical. Among the 4re in degrees.

three radicals in their ground states, the xCBIO radical is
the most stable, i.e., about 27 kJ mbmore stable~ than the
cis- and transCHCICHO radicals. For the excited Btates,

1b, the main progression in emission has a spacing of 1580
1490 cnt!, as shown in Figure 3a. This spacing should

nonplanar structures were found to be the most stable for thecorrespond to the €O stretching modewg) in the ground state
cis- andtransCHCICHO radicals. On the other hand, for the of the radical. Note in Figure 2 that for all three radicals, only
CH,CCIO radical, the equilibrium structure of the excited B the G-O bond distance has a large change between the ground

state is still planar, which is also the case for£CiHO? For all
three radicals, the €CI bond lengths, 1.71.8 A, are longer
than the C-F bond length£1.3 A) of CH,CFO3 The B« X
electronic transition energye, of CHCCIO is slightly higher
than T, values ofcis- andtransCHCICHO.

The 12 normal frequenciesy, of cissCHCICHO, trans
CHCICHO, and CHCCIO calculated from the optimized
geometries in both the ground and excitedtBtes are listed in
Table 2. All values ofv in Table 2 are multiplied by 0.9. Since

and excited states; this should result in a long progression in
the C-0O stretch. Also the observed spacing is close to the
predictions forz in Table 2. Six small peaks starting from each
vz peak of the main progression are apparent at intervals of
~300,~480,~930,~1140,~1270, and~1380 cn1, as shown

in Figure 3a. These are assigned toth€CCl bend.)yg(CCO
bend.),v7(CCl str),v¢(CC str),vs(CH rock.), andv4(CH rock.)
vibrational modes ofransCHCICHO in the ground state. The
most cogent reason for assigning the fluorescing radidedts

the frequencies of the vibrational fundamentals are evidently CHCICHO is the appearance of a progression with a spacing
different for the CICCO and CC(CI)O skeletons, these results of 480 cnt?, which is attributed to thes vibrational mode of
should be helpful in analyzing the dispersed spectra of the thetrans CHCICHO radical (449 cm' by ab initio calculation).

fluorescing molecule.
3. Wavelength-Resolved Emission Spectra and Vibrational
Fundamentals of the cis- and trans-CHCICHO Radicals.

Since most of the vibrational modes dfymmetry (fromv;
to vg) in the ground state ofransCHCICHO appeared on
excitation at 29 040 cnt, the peak at 29 040 cm in Figure

Figure 3 shows the wavelength-resolved emission spectrala can be assigned to th% iBand for the X— B transition of
corresponding to excitation at (a) 29 040, (b) 29 466, and (c) transCHCICHO.

28 412 cmi! (shown in Figure 1b by solid arrows). For
excitation at 29 040 crt, which is the strongest peak in Figure

The dispersed fluorescence spectrum was measured for
excitation at 28 993 cri, corresponding to the second strongest
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TABLE 2: Calculated Frequencies of Vibrational Fundamentals for trans- and cisCHCICHO and CH ,CCIO in Both the
Ground and Excited State (Units in cnt?)

cissCHCICHO transCHCICHO CHCCIO
notation and vior mode ground state excifedtBte ground state exciteddBate notation and vibr mode ground state  excitesteBe
Te 0 28511 0 28296 0 29644
w1(CyH str) 3094 3092 3105 3094  w1(CyHiH, asym. str) 3154 3152
w>(CoH str) 2918 3050 2942 3068  wy(CiHiH, sym. str) 3039 3047
3(C;0 str) 1543 1701 1532 1677  ws(C,0 str) 1614 1733
w4(C2H rock.) 1382 1318 1389 1284 w4(CiH1H; sciss) 1432 1416
ws(CqH rock.) 1309 1267 1236 1212 ws(C,C; str) 1123 1148
we(C1C; str) 1032 1005 1081 1086  ws(CiH:iH, rock.) 992 954
w7(C1Cl str) 782 770 859 836 w7(CCl str) 617 649
wg(C1C0 bend.) 641 598 449 399  wg(CiC;0 bend.) 453 406
wo(C,C,Cl bend.) 211 200 267 256  wo(CiC,Cl bend.) 350 341
w10(C2H oop) 869 427 873 620 wi(wag. ip) 581 301
w11(C;H oop) 426 395 485 444 wi(wag. oop) 496 121
w12(C1C; torsion) 260 162 157 110 w1(C,C; torsion) 328 294

aFor the planar structure, the;—we modes have'asymmetry and theyio—wi12, modes have'asymmetry. All ab initio frequenciesy) in Table
2 are multiplied by 0.9.

LI SARLAr AL R AR RALRI RARALAR TABLE 3: Observed Electronic Transition Energies and
a) Ex =29010 cm ) . 0 Frequencies of Vibrational Fundamentals fortrans- and
'gggg ——— ——‘—|L——'-| . cis:CHCICHO (Units in cm 1)
§§ . Cis-CHCICHO trans CHCICHO
S ground excited ground excited
trans— notation state B state state B state
I CHCICHO
To 0 28412 0 29040
% 'H:}'::'|':”l”a5[“"1""|""|"")" I""’ V3(C_Ostr) 1567 1581 1550
5 | b)Ex=29466 cm ] v4(CH rock.) [1380] 1379 1189
£ L s 1 3 % } . vs5(CH rock.) [1309] [1267] 1116
& 3181 . ; » 16(C—C str) [1060] 1145 974
& 38 T ' ' Ex ] v7(C—Cl str) [820] 811 [942] 873
z | w ' 0 I g(CCO bend.) [677] 472 426
ﬂé trans— ! vo(CCCl bend.) [220] 195 [324]
S | CHCICHO
§ | aBracketed values were obtained by averaging the combination bands
= :H:’HH':Hi':Hililii:|ii::|.:.i|:i::|:H|H‘H—_ (see the text and Tables %SS).

c) Ex =28412 cm
R M

I T .' ———- j Therefore, the peak at 29 466 ctnis assigned to the 38
L e - transition of thetrans CHCICHO radical. The dispersed fluo-
h— : ==t ‘ rescence spectrum was also measured for excitation at the 29418

cm~1 peak, which seems to be a side peak of the 29 466'cm
peak (shown by a dashed arrow in Figure 1b). The fluorescence
spectrum was similar to the spectrum shown in Figure 3b except

20000 25000 1 30000 for the broadening and small red shift of each band peak.
Wavenumber (cm ) Therefore, the peak at 29418 chis probably also a hot band
Figure 3. (a) Fluorescence spectrum of ttranssCHCICHO radical such as @].2}
following excitation at 29 040 crt (the @ band) in the CHCICHCH The dispersed fluorescence spectrum measured with excitation

O(P) reaction system. The pressures of CHCICHCERp(and He at 28 412 cm? is shown in Figure 3c. In this case, the main
are 3mTorr, 2 mTorr, and 4 Torr, respectively. The spectral re_solution progression has a spacing of 1571600 cntl. Again this
is 0.4 nm. (b) Fluorescence spectrum of thensCHCICHO radical spacing should also correspond to the@stretching ¢s) mode

following excitation at 29 466 cnt (the & band). Conditions are the . . . .
same ag those in (). (c) Fluoresc(encefgspectr)um ofi@HCICHO in the ground state of the CHCICHO radical. Six peaks starting

radical following excitation at 28 412 crh (the (g band). Conditions from eachvs peak are apparent at inltervals 5220, 7680’
are the same as those in (). ~820, ~1050,~1300, and~1390 cnT!. These are different

from the intervals observed for thteansCHCICHO radical,

peak and appearing as a side peak of the 29 040" peak so they are assigned to the vs, v 7, ve, v5, andv, vibrational
(shown by a dashed arrow in Figure 1b). The fluorescence modes of thecissCHCICHO radical in the ground state. Since
spectrum observed (not shown in Figure 3) was similar to the these frequencies are in good agreement with the calculated
spectrum shown in Figure 3a, but all the spectral peaks werevibrational fundamentals afisCHCICHO shown in Table 2,
shifted to the red and the spectral profiles of each peak appearedhe peak at 28 412 cm can be assigned to thé Band for the
slightly broader than those for 29 040 thexcitation. The X — B transition of thecissCHCICHO radical.
broadening of each peak is caused by the appearance of side The fluorescence bands and assignments for excitations at
peaks due to hot bands. Consequently, the peak at 28 998 cm 28 992, 29 040, 29 418, 29 466, and 28 412 ¢mre listed in
is probably a hot band, such asilzl'he assignment of hot Tables 1S5S, respectively. From the vibrational energy
bands is discussed later. spacings in Tables %S, the vibrational fundamentals in the

Figure 3b shows the fluorescence spectrum for excitation at ground state for theis- andtranssCHCICHO radicals can be
29 466 cntl. In this case, theg progressions (spacing is about calculated. These are summarized in Table 3. Valuesferg
480 cntl) coupled with thess vibrational mode are prominent.  of cisCHCICHO andvs, v7, andvg of transCHCICHO in the



LIF of the CHCICHO Radical J. Phys. Chem. A, Vol. 105, No. 32, 2002563

TABLE 5: Assignment of Observed Fluorescence Excitation

. . .
a) CHCICHO from CHC1=CHC|1 +0 Bands of CDCICDO
r trans— b
05 assignment
wavenumber cis- trans:CDCICDO fundamental vibr
= i (cm™)  relintens CDCICDO (hot band) freq (cnm?)
" 1
5 o e T8 28 427 15 To(cis) = 28427
£ cis— trans— frans— 5"(1)‘ 28 621 5 % vy (cis) = 194
& . 82 [ rans— 4] 28 936 6 (125)
= 1 ,/:m s 3 28977 18 (12)
7 29021 58 (12)
g A } } : 29 068 100 & To(trans)= 29068
= L) CDCICDO from CDCI=CDCI + O 1 29 242 6 % v7(cis) = 819
E trans— 29 439 17 (&12%)
&b 09 29 487 34 & vg (trans)= 419
©vo i 29910 7 2 vg (trans)= 842
E 30007 6 4, v/ (trans)= 939
s 30589 6 3 v3 (trans)= 1521
1 trans—
L o 45 1 ————————
Cls— = _ -1
0 s ci- tragtifl ans-3} : ]?X ?9068 (;m ? % } :
r ) | "g | 308t T T T T 1Ex |
28000 29000 30000 31000 O ' ' ' L
Wavenumber (cm—l) z L i
5 rans—
Figure 4. Laser-induced fluorescence excitation spectra of the £ | c¢Dceno /
CHCICHO and CDCICDO radicals. The fluorescence intensity is =
normalized for laser power. The spectral resolution is T'cra) LIF _§) I I ‘ ' 1
spectrum of the CHCICHO radical produced in the CHCICHCD VL A Vi Wengsdaad b
(3P) reaction. (b) LIF spectrum of the CDCICDO radical produced in 20000 T 5000 30000
the CDCICDCI+ O(P) reaction. The pressures of CHCICHCI or Wavenumber(cm ")
CDCICDCI, O€P), and He are 3 mTorr, 2 mTorr, and 4 Torr, ) )
respectively. Figure 5. Fluorescence spectrum of theansCDCICDO radical

following excitation at 29 068 crit (the Cg band) in the CDCICDCH#
TABLE 4: Assignment of Observed Fluorescence Excitation O(CP) reaction system. The pressures of CDCICDCERp(and He

Bands oftrans- and cissCHCICHO are 2.1 mTorr, 1.2 mTorr, and 3.2 Torr, respectively.
assignment Th | . . i d vibrati | f
wavenumber of cis- transs:CHCICHO fundamental vibr €e eCtromC transition energie OI.an Vi ra.tlorla un-
peak (cnTl)  rel intens CHCICHO (hot band) freq (cnT?) damentals focis- andtranssCHCICHO in the excited Bstate
28 412 VIS To(cis) = 28412 are summarized in Table 3. \_/a_IL_Jes are in good agreement with
28 607 5 9 vg(cis) = 195 the calculated values by ab initio method (Table 2).
28898 6 (12) 5. Isotope Shift.Figure 4b shows the LIF excitation spectrum
28 947 10 (12) of the CDCICDO radical observed when 1,2-dichloroethylene-
28992 40 (12) . . .
29223 5 % v7(cis) = 811
29 418 14 (812%) — 3o\,
50 456 u 8 1 & (trans)= 426 CDCI=CDCI+ O(°P)— CDCICDO+ CI  (11)
29 888 19 & L
29913 3 % v7(trans)= 873 The spectrum of CDCICDO is similar to that of CHCICHO
30014 3 8o ve (trans)= 974 except for small isotope shifts. Since the assignments for the
30156 8 3 vs(frans)= 1116 excitation spectrum of CHCICHO were made in Figure 4a and
30229 7 44 v4 (trans)= 1189 .
30590 2 3% v3(trans)= 1550 Table 4, the assignments could be extended to CDCICDO

radical. These assignments are shown in Figure 4b, and all of

ground state are calculated by averaging over several valueghe results are listed in Table 5. As shown in Table 5, the

obtained from the combination bands shown in Tables3S: electronic transition energie3d) for the X — B transition of

These values are given in brackets in Table 3. cis- andtransCDCICDO are 28 427 and 29 068 ci respec-

The observed vibrational fundamentals in the ground state tively. These values are slightly (15 and 28 cirespectively)
. . . higher than those focis- and transCHCICHO. Some of the

for cis- and t'ransCHCICHO in Table 3 are in re.a.sonable fundamental vibrational frequencies could be assigned for the

agreement with the values qalculated by thg ab initio method ., .iteq B state v, = 819 andv, = 194 cmt for cis

in Table 2. The agreement is much better ¢ andtrans CDCICDO; vy = 1521, v, = 939, v = 842, andv, = 419

CHCICHO than for CHCCIO. The results again support the 11 for trans-CDCICDO.

proposal that the fluorescing molecules aie- and trans Figure 5 shows the wavelength-resolved emission spectrum
CHCICHO, and not CRLCCIO. corresponding to excitation at the) ®and of thetrans

4. Assignment of the Excitation Spectrum.Since the CDCICDO radical (29 068 cn). Progressions of 33 3°8,
band for thecis- andtransCHCICHO radicals were identified  and 34‘1) are clearly evident. From the intervals of these
from the fluorescence spectra, other peaks in the excitation progressions, the frequencies of the vibrational fundamentals
spectrum can be assigned, guided by the calculated vibrationfor v, v}, and vy for ground statetransCDCICDO were
frequencies in the excited &ate in Table 2. These assignments calculated as 1568, 965, and 481 dnrespectively. The
are shown in Figure 4a, and all of the results are listed in Table dispersed fluorescence spectrum was also measured with the
4. excitation at 29 487 cmi. The fluorescence bands and assign-
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TABLE 6: Isotope Shift of Electronic Transition Energies
and Frequencies of Vibrational Fundamentals between
CHCICHO and CDCICDO (Units in cm 1)

ab initio calc

obsd in the present study

cis-2-chloro-trans-2-chloro cis-2-chloro- trans-2-chloro-

vinoxy inoxy vinoxy vinoxy

X B X B X B X B
To 0 24 0 38
v3(C—0 str) —-25 —-19 -—-27 -26 -13 -29
v4(CHrock.) —379 —375 —508 —377 —414 —-250
vs(CH rock.) —548 —510 —278 —311 —274
v6(C—C str) 176 140 105 -2
v7(C—Cl str) —38 —46 —101 -83 4
vg(CCObend.) —29 -21 -6 8 -5 -7
v9(CCClbend.) -1 -6 -16 -15 0

a Shift represents the frequency difference between CDCICDO and

CHCICHO, {»(CDCICDO) — »(CHCICHO}.

ments are summarized in Tables 6S (29 068 texcitation)
and 7S (29 487 cni excitation).

The isotope shifts of the observed vibrational fundamentals

between CDCICDO and CHC|CH@({DC|CDQ - VCHCICHO) and

Inomata et al.

1 1\2
G(v3)rans-cocicpo = 1602-‘(1’3 + E) - 18-3%’3 + E) (15)

The fluorescence lifetimes of th@s- andtranssCHCICHO
radicals in the Bstate were measured by observing the time
profile of the fluorescence, which showed an exponential decay.
The radiative lifetimes measured by excitation of several peaks
in the excitation spectrum (Figure 4) are summarized in Table
7. The radiative lifetimes of theis- and transCHCICHO
radicals (106-200 ns) are longer than those of the LHO
radical (50-80 ns) and close to those of vinoxy (gEHO)
radicals (108-150 ns).

Discussion

1. Hot Bands Analysis.As already described, several bands
of the excitation spectrum of the CHCICHO radical shown in
Figure 1 consist of closely spaced peaks. These satellite peaks
can be assigned to hot bands. Figure 6 shows the expanded band
profile around the §band of therrans: CHCICHO radical. The
main progression has a spacing of about 47 &rfihis spacing
is attributed to the difference between the frequency ofiihe

these obtained from ab initio calculations are listed in Table 6.
In ab initio calculations, the normal frequencies for CDCICDO
were calculated by using the same geometry as CHCICHO . .
(Figure 2), changing only the mass of the two hydrogen atoms calculations, as shown in Table 2). Therefore, trle 28993,
(calculations were carried out by using the same force constant28 947, and 28 898 cm peaks are assigned to Fhe1_122§, B
matrix). The isotope shifts observed are in good agreement with @nd 12 bands, respectively. The observed relative intensities
those calculated. The isotope shifts for the vibrational modes Of the @, 12}, 12, and 12 bands ((0f):1(12,):1(12):1(12) =
of v4 and vs (both are CH rock.) are large and those of the 100:40:10:6) are in good agreement with the relative populations
CICCO skeleton are small in both the ground and excited states.of the v, vibrational levels in the ground state calculated for a
Calculations of the isotope effect betwe®€l and 37Cl in Boltzmann  distribution at 298 K N(»"=0):N(v3;=1):N(v
the CHCICHO radical were carried out by the ab initio method. 12=2):N(v1;=3) = 100:43:19:8) assuming that the spacing of
The isotope shifts for all vibrational modes were very small. €ach vibrational level of thei, mode is constant\vy, = 174

mode of the ground state and that of the excitestdie of the
transCHCICHO radical (this value is 47 cm by ab initio

Even for the C-Cl stretching modewf) of thetrans CHCICHO
radical, the shift was only 4 cm in both the ground and excited

cm! from Table 2).
Two small peaks (at 29 028 and 28 993 djnstarting from

states and for other vibrational modes, shifts were less than 2the @ and 12 bands are apparent at an interval of about 13

cm L,

6. Anharmonicity of the v3 Vibration in the Ground State
and Radiative Lifetimes. The vibrational spacings for the;
mode in the ground states of theissCHCICHO, trans
CHCICHO, and trans-CDCICDO radicals arevj(0—1) =
1567,v5(1—2) = 1558,v4(2—3) = 1538, and/3(3—4) = 1499
cm* for cissCHCICHO, v§(0—1) = 1581,v5(1—2) = 1559,
5(2—3) = 1516, v5(3—4) = 1504, andvy(4—5) = 1489 cm'!
for transCHCICHO, andv3(0—1) = 1568,v5(1—2) = 1514,y
2(2—3) = 1516,v5(3—4) = 1447, andvy(4—5) = 1418 cm*

for transCDCICDO (see Tables 1S, 2S, 5S, and 6S). These

cm~L. These might also be hot bands of thevibrational mode.
These peaks are assigned to tHea@ld 412; bands of the
transCHCICHO radical (by the ab initio calculations in Table
2, the interval is 12 cmb). In this case, the relative populations
of the ground state’y levels calculated by the Boltzmann
distribution at 298 K aréN(vg=0):N(vg=1) = 100:24, assum-
ing the value ofAvy is 297 cnt.

Similarly, the peak at 29 418 cm, which seems to be a side
peak of the § band (29 466 cm) is assigned to the &2
band. The above assignments are listed in Table 4 as hot bands.

Figure 7 shows the expanded (24 65 500 cn1! region)

spacings can be fitted to eq 12 using a diatomic approximation. band profile of the wavelength-resolved emission spectra of the

Gv+1)— G(v) = w, — 2oX(v+1) (12)

From the least-squares fitting, values @©f and wexe were
calculated to be 1596.5 and 11.2 ¢hfor ciss=CHCICHO, 1601.5

and 11.95 cm! for transCHCICHO, and 1602.7 and 18.35
cm1 for transCDCICDO, respectively. The energies of each

C—0O stretching vibrational state of the ground statés
CHCICHO, transCHCICHO, andtransCDCICDO are given

by
_ 1 12
G(v3)cis-cHeicHo = 1596-5(’/3 + 5) - 11-2(’/3 + é) (13)

1 12
G(v3)wans-crcicHo = 1601-5(”3 + 5) - 12-({03 + 5) (14)

transCHCICHO radical corresponding to excitation at (a)
29 040 cm! (the @ excitation) and (b) 28 992 cm (the 12
hot band excitation). In Figure 7b, the combination bands of
the 12 vibrational mode appear strongly in addition to the
band peaks appearing in Figure 7a. Thus, all peaks appear to
be twin peaks. The spacings of these twin peaks are500
cmt, which corresponds to the difference between the fre-
quency of thev;, mode in the ground (157 cm in Table 2)
and the excited Btate (110 cm' in Table 2). The results are
consistent with the excitation spectrum shown in Figure 6.

2. Comparison with the CH,CHO and CH,CFO Radicals.
It is interesting to compare the spectroscopic data disf
CHCICHO,transCHCICHO, CHCFO, and CHCHO radicals,
as summarized in Table 8.

The geometries of the ground state LLHO 1013 CH,CXO,
cisCHXCHO, andtransCHXCHO (X = F and ClI) radicals
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TABLE 7: Fluorescence Lifetimes of the Excited B State of

TABLE 8: Comparison of the Spectroscopic Data of
cis- and trans-CHCICHO

cissCHCICHO, trans-CHCICHO, CH ,CFO, and CH,CHO

vex (CM™1) assignment lifetime (ns) Radicals
iSCHCICHO cis- trans-
(a) cis-CHCICH CHCICHO* CHCICHO? CH,CFQ® CH,CHC?
28412 (0 199+ 8 -
28 607 9 195+ 9 structure X planar planar planar planar
29223 % 143+ 13 B nonplanar  nonplanar  planar planar
To(X — B) (cm™Y) 28412 29 040 29874 28786
(b) transCHCICHO vibr fundamentals
29 040 (0 135+ 6 (X, cny
29 466 8 115+ 10 CO (str) 1567 1581 1724 1543
29913 %o 113+ 19 CC (str) 1060 1145 847 957
CCO (bend.) 677 472 416 500
[ T T T oo ] vibrfund§T1entals
=Nl 29040) | (B, cm™)
5 | | CO (str) 1550 1790 1621
£ | 9! CC (str) 974 874 917
< L 121 (29028) CCO (bend.) 426 421 449
E (géééé)(28993) 1 : fluorescence lifetime of 199 135 81 190
5 122 ' . ~ the @ band (ns)
‘:: (28898)  (28947) 1 isotope shift ofTo by D +24 +38 —7d +422
«
& | | aThis work. ® Reference 1¢ Reference 9¢ Reference 3¢ Reference
n 0 . | 5.
PR P R S S I S S S PR T T R R
28900 28950 29002 29050 trans-CHCICHO CH,CCIO
Wavenumber (cm )
Figure 6. Expanded band profile around th§ Band of thetrans o) o ~ u © 2
CHCICHO radical. The CHCICHO radical was produced in the,CH Ho - /O X ; c—c’ 0
CCl, + OCP) reaction. The pressures of &ECl,, OCP), and He are @/O O\ H w0 0\2
1.6 mTorr, 2.0 mTorr, and 3.0 Torr, respectively. Spectral resolution a )
is 0.2 cntt, 0
O T T T T _ T T T T _ |  — ]
2 [a) v,=29040cm™ (0)) ) o) 0
5 [ 33(25900) 09 o )
< 33(24384) 1 H.Y C/O H\C_C/O
S AN e
= 6.0 0>« 0 ONY
g | B 8 ~ 0
5 450 oo o ] + B +
g (25442) 3% 3l6) | 0
= l l © (@ )
58 1 H @ e 9 H \@ @/ 2
7 ® \c—c\O /C—-C 09(9
o [ e 0.0 0 s w0 OO
E b) v, =28992cm (127) a
£ | Uzl %12,05862) L 0 _ L _
& o ] l
= L 3 B
Bz 3%%12} o o
=] V1&g
< 1 H © 0o H 0
2 L 376)) 9 . © e C/<. ° /c=c<_ ®
= ® H—/°¢ N H/ a al
g o/ g
.20 a
w L . L P | b
24000 25000 26000 He O H /o@
_ AN .
Wavenumber (cm ]) /C_C\Cl@ - . /C-C\C?
H
Figure 7. Expanded band profiles of the dispersed fluorescence spectra_. .
of thetrans CHCICHO radical in the 24 00626 500 cm* region. (a)  —ge' 8 Valence bond pictures of thieans CHCICHO and Ch

Excitation at 29 040 crt (the @ band), (b) Excitation at 28 992 crh

(the 12 band). Experimental conditions are same as those in Figure 6.
Spectral resolution is 0.4 nm. Numbers in parentheses show wave-
numbers of the peak position.

due to sp hybridization. For CHCCIO, a resonance structure
is formed, and the planar structure is retained in thstde.
This explanation is in good agreement with the change of the
optimized by ab initio calculations are all planar. On the other C—Cl bond length in the %= B transition shown in Figure 2.
hand, the geometries of thes- and transCHXCHO in the The C-CI bond length of the CKCCIO is shortened in the
excited Bstate are nonplanar, whereas those of theGEHD!3-16 excited B state, while that of theransCHCICHO does not
and CHCXO radicals are planar. This can be explained by change.

valence bond pictures of theansCHCICHO and CHCCIO The observed electronic transition ¢ B) energiesTy, of
radicals. As illustrated in Figure 8, an electron on a chlorine at thecis- andtranssCHCICHO radicals (28 412 and 29 040 tin
the 2-position is donated to the orbital of the vinoxy in the respectively) are closer to that of @EHO (28 786 cm?) than
excited Bstate. For thérans: CHCICHO, the localized electron  to that of CHCFO (29 874 cm?). The ground state fundamental
density on the 2-position carbon induces the pyramidalization frequencies of the €0 stretching vibration o€is- andtrans
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CHCICHO (1567 and 1581 cm, respectively) are slightly  crossing. The vinoxy or substituted vinoxy radicals are thought

larger than that of CHCHO (1543 cm?) but considerably to be produced by this direct release of a hydrogen atom or a
smaller than that of CRCFO (1724 cm?). This means thatthe  halogen atom. If direct release does not occur, intersystem
C—C—O0 skeleton of theis- andtrans CHCICHO radicals does  crossing occurs and a hydrogen atom migrates to the adjacent

not have a tight carbonyl structure like the &HFO radical carbon atom, forming an energized singlet state aldehyde or
(C—C=0). The ground state fundamental frequencies of the ketone. (In this migration process, it has not been established
C—C stretching vibration are larger @is- andtranssCHCICHO whether halogen atoms are also capable of migration in the

(1060 and 1145 cm, respectively) than in C¥CFO (847 cm?) highly excited adduct.) The aldehyde or ketone dissociates
and CHCHO (957 cml). This means that a chlorine atom at  unimolecularly by a &C or C—X (X = H, or halogen) fission.
the 2-position makes the-&C bond slightly stronger. The In the following, the formation mechanism of halogenated
fundamental frequency of the CCO bending is largecis vinoxy radicals (including the 1-fluorovinoxy radical of the
CHCICHO (g = 677 cml) than intransCHCICHO (g = previous studi) are discussed in accordance with the foregoing
472 cnt?). This might be caused by the repulsion force between generalizations.
the lone-pair electrons of the chlorine and oxygen atoms. Indeed, 4. Fluorinated Vinoxy Radicals. In a previous study,the
the CCO angle oissCHCICHO (122.9) is larger than that of 1-fluorovinoxy radical (CHCFO) was observed when oxygen
transCHCICHO (119.7), (Figure 2). atoms reacted with CG}€HF, CH.CF,, or CH,CFCI, but it could
The radiative lifetimes of the band for the B— X not be observed in the CHFCHF O reaction (see Table 1).
transition ofcis- andtrans: CHCICHO are closer to thatfor GH ~ Moreover the LIF of the 2-fluorovinoxy radical (CHFCHO)
CHO than for CHCFO. The X— B electronic transition energy, ~ could not be observed in any of these reaction systems, although
To, for cis- and transCDCICDO are slightly higher than for it is not known whether the CHFCHO radical can emit
cis- andtrans:CHCICHO. This isotope shift is also similar to ~ fluorescence.

those of CHCHO and CDCDO5 According to the generalization described above, (1) the O

On the whole. the molecular characteristics of tie and atom attaches to the fluorine-substituted carbon atom in the
transCHCICHO'radicaIs are closer to those of EHHO than initial step and (2) direct release of an H atom or an F atom
to those of CHCFO might compete, although a-€H bond has a slightly smaller

bond energy than a-€F bond.
On the basis of these two assumptions, the formation
mechanisms of CHCFO could be explained as follows:

3. Reaction Mechanisms for Reactions of Halogenated
Ethylene with O(®P). Three puzzling results appear in the
present study. (1) In reactions of oxygen atoms with chlorinated
ethylenes, only the 2-chlorovinoxy radicatis and trans . N
CHCICHO) could be observed, while the 1-chlorovinoxy radical CH:=CHF+ O— CH,—C(O)HF — CH,CFO+H (16a)
(CH,CCIO) was not observed by LIF. This raises a question; —~CHCHO+F
was the CHCCIO radical produced in the & chloroethylene 2 (16b)
reactions or not? (2) On the other hand, in reactions of oxygen
atoms with fluorinated ethylenes, only the 1-fluorovinoxy radical
(CH,CFO) was observet while the 2-fluorovinoxy radical
(CHFCHO) was not observed. Why was the CHFCHO radical
not observed? (3) The formation of CHCICHO radicals was cH.=cFcl+ O — *CH —C(O)FCl— CH,CFO+ Cl
observed in the Cyi= CCl, + O(P) reaction, reaction 3a. The 2 2 2 (18)
CHCICHO radical cannot be produced without hydrogen and/

or chlorine atom migration in the O-adduct. By what mechanism CHF=CHF + O — *CHF—C(O')HF — CHFCFO+ H

CH,=CF, + O — *CH,~C(O)F,— CH,CFO+F  (17)

is the CHCICHO produced? (19a)
In general, it is knowh17-20 that interaction of a ground state .
oxygen atom, GP), with an olefin may lead to any of the CHFCHO+ I:(19b)

following three types of chemical change: (1) “abstraction” of
an H atom from the olefin by the O atom, (2) “addition” of the In reaction 17, there is no competition between the release of
O atom to the olefin, and (3) “replacement” of a hydrogen atom an H and an F atoms. A Cl atom must be released in preference
or radical (halogen atom in this study) from the olefin by the O to an F atom in reaction 18, because a@ bond is much
atom. “Replacement” is initially an addition combined with weaker than a EF bond. The formation of CHFCFO, reaction
subsequent or simultaneous fragmentation of the resulting 19a, shown in Table 1 is also reasonable on the basis of the
adduct. Results obtained in the present study are related to theabove model. The CHFCHO radical could not be observed by
replacement processes. LIF in reactions 16-19. The only route capable of forming
Cvetanovié’ suggested that the initial step of the additon CHFCHO is reaction 19b, although it is uncertain whether
reaction consists of an attachment of the electrophilic O atom reaction 19b can compete with reaction 19a.
to the carbon atom of the double bond, forming a triplet biradical ~ 5. Chlorinated Vinoxy Radicals. As shown in Table 1 and
(ketocarbene). The O atom should attach itself to the less Figure 1b, the CHCICHO and GBHO radicals were produced
substituted carbon atom on ethylenes having electron-donatingin the CHCHCI 4 O reaction. In this case, if O atoms added
substituents such as methyl (or ethyl), because the electronto the chlorine-substituted side of the vinyl chloride double bond,
density is higher on the less substituted carBoi. This CH,CHO was produced by reaction 2a.
prediction was verified in our previous wdrlon methyl-
substituted vinoxy radicals. In the case of electron-withdrawing CH,=CHCI + O — *CH,—C(O")HCI — CH,CHO + Cl
substituents such as halogens (especially fluorine), oxygen atoms (2a)
should add to the halogen-substituted carbon atom. There is a
barrier to the release of a hydrogen atom or a halogen atom,To form CHCICHO, O atoms must also add to the carbon at
and the rate of release must compete with the rate of intersystenthe 2-position.



LIF of the CHCICHO Radical

CHCI=CH, + O — *CHCI—C(O)H, — CHCICHO + TZb)

This means that O atoms can add to either side of the vinyl
chloride double bond.

Another possible route for forming the GEHO radical
involves C-ClI bond fission in a hot singlet chloroacetaldehyde
(CH,CICHO), which could be formed by a 1,2-migration of an
H or a Cl atom in a highly excited adduct (biradical) after
intersystem crossing.

(H-migration)

"CHCHC(O')H, CH,CICHO* — CH,CHO +

Cl (20)

(Cl-migration)

"CH,—C(O)HCI CH,CICHO* — CH,CHO +

Cl (21)

Since a G-Cl bond has a much smaller bond energy than a
C—H bond, C-ClI fission can compete with €C fission. To
determine in which process the @EHO is formed, measure-
ments of the pressure dependence of the yield of theOEHD
radical are necessary.

Only the LIF spectrum of CHCICHO was observed in the
CH,CCl, + O reaction. However, the 2-chlorovinoxy radical
(CHCICHO) cannot be produced by direct replacement. Only
the 1-chlorovinoxy radical (CECCIO) can be produced by a
replacement process.

CH,=CCl, + O — "CH,—C(O")Cl, — CH,CCIO + Cl ab)

Although the LIF spectrum of CHCIO could not be observed,
the CHCCIO radical should be present in the §&3Cl, + O
reaction system. Probably, the gECIO radical does not emit
fluorescence because of predissociation. In the previous $tudy,
it has been suggested that the {CHO radical in the excited B
state is partially predissociated. Thus, the radiative lifetimes of
CH,CFO for the B— X transition are shorter than those of
other vinoxy type radicals (Table 8). Thus, it is likely that the
CH,CCIO radical predissociates in the excitedsfte and so

is not observed by LIF.

The formation of CHCICHO may be explained by the
unimolecular decomposition of dichloroacetaldehyde following
the O atom addition to the less chorine-substituted side of the
double bond.

CCl,=CH, + O — "CCl,—C(O")H,

(H-migration)

CHCI,CHO* — CHCICHO+ ClI (3a)

In the CHCICHCI+ O reaction, the CHCICHO radical can
be formed by the addition of an O atom to the double bond.

CHCI=CHCI + O — *CHCI—C(O)HCI — CHCICHO +
Cl (4a)

The CHCICHO from the CHCICHF- O reaction can be also
explained by reaction 10a.
CHCI=CHF + O — "CHCI-C(O")HF
— CHCICHO+ F (10a)
— CHCICFO+ H (10c)

The weak LIF signal of CHCFO (see Table 1) might be
formed by the H atom migration.

J. Phys. Chem. A, Vol. 105, No. 32, 2001567

H-migration)

CH,CICFO* — CH,CFO+
Cl (10b)

*CHCHC(O)HF -

As described above, the reaction mechanisms of the chlori-
nated ethylene are not as clear as the case of fluorinated
ethylenes. It is not clear whether O atoms add to either side or
only to the chlorine-substituted side of the double bond.
Halogens are basically electron-withdrawing substituents. How-
ever, since the chlorine is less electronegative than the fluorine,
an electron of a chlorine atom can be donated tostlwebital
of the double bond; so-called “back-donation” occurs. Such
back-donation has been reported as chemical shifts of olefinic
compound#? As illustrated in Figure 8, an electron release from
a chlorine at the 2-position to theorbital of vinoxy is a type
of the electron back-donation. Therefore, to which side of the
double bond O atoms add depends on the localized electron
density. In other words, the chlorine does not act always as an
electron-withdrawing substituent.

The mechanisms of the reactions of4©Oolefins and O+
halogen-substituted olefins are basically similar, and these can
be generalized by an attachment of the electrophilic O atom to
the double bond, as suggested by Cvetan®Vic.

Conclusion

(1) New laser-induced fluoresence bands were observed in
the 326-360 nm region.

(2) The new spectrum could be observed in reactions gf CH
CHCI, CH,CCI,, CHCICHCI, and CHCICHF with atomic
oxygen and also following chlorine atom reaction with £H
CICHO. The new bands are assigned to ¢ie andtrans-2-
chlorovinoxy (CHCICHO) radicals.

(3) From an analysis of the fluorescence spectra, some of
the vibrational fundamentals were determined. These assign-
ments were confirmed by ab initio calculation cs- andtrans
CHCICHO. The structure of the - ©C—O skeleton and spec-
troscopic character afis- and transsCHCICHO are closer to
CH,CHO than to CHCFO.

(4) The initial attack of oxygen atoms to fluorine- or chlorine-
substituted ethylenes was discussed, and it was confirmed that
the mechanisms of reactions of-©olefins and O+ halogen-
substituted olefins are basically similar and that reactions can
be generalized by an attachment of the electrophilic O atom to
the double bond, as suggested by Cvetanovic in 1963.
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