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The experimental data on elementary processes (collisional deactivation, chemical re-
actions, photodissociation) involving spin-orbitally excited X(*P,,) atoms (X
=F,CLBr,I) published up to the middle of 2005 are summarized in the present compila-
tion. Critical evaluation of the data and limited comparison to theoretical calculations are
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The absence of any review on the properties of spin-

orbitally excited X*(*P,,,) halogen atoms (X=F,CLBr,]) in
the literature is noteworthy, this fact gave large impetus to
the present work. In the present compilation the data on the
elementary processes involving X*(*P,,) atoms published
up to the middle of 2005 are presented. For convenience,
hereafter the spin-orbitally excited X*(>P,,,) will be denoted
as X*, and the ground state X(>Ps,) will be denoted as X.
The processes fall into the categories:

(1) collisional deactivation of X*, reactive and nonreactive,

at 7=300 K,

(2) formation of X* atoms in the photodissociation,
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(3) formation of X* atoms in chemical reactions,

(4) high-energy studies on X* scattering, and

(5) exotics, such as collisionally induced transitions between
hyperfine levels, or heterogeneous processes.

The main aim of the paper consists in collecting all avail-
able experimental data on these processes. Where it is pos-
sible, critical evaluation of the data is presented, where spe-
cial attention is paid to the accuracy of the experimental
measurements. In many cases the originally published data
may be recalculated and corrected. For example, the X*/X
branching ratio for the products of photodissociation is often
determined by REMPI; it may be recalculated by using the
best value of the calibration factor. Or, the rate constant ob-
tained by relative measurements may be corrected using the
best rate constant of the reference reaction. These corrections
have not been done in this paper, almost all the data are
presented here like they were originally published by the
authors. Usually, the data on the yields of X* atoms in the
broadband photolysis are omitted, since they are usually very
uncertain; however, in some cases they are presented. The
theoretical results are presented very briefly, mainly by ref-
erences, although some theoretical models are discussed in
relation to experimental data where appropriate. To the best
of the author’s knowledge, in the literature there are no re-
views on the chemical properties of X* atoms except very
early papers.!™

In this paper, the collisional deactivation of X* atoms is
characterized by the rate constants at 7=300 K. These con-
stants usually do not differentiate between chemical reaction
and physical quenching of X* atoms. Only in some cases are
the branching ratio between the probabilities of reactive and
nonreactive pathways or the temperature dependencies of the
rate constants available; this rare information is presented
usually in footnotes or in comments.

The relative yield of X* atoms in photodissociation pro-
cesses is characterized by the branching fraction

[X*] [o*]

T X T o1 o]

(1)

where o* =0 (X*) and o= o(X) are the cross sections for
the production of excited and ground state atoms, respec-
tively; [X] and [ X*] denote concentrations of these atoms.
Note that excited *P;,, and ground 2P, levels contain two
and four M electronic sublevels, respectively; hence in the
case of ['=1/3 the populations of X* and X are equal.

For a one-photon electric dipole transition the c.m. angular
distribution of X* atoms produced in photodissociation is
given by®~®

J(0)=1+BP;(cos ), 2)

where @ is the angle between the electric field vector (e) of
the dissociating light and the recoil direction (v) of the pho-
tofragment, and Pz(x)=(3x2— 1)/2 is the second Legendre
polynomial. The anisotropy parameter 3 describes the spatial
distribution of X* atoms and has a value between —1 [el v,
perpendicular transition, f(6)=(3/2) sin® 0] and 2 [ellv, par-

allel transition, f(6)=3 cos? ). The B parameter can be re-
lated to the angle (y) between the direction of the transition
dipole in the molecule and the recoil direction by

B=2kP,(cos x), (3)

where 0<k=1 is a parameter that takes into account any
decrease in the observed B due to rotational, vibrational, and
translational motion of the parent molecule. Usually the larg-
est contribution to x comes from rotational motion.” It may
be estimated as®

1-%—772

ST @

where 7 is the angle between the recoil velocity vector that
would result if the molecule was not rotating and the vector
that actually results. If the dissociation process is fast relative
to rotation of the parent molecule, then the factor « is equal
to unity (7=0). In this case, the 8 parameter may be re-
duced due to the thermal motion of the parent molecule by
the factor!'®

k=1-3kTIV2E,, (5)

where E, is the thermal energy of parent molecule, kT<<E, is
assumed.

In this paper, the yield of X* atoms in photodissociation is
characterized by I" and B parameters. Only in several out-
standing cases (like HI, ICN, or CH;3I) does there exist ex-
perimental information in addition to these parameters; this
information is presented briefly in footnotes or in comments.
The production of X* atoms in chemical reactions is usually
characterized by the branching fraction I'. The results of
high-energy studies on the X* scattering are characterized by
collisional cross sections.

In large tables of this paper, molecules—precursors of X*
atoms or collisional partners of X* atoms—are listed in the
order of increasing number of atoms in the molecule. The
molecules with equal number of atoms are listed in the order
of increasing mass. The results on each molecule are pre-
sented in chronological order.

1.1. Spin-Orbit Splittings and Radiative Lifetimes

The mean radiative lifetime 7, for the spin-orbitally ex-
cited state %P, is given by

2(AE)’ w?
l/Te:A(2P1/2—>2P3/2) = T 3R%3 (6)
where u is the reduced matrix element of the magnetic di-
pole operator

ui=3 > |<2Pl/2,M}|Iu’z|2P3/2,M’J,>|2' (7)
M) .M

Here, a magnetic dipole transition between P, and 2P;,
states is assumed, u, is the z component of the magnetic
dipole operator, and AE=E(*P,;,)— E(*P3),) is the spin-
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TaBLE 1. Spin-orbit splittings and radiative lifetimes in X* atoms

Lifetime 7,, s

X* atom AE(ecm™ Experiment Calculated
F(2p* *Pyp) 404" 77212 838"
404.082" 660+ 165"
404.141™
CI(3p° 2Py 0) 882.35304' 87.9+19'° 80.6°
86+20¢"7
Br(4p’ *P))) 3685.24 0.96+0.09'8¢ 0.903*
0.897°
1(5p° 2Py)) 7603.15 0.1372"" 0.126
0.127%f 0.165%
0.130%'f
0.0257%
0.125%0.025%
0.1116*4
0.0484%"
0.145+40%f

Calculated with Eq. (6).

PAE is equal to 882.35283(23) cm™! and 882.35367(23) cm™! for ¥*CI and
3C1, respectively.'> See previous values in three studies.>’~%’

“The ratio 7,(Cl)/7,(I) was measured, 7,(I)=0.125 s reported by Engelman
et al.®> was assumed.

dSeveral previous values are presented.>?>

“Relativistic calculation using Dirac—Fock—Breit calculation.

Extensive review on all previous values are presented by Ha et al.,?® in this
table only values obtained after 1980 are presented in chronological order.
#Multiconfiguration Hartree—Fock calculation.?®

orbital splitting. In Russell-Sanders L-S coupling approxi-
mation u,= up(L,+g,S,) and the reduced matrix element
may easily be calculated as

w2=5(g.— 1)*uz (8)

where g, is the electron spin gyromagnetic ratio
(8,=2.00232), up=eh/2m,c is the Bohr magneton, and L,
and S, are the z components of the operators L and S, the
electron angular and spin momenta, respectively. The spin-
orbit splittings, the latest experimental values of 7,, and the
values of 7, calculated with Egs. (6)—(8) are summarized in
Table 1.

The contribution of the electric quadrupole moment to the
overall transition probability in the iodine atom has been
determined from the experimental ratio S(J=1/2,F=2
—J=3R2,F=4)/S(J=1/2,F=3—J=3/2,F=4)=0.0035,
where S denotes the strength of the absorption line. From
these data the contribution of the electric quadrupole mo-
ment may be calculated to be 0.52%.%

The validity of the L-S approximation has recently been
confirmed by He er al.,'® in which a theoretical calculation
for the magnetic dipole transition moment in Br atoms was
carried out using a relativistic Dirac—Fock—Breit ab initio
atomic structure formulation. The theoretical value was in
excellent agreement with the value predicted assuming L-S
coupling (see Table 1). Ab initio calculations of expression
(7) using a multiconfiguration Hartree—Fock level program
were done by Ha et al. for transitions in the iodine atom.”®
The calculations gave the result 7,=0.165s, which is in
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moderate agreement with experiment and the result of the
simplest analytical L-S coupling model, 7,=0.126s.

Note that for a given element in the single electron ap-
proximation the AE splitting is proportional to the reduced
mass of the electron-nucleus pair.”’ Hence the difference in
AE for different isotopes of Cl and Br may easily be calcu-
lated.

1.2. Hyperfine Structure

The hyperfine structure Hamiltonian for a halogen atom
can be written as’' >

thxza‘]HD"'b‘]HQ"'CJHO, (9)
HP=TJ, (10)

B 3(ED2+ BRI —I(I+1)J(J+1)

HE 22— 1)I(2I—1) > ()

where H?, H?, and H are the operators for magnetic di-
pole, electric quadrupole, and magnetic octupole interac-
tions, respectively; a;, b;, and c; are the constants of these
interactions, respectively. J is the total electron angular mo-
mentum (J=L+S, L=1, §=1/2, J=1/2,3/2), 1 is the
nuclear spin, and F is the total angular momentum
(F=J+1I). Note that for the upper state of the fine structure
(J=1/2) the second and the third terms in Eq. (9) are equal
to zero. The energy levels of the atom may conveniently be
obtained from Eq. (9) as®!3%3-37

oy BC(CE DD
JF= 4y DICI-1)J(2I—1)

+efCP+4C?

+4C[J(J+1)+I(I+1)+3—3D]/5+4D},

(12)
where C=F(F+1)—I(I+1)—J(J+1) and
D=I1(I+1)J(J+1).

Because of large spin-orbital splitting, the J=1/2 and
J=3/2 levels only perturb each other to a very small extent.
For given F, matrix elements of the H? operator are nondi-
agonal with respect to J. The off-diagonal terms are propor-
tional to the additional a3, coupling constant

(I,M;,J,M ,|HP

ILM,J— 17MJ>:aJ—I,JMI(JZ_M?)]/2~
(13)

Note that as,, ay;,, and a3 are often denoted as a’, a”,
and a”, respectively. These constants may be estimated us-
ing simple theory as**® as,=—15g,u3(r 3)/15, a3,
=—az(5—16B")/[16(1+B")], and a,,=5a5,, where g,
is the nuclear g factor, B8’ is a small fractional contribution
by s electrons to the measured a5, constant,*** and (r3)is
taken over the 2p wave function. The a3, constants have
been determined experimentally for fluorine!**° and
chlorine.*!

The parameters for expressions (9), (12) for the halogen
atoms are listed in Table 2. The constants a;, b;, and c;,
may be determined from experimental data with or without
the second-order correction Eq. (13). In Table 2 the contri-
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TABLE 2. Spin-orbit and hyperfine parameters for stable isotopes of halogen atoms, uncertainties are shown in parentheses; for example, 1.23(45)=1.23

+0.45
as; ., ayn, bsp, C3s aipan (F',F")AEgp p*

X a I (MHz) (MHz) (MHz) (kHz) (MHz) (em™")

g 1.000 12 2009.99(1)%4 10244.21(3)* 0 0 —446(10)40  (1,2) 404.176(1)144

BCl 0758 3/2  205.04687(3)33364  1037.209(14)*4 54.87290(6)*33¢4%  —0.0072(12)%* 44.0(1.0)%  (2,3) 882.3626'%

C1 0242 32 170.68637(3)33304 863.39(6)** 43.24524(6)3304  —0.0055(12)30+ 37.9(1.0)"  (2,3) 882.3626'%

TBr  0.5052  3/2  884.809774(62)*37  5332.55(4)%4¢ —384.882835(200)%>7 0.388(8)*>7 (2,3) 3685.23(10)"

SIBr  0.4948 3/2  953.768180(62)*  5748.15(3)%40 —321.524277(200)%>7 0.430(8)*%7 (2,3) 3685.23(10)¥

1 1.000 572 827.265(3)* 6625(90)* 1146.356(10)* 2.45(37)* (3.4) 7603.1382(3)*°

*Natural abundance of isotopes.’!
"Nuclear spin.”!

“The values calculated from data of Braun et al.'® are 882.362931 and 882.362099 cm ™! for **Cl and *’Cl, respectively.
NEp m=E, nr —Espp, quantum numbers F' and F” are shown in brackets.

bution from these off-diagonal terms is taken into account.
The uncorrected constants for I and Br may be taken from
papers of King and Jaccarino®” and Brown and King,® re-
spectively. In X* —X absorption spectra the strongest compo-
nent is the (J=3/2,F=1+3/2)—(J=1/2,F=1+1/2) line. In
the last column of Table 2 the energies of these strongest
transitions are presented.

1.3. Detection Methods

1.3.1. Detection Methods: Summary, Abbreviations,
and Sensitivities

A number of methods have been applied to detect the X*
atoms, they are summarized in Table 3. The second column
of the table gives the abbreviations for detection methods
which are used through all this paper. These abbreviations
may consist of three parts: the first one denotes the detection
method, the second denotes spectral region (“IR,” “VIS,”
“UV,” and “VUV” mean infrared, visible, ultraviolet, and
vacuum ultraviolet, respectively), and the third shows which
particle is detected (“CP,” “PF,” “PP,” “RP,” and “CP PF”
mean collisional partner, photofragment, photolysis products,
reaction product, and collisional partner of photofragment,
respectively). If the particle is not mentioned, it usually
means direct detection of X* atoms. In the table all indirect
detection methods are shown by italic letters, but it does not
mean that they are less reliable than direct methods. For
example, direct detection of A atoms in the photodissociation
of a diatomic AX molecule is often even more informative
than direct detection of X* or X atoms. The third column of
the table gives the wavelength for the detection methods, the
wavelength for the strongest line is presented. The column is
normally empty for nonoptical and for indirect methods.

Modifications of the detection methods may be shown; we
denote all REMPI-based ion imaging methods,’>** including
the velocity mapping variant of the technique as REMPI/I,
LMR/S means the fast-magnetic-field-jump version of time-
resolved laser magnetic resonance,s“’55 SE IR/SS means
steady-state infrared spontaneous emission,”® and notation
REMPI is used instead of REMPI (2+1).

Typical sensitivities of several detection methods are sum-
marized in Table 4. The sensitivities of several recent meth-

ods continue to increase. For example, in the early experi-
ments, Arepalli et al. reported the detection limit for REMPI
(2+1) as [Br¥],,;,,=10'" cm 3. According to Ashikhmin
et al., this sensitivity is limited mainly by the dimension of
the probed volume.'® For example, if the probe volume is
0.04 mm’, the probability of ionization of X* atom in the
volume is 0.25, and the detection limit is 25 ions per pulse,
then the sensitivity of REMPI detection becomes [ Br* ],
=2.5%10% cm~3.'%

However, for the modern REMPI ion imaging methods the
probability of ionization may be increased up to unity, and
the detection limit is one ion per pulse; hence the sensitivity
may be two orders of magnitude higher.

1.3.2. Calibration Factors for REMPI Detection

REMPI (2+1) is the most popular method for studying
photodissociation dynamics. However, there has been some
uncertainty in the intensity factors relating the strengths of
the REMPI signals to the °P,,, and *Ps, spin-orbit states. The
transitions in halogen atoms, which are usually used for
REMPI detection, are collected in Table 5.

Generally, the calibration factor is the ratio of the transi-
tion probabilities for REMPI transitions in atoms A and B,
these probabilities are denoted here as P (A ,) and Pg(Ap),
where N\ denotes the corresponding wavelength of radiation.
The calibration factor is usually used as

[A]  Py(Ng) Sa

[B]~ Pa(hn) Sp’ (14

where [] represents the corresponding number density, and
S o and Sy are line strengths of the REMPI signals of A and
B atoms, respectively. The calibration factors for halogen
atoms are presented in Table 6 in chronological order for
each atom.

In several early studies of Kawasaki and co-workers!®~191

the ratio P(235.336)/Px(237.808) was assumed to be
unity based on the theoretical approach of Pindzola'? in
which only AS=0 transitions were taken into account. In

reality AS>0 transitions contribute strongly to the REMPI

J. Phys. Chem. Ref. Data, Vol. 35, No. 2, 2006
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TABLE 3. Detection methods for X* halogen atoms

X* Detection method® Wavelength/Frequency Reference

F* EPR 42,57
ARF VUV 97.77 nm 58
ARA VUV 95-98 nm 59, 60
AS-DL 404 cm™! 13, 61
HR-TOF 121.6 nm 62
REMPI (3+2) 285.9 nm 63
AS VUV 95.85 nm 64
REMPI (3+1) 234.08 nm 65

Cl* EPR 41, 57, 66
Fl VUV 136.34, 135.17 nm 67
ARA VUV 135-136 nm 68, 69
LMR 882.2875 cm ™! 15, 29, 70
AS-DL 882.35 cm™ ! 16, 71, 72
LIF 210 nm 73
REMPI 235.205 nm 74
ARA IR 882.35 cm ™! 75
REMPI (3+2) 405.3 nm 76
CARS 653.2/691.3 nm 77
FI IR CP 78
ARF VUV 134-139 nm 79
LIF VUV 135.166 nm 80-82
ARA IR RP 83
HR-TOF 121.6 nm 84
REMPI (1+1") 120.13 nm 85

Br# AKS VUV 153.2 nm 86
EPR 38
FI IR RP 87
ARA VUV 153.2 nm 88, 89
ARA VUV PF 90
Br-laser 3685 cm ! 91
TOF-MS 92
LA IR CP 93
SE IR 3685 cm™! 94
Fl IR CP PF 95
LIF VUV 153.2 nm 96
ARA IR 3685 cm™! 97
REMPI 232-277 nm 98-102
AS-FCL 3685 cm™! 18, 103
AS-DL CP 104
DI 105
Fl IR CP 106
HR-TOF 121.6 nm 107
REMPI PF 108
TOF-MS PF 109
REMPI (3+2) 472.32 nm 110

I* TR-SM IR 111
GC PP 112
ARA UV 206.2 nm 113
TR-SM VIS 114
TR-MS PP 115
ARF VUV 206.2, 179.9 nm 116-119
MCD 120
FI IR CP 121
CT PP 122
SE IR 7603 cm ™! 94, 123
Lum RP 580 nm 123
ARA VUV PF 124
LIF-DS PF 125
Fl IR PF 126
EPR 20
ARA IR 3685 cm™! 22
REMPI 268-313 nm 127
REMPI PP 127-129
REMPI (3+2) 492.6, 485.2, 464.8 nm 130
TP-LIF 306.7 nm 131-133
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TABLE 3. Detection methods for X* halogen atoms—Continued

X* Detection method® Wavelength/Frequency Reference
TOF-MS 134
MS PP 135
SE VIS RP 136
AS-DL 7603 cm™! 26, 137, 138
LOAT 139
TOF-MS PF 140
I-laser 7603 cm™! 141, 142
REMPI (1+1") 145.9 nm 143-145
REMPI PF 52, 146
LIF VUV 206.2/178.2 nm® 147, 148
LIF VUV PF 149
FMDS PF 790—840 nm 150, 151
LIF PF 152-154

“In the table, the detection methods are listed in chronological order for each atom. The abbreviations (listed in alphabetical order) are:
AKS VUV=absorption kinetic spectroscopy of Br* atoms in the vacuum ultraviolet.

ARA=atomic resonance absorption.

ARF=atomic resonance fluorescence.

AS=absorption spectroscopy.

AS-DL=diode laser absorption spectroscopy (I*-I is usually detected by an InGaAsP diode laser.)
AS-FCL=F-color-center laser is used for Br*—Br absorption spectroscopy.

Br-laser=study of photodissociative Br*—Br laser threshold gain, the relaxator is added in the active medium of the laser.
CARS=time-resolved polarized coherent anti-Stokes Raman spectroscopy of CI* atoms.

CT PP=chemical trapping of I* atoms. Analysis of photolysis products.

DI=a combination of one-dimensional Doppler technique with a two-dimensional imaging technique was used to detect H atoms from the photodissociation
of HBr.

EPR=electronic paramagnetic resonance.

FI VUV =resonance fluorescence of excited CI* atoms.

Fl IR=infrared fluorescence of vibrationally excited molecules.

Fl IR CP PF=infrared fluorescence of vibrationally excited collisional partners of photofragments. (For example, HBr+hvyy—Br¥/Br+H*,
H*+AB—H+AB*, AB¥*—AB+hvg, where H* denotes translationally ‘‘hot” atoms.)

FMDS =transient frequency-modulated Doppler spectroscopy.

GC PP=gas chromatography of photolysis products.

HR-TOF=detection of H atoms by high-n Rydberg time-of-flight technique.

ICS=intracavity spectroscopy based on a pulsed photodissociative I*~I laser.

I-laser=study of photodissociative I*—I laser threshold gain, the relaxator is added in the active medium of the laser.
LIF=laser induced fluorescence.

LIF-DS=LIF Doppler spectroscopy (of H atoms).

LMR =laser magnetic resonance of Cl* atoms ('3CO,-laser).

LOAT=laser optoacoustic technique.

Lum RP=detection of the luminescence of excited I¥ arising in the recombination I* +I—1,+hv.

MCD=magnetic circular dichroism.

MS PP=mass spectrometry of photolysis products.

REMPI (n+m)=resonance-enhanced multiphoton ionization, number of photons is shown in brackets.

SE IR=spontaneous ’P,,—>Ps;, emission in the infrared.

SE VIS RP=spontaneous emission in visible wavelength range of excited reaction products (I* +1—=1¥, IF -1, +hv).
TOF-MS=time-of-flight mass spectrometry.

TP-LIF=two-photon laser induced fluorescence.

TR-MS PP=time-resolved mass spectrometry of photolysis products.

TR-SM=time-resolved spectrometry.

206.2 nm and 178.2 nm are the excitation and fluorescence wavelengths, respectively. 31148
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TABLE 4. Sensitivities of the detection methods for X* atoms

TaBLE 5. Selected REMPI (2+ 1) detection of halogen atoms

X* atom Method [X#] i (cm ™) Reference Atom Upper state \ (nm)
X EPR 10M1-10" 155, 156 Cl 2 2352561
F* ARA VUV 10" 60 4p(®Dsp) 235.3367
Cl* ARA VUV 5%10° 157 4p(*Dsp) 236.28474
TP-LIF* 1x 10" 73 4p(*Dsp) 2367374162
ARA IR 2x10" 75 4p(*Psp) 240.59274163
discharge-flow LMR 2% 10% 158 CI* a 235.13'¢!
time-resolved LMR 4x10'° 159 4p(®P)° 235.205™
Br# REMPI 10'° 98 4p(®Dsp) 237.80874
REMPI 2.5%10° 100 4p(*Dsp) 240.248!63
I* ARA IR 10" 83 Br 5p(*Pyp) 229.220'%!
ARA IR 10" 160 6p(*Psp) 233.6 (233.69,'%* 233.6,'%5 233.70,19
ARF VUV 10" 58 233.618,'7 233.6346%)
REMPI (3+2) 3x 10" 130 5p(*Pyp) 250.41'%°
TP-LIF 10" 131 5p(3S1p)¢ 250.434%8:102.167
*Obtained for ground state CI atoms. Zl’(jgm) 3223 gzgz;i’zzizz ;22?2121:2
"Obtained with a Ge—Au photoresistor. With the lCs}ge—Hg photoresistor the 5[’; EZS ;/22))d 26 4.8 598,102' ’ '
sensitivity must be an order of magnitude higher. 5p(*Pyy) 266.6 (266.650.%1%2 266,551,167
266.580!°%)
Br* 4p('$)Sp(Pyy)  231.980™

signals. Later Kawasaki and co-workers have measured the
ratio and obtained the value of 2.5.'7>!%% The value for the
ratio P(235.336)/Px(235.205) was determined several
times to be 1.25,'7°0.85,"”7 1.11,'” 1.17,'”” and 1.06."*° The
value of Liyanage et al.'” is mentioned briefly as a footnotes
and probably is less reliable, all other values are in rather
good agreement. Note also, that the theoretical calculations
of the calibration factors are rather accurate, they may be
used to choose the most reliable factors.!”®!”®

It is useful to mention that two-photon laser induced fluo-
rescence (TP-LIF) uses the same two-photon transitions as
REMPI does. For example, the I* and I atoms may be
probed by TP-LIF at 306.73 nm [6p 2Ds,—5p ?Py»] and
304.67 nm [6p *Ds,—5p *Py], respectively. The TP-LIF
calibration factor P«(306.73)/P(304.67) was obtained by
Das et al.'*1% to0 be 1, and by Brewer et al." to be 1.12.
However, the same calibration factor for REMPI detection
of iodine atoms is another, it is equal to 1.63.'% Hence
the calibration factors for REMPI and for TP-LIF may be
different.

1.4. Lasing System

The development of infrared lasers employing the
2P, ,-2P5,, transition of halogen atoms strongly stimulated
the study of the chemical properties of these atoms.'"1%8 A
review of these lasers is not a purpose of the present paper,
and hence only a brief summary, mainly of chemical interest,
will be given here.

1.4.1. Chlorine Laser

A photodissociative-chemical repetitively pulsed laser op-
erating on the C1*—CI transition was created in 1986."” The
major steps in the kinetic scheme of the laser are as follows:

ICI+ hv—T*/1+ CI*/Cl, (15a)

I* +ICI— Cl* +1,, (15b)
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6p(*S 1) 233.96 (233.9,'%5 234.03,'% 233.95'67
233.957,17° 233.9741%%)
6p(“Py) 243.6 (243.583,75102 243 38,167 243 534,170)
6p(*Dsp) 243.4 (243.518,73192 243 32167 243 475'70)
6p(*Pyp) 244.125 (244.216,°%192 244125167170
6p(*Psp) 244.294 (244.394 73102 244 294167.170)
5p(*Py)¢ 264.85 (264.945,°%102 264.8 196 264,849,
264.86'%7)
5p(*S3p) 266.64 (266.613,'7 266.643,'68
266.713%%102)
5p(*Pyp) 277.39%%
5p(*Dsp) 277.744°%:102
I CPy6p([1]y)  277.87"7'7'73
CP6p([1]y)  298.23'7>'7
CP6p([1]1)  303.69'7>'7
6p(*Ds)) 304.67'"!
I ('Dy)6p([1]yp)¢  277.40'7>'7
('Dy6p([3]5,) 2817317217
CPp6p([1]1)°  304.037>17

“No assignment.

The upper state is a mixture of a 2Py, and a %S, states.
°According to Rakitzis er al., the upper state is 5p(>Py).'%
dDifferent assignments have been proposed: Br— —2Sy,
——4p(*CP).5p(*Dyp),'® and Br— — 2Py, 1170
°According to Kang er al.,'’" at 277.38 and 304.02 nm the intermediate
states are (*Py)6p([1]5) and 6p(*D,,), respectively.

98,102
s Br

Cl+ICI—I+Cl,, (15¢)

ClI*—Cl+hv. (15d)

The first step Eq. (15a) is a broadband photolysis of ICI. It
produces a population inversion on the CI*—Cl transition at
the wide range of wavelengths, 225-530 nm (see Table 10).
Moreover, a high quantum yield of I* atoms also occurs at
248-404 nm (see Table 19). The second step Eq. (15b) is a
chemical reaction which transfers the spin-orbital excitation
from iodine to chlorine atoms. The yield of CI* from the
I*+ICl reaction has been determined by Nadkhin er al.>®
(=70%) and by Sotnichenko®' (60% =+ 15%). Formation
of CI* +1, is found to account for 63% * 17% of the overall
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TaBLE 6. Calibration factors for REMPI detection of halogen atoms

Pg(Ng)/PA(Np) Reference
P(235.336)/ P +(237.808) = 2.7+0.3" 174
2.5+0.1° 175
P(237.73)/ Py#(237.808) = 1.51+0.01° 162
P#(235.205)/ P (237.808) = 2.0+0.5¢ 176
P(235.336)/ P +(235.205) = 1.25¢ 176
0.85+0.1¢ 177
1/(0.9%0.1)¢ 178
1.17+0.14 179
1.06x0.17" 180
P(235.25)/ Py#(235.13) = 9% 161
Pp(229.220)/ Pg,(231.980) = 4h 101
Pp(233.6)/ Py+(233.96) = 0.42+0.02' 165, 181
0.26/ 182
0.349' 167
0.32! 170
Pp(264.9)/ Py(264.8)= 0.73%0.02' 165
Pp(266.6)/ Py(266.64) = 0.578 167
0.70' 170
0.5441 168
Pp(234.03)/ P(235.336) = 1.24+0.30% 166
Pp(233.69)/ P(235.336) = 3.35+0.84" 166
Pp(233.69)/ P (235.204) = 1.46+0.42% 166
Pp(234.03)/ Pp(235.204) = 3.94+0.97¢ 166
P(277.87)/ P1+(277.38) = 0.094' 171
P1(304.03)/ P1:(304.67) = 0.80%0.05' 171, 183
0.769" 146
0.77+0.11" 184
0.90™ 185
1.00=0.05' 186

“ARA IR detection of CI* and Cl in photolysis of HCI.

LIF VUV detection of CI* and CI in photolysis of HCI.

‘REMPI detection of CI* at 237.808 nm and Cl at 237.73 and 235.336 nm.
The ratio P(235.336)/P¢+(237.808) =2.5'7> was used.

9Two methods: theoretical calculation and REMPI detection of CI*.

Calculated from R and R,, where R ;= P x(235.205)/ P ¢;x(237.808) and
R,=P(235.336)/ P x(237.808) =2.5.'7 The ratio R, was determined by
REMPI detection of CI*.'”

'HR-TOF detection of H atoms in photolysis of HCI.

£The value and the measurement of the calibration factor are not described.

"TOF-MS of NO in photolysis of BrNO.'%

'TOF-MS of Br* and Br in photolysis of Br, .

The measurement of the calibration factor is not described.

XTOF-MS of CI*, Cl, Br*, and Br in photolysis of BrCl.

'REMPI detection of I* and I in the photolysis of I, near 304 nm. Only I,
—TI*+1 channel is assumed.

"The yield of I* in the photolysis of CH;I have been compared with that
studied by TOF-MS'38 and SE IR."*’

rate of the deactivation of I* by ICL;**2%% the rate
constant for the overall TI*+ICl deactivation is
(2.4+0.9)x 10~ "' cm*/molecule- s.°%2%32%* The third step
Eq. (15¢) is a chemical removal of ground state chlorine
atoms, the rate of this reaction is 8 X 1072 ¢cm’/molecule
-5, 757783205206 1¢ j¢ 33 times larger than the rate of deacti-
vation of CI* by IC1.”7#32% The advantages of this laser are
simplicity and quick restoring of working gas after the laser
pulse.?”” Since ICI absorbs well in a spectral region of maxi-
mum solar radiation, this chlorine laser based on the photo-
dissociation of ICl is interesting because it may be pumped

by solar radiation. Later, this C1*-Cl laser was applied by
Sotnichenko ef al. for study of collisional quenching of
CJ* 75208

Also, the inversion population on the CI*—Cl transition
was observed in microwave and radio-frequency discharges
in IC/Ar mixtures.””” The density of the population inver-
sion was about 2% 102 cm™3 for both kinds of discharge.
This value is not enough to create a continuous wave laser.

1.4.2. Bromine Lasers

In spite of the large number of molecules which produce
population inversion on the I*—1 transition in photodissocia-
tion processes there are only several molecules (see Table
13), which give population inversion on this transition in the
bromine atom. The lasing action on the Br*—Br transition
was first observed by Guiliano and Hess in 1969,%!° who
used flash photolysis of gaseous IBr. Later, the Br* —Br laser
emission has been observed during flash photolysis (190—
225 nm) of CF;Br by Campbell and Casper.*” Efficient, re-
petitively pulsed Br*—Br lasers driven by photodissociation
of static IBr or Br, samples were proposed,”!'™2!* where
broadband flash photolysis was used, and later by Pastel
et al. who pumped the bromine laser by radiation of a
Nd:YAG laser with A=532nm."”’ The kinetic scheme for
IBr laser coincides in all details with that for ICI laser [Egs.
(15a)—(15d)]. As chlorine laser based on photodissociation
of ICI, this bromine laser may also be pumped by solar ra-
diation. Usually the energy efficiency of these Br*—Br lasers
are much smaller than that of iodine I* -1 lasers.

Note that continuous Br*-Br lasers have never been
created,7%213-215 According to Boriev and Gordon,zm’217 the
problem is connected with vibrationally excited IBr:

IBr+hv—IBr¥*, (16a)

IBr* + [Br— 2 [Br (v < 40), (16b)
Br¥+IBr*(v<7)—1¥*+Br,, (16¢)
* + IBr— Br + 1, (16d)

where the first step (16a) is photoexcitation of IBr, the sec-
ond step (16b) is collisional production of vibrationally ex-
cited IBr*, and the last two steps are the chain decomposi-
tion of IBr.

The population inversion on the Br* —Br transition may be
used to create different infrared lasers pumped by electronic-
vibrational (E-V) energy transfer from Br* atoms,

Br* +M— Br+ M** (17a)

M*% s M* + h, (17b)

where M* and M** denote vibrationally excited M mol-
ecules, the inversion population is created on the M** - M*
transition which has the energy hv.?'® Infrared lasers
pumped by the E-V energy transfer from Br* to CO,, N,O,
HCN, H,0, and C,H, are reported by Leone et al?=2 In
these studies, gas mixtures containing excited Br¥* atoms
were prepared by flash photolysing Br, in the presence of a
polyatomic molecule. The ensuing E-V process is selective
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and pumps the polyatomic molecule into specific energy
states. In addition to obtaining gain and/or stimulated emis-
sion at CO, and N,O laser frequencies, stimulated emission
from HCN at 3.85, 7.25, and 8.48 um, and from C,H, in the
region 7-8 um have been obtained.’'® Wittig and co-
workers constructed a 5.3 um laser which they attributed to
the NO (v=2—v=1) transition pumped by Br*+NO
collisions.?”? The inverted vibrational distribution of excited
NO ([NO(v=2)]/[NO]=~0.84) was confirmed later by
Wight. 2%

The dynamics of a Br¥*-—Br pulsed laser and a
Br¥*—NO (v=2—v=1) transfer laser driven by photolysis
of IBr was later studied by Johnson et al.??* A CO, laser
operating on the 10(0)1-10(0)0 transition at A =4.3 um and
pumped by E-V energy transfer from Br* has been demon-
strated recently by Johnson e al.**® This laser was driven by
photolysis of IBr or Br, by a frequency-doubled Nd:YAG
laser or Ar" laser, respectively. The output energy and gain
of this laser is adversely affected by rapid vibrational V-V
relaxation of CO, molecules.

1.4.3. lodine Lasers

The atomic iodine photodissociation laser was created in
1964 by Kasper and Pimentel, who have observed a sponta-
neous emission from the UV photolysis of CF;I and CH,1.%%
The emission was interpreted as the generation due to

CXsI+hv—CX;+1¥, X=HF, (18a)

I*—I+hvy, No=1316 um. (18b)

Later the laser emission was obtained from the photolysis of
the other alkyl iodides, and as most efficient compound
i-C3F;I was found.’??® Since then, the iodine laser has
been studied intensively.”?*=?*! For example, it was found
that additional chemical generation of the population inver-
sion on the I*-I transition comes from the reaction CF¥
+ CF;1— C,Fs+I*, where CF¥ denotes excited radicals, or
indirectly in the reaction CF;+I— CF;l, which removes the
ground state iodine atoms.*>*%

Later Derwent and Trash®** suggested that a I*—I laser
could be constructed based upon the following energy-
transfer equilibrium

Oy(a'A,) +1=0y(X X ) +1%, (19)

since O,(a 1Ag) is extremely metastable with respect to
both spontaneous radiation (half-time ~45 min)>*>2%
and collisions (typically 10° collisions are required); the
rate constants of direct and reverse reactions [Eq. (19)]
are fast, they are equal to (7.6+2.5)X10"!"" and
(2.6+0.9)x 10~ " cm?/molecule-s, respectively.”>” The
chemical oxygen—iodine laser (COIL) was discovered, when
the chemical generation of a population inversion between
the spin-orbit states of atomic iodine was observed by Pritt
et al.>®® The first continuous wave COIL was developed by
McDermott et al. in 1978,% since then the COIL technology
has undergone numerous improvements>*°~>*> and chemical
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efficiencies as high as 27%—-30% using helium diluent have
been demonstrated;243 now multikilowatt lasers are routinely
constructed. > =247

Much of the development of the iodine laser technology to
date has focused on a new generator of O,('A). One ap-
proach is to provide the necessary atomic iodine and O,('A)
purely by electrical discharge.**®=2* It has been found by
Ivanov et al. that excitation of molecular oxygen in a glow
discharge at around 1 Torr provides significant concentra-
tions of O,('A), up to 2X 10" cm™3.%* Researchers in Ja-
pan have demonstrated very large yields of the O,('A) pre-
cursor molecules, up to 32%, using a microwave and rf
discharges in the mixtures of O,, N,, NO, and NO,; it was
demonstrated that added gases increased the yield of singlet
oxygen 250251

Another, and very promising, approach is replacement of
singlet oxygen with chemically generated nitrene meta-
stables such as NCl(a 'A) or NF(a 'A). This approach led
to an all gas-phase iodine laser, it eliminates the heavy,
water-based COIL chemistry based on very corrosive hydro-
gen peroxide. In 1995, Ray and Coombe created a pulsed
I*—1 laser pumped by energy transfer from NCl(a 'A); the
iodine atoms and NCI were produced by photodissociation of
CH,I, and CIN; at 193 nm.**%* Excited NCl(a 'A) mol-
ecules exchange energy with atomic iodine in a manner
analogous with oxygen in COIL

NCl(a 'A)+I—=NCI(X 33 ")+ I*, (20)

with the rate constant of 2X 10~ ! cm®/molecule-s.>>> Us-
ing an optical double-resonance technique, Yang er al.’>
have observed a population inversion between the P/, and
2P, states of atomic iodine, produced in this reaction. Re-
cently, Henshaw et al.***" developed the all gas-phase io-
dine laser based on the energy transfer process (20), where
reactions of Cl with HN; were used for the generation of
excited nitrogen chloride:

(21b)

The rate constants for reactions (21a) and (21b) are
1.1X107"2  and 1.5%10" ' ¢cm?/molecule-s, respec-
tively.28=2% This is the first major breakthrough in energy
donor generator technology in the last 10 years.

Cl+N;—NCl(a 'A)+N,.

1.5. Excited Halogen Atoms and Ozone Depletion

The role of CI* atoms in stratospheric chemistry is dis-
cussed by Tyndall er al.” It is assumed that at 30 km altitude
the main source of CI* atoms is photodissociation of
CIONO,, and the main removal process is deactivation by
0O, . It was concluded that the excited C1* atoms are unim-
portant in the stratosphere, since the rate of the photolytic
production of the CI* atoms is small (<1%) in comparison
with production of the CI* atoms in Cl+ O,— CI*+ O, pro-
cess.

Atomic bromine exhibits a 40 times more powerful atmo-
spheric ozone depletion potential than a chlorine atom, in the
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stratosphere it depletes ozone via several chain reactions.”!

The contribution of excited Br* atoms in the depletion of
ozone may easily be estimated from the data of the present
review. Briefly, the main quencher of Br* atoms in the atmo-
sphere must be CO, with a rate constant of 1.5
X 107" cm?/molecule - s; the key reactions of bromine at-
oms in atmosphere are Br+ M (M=0;, H,CO, HO,) with
the rate constants of ~10~ "' ¢cm?/molecule-s; since the con-
centration of CO, is several orders of magnitude larger than
the concentrations of M molecules, the role of excited Br* is
negligible.

The role of F* and I* atoms in the depletion of ozone is
expected to be negligible also.

2. Excited Fluorine Atoms F*(2P,,)

Kinetics measurements on processes involving F* atoms
are beset at least with two difficulties. One is the lack of
simple and sensitive methods to detect F* atoms. The first
resonant electronic transition occurs in the far vacuum ultra-
violet (VUV) region at 95.5 nm, well below the LiF window
cutoff at 106 nm. Therefore, one-photon excitation requires
VUV generation and windowless conditions. Two-photon ex-
citation seems even less promising because it requires large
technical effort since the simultaneous absorption of two
photons below 200 nm is necessary. The IR absorption lies
near 400 cm ™', this wavelength is available only for diode
laser absorption spectroscopy. Another difficulty, arising in
the case of photolytic production of F* atoms, is that only a
few precursor molecules yield fluorine atoms from photoly-
sis in the visible or UV spectral ranges. Hence the data on
the chemistry of excited F* atoms are very limited.

2.1. Collisional Deactivation of F* Atoms

2.1.1. Molecular Beam Studies and Theoretical Predictions

In 1979, the interaction potentials for F(’P)
+ Ne,Ar,Kr,Xe systems were constructed from experimental
differential cross sections for inelastic scattering obtained by
Lee etal in experiments with crossed molecular
beams.?*?>2* In these measurements, very low collisional
energy was achieved (0.02 eV for F+Xe and 0.036 eV for
F+ Ar). The authors employed the potentials to calculate in-
ter and intramultiplet changing cross sections for F—Ar and
F—Xe.?** These cross sections may be used to calculate the
bimolecular deactivation rate constants at 7=300 K, the
“temperature of collision” T is estimated from the energy of
collision E as kT=wE/4. The results are presented in
Table 7.

Later, Aquilanti et al. continued the molecular beam stud-
ies of fluorine atoms.?é>?%® A magnetic beam technique with
magnetic analysis of substates of fluorine atoms was used to
measure absolute integral cross sections for scattering of
fluorine atoms by Ar, Kr, and Xe. Using own experimental
absolute integral cross sections, differential cross sections of
Lee et al., relative integral cross sections of Miiller,267 and
some spectroscopic data, Aquilanti ez al. obtained new inter-

TABLE 7. F¥+M cross sections (o) and rate constants (k) for spin-orbital
deactivation and for EPR-line broadening (7'=300 K)

M o (A% k (cm*/molecule-s)* Method Reference

He 0.19+0.05 2.6X10712 EPR-H 272, 273
0.36+0.06 49x10712 EPR-G* 272, 273
0.127-0.305  (1.77-4.23)X10"'>  Theory! 268, 269
0.31+0.045 43x107 12 EPR-G* 156

Ne 0.013-0.185  (1.0-15)x107" Theory! 268, 269
<0.064 <52x10""1 EPR-G* 156

Ar 0.34+0.10 24x10712 EPR-H® 273
0.00096 6.7x1071 Mol.beam® 264
0.003-0.007  (2.1-4.9)x10™ Theory! 268, 269
0.065+0.011  4.56x107 13 EPR-G* 156

Kr 0.002-0.004  (1.3-2.6)x10™ Theory! 268, 269
0.080+0.013  5.1x107 "3 EPR-G* 156

Xe 0.0128 7.9x107 14 Mol.beam® 264
0.001-0.011  (1-11)X 1071 Theory* 268, 269

N, 0.506+0.077 3.8X107'2 EPR-G* 156

0, 5.72+2.03 42x1071 EPR-G* 156

F, 0.40%+0.09 0.28x 10~ " EPR-H 272
1.94+0.14 1.37x107 1 EPR-G* 156

WF, ~0.51 ~3X107"2 Br-laser’ 97

UF, ~17X107° ~1x107'6 Br-laser’ 97

F 25+1 2x10710 EPR-H" 272

‘k=vo, where v is the average speed of the F*+ M collision.

"The H-line of the EPR spectrum (F,mg:1,01,—1) of F* atoms was

used.

“The G-line of the EPR spectrum (F,mg:0,0>1,—1) of F* atoms was
used.

Theoretical predictions for F*+M—F+M deactivation rate constant. The
range of the values obtained for different potentials is presented.
°*Molecular beam study at very low collisional energy.”**

fOnly F*+ Br,—Br*+BrF, F+Br,—Br+BrF reactions for removal of
fluorine atoms were assumed, the bromine atoms were detected by a Br
laser.

action potentials for F—Ar, F-Kr, and F—Xe. Unfortunately,
it is rather difficult to calculate the room temperature deac-
tivation rate constants from these data.

Using interatomic potentials from molecular beam studies
of Lee et al. and Aquilanti et al., Reznikov and Umanskii
have theoretically calculated the cross sections and the rate
constants both for F¥+M deactivation®®® (see Table 7) and
for EPR line broadening.® There are large disagreements,
about 1-2 orders of magnitude, between the rate constants
calculated by Reznikov and Umanskii and by Lee et al.®*
for collisional deactivation F*+ Ar, Xe at low collisional
energies. Reznikov and Umanskii concluded that this dis-
agreement is due to uncertainty in the experimental data on
the interatomic potentials.

In closing the discussion of the theory of F*+atom scat-
tering we note, that close-coupled calculations for deactiva-
tion of F* by protons H" have been done by Mies in
1973 270271

2.1.2. EPR Linewidth Studies

The cross sections of the broadening of the gas phase EPR
linewidth of F* atoms by different gases have been measured
by Miller et al.?’*7*™ and by Boltnev et al.'*® Using these
cross sections, one may calculate the broadening rate con-
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stants (see Table 7), which may be treated as the upper limits
for the deactivation rate constants. Boltnev et al. concluded
that in the case of F* + He the contribution of the collisional
depolarization of F* atoms is small (<20%), and hence the
measured rate constant for EPR linewidth broadening is
close to the deactivation rate constant.

2.2. Reactions of F* with H, and HBr
2.2.1. Reaction F*+H,

There is a discussion in literature on the relative reactivity
of excited and unexcited fluorine atoms in the reaction with
hydrogen

F+H,—HF+H, (22a)

F*+H,— HF+ H. (22b)

There are three potential energy surfaces for these reactions,
two of them (denoted 124’ and 1%A” for collinear reaction)
correlate to F+H,, and one (224") to F*+H,. The 224" is
strongly repulsive, and thus F*+ H, collisions must be com-
pletely nonreactive in the adiabatic limit. However, reaction
(22b) may occur due to nonadiabatic crossing from the 22A’
to the 12A’ surface. In 1974, using classical-path calcula-
tions on diatomic-in-molecules surface, Tully demonstrated
the importance of the nonadiabatic channel (22b) and pre-
dicted that ky,~0.1ky, .>” Since that time, a lot of theoret-
ical predictions on the spin-orbital effects in the F+H, sys-
tem have been done.?’¢731° Also, Baer and co-workers have
published several theoretical papers on the reactions (22a),
(22b) in a strong laser field.*''3'* A top-level theoretical
study was done by Alexander et al., who used a full ab initio
calculation of the complete set of diabatic potential energy
surfaces and spin-orbital terms for this system.”®” The fitted
surfaces and couplings have been used to perform exact
time-dependent quantum scattering calculations of reaction
transition probabilities. The main conclusion of this calcula-
tion is close to that of Tully, k,,;,~0.04k5,, . One of possible
the mechanisms for reaction (22b), clearly speculative but
very popular, involves nonadiabatic electronic-rotational
(E-R) energy exchange followed by reaction on the adia-
batic F+H, surface in a single collision event

F*+H,(j=0)—[F-H,(j=2)]-H+HF. (23)

Note that the efficiency of the first step, E-R exchange, was
confirmed in many theoretical studies.

In large contrast with the large amount of theoretical stud-
ies, until quite recently there have been no experiments that
have confirmed the presence of the nonadiabatic channel
(22b). Moreover, in 1985 Lee and co-workers employed a
high-resolution crossed molecular beam study, and no HF
reaction product attributable to F* was detected neither in
F”<+H2,315 nor in F*-i—Dz,HD316 reactions. However, re-
cently channel (22b) was finally observed in an experimental
study of Nizkorodov et al., who used infrared laser absorp-
tion to investigate the vibrational and rotational distribution
of HF molecules in low-density crossed supersonic jets un-
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der single collision conditions.>'”*!® In these experiments,
product states in the HF (v =3) manifold were observed that
are energetically accessible only to channel (22b). This ex-
perimental study stimulated new theoretical
studieg???7304:306-310.319-322 41y which it has been found that,
except for very cold reactants, the F* state plays a minor role
in determining the reactivity.

Recently Rusin et al. have studied reactions (22a), (22b)
by measuring the high-resolution time-of-flight spectra of HF
at collision energies E=69—81 meV.**® The results were
compared with exact coupled-channel quantum mechanical
calculations based on the Stark—Werner ab initio energy
surface.’** Excellent agreement between the experimental
and computed rotational distributions is found for the
HF(v=1,2), this fact confirms that the reaction dynamics for
these product states is determined by pathway (22a) only. For
HF (v=3,j=2), however, the agreement is less satisfactory,
hence considerable contribution of pathway (22b) is as-
sumed.

Note, however, that a new ab initio energy surface has
been developed for the F+H, reaction just recently by
Hayesa et al.>*> Hayesa et al. carried out several preliminary
scattering calculations using this new surface and predicted
that the differential cross sections at low collision energy for
the F+ H, reaction may be drastically modified from the pre-
dictions based on the Stark—Werner surface.

2.2.2. Reactions of F* with HBr and DBr

Polanyi and co-workers carried out a crossed molecular
beam study of the F*/F+HBr (DBr) reactions.”® The ratio
[F*]/[F] was varied by changing the temperature of the
source. From the insensitivity of the product Br atom spin-
orbit distribution to the incident [F*]/[F] ratio, they con-
cluded that, first, there is a substantial barrier to the adiabatic
process F*+HBr—HF+Br*, and, second, excited Br¥* at-
oms appeared due to the nonadiabatic process F+ HBr
—HF+Br*. The conclusions on the reaction of F*/F with
DBr are the same.

2.3. Production of F* Atoms by Photolysis

To the knowledge of the author there is only one measure-
ment of F* quantum yields from photodissociation. In 1996
Zhang et al. have studied photodissociation of HF (v=3) in
the VUV, where HF was vibrationally excited by a Ti:sap-
phire laser through an overtone transition, and H atoms were
detected by the high-n Rydberg time-of-flight technique.®?
From the time-of-flight profiles of H atoms the F* relative
quantum yield was found to be 0.42+0.02 and 0.41*=0.08 at
193.3 and 121.6 nm, respectively. The B parameter was de-
termined to be —1.0=0.05 at 193.3 nm photolysis for both
2P, ,, and 2P;, states of atomic fluorine; hence both channels
derive from the perpendicular transition A 'TI«X '3 %.

In the adiabatic limit, when the atoms separate slowly, the
relative yield of F* atoms should be 0; in the diabatic limit
when the atoms separate quickly, this yield should be 1/3; the
experimental value is higher than both. The last theoretical
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calculations of Brown and Balint—Kurti on the photodisso-
ciaion of HF (v=0),"% HF v=123) and
DF (v=1,2,3)% agree well with the experimental results of
Zhang et al. and predict a rather complicated dependence of
the relative yield of F* atoms on the photon energy.

Also, the yields of F* atoms in the photolysis of WF4 and
UF, have been determined to be =0.4 and ~0.07, respec-
tively, in an indirect study of Gordon et al.®’ In this study,
F*/F atoms were converted to Br*/Br atoms by the reactions
F*/F+ Br,— Br*/Br+ BrF, and the bromine atoms were de-
tected by a Br laser. Note that this conversion mechanism has
never been confirmed experimentally.

3. Excited Chlorine Atoms CI*(2P,,)

3.1. Collisional Deactivation of CI* Atoms
at T=300 K

The first studies on collisional deactivation of Cl1* were
reported by Husain et al,*37 who detected CI*
atoms by time-resolved atomic resonance absorption in the
vacuum ultraviolet (ARA VUV). Later, the deactivation
of CI* atoms was studied by the time-resolved laser mag-
netic resonance (LMR) technique by Krasnoperov and
Chichinin,3*+55159:206.332,333

The rate of deactivation of C1* by ICl was found to be 33
times lower than the rate of the Cl4 IC1—I+ Cl, reaction,*”
and this fact has stimulated the creation of a
photodissociative-chemical laser, operating on the spin-
orbital transition of the chlorine atom.'®® This laser was ap-
plied by Sotnichenko et al. to study collisional quenching of
C1*#,72% and the results were in agreement with those ob-
tained in LMR studies. At the same time, tunable diode laser
absorption spectroscopy was originally applied to study CI1*
quenching prOC6SSCS.72‘334 Also, the rate constant for deacti-
vation of CI* by SO, has been measured by Dolson and
West by monitoring the infrared fluorescence from the fun-
damental SO, stretching levels.”® Recently, Hitsuda er al.
have used laser-induced fluorescence in the vacuum ultravio-
let (LIF VUYV) to detect CI* and Cl atoms near 135 nm. LIF
VUV and LMR methods are probably the best for studying
CI* deactivation processes, they have nearly equal sensitiv-
ity, about [C1*]~10'" cm ™3, but the time resolution of LIF
VUV is better.

The rate constants for the collisional deactivation of CI* at
room temperature are listed in Table 8 in chronological order
for each quencher.

3.1.1. First ARA VUV Measurements

The substantial disagreement (by orders of magnitude) be-
tween all ARA VUV data obtained in 1977-1984 by Husain
et al.,69’328’331 and the data obtained by other methods is
almost total. An agreement occurs only in four cases (Ne,
CF,Cl,, CF4, CCl,); in three of them the rate constants are
close to the gas-kinetic collision limit. The reasons for this
disagreement have been discussed in several papers. The
conclusion of the consideration is that these ARA VUV data
cannot be recommended even as rough estimate. The prob-

able sources of error in ARA VUV experiments have been
outlined in Chichinin.'*® Some of these sources are:

(1) The VUV radiation used in these experiments photoly-
ses many quenchers (for example, Cl,, O,) and yields atoms
other than CI*. The concentration of these atoms A is pro-
portional to the concentration of the quencher Q,
[A]~[Q]. From theoretical considerations it is known that
the atoms A must deactivate C1* rather quickly. Hence the
measured rate constant for deactivation of C1* may be over-
estimated due to contribution of the ClI*+A—Cl+A
quenching process.

(2) The rate constants k(M), where M= He,Ne,Ar,Kr,Xe,
have been obtained from the 7~ '=7, "+ k(M) [M] depen-
dencies, where 7 is the first-order rate constant for the decay
of the CI* signal.**> The increase of 7~ ' was very small,
about 10%, and may be explained by other reasons except
deactivation of C1* by M. The only system in which the 7!
increased strongly (~2 times) is the C1* 4 Ne system, but in
this particular case there is an agreement with the LMR data.

(3) In order to detect CI* atoms, Husain ef al. used the
absorption line 3p* 4s(*P5;,) < 3p° (°P,,) near 136.34 nm.
In the work of Clyne and Nip it was found that this line is
not suitable to detect CI* atoms since at this wavelength
there is also a strong absorption of ground state Cl(>P5,)
atoms.%®

3.1.2. CI*+ICI, 1,

The rate constant for deactivation of CI* reported by Park
et al¥* is 1 order of magnitude higher than the constants
obtained by Chichinin and Krasnoperov,”® Wang and
Jones,”” and by Boriev.®® This discrepancy is in fact surpris-
ing since the rate constant for the similar process Cl*
+NOCI reported by Park et al. is consistent with the value
obtained by LMR method. The reason for the discrepancy is
not clear, but it seems noteworthy that Park ef al. overesti-
mated several times the rather well established’>77:83:205:206
rate constant for the reaction Cl+ICl—I+Cl,. As it was
proposed in Park ef al.,**> the 7% +3% admixture of I, in
ICl in the work of Park eral. would explain both (CI*
+1Cl1 and CI+ICl) discrepancies between Park er al.*** and
the other authors, although it is not clear where such a large
I, admixture in ICI should have come from. If this explana-
tion is correct, one can estimate the rate constant for the
Cl*+1, deactivation process to be (5.3+2.6)x10~ !
cm’/molecule- s.

3.1.3. Deactivation of CI* Atoms by Hydrides

In contrast to the situation with excited I* and Br* atoms,
from Table 8 it is apparent that deactivation of C1* by H,,
D,, HF, DF, HCI, DCl, and H,O (and presumably CH,) at
T=300K is predominantly due to E-R, T energy transfer
since all E-V channels are endothermic; here E, V, R, and T
denote electronic, vibrational, rotational, and translational
energies. Note that the deactivation of CI* via chemical re-
action is unlikely, the deactivation proceeds mainly by physi-
cal quenching; this was proven in several cases (H,, D,
DCI, CH,) in experiments in which the kinetics of ARA IR,
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TABLE 8. Summary of Cl¥ deactivation rate constant (k) determinations at 300 K (powers of 10 in parentheses, (a£b)(—c)=(axb)X 10" )

k

M (cm*molecule-s) Detection Reference

H ~7(—11) ARA VUV 328

He 3.8%£0.6 (—15) ARA VUV 69, 335
7.3%£2.0 (—14) LMR 332,333
6.0+x1.0 (—14) ARF VUV 79
57+0.3 (—14) LIF VUV 336

Ne 4.0x0.5 (—14) ARA VUV 331, 335
<42(—14) LMR 332
<8(—16) LIF VUV 336

Cl 3.01.5 (—10) ARA IR 208
47%15 (—12) EPR 155

Ar 1.1£0.3 (—12) ARA VUV 331, 335
<1.0(—14) LMR/S 54
<1.0(—14) ARA IR 75
<2.7(—15) LMR 159, 332
<1(—-15) EPR 155
3.0x1.0 (—16) ARF VUV 79
<5(—16) LIF VUV 336

Kr 1.4+0.2 (—12) ARA VUV 331, 335
~5.4(—15) LMR 332, 333

I 5+2(—12) ARA IR 201, 208

Xe 1.8+0.2 (—11) ARA VUV 331, 335
<4.5(—14) LMR 332

H, 7(—12) ARA VUV 328
<6x107" ARA VUV 331
5.0+x1.2 (—11) ARA IR 75
2.6+0.7 (—11) EPR 155
8.0+2.0 (—11) LMR 333
55%1.6 (—11) LMR 202

D, 1.1£0.3 (—11) ARA IR 75
1704 (—11) LMR 333

HF 1404 (—11) LMR 202

DF 0.7+0.2 (—11) LMR 202

CcO ~6(—12) ARA VUV 331
8.0+2.0 (—14) ARA IR 75

N, 6.3+1.0 (—13) ARA VUV 331
4.0x1.0 (—13) ARA IR 75
5.0x1.5 (—15) ARF VUV 79
39+1.5(—14) LMR 333
7.6+0.8 (—15) LIF VUV 336

NO 0.66+0.2 (—11) LMR 202

0, 2.120.5 (—11) ARA VUV 69
23+03 (—11) ARA VUV 331
1.7£0.4 (—13) LMR/S, LMR 54, 206
1.3%£0.3 (—13) ARA IR 75
1.9+0.2 (—13) CARS 77
3.5+0.5 (—13) ARF VUV 79

HClI 6(—12) ARA VUV 328
1.1£0.1 (—12) ARA VUV 331
12202 (—11) AS-DL 72
1.2£0.3 (—11) LMR 333
7.8+0.8 (—12) LIF VUV 82

DC1 0.7+0.2 (—11) LMR 202

Cl, 45+04 (—11) ARA VUV 69
7.4%2.6 (—13) LMR/S 54
7.2+2.0 (—13) LMR 206

HBr 1.2£0.36 (—11) LMR 202

DBr 1404 (—11) LMR 202

IC1 33+0.5 (—13) LMR 206
4.0+1.0 (-12) AS-DL 334
32+0.2 (—13) CARS 77
44x0.8 (—13) ARA IR RP 83

H,0 26+0.5 (—12) ARA VUV 331
7.8+£2.3 (—11) LMR/S 55

CO, <5(—13) ARA VUV 331
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TABLE 8. Summary of CI¥ deactivation rate constant (k) determinations at 300 K (powers of 10 in parentheses, (a£b)(—c)=(a*xb)X 10~ “)—Continued

k
M (cm®/molecule-s) Detection Reference
1.5+04 (—11) ARA IR 75
9.0+3.0 (—12) LMR 333
1.2+0.1 (—11) LIF VUV 81
N,O 3.7%0.6 (—13) ARA VUV 331
6.3+2.0 (—12) LMR 202
0, ~1(—11) ARA VUV 68
~7(—12) LMR 332
NOCI 1.8+0.4 (—11) LMR 159
1.1+0.5 (—11) AS-DL 334
SO, 1.8+0.2 (—11)* Fl IR CP 78
1.9+0.5 (—11) LMR 202
NF; 22+0.6 (—10) LMR 202
COCl, 3.0+ 1.0 (—10) LMR 333
PCl,4 1.3+02 (—11) AS-DL 72
CH, 3.9+0.8 (—12) ARA VUV 331
22+0.3 (—11) ARF VUV 79
3.0+0.3 (—11)° LIF VUV 81
1.9+0.6 (—11) LMR 202
CH,D, l}.110.1 (—10)® LIF VUV 81
CD, LIF VUV 81
1.3+0.4 (—10) LMR 202
CH;F >9(—12)° MS 337, 338
6.4+0.5 (—11) LIF VUV 82
CH;Cl 5+2 (—10) AS-DL 72
CH,Cl, 2.0+ 1.0 (—10) AS-DL 72
CF, 1.5+0.4 (—10) ARA VUV 330
27+0.8 (—11) LMR/S 55
23+0.3 (—11) ARF VUV 79
24+0.7 (—11) LMR 202
23+04 (—11) LIF VUV 82
CIONO, 1.7+0.3 (—10) ARF VUV 79
CF,Cl, 2.1+0.4 (—10) ARA VUV 330
1.8+0.4 (—10) LMR/S 54
1.8+0.4 (—10) LMR 332
3.3+0.5 (—10) ARF VUV 79
cal, 5(—11) ARA VUV 328
2.0%0.2 (—10) ARA VUV 69
2.1+0.4 (—10) ARA VUV 330
1.8+0.6 (—10) LMR/S 55, 332
CF,l 1.0+0.3 (—10) ARA IR 208
SF, 1.5+0.05 (—10) ARA IR 75
C,H, 1.22+0.09 (—10) LIF VUV 82
0.0£1.0 (—11)¢ LIF VUV 339
C,Dg 24+0.2 (—10) LIF VUV 82
C,HsF 1.9+0.2 (—10) LIF VUV 82
CH;CF, 2.0+0.2 (—10) LIF VUV 82
C;Hg 1.74+0.11 (—10) LIF VUV 339
45+1.2 (—11)¢ LIF VUV 339
C;Dg 3.08+0.21 (—10) LIF VUV 339
0.0+ 1.5 (—11)¢ LIF VUV 339
CH,Cl 5+1 (—10) AS-DL 72
n-C4H 2.05+0.10 (—10) LIF VUV 339
6.4+1.6 (—11) LIF VUV 339
i-C,H,, 2.13%0.12 (—10) LIF VUV 339
47+14 (—11) LIF VUV 339

1CI#+S0,—Cl+S0,(v;=1)/SO,(v;=1). The v;/v, population ratio was found to be 1.6+0.5, even through excitation of »; mode is 210 cm™' more

endoergic than v,.”

The reaction rate constant is <10~ '' cm*/molecule-s.%!
°The value is recalculated from experimental data,**® using the new rates of CI*+Cl,, CH;F processes.

dChemical reaction only.

54,82
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LMR, and ARF VUV signals of C1* atoms have been com-
pared for  Cl*+hydrides and  unreactive  CI*
+CF,Cl,(CCl,) systems.”’*?%% For CI*+H, system this
conclusion was obtained from direct detection of H atoms.'>

Very small deactivation rates should be expected for CI*
+hydride systems, since the E-R energy exchange requires
multiquantum rotational transitions in the hydrides. In real-
ity, see Table 8, the rates of these processes are unexpectedly
large, indicating a large probability for nonadiabatic E-R
transitions, in strong contradiction with theoretical
estimates.”’*° For example, Resnikov and Umanskii have
carried out calculations for the ClI*+H,, D, quenching
processes.>*’ The Landau—Zener formula with quadrupole-
quadrupole interaction as a perturbation was used. It was
found that the main contribution comes from CI*+H,(J
=4)—Cl+H,(J=6) and CI*+D,(J=5)—Cl+D,(J=7)
transitions; the total rate constants for deactivation of C1* by
H, and D, are 5X 10" "3 and 7X 10~ ° cm?*/molecule- s, re-
spectively, in strong disagreement with what is found experi-
mentally.

3.1.4. The Reactions of CI* Atoms with Organic Compounds

Almost all existing kinetic data for quenching of
CI*(?P,),) atoms do not distinguish between chemical reac-
tion and physical quenching of the excited atoms. The only
exception are the LIF VUV studies of Matsumi et al., in
which the ratios kg /(ky+kg) have been determined for the
reactions of CI* with CH4, CH2D2, CD4, C2H6, C3H8,
C;Dg, n-C4H,y, and i-C,H,,, respectively.®833° Here, kg
and k, are the rate constants for chemical reaction and
physical quenching. The ratios have been determined to be
<0.1, <0.3, <0.3, <0.08, 0.26+0.07, <0.05, 0.31%=0.08,
and 0.22%+0.07, respectively. The rate constants for reactions
of CI* with C3Hg, n-C4H,,, and i-C4H,, are ~30% of
those for ground state CI atoms. This observation suggests
that the reactions of C1* and CI with alkanes RH proceed via
different mechanisms. The reactant state Cl+RH adiabati-
cally correlates to the product ground state HCI('S ") +R,
while C1* 4+ RH correlates to a highly excited product state.
Hence the reaction C1* +RH should occur via non-adiabatic
coupling between the two surfaces.>*

3.1.5. Theoretical Predictions for the Deactivation Processes

To date there exist theoretical studies for the deactivation
processes of CI* atoms by rare gases,”®3173% by H,, D,,
and HD 277340344345 and by HC1.***~3! For illustrative pur-
pose, in Table 9 we present a brief summary of theoretical
predictions for deactivation at T=300 K. As for the CI*
+He,Ne,Ar,Kr,Xe series, the predictions are in excellent
agreement with experiment for C1* +He, in all other cases
both experimental and theoretical data have too large uncer-
tainties, see Table 8. The theoretical estimates for CI*
+H,,D, are far from experimental results; however, the es-
timates illustrate, the E-R near-resonant energy exchange is
much more efficient for C1* +H, that for CI*+D,, in con-
tradiction with experiment.
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TABLE 9. Theoretical predictions for the CI* + M deactivation rate constants
at 7=300 K

k (cm’molecule-s) Method Reference
He 42X107 1 NT, QMT* 268
24%107 14 EP® 341
53x107 " AIP® 341
Ne 1.1x107"7 NT, QMT? 268
24x107"7 EP® 341
9.9x 1077 AIP® 341
Ar 7.7x107" NT, QMT? 268
22x107 18 EP® 341
2.0x107"7 AIP* 341
Kr 5.8x107% NT, QMT? 268
Xe 1.4x10720 NT, QMT? 268
H, 5x10713 NT, ERT¢ 352
D, 7X1071 NT, ERT¢ 352

“NT, QMT=nonadiabatic transitions between quasimolecular terms. The
terms are made by asymptotic method within approximate semiclassical
model of Preston et al.>>

YEP= Empirical potential is taken from the molecular beam study of Aqui-
lanti er al.>>*

‘AIP=ab initio potential is used.

INT, ERT=a simple Landau—Zener curve crossing description, nonadia-
batic transitions between electrorotational terms are assumed.

3.2. High-Energy Reactions and Deactivation
of CI* Atoms

3.2.1. Early Studies on CI* Atom Scattering

In 1979, Lee and co-workers used a molecular beam tech-
nique to obtain the interaction potential for Cl-Xe 26+3%
In these works the parameters of the potential were clarified
and a cross section o(1/2—3/2)=7.8%10"° A% at
collisional energy of 0.00282 eV was calculated. Note that
this collisional energy corresponds to the temperature 7
=26 K. Later, Aquilanti ef al. continued molecular beam
studies of C1* atoms, and the parameters for the three lowest
potential energy surfaces and the nonadiabatic coupling ma-
trix for CI*/Cl+He, Ne, Ar, Kr, Xe, H,, D,, and CH, sys-
tems were obtained.*>*

3.2.2. The Reaction of CI* Atoms with CH,

In reactions of halogen atoms, the ground spin-orbit state
2Py, is generally considered to be more reactive than the
excited ?P;, state due to the adiabatic nature of the corre-
sponding potential surfaces.’ A laser flash photolysis-
resonance fluorescence kinetics study of the reaction
CI(°P) + CH,— CH; + HCI was studied by Ravishankara and
Wine at T=221-375 K.?*® The low temperature result ob-
tained in this investigation, the non-Arrhenius behavior of
the rate constant, and all previous investigations can be ra-
tionalized in terms of a model which assumes that the
CI*(°P,,) state reacts with CH, much faster than the
CI(*Py),) state.’*®

The indirect comparison of CI* and Cl reactivity with
CH, near the reaction threshold (collision energy of 0.13—
0.16 V) have been done recently by Kim ez al.'®* In this
study CI1* atoms were produced by photodissociation of BrCl
at 420 nm and CH; product spatial anisotropy was studied by
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REMPI (2+1); that is, PHOTOLOC (photoinitiated bimo-
lecular reaction by low-of-cosines) technique was used. Kim
et al. cannot claim that the C1* + CH, channel is less reactive
than CI+ CH,, but they can rule out the possibility of the
role of C1* reactivity in the explanation of the non-Arrhenius
behavior at low temperatures.

3.2.3. The Reaction of CI* Atoms with H,

Until 1999, the reaction of Cl atoms with H, was assumed
to proceed via adiabatic the ground state surface only,
CI(*P5),) + H,—H+HCI, and the upper CI*(?P,,,) state was
assumed to be nonreactive.>”’ However, “a rule is done to be
broken;” recently, Lee et al. have studied the reactions

CI*/Cl+H,—HCI+H, (24a)
Cl*/Cl+D,—DCI+D, (24b)
CI*/Cl+ HD—DCI+H, (24¢)

Cl+HD—HCI+D, (24d)

with a rotating-source, crossed-beam technique. Two differ-
ent sources for generating the CI(*P) beam were used, the
concentrations of the two reactants (C1* and Cl) and the H
and D atom product were monitored by REMPI
(14178534381 ee o1 al. reported that in reaction (24a) the
excited CI* atom is two times more reactive to H, than the
ground state CI reactant in the range of collisional energies
from threshold near 3.8 kcal/mol till 9 kcal/mol: o*/o~2,
here o* and o denote reaction cross sections for C1* and ClI
atoms, respectively. For reactions (24b) and (24c¢) the relative
reactivity of CI* is lower than that of Cl atoms at small
collisional energies and higher at large collisional energies;
for reaction (24d) the ground state Cl atom is always more
reactive than the excited CI* atom.®® Lee er al. have also
pointed out that in the ion-molecular reaction Ar+(2P1/2,3,2)
+H,—ArH" +H studied by Tanaka e al.>* the spin-
orbitally excited Ar'(*P,,) ion is more reactive than the
ground state Ar*(°Ps,) ion by a factor of ~1.4.

However, the recent molecular beam study of Balucani
et al.*®" put the results of Lee er al. in some doubt. In this
study a combined experimental and theoretical determination
of the differential cross sections of the C1*/Cl+ H, reaction
was done ql at 3.85, 4.25, and 5.85 kcal/mol collisional en-
ergies. Balucani et al. have found that the C1* atom is much
less reactive than it was reported by Lee et al.; the product
rotational distributions were also different. However, the di-
rect comparison between the results of Balucani et al. and
Lee et al. is not possible, because of the differences in the
initial H, rotational distributions and in the collisional ener-
gies.

In addition, one should note the last calculations®®?73% on
CI*+ H, system based on the potential surface of Alexander
et al.*? The results of these calculations disagree with the
measurements of Lee ef al.>***® and Dong et al.,®® the rela-
tive reactivity of CI* was found to be lower than that of Cl
atoms.

Recently, the scattering in C1* + D, , He systems was stud-
ied by Parsons and Chandler by means of crossed-molecular-
beam techniques with velocity-mapped ion imaging.>®
These experiments were done at collision energies E above
and below the energy of the reaction barrier (4.9 kcal/mol).
The upper limit for the cross section for electronically nona-
diabatic quenching

was determined to be o=<15*1¢ A2 at E=7.6 kcal/mol, the
probability of process [Eq. (25)] was found to be indistin-
guishable to that for the kinematically identical system of
Cl*+He.

3.3. Production of CI* Atoms by Photolysis

The data for C1* relative quantum yields and B parameters
are presented in Table 10 in chronological order for each
parent molecule M.

3.3.1. Photodissociation of HCI and DCI

In recent years, the yield of C1* atoms in the photodisso-
ciation of HCI was studied in a number of experimental (see
Table 10) and theoretical works.309426-430 15 first UV ab-
sorption bands correspond to the singlet electronically ex-
cited state A 'TI and to several triplet states. The A 'II and
three other triplet excited electronic surfaces (a 3H2, a 3H1 s
and a3Il,-) correlate adiabatically with H+Cl while the
a M+ and 237 surfaces correlate with
H+ CI*, 75189190093 The gpin-orbit interaction in the chlo-
rine atom is rather small (in comparison with iodine and
bromine atoms) and therefore the photoexcitation is re-
stricted primarily to spin-conserving transitions, i.e., the per-
pendicular transition A 'TI«X 'S is much more important
than those to triplet states. Hence the yield of C1¥* atoms in
photodissociation through photoexcitation of aIIy+ and
>3 states must be very small, and the 8 parameter is close
to —1.

In reality, the yields of C1* atoms in photodissociation of
HCI (and DCI) at 143-235 nm are close to the statistical
limit of 1/3 (see Table 10), indicating strong nonadiabatic
coupling between the 3, and A 'II excited surfaces at
large H-CI distances. Quantitative agreement has been re-
ported between experimental studies of Lambert e al.'” and
a high-level, time-independent quantum dynamics computa-
tion involving ab initio electronic states and coupling terms
of Alexander er al.**’ Recently, Regan ef al. have studied the
photodissociation of HCI in selected rovibrational states (v
=1-3) at 235 nm.*® The branching CI*/Cl ratio measured
with the REMPI technique have been compared with theo-
retical predictions. The experimental results and the predic-
tions share a common qualitative trend, although quantitative
agreement occurs only for HCl(v =2). New refined ab initio
calculations of HCI potentials have recently been
published®! and might improve this agreement. It is interest-
ing, that Gilvertz and Balint-Kurti have predicted that C1*/Cl
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TaBLE 10. Summary of CI* relative quantum yield and 3 parameter determinations from photodissociation
M A\ (nm) [CI*)/([CI]+[CI*]) (%)* B Detection Reference
HCI 193 33%3 AS-DL 72
157 47+4 ~—1 REMPI 189, 193°
193 33+2 ~—1 REMPI 189, 193°
193 33+3 AS-DL 334, 366
193 33.7+22 REMPI 174
157 44.8+4 LIF VUV 175
193 33.3+37 LIF VUV 175
119-193 31-41 REMPI 177
193 41+0.7 —0.94%0.07 HR-TOF 84
193 33.6+3 REMPI 367
235 33.3+2 REMPI 367
193-235 33.4-47.5 REMPI 179
201-210 42-48¢ #—1 HR-TOF 180
193 40.0+3.2 LIF VUV® 368
(v=1-3) 235 41-53" REMPI 369
135 359+1.2 LIF VUVE 370
193 —0.87+0.06 REMPI/I 169
DClI 157 9.9+2.4 REMPI 190, 193°
193 7.4+26 REMPI 190, 193°
193 18.7+2.0 REMPI 174
193 13.5+5.2 LIF VUV® 175
193 18.7+3.3 LIF VUV? 175
200-220 22-30" REMPI 371
ClO 235 <3 REMPI 372
Cl, 354 <33 LMR 159
323.6-331.0 ~0 REMPI(3+1) 373
308 <24 REMPI 374
308 <l AS-DL 334
340-355 <1 AS-DL 334
308-485 4-32 —0.7-2.0" REMPI 375
351 <5 LMR 376
238 23+1/30+3 REMPI 162
308 —0.95+0.05 REMPI/I 377
364.6,360.4 7.4+0.9 1.78+0.05 REMPI/I (2+1),(3+1) 378
350-370 0.3-43 —0.64-2 REMPI/I 163
404.17 1.4+0.2 REMPI (3+1)/1 379
BrCl 390-500 11-62% REMPI 176
235-540 ! ! REMPI/I 380
235 16+2 —1.04+0.05 REMPI/I 166
330-570 30-82™ ~2 REMPI/I 381
ICI 530 >33 LMR 382
480-530 25-52" TOF-MS 92
530 55+5 LMR 206
437-532 41-79° LMR 383
266 65+6 LMR 383
248 67+5 LMR 376
237.8 40.5+3.5 REMPI 384
236.284 P 2 REMPI 385
235 a —1+0.1 REMPI/I 386
304 r REMPI/I 387
248 47+6 LMR 202
HOCI 235 23+4 REMPI 388
235,266 ~0 REMPI/I 389
NOCI 266,354 ~50 LMR 159
236 31+2 REMPI/I 390
248,351 88+ 128 LMR 376
355-600 0-45 REMPI 391
235 30 1.2-2.0" REMPI/I 392
212 48+3 ~Q" LIF VUV 80
235 30 1.6+0.4" LIF VUV 80
248 52+3 u LIF VUV 80
0ClO 362 ~0.17 0.15+0.10" REMPI 393
CLO 248 18+2 LMR 376
235 7.1+0.9 12+0.2 REMPI/I 389
207 0.2+0.2 REMPI 394
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M A\ (nm) [CIF)/(CI]+[CI*]) (%)* B Detection Reference

235 0.7+0.2 REMPI 394
scl, 235 38+4 u REMPI/I 395
COFCl 235 50+30" REMPI 396
COCl, 248 <10 LMR 376

235 15+3 REMPI 397-399

235 22+3 0.52+0.08" REMPI/I 400
sccl, 248 33+3 AS-DL 334

235 47+3 0.06%0.06" REMPU/I 401
SOCl, 235 24 0.7+0.2 REMPI/I 392

235 35+5 0.7320.2 REMPI 402

235 35+3 0.42+0.05* REMPI/I 403
PCl, 193 36.6+2 AS-DL 72

248 44.1+2 AS-DL 72

193 33+3 AS-DL 334

248 44.1%3 AS-DL 334

248 447+2.1 LIF VUV 175

193 35.8+2.1 LIF VUV 175

248 44+3 LMR 376

238 33+2/35+1 REMPI 162

235 46+2 0+0.2" REMPUI/I 395
S,Cl, 266 <33 LMR 159

193 20+3 AS-DL 334

248 21+3 AS-DL 334

308 48+6 AS-DL 334

235 35+3 0.13£0.07" REMPI/I 404
CH;Cl 193 33+3 AS-DL 72

157 39+5 REMPI 189, 193°

193 36.6+2 ~2 REMPI 189, 193°

193 40.7+2.8 LIF VUV 175

193 38.2+2 REMPI 367

235 21.3+0.6 REMPI 367
y 238 51.9%2 REMPI 367

193 45+ 1 REMPI 405

212 39+1 1.0+0.2 REMPI 405

235 26.6* 1 REMPI 405
v=>5" 235 59+ 1 REMPI 405
v=3" 235 57.2+1 REMPI 406
v=4" 235 51.9+3 REMPI 406
CD;Cl 193 39+5 REMPI 191, 193°

157 33+2 REMPI 191, 193°
CH,Cl, 193 33%3 AS-DL 72

193 22.6+6.0 REMPI 191, 193

157 31+6 REMPI 191, 193°

193 25.7+4.4 LIF VUV 175
v=3" 235 55+12 0.37+0.05 REMPI 407
CD,Cl, 193 19+3 REMPI 191, 193°

157 31+5 REMPI 191, 193°
CHF,CI 193 264+ 1.6 REMPI 408
CIONO,* 308 30+5 ARF VUV 79

308 33 ARF VUV 409

235 34 1.2+0.15 REMPI 161
CHFCI1,? 235 338 REMPI 410

235 0.34-0.43¢ REMPI 411
CHCl,4 193 20+3 REMPI 191, 193°

157 37+2 REMPI 191, 193°

238 43+4/(~0) REMPI 162
CDCl, 193 23+3 REMPI 191, 193°

157 35+8 REMPI 191, 193°
CF,Cl 354 86+7 ARA VUV 331

157 <12 REMPI 191, 193°

118,125 u REMPI 10

117-120 105 REMPI 412
CE,Cl, 354 75+ 10 REMPI 331

157 <12 REMPI 191, 193°

193 19+2 REMPI 191, 193°

J. Phys. Chem. Ref. Data, Vol. 35, No. 2, 2006



888 A. . CHICHININ

TaBLE 10. Summary of CI* relative quantum yield and 8 parameter determinations from photodissociation—Continued

M A\ (nm) [CIF)/(CI]+[CI*]) (%)* B Detection Reference

187 — u REMPI 10
CFCl, 354 79+8 ARA VUV 331

157 <12 REMPI 191, 193°

193 23+5 REMPI 191, 193°

187 — u REMPI 10
CCl, 354 78+8 AS-DL 331

157 <12 REMPI 191, 193°

193 23+6 REMPI 191, 193°

193 15+3 AS-DL 334

193 19.2+33 LIF VUV® 175

193 225%12 LIF VUV? 175

238 20+2/44+3 REMPI 162

235 20 0.0+0.1 REMPI/I 392

135 21.1x1.1° LIF VUV# 370

193 26.7+1.3P LIF VUV® 370

235 21.9+3 REMPI 413
CF,CIBr® 235 w REMPI/I 164
CH,CHCI 193 23.0+3 REMPI 414
CH,CH-*CI 193 23.4+0.9 REMPI 414, 415
CH,CH-*'C1 193 225+15 REMPI 414, 415

193 21.2+2 0.94+0.02% F REMPI/I 178

210 24.2+2 0.85+0.2% F REMPU/I 178
trans-CHCICHCI 193 13.0%2 0.61+0.06 REMPI 414

214 20.6+2 REMPI 416

220 27.1%12 REMPI 416
cis-CHCICHCI 214 18.4%5 REMPI 416

220 22.1*13 REMPI 416
CH,CCl, 193 21.8+3 —0.09+0.01 REMPI 414

214 39.0*1.5 REMPI 416

220 44.1+8 REMPI 416
C,HsCl 193 39+5 REMPI 191, 193°

157 33+6 REMPI 191, 193°
CH;CF,Cl 193 153+2.7 REMPI 417

193 28.1+5.7° LIF VUV® 368
CH,;CFCl, 193 13.8+3 REMPI 417
v=0" 235 28.6+3.6 REMPI 418
v=1* 235 37.5%3.5 REMPI 418

193 26.5+4 LIF VUV 419
C,HsCl 234 33 0.01%0.05" REMPI/I 420

235 33.2+2 0.06 REMPI/I 421
n-C3H,Cl 193 41+3 REMPI 191, 193°

157 30+2 REMPI 191, 193°
CeHsCl 193 122+23 LIF VUV 175

193 16+26 AS-DL 72
n-C,HyCl 193 33+4 REMPI 191, 193°

157 37+5 REMPI 191, 193°
(CH;);COCl 248 1.9+0.1 TOF-MS 422

235 42 1.8+0.2 REMPU/I 392
0-C4H,I(CH,CI) 222-304 ~0 REMPI 423

“The photolysis wavelength \ (or the range for \) and yield of CI* (or the range for the yields) are presented. The relative yields for **C1* and *’CI* isotopes
are presented as ['35/I'3;. I'~0 means “below the detection limit.”

®The wrong values for CI*/Cl ratios measured by Matsumi ez al.'¥7'°! have been corrected later.'*®

“The yields of CI* are 40.8+3.3, 40.4+2.4, 47.5+ 1.9, 40.8+2.8, 44.42.1, 41.3+2.3, 34.5+2.9, and 33.4£4.8% for 193.3, 205.5, 209, 214, 220, 225,
230.4, and 235.3 nm, respectively.

IThe yields of CI* are 42.3, 44.3, 45.2, 48.4, and 44.1% (*=7%) for 201, 203, 205.5, 208.2, 210 nm, respectively.

°LIF VUV: tripling technique, CO is used for tripling of 405 nm photons.

"The yields of CI* are 51£5, 53+6, 44+7, 43+6, 40+6 and 41=7% for (v,J)=(1,0), (1,5), (2,0), (2,11), (3,0), and (3,7) rovibrational states of HCI.
£LIF VUV: four-wave mixing (2w, — ®,, ®;=212.56 nm, w,~500 nm) technique: compared to the tripling technique, it is much more intensive and stable.
"The yields of CI* are 28+5, 29+ 12, 22+ 8, 30+ 6, and 28==8% for 200, 205.5, 210, 215, and 220 nm, respectively.

"The yields of CI* are 0.94+0.2, 1.57+0.1, 4.1+0.3, 5.0+0.3, 8.3+0.5, 12.5+0.5, 149+ 1.3, 20+2, 21.9+2.5, 22.5+ 1.2, 27.0+ 1.1, 23.7+2.4, 30.1 + 1,
31.0£1, 32.0£2.4, 28.6+ 1, 20.6+ 1.3% for 308, 355, 375, 380, 385, 390, 395, 400, 405, 450, 455, 460, 465, 470, 475, 480, and 485 nm, respectively. The
B parameters are —0.7+0.2, 1.8+0.2, 2.0+ 0.2, and 2.0=0.2 for 308, 355, 370, and 400 nm, respectively.

IThe yields of CI* are 0.30, 0.60, 1.00, 1.96, 4.58, 5.30, 8.34, 10.31, 17.56, 21.94, 30.02, 40.62, 42.03, 42.99, 41.38, 40.30, 40.83, and 40.65% for 350, 355,
360, 365, 370, 375, 380, 385, 390, 395, 400, 420, 430, 440, 450, 460, 465, and 470 nm, respectively. The B8 parameters are 2 =0.08, 1.73, 1.68, 1.58, 1.54,
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1.15, 0.84, 0.24, —0.06, —0.33, —0.47, and —0.64 for >370, 360, 355, 350, 345, 340, 335, 330, 325, 320, 315, and 310 nm, respectively. There is a
contradiction: in the text it is mentioned that S=—0.9 at 310 nm.

*The yields of CI* are 51.0, 60.0, 62.0, 50.0, 25.9, and 11% for 500, 480, 450, 420, 400, and 390 nm, respectively.

18~—1 and B=1.0-1.6 for the 235-262 nm and 400—540 nm wavelength ranges, respectively. In the 320—410 nm range the yield of CI* is close to zero.

"The yields of CI* are 30.4, 38.5, 40.7, 50.6, 51.6, 53.6, 58.6, 62.0, 63.3, 66.9, 66.4, 67.1, 68.6, 66.8, 64.9, 60.6, 50.7, and 38.7% for 526, 518, 510, 502, 497,
495, 488, 481, 474, 467, 461, 455, 448, 442, 437, 431, 425, and 420 nm, respectively, in the photodissociation of BrCl(v =0); 43.5, 54.2, 61.8, 68.4, 71.7,
74.6,74.9,75.5, 81.7, 82.0, 74.4, 42.4, 15.6, 8.9, 7.6, 10.2, 15.1, 1.1, and 8.5% for 534, 526, 518, 510, 502, 497, 495, 488, 481, 474, 467, 461, 455, 448,
442, 437, 431, 425, and 420 nm, respectively, in the photodissociation of BrCl(v=1); 68.6, 63.1, 84.9, 71.5, 70.4, 60.0, and 37.8% for 551, 542, 534, 526,
518, 510, and 502 nm, respectively, in the photodissociation of BrCl(v =2).

"The yields of CI* are 51.5, 40.8, 37.0, 33.3, 26.6, and 25.0% for 530, 520, 510, 500, 490, and 480 nm, respectively. These I" values presents the yield of CI*
from the photodissociation of ICI(B*IL,,) state only due to parallel transition.

°The yields of CI* are 41, 58, 66, 73, 75, 76, 78,79, 77, 76, 77, 76, 75, 73, 71, and 58% for 437, 450, 455, 460, 465, 470, 475, 480, 485, 490, 495, 500, 505,
510, 520, 532 nm, respectively.

Ps*/5=0.20%+0.04 is the ratio of REMPI signals of CI* and CI atoms at 237.808 and 236.286 nm, respectively.

9Rogers et al. have concluded from analysis of angular and velocity distributions of chlorine atoms that I*+Cl and C1*+I channels dominate over I+Cl and
I*+CI*.

"The B parameter is measured for each of the two channels: ICI—1*+CI1*/Cl, 30%, B=1.7 and ICI—I+CI*/Cl, 70%, B= —0.5.

*This previous value is incorrect.

'The yields of CI* are <2, <2, 14+2, and 45+4% for 600, 562, 478, and 355 nm, respectively.

“The speed distribution of CI* atoms and the speed dependence of the S parameter are obtained.

"The quantum yield of chlorine atoms (both Cl and CI¥) is determined.

“The signals of CI* and Cl atoms were of the same order of magnitude.

*The speed distributions of CI* atoms contains 3 peaks, at 2540, 1810, and 1075 m/s; B=0.68, 0.10, and 0.00-0.10, respectively.

YVibrational energy of CH;CI* is ~13800 cm™ .

“Vibrationally mediated photodissociation: the C—H stretch overtone level in the vibrationally excited molecule is shown.

AThe overall [i.e., CI*+Cl] quantum yield for chlorine atoms is 0.72,7° 0.8+0.20,** and 0.42+0.1."! See also references in the paper of Tyndall er al.*®®

BThe yields of CI* in the photodissociation of excited CHFCI, in 3,, 7/2,, and 4, vibrational states (vibrational energies are 8708, 9905, and 11387 cm ™)
are 34.2, 32.4, and 32.9%, respectively.

€B8=0.36=0.06, 0.43+0.05, and 0.34+0.04 for the photodissociation of excited CHECI, in 3,, 4, and 5, vibrational states.

PRelative values, reference comparison process is photodissociation of HCI.

EThe probabilities of CF,Cl+Br and CF,Br+Cl channels are 0.96 and 0.04, respectively.

FPhotolysis of C,H;CI at 193 and 210 nm: B,9;=0.30+0.02 and ,,,=0.32+0.2 for low-speed CI* atoms, B;93=1.09+0.2 and B,,,=0.96+0.2 for
high-speed Cl* atoms.

CDifferent velocity distributions for CI* and Cl are assumed. The assumption is based on photofragment spectroscopy results.*>#423

branching ratio depends quasiperiodically on vibrational en-
ergy of excited HCl molecule.*”® Another theoretical predic- concerted.**®3% Note that the velocity distributions for CI*
tion on the effect of parent vibration on the C1*/Cl branching and Cl photofragments may be very different, as it was ob-
ratio is presented by Gersonde et al.**® served for COCl, and CSCl,.

synchronously concerted and asynchronously

3.3.2. Isotope Effect in the Photodissociation of Chlorides
3.3.4. Vibrationally Mediated Photodissociation of Chlorides

In 1994, Deshmukh and Hess used REMPI techniques and
observed very large and ununderstandable isotope effects in
the photodissociation of CCl,, CHCl;, and Cl,.'%* Recently,
the result was checked by Maul e al.*'® for CCl,, and the
isotope effect was not observed at all, [*>CI*]/([*CI*]
=[33C1])/([¥'C1]=3. This fact put in doubt the existence of
the large isotope effects and hence all these data of Desh-
mukh and Hess.

The effect of vibrational excitation of polyatomic chlo-
rides on the C1*/Cl branching ratio in the photolysis of these
chlorides was studied by groups of Dagdigian ef al. and
Rosenwaks et al. Lambert and Dagdigian have shown that
the vibrational excitation in the fourth C—H stretch overtone
in CH;Cl greatly increases the C1*/CI branching ratio in the
photolysis near 238 nm, from 0.27 for unexcited to 1.08 for
an excited molecule.*®” The reason for this effect is unclear.
There was no detectable dependence of the CI1*/Cl ratio

3.3.3. Velocity Distributions of CI* in Three-Body Decay : o 267
upon rotational excitation of CH;CL.""" The degree of en-

The photoion imaging technique*? yields a great deal of
information on the photodissociation dynamics; recently, the
technique was used to study the photodissociation of several
chlorides (COCl,,** S,Cl,,*** SOCL,***) where three-body
decay is possible. The analysis of the velocity (speed and
angle) distributions of Cl* and Cl photofragments gave a
deeper insight into the dynamics of the photodissociation: it
includes not only information on the excited states which
participate in the process, but also on the mechanism of
three-body decay, which may be, in principle, sequential,

hancement of the signals of H atoms was much less than that
for CI atoms.**

Later, the C1*/Cl branching ratio was determined in the
photodissociation of vibrationally excited CH;CI,367:406:433
CHD,C1,*® CH;CFCl,,*® CHECI,,*%*! and CH,C1,*”’
(see Table 10). All these determinations may be summarized
as follows: the C1*/Cl ratio increases with vibrational exci-
tation, going to the statistical ratio [ C1*]/[Cl]=1/2 for all
these chlorides, except CH;Cl, where this ratio is higher.

Note that the C1*/Cl branching ratio measured in photo-
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dissociation of hydrogen-containing chlorides is often less
informative on the nature of the upper electronic state of the
transition, in comparison with photodissociation of iodides,
since almost normally the ratio is dictated by nonadiabatic
dynamics as the photofragments separate and not in the ini-
tial excitation.'7*%7

3.3.5. Kinetic Energy Distribution Determination by Infrared
Absorption Methods

The average kinetic energy of halogen atoms may be de-
termined from the Doppler width of the absorption lines of
the 2P, - 2P, transition by IR absorption methods. It is use-
ful to notice that this method may produce a very large error,
if the velocity distributions of X and X* atoms are different.

For example, the average kinetic energy of chlorine atoms
produced by the photolysis of S,Cl, was determined by
Park ef al. from the IR spectral widths to be 7*1 and
103 kcal/mol at 248 and 193 nm, respectively.®** Using a
three-dimensional variant of the ion imaging method, Einfeld
et al. have determined that the average kinetic energy of the
chlorine atoms produced by the photolysis of S,Cl, at 235
nm is much larger, 24 and 13 kcal/mol, for CI* and ClI,
respectively.*® This disagreement may be explained by the
speed distributions of the atoms: excited C1* atoms are much
faster than the ground state CI atoms.*** As a result, the IR
absorption on CI*—Cl transition is saturated for fast atoms
and hence only slow atoms contribute to the width of the IR
spectral lines.

3.3.6. MOCI—-MO(2II,)+CI¥/Cl (M=N,H): Correlation
of Spin-Orbit States of Products

Cao et al.®! have demonstrated that the absorption band
of NOCI consists of five bands; A and B bands correlate to
Cl1*+NO and Cl+NO*, C and D bands correlate to Cl
+NO, and the band E correlates to C14+NO*; here NO and
NO* denote ground state *Il;, and excited 2Il;, spin-
orbital states of NO. These correlations have been observed
experimentally and explained with the correlation diagram
analysis.

Offer and Balint-Kurti have predicted theoretically that in
the photodissociation of HOCI at the peak of absorption
maximum (244 nm), first, the C1*/Cl branching ratio is 0.45
for OH(*I15),) channel and 0.59 for OH(?I1,,) channel; sec-
ond, there is a strong variation of the C1*/CI ratio with the
rotational number j of OH.**

3.3.7. Aligned Molecules: Effect on the Yield of CI* Atoms

A strong nonresonant laser field may be used to align the
molecules due to the interaction of the induced dipole mo-
ment of the molecule with the electric field of the laser ra-
diation. The alignment may be studied by measurement of
the velocity anisotropy of the photofragments obtained in the
photodissociation of the aligned molecules.

In experiments of Sugita ef al.>” nonresonant Nd:YAG
radiation (1.06 wm) was used to align Cl, molecules and the
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degree of alignment was determined from the velocity an-
isotropy of the CI(*P5/,) atoms obtained from the photodis-
sociation of Cl, molecules at 404.17 nm,

Cly(X'S,.0=0)+hv—Cl(B’lI; ,Q=0)—CI+CI*

(26a)
—CL('II,,Q=1)—Cl+Cl.
(26b)
The branching ratio without alignment is @ /®

=2.0%=0.1, where @ and @, are quantum yields of chan-
nels (26a) and (26b), respectively. The B parameter for chan-
nel (26a) was found to be 1.4. It was demonstrated that the
ratio @ /® | increases by a factor of 1.5 with the power of
the Nd:YAG laser.

Note that the yield of CI* atoms in the UV photodissocia-
tion of Cl, was recently studied theoretically by Buenker
et al.** In this ab initio configuration interaction study, po-
tential energy curves for the X 12; ground state and
QZOM+ , 1, valence states and dipole moments for transi-
tions between these states were determined. The calculated
yield of CI* atoms as a function of excitation wavelength
was shown to be in good agreement with experimental re-
sults of Samartzis er al.'®?

3.4. Production of CI* Atoms in Chemical
Reactions

3.4.1. Reactions of I¥* Atoms with Cl, and ICI

Since the production of X* atoms in chemical reactions
has been reviewed by Dagdigian,’ here we discuss only some
processes. The data for CI* relative quantum yields from
chemical reactions are presented in Table 11, in all cases the
CI* atoms were detected by direct methods. As one can see
from Table 11, the reaction of I* with ICI is a new good
example of Y*+XZ—X*+YZ (X, Y, and Z are halogen
atoms) electronic-excitation-transfer reaction.

There is some doubt concerning the deactivation of I* by
Cl,,

I* + Cl,— CI* +ICI, (27a)
—Cl+ICl, (27b)
—1+Cl,. (27¢)

According to Lilenfeld er al., the fraction of channel (27b) is
about 1/3, and the main channel is (27c); that is, ko7,
=(55%20.8)X 1075, kyputkypptkyre=(1.7+0.7)x 1071
cm®/molecule- s, and k7> k,7, .>° However, Lilenfeld er al.
wrote: “...the rate constant k7, is the largest of the reactive
rate constants [although C1*(?P,,,) could be formed and de-
activated to CI(*P;,) before detection under these flow con-
ditions].” Hence, no strict conclusions may be drawn in this
situation on the yield of C1* atoms in the I* +Cl, process.
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TaBLE 11. Yields of CI* atoms from chemical reactions

Reaction [CI*]/([C+[CI*]) (%) Conditions Detection Reference
H+HCl—H, + CI*/Cl 6+3 Eg=1eV LIF VUV 436
7+1 Eg=l4eV LIF VUV 437
19+2 Eoy=17eV LIE VUV 437
H+DCl—HD+ CI*/Cl 6+2 Ey=10eV LIF VUV 438
7+1 E=14eV LIF VUV 438
16=1 Eg=17eV LIF VUV 438
O('D)+HCl— OH+ CI*/Cl 16.6£4 E.,=0.330eV REMPI 439
19+4 T=300 K LMR 440
0('D) +DCl— 0D+ CI*/Cl 1533 E,=0334eV  REMPI 439
204 T=300 K LMR 441
0('D) + Cl,—ClO+CI#/Cl <3 E.,=0382eV  REMPI 439
<5° T=300 K LMR 440
0O('D)+COClL,— CI*/Cl+... <I10* T=300K LMR 440
I*+ICl—1,+CI*/Cl 60+ 15 T=300 K ARA IR 200
I*+ Cl,—ICl+ CI*/Cl <50° T=300 K SE IR/SS 56

“Upper limit. No CI* observed.
bSee text.

3.4.2. R-E Energy Exchange: Nonadiabatic Transitions
in the Exit Channel

Let us discuss the reactions A+ HCl—CI*/Cl+ AH,
where A is an atom. The correlation diagrams for
A=0('D) and F are presented in studies™**? and
studies,>®"* respectively; for A=H the diagram is given in
many papers devoted to F+H, and Cl+H, reactions. In all
these cases the reaction proceeds via the ground potential
energy surface which correlates with ground state CI atoms
as products of the reactions. The exception is the reaction
O('D)+HCI, but the available excited state 'A” of HOCI
molecule also correlates with OH+ CI(*P5),). Thus, in the
adiabatic limit the [ C1*]/[ C1] branching ratio must be zero;
hence, the production of the X* atoms is due to nonadiabatic
transitions. These transitions must take place in the exit
channel region at large distances between the products of the
reaction, where the energy difference between the surfaces
correlating to Cl and CI* is minimal.** It is interesting to
note that this large-distance interaction is rather efficient in
the case of interaction of chlorine atoms with several hy-
drides.

As discussed above, it is established that many C1* +HA
deactivation processes (HA=HF, DF, HCIl, DCl, H,O0,...)
occur via rather quick electronic-rotational E-R energy
transfer. It is tempting to propose that an efficient E-R en-
ergy exchange for CI* atoms plays the same key role as E-V
energy exchange for Br* and I* atoms; that is, not only these
deactivation processes but also the production of CI* atoms
in several chemical reactions [O(lD) +HCLF+HCI,...] and
from several photodissociation processes (HOCl+hv,...)
occur via nonadiabatic E-R energy exchange.

Thus, the yields of CI* atoms in the O('D)+HCI(DCI)
reactions via E-R energy exchange OH(j)+Cl—OH(j")
+CI* due to long-range dipole—quadrupole interaction be-
tween OH(OD) and CI were estimated.**? These yields were
found to be in agreement with experimental results for the
O('D)+HCI reaction, but a significant disagreement was
found for the O('D)+ DCI reaction.

4. Excited Bromine Atoms Br*(2P,,)

4.1. Collisional Deactivation of Br* Atoms
at T=300 K

The data for the collisional deactivation of Br* at room
temperature are presented in Table 12. From the table it can
be seen that the studies of collisional deactivation of Br*
may be divided into three groups. The first is a broad study
from 1970 by Donovan and Husain by means of flash
photolysis-atomic resonance absorption in the vacuum ultra-
violet (ARA VUV).! 7386444445 The second group is made
before 1980 and consists of numerous studies of different
authors who mainly used detection of spontaneous infrared
emission from Br* atoms (SE IR); the third group is the
study of Johnson, Perram, and Roh in 1996.4% The results of
the first group usually are unreliable and in strong disagree-
ment with all later measurements.

4.1.1. The Study of Johnson, Perram, and Roh

Most of the recent data on collisional deactivation of Br*
was obtained in the study of Johnson, Perram, and Roh.**® In
the study, pulsed lifetime measurements yielded absolute rate
constants for the Br* +Br, and Br*+ CO, deactivation pro-
cesses, and the rates for many other gases relative to that for
Br, (kp,,=1.24X 107" cm*/molecule-s), were determined
in steady-state photolysis experiments.

Note also that, according to Johnson ef al., the lowest
quenching rate constants (Br*+He, Ne, Ar, Kr, Xe, O,)
should be regarded as upper bounds to the true value. One
can estimate that the measured lowest values may be ex-
plained either by impurities in the buffer gases, by trimolecu-
lar relaxation Br* +Br+M— Br,+M, or by bimolecular re-
laxation Br*+Br—2 Br; these estimates are based on
the rather short experimentally observed lifetime of Br*
and on the rather large degree of decomposition of Br,.
Note that such a situation is not rare; for example, the rate
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constant for I* + Cl, deactivation was overestimated by sev-
eral authors because of neglecting the contribution from the
I* + Cl—1I+ Cl quenching process.?*®

4.1.2. Br¥*+H, Studies

Nesbitt and Leone have carefully studied the quenching of
Br* atoms by H,.* It was found that this process must be
studied in the absence of complicating effects which can
arise from the previously unreported equilibrium process

Br¥*+H,(v=0)=ZBr+H,(v=1). (28)

Nesbitt and Leone inspected the experimental conditions in
the previously reported studies®®**3#4 of this process and
concluded that this equilibrium is probably responsible for
the large discrepancies in these early measurements.

Truhlar et al. have confirmed by converged quantum reac-
tive scattering calculations that the deactivation of Br* by H,
proceeds mainly via the near-resonant E-V energy transfer
(28).49-%! The same conclusion was obtained by Miller
et al.¥**3 Later, using a (2X2) diabatic model originally
developed by Truhlar and co-workers, Takayanagi and Kuro-
saki have found that the contribution of the chemical reaction
Br* +H,—HBr+H is small.***

Nesbitt and Leone also concluded, that Br* + Hy,(v=1) is
efficiently quenched to Br+H,(v=2) in the entrance chan-
nel, followed by a subsequent H atom abstraction from vi-
brationally excited H,:

Br*(*P;,) + Hy(v=1)—[Br(*P3) - ‘Hy(v = 2)]—>HBH‘(§9-)

Ab initio calculations for the Br---H, prereactive complex
have been published recently by Klos er al.*

4.1.3. Selective Spin-Orbit Effect: Reactions of Br* with IBr

The relative reactivity of Br* and Br atoms in collisions
with IBr,

Br+1Br—I+Br,, (30)
Br* + IBr— I+ Br, ,Br+IBr, (31)

was first correctly established by Clyne and Cruse*® and by
Haugen et al.*’ The ground state reaction (30) (ks
=4.6X10" “,457 3.5% 10”1 cm?/molecule- s205) proceeds at
a rate =18 times faster than the rate of the total Br* deacti-
vation, k3,=1.9X 1072 cm*/molecule- s. This fact is impor-
tant for the development of a Br*—Br laser based on the
photolysis of IBr, since the selective ground state depletion
significantly enhances the laser gain.

4.1.4. E-V Energy Transfer

It is well established that deactivation of Br* and I* atoms
by polyatomic molecules usually occurs via electronic to vi-
brational E-V energy transfer. Originally such processes
were discussed in terms of two possible mechanisms: near-
resonance long-range multipolar interactions and nonadia-
batic curve crossings (see discussion in Sec. 6.2). The tem-
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perature dependence of the deactivation rate constants must
be negative in the first case and may be different in the
second. In experiments of Reisler and Wittig*®** a negative
temperature dependence for the Br* + CO, deactivation was
measured; thus, a dominance of the near-resonance long-
range multipolar interaction mechanism is possible. In the
case of Br*+ HCI the rate constant is nearly independent of
temperature, and the energy defect for £-V energy transfer is
large (789 cm™").*3% Hence the curve-crossing mechanism
is likely to be responsible for the deactivation of Br* by HCI.

4.2. Production of Br* Atoms by Photolysis

The data for Br* relative quantum yields and 3 parameters
are presented in Table 13 in chronological order for each
parent molecule M. In addition to the table, we should men-
tion the work of Dzvonik et al. in which several rare mol-
ecules (1-naphthyl bromide, 4-biphenyl bromide, 9-anthracyl
bromide) have been studied by TOF-MS at broadband (240—
340 nm) photolysis and the 8 parameters have been obtained
for all of them.” As one can see from the table, the most
studied parent molecules are HBr, IBr, and Br, molecules,
and REMPI remains the most informative and popular detec-
tion method. To the knowledge of the author bromine atoms
have not yet been detected by two-photon laser-induced fluo-
rescence (TP-LIF).

4.2.1. Photodissociation of IBr

The photodissociation of IBr is well
studied30-%146:217483.484.487-489.508 1y 4 now it is one of bench-
mark photodissociation processes. Note that the correlation
diagram for the photodissociation of low-lying states of IBr
have two crossings, the first (lowest) one changes the Br*/Br
branching ratio, and the second one is responsible for the
transition between the Br¥*+1 and Br+I* energy
surfaces. #3848

In the wavelength range 440—685 nm, the most complete
photodissociation study (the dependences of the Br*/Br
branching ratio and of the anisotropy parameter 8 on the
excitation wavelength) using the velocity map imaging
technique was reported recently by Wrede et al.*® The B
parameter dependence allowed the mapping of the partial
cross sections for parallel (AQ=0) and perpendicular
(AQ==1) absorptions and thus the deconvolution of the
IBr absorption spectrum into contributions associated with
excitation from the X'3*(0") ground state to the A°II(1),
B3TI(0") and 'TI(1) excited states. Such analyses of the
absorption spectrum of IBr, taken together with previous
spectroscopic data for the bound levels supported by the A
and B state potentials, has allowed the determination of the
potential energy curves and transition moments to each of
these excited states.

The IBr molecules initially excited to the B state dissociate
diabatically to I+Br* and adiabatically to I+ Br products.
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TABLE 12. Summary of Br* deactivation rate constant (k) determinations at 300 K [powers of 10 in parentheses, (a=b)(—c)=(a®b)X10 ]

k
M (cm*/molecule-s) Detection Reference
H <1(-12) EPR 155
He (1.6+0.3)(— 14)* SE IR 446
Ne (1.120.3)(— 14)* SE IR 446
Ar <2(—16) AKS VUV 1
(6.0+0.4)(—15)* SE IR 446
Br 1.6(—11) AKS VUV 86
<3(—12) EPR 155, 460
Kr (5.9%0.2)(— 15)* SE IR 446
I 1.5(—11) ARA IR 201
Xe (7.5+0.5)(— 15)* SE IR 446
H, 47(—12) AKS VUV 445
(1.8+0.2)(—11) ARA VUV 88
(2.7+0.3)(—12)° SE IR 448
(63=1)(—12) SE IR 447
(2.35+0.22)(— 12) SE IR 446
Hy(v=1) (6.0%3)(—12)¢ SE IR 447
D, 5.7(—12) AKS VUV 445
(1.8+0.2)(—12) ARA VUV 88
(6.7+0.4)(—13)° SE IR 448
(7.0+0.6)(— 13) SE IR 447
(9.7+0.6)(—13) SE IR 446
HD (3.6+0.5)(—11) ARA VUV 88
(6.4%+0.3)(—12)° SE IR 448
HF (3.4+0.6)(—11) Fl IR CP 461
HCl (8.6+0.7)(—12) SE IR 462
(83+1—4.2)(—12)¢ SE IR, FI IR CP 462
e LA IR CP 93
(8.6=0.4)(—12)f SE IR 458
(1.7120.2)(—11) SE IR 446
HBr (1.120.1)(—12) AKS VUV 86
(1.38+0.2)(—12) SE IR 462
(7.1%3.5)(—13)¢ SE IR, FI IR CP 462
(3.48+0.19)(— 12) SE IR 446
HI 2.5(—12) Fl IR RP 87
(9.0£0.5)(—12) SE IR 446
Cco 1.2(—15) AKS VUV 463
7.3(—15) AKS VUV 445
(1.08%0.05)(— 14) SE IR 448
(1.2+0.1)(— 14) SE IR 446
N, 2.5(—15) AKS VUV 445
(1.4%0.07)(— 14) SE IR 446
NO 47(—-11) AKS VUV 445
(1.9%0.6)(—12) Br-laser 91
(53%20.9)(—12)8 Fl IR CP 223
(1.9+0.2)(—12) SE IR, IR Fl 464
(2.39%0.10)(— 12) SE IR 446
0, 3.4(—11) AKS VUV 1
(6.4+1.8)(—14) Br-laser 91
154 04(—15) AS-FCL 465
(3.3%1.4)(—15)* SE IR 446
Cl, (22+1.4)(—14) SE IR 466
BrCl (2.9+1.4)(—14) SE IR 466
Br, 1.9(—11) AKS VUV 1
(7.9%0.8)(—13) SE IR 462
(1.0£0.2)(— 12) Fl IR CP 461
(1.2%0.3)(— 12) Fl IR CP 467
(7.8+0.9)(—13) SE IR, FI IR CP 468
(8.0+0.8)(—13) ARA VUV 469
(9.3+1.9)(—13) FI IR CP" 470
(4.7+0.4)(—13) SE IR 466
(1.0£0.1)(—12) SE IR 471
(1.24%0.08)(— 12) SE IR 446
ICI (9+4)(—13) SE IR 466
IBr 3(-12) ARA VUV 472
(1.00%0.14)(— 12) SE IR 466
2+1)(—12) ARA IR 97
(1.9%0.4)(—12) AS-FCL 457
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TABLE 12. Summary of Br¥ deactivation rate constant (k) determinations at 300 K [powers of 10 in parentheses, (a£b)(—c)=(a*xb)X 10 “]—Continued

A. . CHICHININ

k
M (cm®/molecule-s) Detection Reference

3.7(—12) ARA IR 473

L (1.86-0.37)(— 12) SE IR 466

H,0 3.2(—11) AKS VUV 445
(62+12)(—11) Fl IR CP" 470
(5.120.3)(—11) AS-FCL 465

HDO (1.9+0.4)(—11) AS-FCL 465

D,0 9.6(—12) AKS VUV 445
(22+04)(—12) AS-FCL 465

H,S (6.2+1.6)(—13) ARA IR 474
(8.0 1.1)(—12) SE IR 446

HCN (20+0.2)(— 11)¥ Fl IR CP 467
(1.8+0.4)(—11)! Fl IR CP 467

N,O (2.6+0.8)(—12) SE IR, F1 IR CP 219-221
(3.1+20.9)(— 12) SE IR 471
(2.79%0.21)(— 12) SE IR 446

NO, (0.5320.27)(— 12) SE IR 446

Co, (1.5+0.1)(— 1™ SE IR, F1 IR CP 219-221
(1.5+0.1)(—11) SE IR, F1 IR CP 468
(1.5+0.6)(— 1)f Fl IR CP 458, 459
(1.5+0.2)(— 11" AS-DL CP 104
(1.3220.03)(— 11) SE IR 446

Bco, (7.120.3)(—12)f FI IR CP 459

Ccos (1.4+0.1)(—12) SE IR, FI IR CP 468
(1.59+0.05)(— 12) SE IR 446

SO, (1.1+£0.2)(—13) Fl IR CP° 106
(3.6+0.4)(—13) SE IR 446

CS, (1.1+0.1)(—12) SE IR, Fl IR CP 468

BrCN (4.1£3.0)(— 12) AS-FCL 18

NOBr (1.5£02)(—11) IR FI 475

CH, 42(-12) AKS VUV 445
(2.39+0.05)(— 12) SE IR 446

CH;F P LA IR CP 476, 477

CH;Br (7.7+0.7)(— 12) ARA VUV 89

CH,I (1.9+0.1)(—11) ARA VUV 469

CD;I (1.4+0.1)(—12) ARA VUV 469

CF, 2.1(—13) AKS VUV 445
(0.62+0.006)(— 12) SE IR 446

CF,Br (4.95+0.15)(— 14) AKS VUV 86
(1.2+0.2)(—13) ARA VUV 89
(1.2+0.3)(—13) ARA IR 474

SF, (9.0+4.8)(— 14) SE IR 446

C,H;Br (1.21+0.08)(—11) ARA VUV 89

C,FsBr (2.7+0.4)(—13) ARA VUV 89

C,Hg (1.99+0.052)(— 11) AS-FCL 18

C;HgBr, ~10(—10) q 478

n-C3F;Br (3.8+0.3)(—13) ARA VUV 89

C,F;l (4.6)(—13) SE IR 204

“Upper bound to the true value.

"The lower limit to the number of vibrational quanta excited per Br* deactivation is 0.60%0.11, 0.78=0.22, and 0.094%+0.033 for H,, D,, and HD,
respectively.**$

“The rate for the Br*+H,(v=1)—HBr(v=0)+H reaction.

9The rate constant for the Br¥*+HX—Br+HX(v=1) energy exchange.

‘Br*+HCl—Br+HCI energy transfer: E—V(78%), E—R(16%), E—T(6%).

fQuenching rate constants at 300—600 K are obtained.

8~84% of the E-V transfer collisions excite NO(v=2).

"Br#+H,0—Br+H,0(v;,v5).

iReaction only.

IThe deactivation rate constants are 1.1, 2.7, 3.7, 7.8, and 35X 10~ ' cm*/molecule-s for T=6, 21, 24, 36, and 48 °C, respectively.
*Br¥*+HCN—Br+HCN(001): (1.820.4)x 10™"" cm¥molecule-s.

'The rate for the Br¥-+HCN—Br+HCN(001) channel.

"Br#*+CO,—Br+CO,(v;): (5.6+2.8) X 1072 cm*/molecule-s, 40% of the total quenching rate.

"Br¥+CO,—Br+C0,(10°1): 66% of the total quenching rate.

°Br#*+S80,—Br+S0,(1,=1)/SO5(r;=1). vy (AE=480cm™!) is excited preferentially despite the existence of the more resonant », mode
(AE=270cm™").

PThe reactive rate constant for Br*+CH;F—HBr+CH,F is 10726*%% exp[—(10100/RT)] cm*/molecule-s at 60—200 °C. Vibrational excitation of CH;F
accelerates the reaction Br+CH;F and does not influence the reaction Br*+CH;F.

90btained by absorption of the reaction product at 460—-530 nm.
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TABLE 13. Summary of Br* relative quantum yield and S parameter determinations from photodissociation

M \* (nm) [Br*]/([Br]+[Br*]) (%)* B Detection Reference
HBr 193 ~15 FI IR CP PF 95, 479
193 14 -1.0 TOF-MS PP’ 480, 481
193 15.25+2.1 0.00%0.10 REMPI PF(H) 108
205 1525+ 1.4 0.68+0.16 HR-TOF 482
205 1736+ 1.4 1.50+0.17 HR-TOF 482
205 15.97+2.1 0.60+0.50 HR-TOF 107
205 15.25+423 0.38+0.30 REMPI PF 108
201-253 13.8-23.1 0.1-2.0 HR-TOF 107
210-242 15.8-18.6 0.68-1.51 ¢
243 10.7 2.00 DI 105
243 16.67+2.1 2.00+0.70 HR-TOF 107
243 16.67+2.1 1.96+0.05 REMPI PF 108
193 —0.21%+0.10 REMPU/I 169
(HBr),, n~9 243 15.25+2.1 2.00+0.10 REMPI PF 108
193 14.53+2.2 —0.20%0.15 REMPI PF 108
BrO 235 25 1.5+0.1 REMPI 372
BrCl 235-262 ~100¢ 2.0+0.1 REMPI/I 380
320-410 ~0¢ REMPI/I 380
>400 ~0¢ REMPI/I 380
235 0.58+0.05 REMPI/I 166
235 1.98+0.05 REMPU/I 166
Br, 444530 e Fl IR CP 483
434-511 7-37" ARA VUV PF 90
445-530 44-87¢ AS-FCL 484
510-550 86—12 AS-FCL 103
360—430 ~0 REMPI/I 485
430-500 ~50 ~1.5" REMPI/I 485
265 50%5" -0.8+0.1 REMPU/I 486
234 50 —1.0+0.05 REMPI/I 181
265 47 —0.8+0.05 REMPI/I 181
IBr 480-530 2861 TOE-MS 92, 487
450-530 28-73k AS-FCL 484
444-570 e Fl IR CP 483
304 22! -0.7 REMPI 146
248 836! -0.97 REMPI 488
267 60+3! —0.85+0.1 REMPI 488
304 26+ 3! —0.64 REMPI 488
262.5 ! —0.74=0.1 REMPI 488
440-685 75-12 ~om REMPI/I 489
BrCN 193 30.6£0.41 AS-FCL 18
193-248 n n LIF PF 490
206-260 0-100° 1.0+0.2 LIF PF 491
NOBr 231.98 90P 0.92 REMPI, REMPI PF 101
266 90P 1.14 REMPI, REMPI PF 101
355 90P 1.57 REMPI, REMPI PF 101
355 q 1.95+0.2 REMPI PF 187
CH;Br r 15+12 ARA VUV 89
205 ~1-2 REMPI/I 492
215-229 1.86—1.94° REMPI/I 493
218-245 40-61" REMPI/I PF 493
243-277 1.2-1.4" REMPI PF 102
234 REMPI/I 494
267 30.3 m REMPI/I 494
CH,BrCl 193 1.2+0.4Y TOE-MS 495
248 1.6+0.4" TOF-MS 495
248-269 9-16" 1.3-1.5% REMPI 496
234 35+3 1.5+0.1 REMPI/I 497
CF;Br r 66+7 ARA VUV 89
193 56+5 SE IR 94
r =33 AKS VUV 86
234 80*5 1.83%0.05 REMPU/I 498
CF,CIBr* 234 29.1+25 1.6+0.1 REMPI/I 164
267 m REMPI/I 499
CH,Br, 234 24 REMPI 167
267 29 REMPI 167
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TABLE 13. Summary of Br* relative quantum yield and S parameter determinations from photodissociation—Continued

M A\* (nm) [Br*/([Br]+[Br*]) (%)* B Detection Reference
CBICl, 234 31%1 —0.34 REMPI/I 165
265 68+2 1.43 REMPI/I 165
248 ~0 —0.4 TOF-MS PF 500
193 1.3 501
CF,Br, 234 28+2.5 0.65+0.03 REMPI/I 502
265 47+2 0.73%0.03 REMPI/I 502
CH,Bi1l 248 0.6+0.1 TOE-MS PF 503
210 0.6+0.3 TOF-MS PF 503
193 ~0 TOF-MS PF 503
CHBr, 193 ~0 TOF-MS 504
234 17 REMPI 167
267 30 REMPI 167
C,H,Br, 193 5.66+2.7 REMPI/I 505
C,H,Br r <10 ARA VUV 89
234 17 REMPI 167
267 31 REMPI 167
234 28.6 REMPI 170
267 33.8 REMPI 170
CH,BrCH,CI 266 25+15 0.8+0.2 TOE-MS PF 109
1,2-C,H,Br, 234 14 REMPI 167
267 18 REMPI 167
C,FsBr 193 168 SE IR 94
' 48+2 ARA VUV 89
1,2-C,F,IBr 193 7+58 SE IR 94
193 38+12¢ SE IR 506
193 1.85° TOF-MS 134
C,HsBr 234 66+5 0.37 REMPI/I 420
n-C;H;Br 234 35.6 REMPI 170
267 29.4 REMPI 170
n-C,F;Br ' <10 ARA VUV 89
n-C,HyBr 234 42.8 REMPI 170
267 34.1 REMPI 170
1,4-C,HgBr, 234 31 REMPI 168
267 20 REMPI 168
n-CsHy Br 234 44.7 REMPI 170
267 25.7 REMPI 170

“The photolysis wavelength \ (or the range for \) and yield of Br* (or the range for the yields) are presented. I'~0 means “below the detection limit.”
®Velocity-aligned Doppler spectroscopy (VADS) of H atoms.

“Private communication from Lacombe et al., the data from this work are shown by Poilly and Monnerville:*" the yields of Br* are 18.6, 15.8, 15.8, 15.8,
and 17.4%, the B parameters are 0.676, 0.866, 1.310, 1.204, and 1.507 for 209, 214, 220, 224.6, and 242 nm, respectively.

4At 235-262 and at 320—410 nm, the main products are Cl+Br* and Cl+Br, respectively.*s

“Only the relative yield of Br* is obtained.

fARA VUV was used to detect Br(>P5,) at 148.9 nm. The yields of Br* are 7.15, 6.01, 12.9, 11.6, 20.3, 14.9, 19.0, 26.2, 36.0, 27.2, 30.0, 30.7, 29.8, 38.9, 37.4,
35.0, and 36.3% for 434, 438, 444, 448, 451, 453, 458, 463, 468, 468, 472, 472, 477, 482, 492, 502, and 511 nm.

€The yields of Br* are 44, 49, 62, 67, 74, 78, 83, 84, 87, 83, 67, 61, and 40% for 445, 450, 460, 466, 470, 475, 480, 490, 500, 510, 518, 520, and 530 nm,
respectively.

hB~1.5 and 450 nm, declining to 8~0.6 at the longest excitation wavelength (500 nm).

iThe upper limits for Br,—Br+Br and Br,—Br*+Br* channels were below 5% and 10%, respectively.

IThe yields of Br* are 61.3, 49.3, 38.9, 35.1, 29.9, and 28.2% for 530, 520, 510, 500, 490, and 480 nm, respectively. These I" values present the yields of Br¥*
from the photodissociation of IBr(B3I1,,) state only due to a parallel transition.

*The yields of Br* are 28, 30, 33, 36, 44, 46, 54, 62, 68, 73, 72, 71, and 68% for 450, 455, 457, 460, 465, 470, 475, 480, 490, 500, 510, 520, and 530 nm,
respectively.

"The I*+Br* channel was below the detection limit, <1%.

"The speed dependence of the 8 parameter was obtained.

"Vibrational and rotational state distributions for CN radicals were obtained for 193, 202, 220, 242, and 248 nm.

°The B parameter is 1.0=0.2 for 209.4 and 248 nm. The yield of Br* is determined for different rotational states of CN at 206.1, 209.4, 222, 248, and 260
nm. Unequal populations in the F'; and F, spin-rotation components of CN have been observed.

PRelative yields for Br*/Br were obtained by comparing the REMPI line intensities with those from the work of Cao ef al.'®’

9As the rotation qantum number for NO fragments increases from 55.5 to 61.5, the yield of Br* falls from ~1 to ~0.5.'8

"Broad band photolysis.

*B=1.86+0.15, 1.91%0.05, and 1.94%0.05 for 215.00, 220.14, and 229.22 nm, respectively.

'The yields of Br* atoms are 61, 54, 46, 50, 48, 47, 40, 41, 48, 54, 50, 54, 50, 46, and 46 (£5)% for 218, 220, 222.25, 220.50, 220.75, 221, 222, 223, 224,
225, 226, 230, 235, 240, and 245 nm, respectively.

“The B parameters for Br* atoms are 1.4+0.2, 1.3+0.08, 1.220.2, 1.3*0.1, and 1.2%0.2 for 243.52, 251.00, 264.95, 266.71, and 277.74 nm, respectively.
However, the B parameters are 1.88+0.04 and 1.9+0.1 at 251.00 nm for Br*+CH;(»,=0) and Br*+CH;(»,=1) channels, respectively.
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“The S parameters were measured for Br(*P,,, , >P;,) atoms. Most of the atoms are assumed to be in ’P,, state.
“The yields of Br* atoms are 9, 16, and 14 (£10)% for 267, 261.5, and 248.5 nm, respectively; the B parameters for Br* atoms are 1.5, 1.4, 1.4, 1.4, and 1.3

(£0.2) for 248.5, 262.5, 264.9, 266.7, 268.8 nm, respectively.

AThe probabilities of CF,Cl+Br*/Br and CF,Br+CI*/Cl channels are 0.96 and 0.04+ 0.1, respectively.

BThe absolute yield of Br* is shown.

CAccording to Wight and Leone, ® the yield of Br* is 0.14+0.04. According to Krajnovitch et al.,'** the yield of Br* and Br atoms is 0.37; hence the relative

yield of Br* is 0.38+0.12.
DBr* and Br atoms were not distinguished.

The experimentally obtained nonzero Br*/Br branching ra-
tios are due to nonadiabatic transitions B3II(0™)
—Y337(0"), at the first (lower) curve crossing. These tran-
sitions have been well described by a one-dimensional
Landau—Zener model *>487:489:509

Also, REMPI studies were reported by Jung ef al.'*® and
by McGivern et al.*®® for photodissociation of IBr in the ul-
traviolet at 248, 266, and 304 nm. S parameters and relative
probabilities have been obtained for all three product chan-
nels, Br+1, Br¥+1, and Br+1I¥; the Br*+I* channel was
not observed, because it was below the detection limit. The
ultraviolet absorption spectrum of IBr has been decomposed
into three components, corresponding to the Il , 'II;,
and °I1, excited states. Also, nonadiabatic curve crossing
probabilities for the second (upper) curve crossing have
been determined for several wavelengths between 250 and
270 nm.*®

4.2.2. Photodissociation of HBr

The spectrum of HBr peaking around 185 nm is assigned
to a superposition of three transitions: two perpendicular
(X'ST—A'I,,a’,; B*=—1) and one parallel (X'3™"
—a®Ily+, B=2). Here B* and B correspond to Br* and Br,
respectively. The perpendicular transitions correlate to Br,
while the parallel one correlates to Br*.>1*3!! Another source
of Br* atoms is the nonadiabatic transition 'IT, —33 " oc-
curring at large internuclear distances. This nonadiabatic
transition is unimportant at 248 nm, hence B%(248)~2; at
193 nm the probability of the nonadiabatic transition in-
creases, hence the Br* atoms are produced directly via
a’Ily+ state and also via the nonadiabatic transition; as a
result, B5;~0.""®

Note that Xu et al. have reported the value By~ —
which contradicts the value B7y;=~0=0.1 reported later by
Baumfalk er al.'® Although the result of Xu et al. was con-
firmed by calculations of Pouilly and Monnerville,5 12 we rec-
ommend the result of Baumfalk et al.: one can easily see
from Fig. 3 of paper of Xu et al., that in reality the value
Bio; was measured with very large uncertainty, ~—1*1;
hence, there is no large contradiction.

Only a few theoretical studies exist concerning the photo-
dissociation of HBr. Predictions on the wavelength depen-
dencies of the B parameter and the ratio Br*/Br for vibra-

tionally excited HBr(v=0,1,2) are presented by Poilly
ot al 512513

1,481

4.2.3. Photodissociation of Br,

The absorption spectrum of Br, has continuous bands with
two peak maxima at 225 and 420 nm; the correlation dia-
gram is given, for example, by Jung et al.*3®

Photolysis of Br, near A =500 nm produces nearly equal
proportions of Br and Br* via the repulsive limb of the
B3I1,(0,) electronic state. The quantum yield of Br* peaks
at 87% for A=500 nm and decreases to 30% at A =440 nm
due to the absorption to the repulsive 'TI,(1,) state.*** The
experimental yields of Br* are in excellent agreement with
the calculations of Le Roy eral.’™ except for the long-
wavelength region.

Jung et al. have found that the spectrum around 225 nm is
mainly due to the perpendicular transition X 12;
—>32: (1,), which produces Br*+Br products.**® The
small relative contribution of the parallel component was
found to be X;=0.07 from the standard relationships
B=pX+B. X, ., X;+X, =1, where §,=2 and B, =—1.

4.3. Production of Br* Atoms in Chemical
Reactions and V-E Energy Exchange Processes

4.3.1. Reactions of I* and F* Atoms with Br,

Since the production of X* atoms in chemical reactions
has been reviewed by Dagdigian,’ here we discuss only some
doubtful processes. No Br* atoms have been observed by
Argawalla ef al. in the reaction of F*/F atoms with Br,,>"
which puts in doubt the results of experiments with photo-
dissociation of WFy and UFg of Gordon er al.,’’ in which
quick reaction F*+ Br,— BrF+ Br* was assumed.

Also, there is some doubt concerning the deactivation of
I* by Br,,

I* +Br,— Br* +1Br, (32a)
— Br+1Br, (32b)
—I+Br;,. (32¢)

According to Hofmann and Leone, the probability of channel
(32a) is 15+5% only.”™ Since a large yield of Br* atoms
was confirmed in several studies (see Table 14) that is,
k3,2 k3o, , the main process must be the physical quenching
channel (32c). But, according to Wiesenfeld and Wolk,** the
probabilities of channels (32a), (32b), and (32¢) differ from
that, they are 72+ 18%, 18*+18%, and 10*10%, respec-
tively. Hence, the deactivation of I* with Br, occurs mainly
via an adiabatic reaction leading to Br* + Brl. These last data
have been confirmed by Gordon ef al., who measured the

J. Phys. Chem. Ref. Data, Vol. 35, No. 2, 2006



898 A. . CHICHININ

TABLE 14. Yields of Br* atoms from chemical reactions

Reaction [Br*]/([Br*]+[Br]) (%) Detection Reference
H+ BrCl—HCI+ Br*/Br <0.4° SE IR 519
H+ Br,— HBr+ Br*/Br <1° SE IR 520
1.5+0.4 SE IR 521
H+ HBr— H, + Br¥/Br <13 SE IR 521
H+ IBr— HI+ Br¥/Br <8 ARAIR 474
F+HBr— HF+ Br#*/Br 6.5+3 SE IR 522
9.1+4° SE IR 523
53+04 LIF VUV 96
F+ DBr— DF+ Br*/Br 1+0.16 LIF VUV 96
F+ Br,— BrF+Br#/Br <1 SE IR 515
>33 ARAIR 97
O+ Br,— BrO+ Br*/Br c ARA VUV 524
<4 EPR 460
O+ BrO— 0, +Br¥/Br <4 EPR 460
I* + Br,— IBr+ Br¥/Br 80+15 ARA VUV 469
d IS SE* 204
>85 ARAIR 212
86+10 ARAIR 97
I*+IBr—1,+ Br*/Br d IS SE* 204
50%10 ARAIR 201
Bri + M— Br#/Br+... e SE IR 525

“Upper limit. No Br* observed.

"However, the contribution from HFE(v = 1) + Br— Br* + HF cannot be ruled

out.523

‘Br* atoms detected, but the yield is not measured.

dAnalysis of the infrared emission from I* atoms. The fractions of the total
deactivation rate constants attributed to the reactive channel I* + M— Br*
+M’ are 155 and 13%=5%, for M=Br, and IBr, respectively.

°Bri denotes Br,(B 3l'[ou+). The rate constants for Bry + M— Br*+Br+M

are 2.9, 1.2, and 0.54, all in 10~ '° cm®/molecule- s units, for M=Br,, Xe,
and Ar, respectively.

probabilities for these channels to be 79* 10, 13*=10, and
8+3%, respectively.”” These last two sets of data are pref-
erable.

4.3.2. V-E Energy Exchange

The rate constant for the production of Br* atoms in en-
ergy exchange process

Br+HF(v=1)—Br*+HF(v=0) (33)

was determined by Quigley and Wolga,”'® from the analysis
of the kinetics of HF(v=1) fluorescence, and a value of
ky;=(3.1£1.5)X 1072 cm*/molecule- s has been reported.
The same method was used and almost the same value,
k_33=(3.420.6)x 10~ ' cm’/molecule-s, was obtained
later by Wodarczyk and Sakett for the reverse process.461 The
rate constant for the direct process (33) is related to the rate
constant for the reverse process through the detailed balance
relation,

k_33/k33=(83/812)exp(AE/KT), (34)

where g, is the degeneracy of the 2P, state, and
AE=—277 cm™ ! is the defect of resonance. Substituting the
appropriate values, one finds k_33/k33=0.53, hence the de-
tailed balance is obeyed within a factor of 2.4

The energy exchange process

J. Phys. Chem. Ref. Data, Vol. 35, No. 2, 2006

Br+HBr(v=1)—Br*+HBr(v=0) (35)

was studied by Karny and Katz>'” who observed IR emission

from Br*, and by Donovan et al.,5 1% who used ARA VUV.
The rate constants have been found as (2.2+0.2)x 10
and (1.6+0.7) X 10~ 2 cm3/molecule- s, respectively. Since
the work of Donovan et al. is indirect, and the authors of this
work claim that the data for process (35) are less accurate
than their other data, the data of Karny and Katz are prefer-
able. Note also, that the rate constant for process (35) may be
calculated from the detailed balance relation by using the
rate constant for the reverse process obtained by Leone and
Wodarczyk,*?  k_3s=(7.1=3.5)X 10~ "3 cm*/molecule- s.
Surprisingly, this calculated rate constant is 200 times
smaller than the rate constant of Karny and Katz.>!

5. Excited lodine Atoms I*(2P,,,)

5.1. Collisional Deactivation of I* Atoms
at T=300 K

The rate constants for the collisional deactivation of I* at
room temperature are listed in Tables 15 and 16 in chrono-
logical order for each quencher M.

5.1.1. Deactivation of I* by Halogen and Interhalogen Molecules

The rate constants for I* deactivation by Br,, Cl,, IBr,
and ICI reported by Donovan, Hathorn, and Husain*’? by the
ARA UV method differ significantly from the rate constants
determined by several other groups who used several differ-
ent methods. This disagreement may probably be explained
by an excess of I* atoms in the study of Husain er al.***

Hofmann and Leone have proposed that the deactivation
of I* by L,, Br,, Cl,, IBr, ICI, and BrCl occurs mainly via
reaction through the formation of a collisional intermediate
complex. Basic properties of these trihalogen complexes are:

(A) complexes containing iodine are more stable than
those containing only bromine and chlorine,

(B) the presence of chlorine atoms decreases the stability
of the complex,

(C) the most stable configuration has the most electroposi-
tive atom (I>Br>Cl) in the central position.204

5.1.2. E-V Energy Transfer: I*+HF

Coombe and Pritt have determined the fraction of the total
quenching of I* by HF that occurs due to E-V energy ex-
change processes121

I*+HF(v=0)—I+HF(v=2)+146cm™ !, (36)
I*+HF(v=0)—I+HF(v=1)—3641cm . (37)
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atoms at 300 K by atoms and diatomic molecules [powers of 10 in parentheses,

k
M (cm*/molecule-s) Detection Reference

He <5(—18) ARA UV 526

Cl 1.5(—11) SE IR 203
~2(—10) SE IR 527

Ar <2(—18) SE IR, ARA UV 528-530
<8(—15) GC Pp* 112, 531

I(>P) <1.6(—14) ARA UV 2, 530, 532
b SE VIS RP 136

I*(°P, ) ¢ SE VIS RP 136

Xe <1.6(—18) ARA UV 463

H, 8.8(—14) ARA UV 526
(8.8+2)(—14) GC PP* 112, 531
~4(—13) SE IR 528
2.15(—13) SE IR 533
(1.23%20.34)(—13)¢ ARA UV 534
(1.320.1)(—13) ARA UV 535
(12+0.1)(—13) ARA UV 536
(1.15£0.07)(— 13) SE IR 537
9.3(—14) AS-DL 137

D, 1.1(—13) ARA UV 526
2.2(—15) SE IR 528
(2.1+0.0)(—15)¢ ARA UV 534
(3.6+0.3)(—15) ARA UV 469
1.4(—15) SE IR 537

HD 3.0(—13) SE IR 537

HF 2.7(—12) e 538
BEDH(—12)f SE IR, ARA UV 539
(8.9%0.1)(—13) SE IR 540

DF <(LO550P)(—14) SE IR 540

Ccoe 1.2(—15) ARA UV 463
1.2(—15) SE IR 528

N, 2.1(—16) ARA UV 530
1.5(—16) SE IR 528
(42+4.2)(—16) GC Pp* 112, 531
(5.0=2)(—17)¢ ARA UV 534

NO 1.1(—11) ARA UV 463
(1.57+0.3)(— 12) ARA UV 535
(12+0.1)(—13) SE IR 541

HCI (1.5%0.5)(— 14) ARA UV 535
(6.5+0.9)(—15) SE IR, ARA UV 539
(1.52+0.12)(— 14) ARA UV 542
(1.4+0.24)(— 14) SE IR 541
1.5(—14) ARF VUV 543
(3.2%0.1)(—15) SE IR 540

DCI (4340.4—1.9)(—15) ARA UV 542
4.3(—15) ARF VUV 543

HBr (1.3+0.1)(—13) ARA UV 542
(1.580.07)(— 13) SE IR, ARA UV 539
(1.5+0.1)(—13)" ARA UV 119
(1.1+0.4)(—13) SE IR 541
(1.23+0.12)(— 13)! LIF VUV 544
1.3(—13) ARF VUV 543

DBr <(4.9%0.3)(—14) ARA UV 542
(3.1%0.2)(— 14" ARA UV 119
4.5(—14) ARF VUV 543

HI (1.320.2)(—13) ARA UV 526
(1.5+0.4)(—13) SE IR 545
(5x1)(—14) SE IR, ARA UV 539
(52+0.4)(—14) ARA UV 542
(1.520.2)(—13) ARA UV 546
5.2(—14) ARF VUV 543
(5.7 1)(—14) SE IR 547

DI (12+0.2)(—13) ARA UV 526
(5.0+0.2)(— 14) ARA UV 542
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TABLE 15. Rate constants for quenching of I* atoms at 300 K by atoms and diatomic molecules [powers of 10 in parentheses,
(axb)(—c)=(axb)X 10" ‘]—Continued

k
M (cm*/molecule-s) Detection Reference
5.0(—14) ARF VUV 543
0, 9.3(—12) ARA UV 463
2.7(—11) SE IR 234
(2.6=0.3)(—11) ARA UV 548
(2.520.8)(—11)¢ ARA UV 534
(2.5+0.3)(—11) ARA UV 549
(2.7%0.6)(—11) ARA IR 22
(2.67+0.1)(— 1D* SE IR 550
(2.120.1)(—11) SE IR 203
3.0(—11) AS-DL 137
(2.7+0.3)(—11) ARA UV 551
(42+1.4)(—11)" SE IR 552
(4.6=1.0)(—12)[T=150 K" SE IR 553
(7.0+0.7)(— 12)[T=150 K] SE IR, LIF VUV 147
0,('A) 2.7(—14) SE IR RP 234
2(—13) SE IR" 547
(1.120.3)(— 13)° SE IR" 554
NF(a'A) (5%£2)(—11)[T=448 K] Fl IR CP 555
F, (5%£3)(—14) SE IR 556
<8.7(—14) SE IR 557
CIF (1.3+0.3)(—13) SE IR 557
Cl, 2.1(—13)¢ ARA UV 472
1.3(—13) ARA UV 113
(1.7£0.2)(— 12) SE IR 204
(1.7+0.7)(— 14) SE IR/SS 56
(5.520.8)(—15)¢ SE IR/SS 56
8(—15) b
(2.020.1)(—14) SE IR 203
<8(—15) SE IR 527
BrCl (2.7+0.2)(—11) SE IR 204
IF (1.3%0.6)(— 11)[T=400 K] SE IR, ARA UV 557
Br, (15+0.2)(—12)¢ ARA UV 472
(6.0=0.4)(—11) SE IR 558
(5.2%0.3)(—11) SE IR 204
(5.620.2)(—11)9 ARA UV 536
IC1 3.4(—12)¢ ARA UV 472
2.4(—11) ARA UV 113
(23%0.2)(—11) SE IR 204
(3.320.4)(—11) SE IR 203
(1.5+0.5)(—11) SE IR/SS 56
(1.8%20.4)(—11) ARA IR 201
IBr 43(—12)¢ ARA UV 472
(6.6=0.3)(—11) SE IR 204
L' 5.0(—12) ARA UV 559
(6.9%0.17)(—11) GC PP* 112, 531
(1.1+0.8)(—11)¢ ARA UV 534
(3.120.1)(—11) ARF VUV 116
(3.620.3)(—11) ARA UV 549
(24%0.3)(—11) SE IR 560
(0.07—2.2)(—11)* SE IR 561
(3.820.25)(—11) SE IR 541
(3.120.5)(—11) SE IR 204
(3.020.1)(—11) SE IR 203
(5E1)(—11) ARA IR 160
(2.89+0.06)(— 11) AS-DL 562
(3.52045)(—11)! SE IR 552

The rate constants from two studies''>>! were multiplied by 16/5.7 (see text).

°The main channel is I*+I+M—1I} (B*II; )+ M, followed by chemiluminescence.

“The main channel is I*+I1+M—I¥(3A|,) + M, followed by chemiluminescence at around 655—685 nm.

9The temperature dependence of the deactivation rate constant at 295-410 K is obtained (see Table 17).

°The rate constant was extrapolated from shock tube experiments at 1200-3500 K.

The rate constant is wrong because of an error in the HF concentration determination, it has been remeasured in Pritt and Patel.*
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£The vibrational distribution of CO is 1.00:0.094:0.043 (v=1, v=2, v=3).5%

"The fractions of the reactive channel are 0.96+0.12 and 0.94+0.13 for HBr and DBr, respectively.

'A weak negative temperature dependence of the deactivation rate constants at 7=253-427 K was obtained.

According to Deakin et al.,**® this rate constant is incorrect due to the contribution of the I+0,('A)—I*+0, process.

XThe physical quenching rate constant was determined to be (0.9+4)X 10~ '? cm*molecule-s.

'Quenching rate constants at 295-600 K are obtained.

™This value is incorrect because of the nonstatistical population of the F=2,3 hyperfine sublevels of I* atoms obtained by photolysis of I, at 498 nm.'*
"Infrared emission from O,('3) was detected.

°Only the channel leading to 02(12)+I. The rate constants are 0.9, 1.1, 1.2, and 1.3 in 10”3 cm®*/molecule-s units for 7=268, 298, 320, and 353 K.
PPrivate communication of Houston, published in Lilenfield et al.>®

990+ 10% of the I*+Br, collisions result in chemical reaction, the yield of Br* is 80%.

"The deactivation of I* by I, results in vibrationally excited I}(X,25<v<43).%* It is interesting that this excited I} molecule may be dissociated by further
energy transfer from O,('A) on subsequent collisions.>®>

“The quenching rate constant is given by the expression 8- 10~ ! exp(—4.4- T/1000) cm*/molecule-s (7=293—1000 K).

7

TABLE 16. Rate constants at 300 K for quenching of I* atoms by polyatomic molecules [powers of 10 in parentheses, (a*b)(—c)=(a*b)*X107¢]

k
M (cm*/molecule-s) Detection Reference
H,0 9.4(—13) ARA UV 463
(7.2%1.6)(—13) ARA UV 535
(84=1.1)(—13) ARA UV 542
(2.5%0.5)(—12) ARA UV 549
(2.120.3)(—12) SE IR 566
(24+0.3)(—12) ARA UV 567
D,O (6.2+0.8)(— 14) ARA UV 463
(1.820.4)(—14) ARA UV 542
(43%0.6)(—14) ARA UV 549
(3.7%20.7)(— 14) SE IR 566
HDO (1.9%0.3)(—12) SE IR 566
HCN (6.8+0.7)(— 14) ARF VUV 543
(3.320.2)(— 14) ARA UV 141
(8.3+0.1)(—14) I-laser 141
Co, 1.3(—16) ARA UV 463
1.7(—16) SE IR 528
<4.3(—15) GC pp* 112, 531
(1.3%20.2)(— 16) ARA UV 549
N,O 1.3(—15) ARA UV 568
0, (1.1£0.1)(—11) ARA UV 551
SCO 1.6(—15) ARF VUV 543
CICN (1.2%0.1)(—15) ARA UV 569
NOCI 6.2(—12) ARA UV 568
(1.24%0.3)(— 10)® CT PP 570
BrCN (52+0.7)(—15) ARA UV 569
NOBr 9.6(—12) ARA UV 568
ICN 6.0(—14) ARA UV 568
(2.620.4)(— 14) ARA UV 569
Hgl, (45%20.2)(— 10)° SE IR 571
CH=CH (42+1.0)(—14)¢ ARA UV 534
H,0, (1.3%0.2)(— 16) ARA UV IR 549
(CN), (22+0.2)(—15) ARA UV 141
CF, (3.7+0.3)(— 12)° TR-SM IR 111
CH, 5.9(—14) ARA UV 463
(1.020.2)(—13) SE IR 528
(6.8)(—14)" GC PP* 572
(9.3+3.0)(—14)¢ ARA UV 534
(1.1£0.5)(—13) ARA UV 535
(9.7£0.3)(— 14)8 ARA UV 119
(9.4%0.4)(—14) ARF VUV 573
(7.52+0.12)(— 14) SE IR 574
CH;Cl (3.120.3)(— 13) ARA UV 575
CF;H 4.6(—14) ARA UV 463
CH,Cl, (1.28+0.08)(— 13) ARA UV 575
CF, 4.5(—15) ARA UV 463
4.6(—16) SE IR 528
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TABLE 16. Rate constants at 300 K for quenching of I* atoms by polyatomic molecules [powers of 10 in parentheses,
(axb)(—c)=(axb)X 10 “]—Continued
k
M (cm*/molecule-s) Detection Reference
CHCl, (5.7£0.3)(— 14) ARA UV 575
CH,I 1.23(—14)" TOF-MS 576
1.7(—12) ARA UV 5717, 578
<1.7(—=15)f ARA UV 578
<4(—14)! TR-MS PP 115
(2.6x£0.6)(—13) ARA UV 579, 580
(6.2x1.4)(—13) ARA UV 581
(5.7£0.6)(—13) ARA UV 546
(2.0x£1.0)(—13) I-laser 582
(2.6£0.2)(—13) ARA UV 536
§ ARA UV 583
(2.5%£04)(—13) SE IR, FI IR PF 126
(2.76£0.22)(—13) SE IR 574
(29%04)(—13) SE IR 584
CDsl (4.6x0.8)(—15) ARA UV 579, 580
(1.8£0.2)(—14) ARA UV 546
(1.020.2)(—14) ARA UV 585
CCIF (3.9£04)(—15) ARA UV 575
CCl, (2.3x0.3)(—15) ARA UV 575
CF;l ~3.7(—15) ARA UV 526
(3.5£0.6)(— 16) SE IR 528, 529
5.4(—17) SE IR 586
4.3-7)(—17) TR-SM VIS 114
(2.55)(—16) ARA IR 587
6(—17) TR-SM VIS 588
(3.3£0.5)(—17) ARA UV 585
(3.5£0.5)(—17) SE IR 574
CH,I, (3.6£0.3)(—13) SE IR, FI IR PF 126
(34x04)(—13) LOAT 589
CH,=CH, (7.0£1.2)(— 14) ARA UV 328
(2.3+0.5)(—13)¢ ARA UV 534
CH;0H (5.5%£0.8)(—12) ARA UV 567
CH;CN (1.2x0.1)(—13) ARA UV 141
(1.6x£0.1)(—13) I-laser 141
CD;CN (7.3£0.2)(— 14) I-laser 141
(5.3x£0.5)(—14) ARA UV 141
CF,=CHF (5.3=1.7(—14) ARA UV 328
CF,=CF, (3.7£0.1)(— 15) ARA UV 328
N=C-CF,I (9£2)(—16) ARA UV 585
SF¢ 3.1(—15) ARA UV 463
2.4(—17) SE IR 528
C,Hg (1.19%0.14)(—13) (T=60°C) GC pPp* 112, 531
(5.9)(—14)" GC pp* 572
(8.7£2.0)(—14)¢ ARA UV 534
C,Hsl (1.9%£0.2)(—13) ARA UV 578, 590
~3.2(—13) ARA UV 86, 590
(3.7£0.7)(—13) ARA UV 530
(6.2x£1.4)(—13) ARA UV 581
(6.1£0.3)(—13) ARA UV 546
(2.85£0.40)(—13) SE IR 574
(3.6£0.4)(—13) SE IR 584
C,Fq (0.8x£0.1)(—17) ARA UV 591
CF;CFHI (34x04)(—14) ARA UV 585
C,Fsl (1.8x£0.1)(—17) ARA UV 592
(2.1£0.2)(—17) ARA UV 585
C;Hg 1.6(—13) ARA UV 328
(3.8+0.8)(—13)¢ ARA UV 534
(025247, (—13)° CT PP 593
C,HsOH (8x£1)(—12) ARA UV 567
C,HsCN (1.3x£0.1)(—13) ARA UV 141
CH,=CHCH,Cl 1.3(—13) ARA UV 568
CH,=CHCH,Br 2.4(—13) ARA UV 568
CH,=CHCH,I 4.2(—13) ARA UV 568
i-C3H, 5(—13) ARA UV 546
C;Hg 5.7(—14) ARA UV 526, 530
(1.720.1)(—13) SE IR 528
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300 K for quenching

(axb)(—c)=(axb)X 10" ‘]—Continued

by polyatomic

molecules [powers of 10 in parentheses,

k
M (cm®molecule-s) Detection Reference
(8.16)(—14)f GC PP* 572
(1.9%0.5)(— 13)¢ ARA UV 534, 535
(1.6+0.1)(— 13)8 ARA UV 119
(02529 (—13)° CT PP 593
C5Fq (1.1%£0.2)(— 17) ARA UV 591
n-CH,1 (2.0+0.2)(— 13) ARA UV 578
(8.0%0.7)(— 13) ARA UV 546
(5.1%£0.3)(— 13) SE IR 584
i-C3H,1 (2.0+0.2)(— 13) ARA UV 578
(6.3%1.9)(—13) ARA UV 546
(4.6+0.8)(— 13) SE IR 584
n-CyF,l (2.3)(—16) TR-SM VIS 588
(4.6+0.3)(—17) ARA UV 594
(1.7%0.2)(— 16) ARA UV 585
(4.6+0.3)(— 17)* LIF VUV 148
i-C;F,1 (2.8)(—16) TR-SM VIS 588
(2.0%0.2)(—17) ARA UV 585
n-C,Hg (1.6+0.3)(— 13) ARA UV 328
1-C,Hg (2.1+0.4)(—13) ARA UV 328
(6.2+3)(—13)° CT PP 570
¢-CHg 2.2(—13) ARA UV 328
i-C,Hg 3.0(—13) ARA UV 328
n-C3;H,0H (10£1)(—12) ARA UV 567
CeHy (4.6%0.7)(— 13) ARF VUV 595
CeDs (9.9+1.0)(— 15) ARF VUV 595
CHsl (5.2%0.4)(—13) ARA UV 596
(3.4%0.3) SE IR 94
CoFsl (2.1%0.2)(—13) ARA UV 596
CF;0C,F,1 (42+0.1)(—15) ARA UV 585
5-C4H, 7(-13) ARA UV 546
1-C,H, 5(—13) ARA UV 546
n-C4Hy, (3.1£0.7)(— 13)¢ ARA UV 534
(1.16=0.17)(— 13)" GC PP* 572
n-C,Hyl (2.9%0.2)(— 13) ARA UV 578
(9.3%0.3)(— 13) ARA UV 546
i-C,Hol (2.9%0.2)(—13) ARA UV 578
(1.11+0.07)(— 12) ARA UV 546
1-C,Hyl (3.8+1.3)(—13) ARA UV 578
=52(-13) ARA UV 546
5-C4Hol (1.2%0.24)(— 12) ARA UV 546
n-C Rl (1.0£0.1)(—15) ARA UV 585
(CF3)5CI 2.1(—13) SE IR, Lum RP 123
n-C,H,0H (11.120.9)(— 12) ARA UV 567
i-C,H,OH (9.8+0.9)(— 12) ARA UV 567
s-C,H,OH (7.1+0.7)(— 12) ARA UV 567
1-C,H,OH (4.1+0.4)(—12) ARA UV 567
(CF;),-CF-(CF,),I (1.9+0.3)(— 15) ARA UV 591
CeH o (63+1.2)(—13) ARA UV 328
C3F,0C,F,1 (8.3%0.9)(— 15) ARA UV 585
(CF,),-CF-(CF,),I (2.6+0.4)(—15) ARA UV 591

“The rate constants from two studies
Relative measurement (see text).
‘T=453 K.

112,531

were multiplied by 16/5.7 (see text).

9The temperature dependence of the deactivation rate constant at 295-410 K is obtained, see Table 17.
“This value is obtained in 100 Torr of Ar, at 7=25 °C. The values in Ar, N,, and CO, at different pressures and temperatures are also presented.
‘Relative measurement, the reference process is the deactivation of I* by I, for which we assumed the rate constant of 3.4X 10! cm*/molecule-s. The H atom

abstraction reaction rate constant is

£The fractions of the reactive channel are 0.03+0.11 and 0.03+0.16 for CH, and C;Hg, respectively.

"The result is controversial.’®

also measured.

iThe reaction rate constant is estimated as (1+0.6) X 10~ cm*/molecule-s at T=316-447 K.
JThe reaction channel is <0.01 of the total quenching.
XThe I*+C,F;I—I,+C,F; reaction rate constant is found to be <(3+1.5)X 10~ !> cm*/molecules.
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For example, the rate constant for channel (36) has been
found to be (9.63+4.0)X 10~ 3 cm®/molecule-s. Since the
total deactivation rate constant for I* by HF was assumed to
be about 3 X 1012 ¢cm?/molecule-s,>**>% it was concluded
that the fractions are 0.35+0.04 for channel (36) and
0.05%0.04 for channel (37); hence ~60% of the deactiva-
tion of I* by HF occurs via E-R, T energy transfer.
However, later the total deactivation rate constant has been
remeasured and a new, more correct value [(8.9%0.1)
x 10713 cm3/molecule~s] has been obtained.’*° Thus, the
conclusion has been changed: deactivation of I* by HF oc-
curs mainly via E-V energy exchange through channels (36)
and (37) and the role of E-R, T channels is very small.

5.1.3. Recombination Reactions of Excited I* Atoms

From spectroscopic and kinetic arguments Stephan-
Rossbach and Comes have concluded that the trimolecular
recombination of excited I* atoms proceeds mainly via two
pathways,

M
1(°P3) +1(°Py ) — I (B ) = L(X) +hv,, (38)

+M
I°Pyp) + 1Py ) = TF(CA )= L(X) +hv,y. (39)

While the chemiluminescence spectrum for reaction (38) is
broad, it lies at »;>500nm and has a maximum at
~560 nm,136’148 the chemiluminescence spectrum for reac-
tion (39) is narrow: 655 nm< v,< 685 nm. *° The trimolecu-
lar rate constant for reaction (38) is determined by the LIF
VUV method to be (1.0+0.5)X 10732 cm® molecule?- s for
M=C;F,I and in the limit of low pressure."**°” An upper
limit of the rate constant for a possible bimolecular reaction
of T* with n-C;F;I yielding L,(X 'S ,) was found to be
(3+1.5)x 107" cm’/molecule- s.%"’

Andreeva et al. have estimated the rate constant to be
<2X%10"* cm®molecule’-s from a rather complicated
modeling of experiments in which I, was detected by time-
resolved visible spectrometry after the photolysis of CF;I. '
The same method was used by Kuznetsova and Maslov>®® to
determine the recombination rate constants I* +R—RI, for
which the values of (1.2-4), (0.42-3.5), and (0.18-1.4),
all in 1072 cm®/molecule-s, have been obtained for R
=CF;1, n-C;F;1, and i-C5F,1, respectively. Note that these
rate constants are 1 order of magnitude lower than the
rate constants for the I+R—RI recombination processes.
This seems to be a general rule: the excited I* atoms recom-
binate slower than ground state I atoms. The method of
quantitative laser induced chemiluminescent kinetic spec-
troscopy was developed by Egorov et al. for the study of
chemiluminescence reactions.’”® This method was used to
obtain spectral distributions of chemiluminescence rate con-
stants and total chemiluminescence rate constants for pro-
cesses (38) and (39).

Also, the bimolecular photorecombination reaction fol-
lowed by chemiluminescence

J. Phys. Chem. Ref. Data, Vol. 35, No. 2, 2006

I(’P) + R—RI(CQ; *)—RI(X) + v, (40)

where R=C;3H; and R=CF;CFCF; has been observed by
Pravilov er al.>”

5.1.4. Chemical Trapping: I¥*+NOCI—NO+ICI

One of the first methods to study the processes of I* atoms
was the chemical trapping method, which was developed by
Pravilov et gl.!?%370:384393.600-604 The method is based on the
competition of the reaction

I* + NOCIl—NO+ICI, (41)

and the physical quenching of I* atoms by some other mol-
ecules, for example, by C3Hg (a), C3Hy (b), C,Hgl (c), and
CH;I (d); the quenching rate constants are denoted here &, ,
ky, k., and k,, respectively. Note that the physical quench-
ing I*+NOCI—I1+NOCI and the reaction I+NOCI—NO
+1CI are slow, so that they can be neglected.'*>>*® Relative
measurements gave the ratios ky/k,=(5+3)X10%
kg lk,=(5+4)X10°,  k./ky=(0.5+02)Xx10"3, and
kylky=(2.1+0.5)x1073.97% The rate constant k, is well
established now to be (2.6X10™" cm’/molecule-s), so
from the ratio k,/k4; we can calculate the rate constant
k4 =(1.24+0.3) X 10~ 1% cm*/molecule-s. Using this value,
we can calculate the rate constants k,= (O.25f81‘1‘0) X107 1,
ky=(0.25750)x 10713, and k.=(62%3)x10" "
cm’/molecule-s; these values are presented in Table 16.
These values contradict the data obtained in 1969 by Dono-
van et al.,328 and by Hathorn et al.,568 but the reason for the
disagreement is unclear.

5.1.5. Temperature Dependence of Deactivation Rate Constants

The temperature dependence of deactivation rate constants
for T* atoms by various molecules were determined by Cal-
lear and Wilson (H,, I,, N,, C,Hs, and C;Hg,
30-90°C),"*>! by Broadbent and Callear (CH,, C,H,
C;Hg, and n-C4H,,, 303-373 K),%’? by Deakin and Husain
(H,, Dy, N, O,, I,, CH=CH, CH,4, CH,=CH,, C,Hg,
C;Hg, CH;CH=CH,, n-C,H,,, 180-410 K),>** by Kar-
tazaev et al. (1, 295-1000 K),561 by Fotakis and Donovan
(HBr, 253-427 K),>** by Cline and Leone (I,, 300—800
K),*? by Burde ef al. (O, and I,, 295-600 K),>>* and by
Van Marter and Heaven (O,, 150 K).147 Arrhenius param-
eters for the deactivation of I* atoms by various molecules
are presented in Table 17, some of them have been calculated
in the present review.

Several deactivation rate constants were determined by
Callear and Wilson at 30, 60, and 90 °C. 112331 This was an
indirect study, in which the products of the C3Hg+1, pho-
tolysis by visible light were analyzed by gas chromatogra-
phy. The rate data from Callear and Wilson were determined
relative to the I* + C;Hg rate constant of Donovan and Hu-
sain (k'=5.7x10"" cm3/molecule-s).526'530 In Tables 15,
16, and 18 we present the rate constants of Callear and
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TABLE 17. Arrhenius parameters [ k=A exp(—E/RT)] for the deactivation of
I* atoms by various molecules

log;p A E T
M (cm*/molecule-s) (kcal/mol) (K) Reference
H, —11.65+0.14 1.7+0.2 180-410 534
D, —15.56+0.01 —1.2+0.6 180-410 534
N, —15.19+0.29 1.5+0.1 180410 534
0, —10.45+0.18 0.2%0.2 180410 534
0, —9.258 0.5+0.2 295-600 552
HBr* —12.45 —0.645+0.05 253-427 544
I, —13.41+0.67 —33+1.1 180410 534
I, —10.54+0.06 ~0 300-800 562
I, —8.453 0.8+0.3 295-700 552
CH=CH —13.45+0.12 —0.1+0.1 180410 534
CH, —13.40+0.17 —0.5+0.2 180410 534
CH," =132 303-373 572
CH,=CH, —13.09+0.1 —0.6+0.1 180-410 534
C,H, —13.43+0.11 -0.5+0.1 180410 534
C,Hg® —12.86 7.70+0.3 303-373 572
C,Hq —13.36 7.0+0.3 180-410 531
C;Hg —13.24+0.14 —0.7+0.1 180410 534
C,Hg? —12.70 5.69+0.3 303-373 572
C,Hg® —13.53 5.0+0.3 180410 531
CH;CH=CH, —1242+0.1 0.0=0.1 180-410 534
n-C4Hy, —12.73+0.11 —0.3+0.1 180-410 534
n-CyH; ¢ —12.56 5.54+0.3 303-373 572
n-C H, >4 —13.12 6.93+0.3 303-373 572

“Non-Arrhenius behavior starts from 410 K.
PReaction rate constants.

“Secondary H atom abstraction reaction rate constant.
YPrimary H atom abstraction reaction rate constant.

Wilson multiplied by k"/k'=16/5.7, since the last and
more correct rate reported by Wiesenfeld and Wolk is
k"=1.6X10""3 cm®*/molecule-s.'"

5.1.6. Deactivation of I* by O,

The deactivation of excited I* atoms by ground state (*3)
oxygen occurs mainly via the near-resonant energy exchange
process

¥4+ 0,(X°3) =1+ 0,('A). (42)

The physical quenching I* +O,(X) —I+ 0,(X) is found to
be insignificant.”**%% The reverse process

I+ 0,('A)—=T#+ 0,(X33), (43)

TABLE 18. Temperature dependence of deactivation rate constants for I*
atoms obtained by Callear and Wilson,"'>*! (a+b)(—c)=(a+b)X10™¢

M T=30°C T=60°C T=90°C
H, (8.8=2)(—14) (37+0.2)(—13)
N, (42+4.2)(—16) (1.24=0.4)(—15)
L (6.9=0.17)(—11)  (6.9)(—11) (6.9)(—11)

C,H, (1.19%0.14)(—13)  (1.8%+0.14)(—13)
C,H,* (6.5)(—19) (1.52)(—18)
CHy  1.6(-13) (22%0.08)(—13)  (3.020.1)(—13)
CHg*  8.9(—18) (1.95)(—17) (3.55)(—17)

“Reaction rate constants.

is also quick, k43/ks=2.94 at room temperature.”** These
forward and reverse rate constants have been measured at
room temperature®>+334330552 and at 7= 150 K. 47553

The temperature dependence for the rate constant k43 was
determined at 180-410 K by Deakin and Husain.™** The
activation energy of the deactivation process (43) was found
to be 0.2%0.2 kcal/mol, less than the exothermicity of the
process. To explain this finding, Deakin and Husain sug-
gested that the rate constant may be inversely dependent on
temperature. Since then, it is a common practice to model the
temperature dependence for the rate constant using expres-
sions

kyp=Agpexp(—=Ty/T), (44)

kiz=Ay(T43/T), (45)

where  A,;;=7.8X 107! cm®*/molecule-s,  T4;3=295K,
Ap=104x10"" cm*/molecule-s, and T,=401.4K.

However, the last measurements of van Marter and Heaven
(kyp=7.0Xx10""2 cm’/molecule-s at T=150 K)'¥ disagree
both with the predictions of the Arrhenius expression
reported by Deakin and Husain (k;,=1.8Xx10"!
cm’/molecule-s at T7=150K) and expression (44)
(kyp=1.4x10""" cm*/molecule- s at T= 150 K). Hence, the
temperature dependencies of the rate constants for these pro-
cesses remain unclear.

Long-range multipolar interactions or nonadiabatic surface
crossings are usually suggested to be responsible for the en-
ergy transfer between small molecules. Kaledin ef al. have
calculated potential energy surfaces for all states correlating
with the I+ 0,('A) and I* + O,(X) dissociation limits using
high-level ab initio methods.®®**7 Long-range attractive
forces were found to be relatively weak, with no state bound
by more than 250 cm ™', Hence the energy exchange process
(43) is likely due to the surface crossings, and thus the rate
constant for this process must have a positive temperature
dependence. This prediction is in agreement with the experi-
mental data.'*753

The deactivation of I* atoms by excited ('A) oxygen also
occurs mainly via the near-resonant energy exchange pro-
cess,

IF+0,('A) =1+ 0,('>), (46)

1 608

suggested by Ogryzlo eta and studied by Heidner

et al.>

5.1.7. Theoretical Considerations

The first quantum-mechanical study of the collinear reac-
tion I* + H, were done by Zimmerman and George.?’’%0%10
Later, using the analogy with the related Xe+H, system,
Resnikov and Umanskii estimated the long-range interaction
potential for I*/I+H, and carried out a calculation for the
I*+H, quenching processes.”®® The Landau—Zener formula
with quadrupole-quadrupole interaction as a perturbation
was used. It was found that the main contribution comes
from E-V energy exchange I*+H,(v)—I+H,(v') where
v=0,1,2 and v’ =v +2. The temperature dependence of the
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rate constants for the deactivation of I* by H, was found to
be in excellent agreement with experiment, while the abso-
lute value was four times smaller. Since no fitting parameters
were used in the model, this agreement may be called satis-
factory.

5.2. Production of I* Atoms by Photolysis

A great deal of work has been done on the photodissocia-
tion of iodine-containing compounds, see reviews of
Okabe,m Pravilov,612 Jackson and Okabe,613 and Hirota.®'*
The data for B parameters and relative quantum yields of I*
atoms for the photodissociation of small (up to seven atoms)
and large (more than seven atoms) parent molecules M are
presented in Tables 19 and 20, respectively, in chronological
order for each molecule M. Several broad-band studies are
not mentioned here; however, the work of Dzvonik et al.
should be mentioned, since several rare molecules (phenyl
iodide, 1-naphthyl iodide, 2-naphthyl iodide, 4-biphenyl io-
dide, 3-biphenyl iodide) have been studied by TOF-MS at
broadband (240-340 nm) photolysis and the B parameters
have been obtained for all of them.’

5.2.1. Correction of the I* Yield in the Photolysis of n-C;F;I

One of the most efficient photolytical sources of I* atoms
is n-C3F;1, which has a very large yield of I* atoms at
205-315 nm. Until recently, the yield of I* atoms at 266 nm
was expected to be unity, based on the infrared luminescence
measurements of Ershov ef al. (97.8%1.2%)'* and the di-
ode laser absorption study of Hess eral. (102+4%)."7
However, Alekseev et al. have found that in reality this yield
is lower, it is ~92%.%* This conclusion was confirmed
recently in two works. The ground state I atoms have
been observed in the photodissociation of n-C;F;I by Kavita
and Das (I'=83+2%)"9%% and by Baklanov et al.
(I'=92+1%)," who used two-photon LIF and REMPI
(1+1"), respectively. Baklanov et al. have pointed out that
the yield of I* atoms in the study of Ershov et al. has prob-
ably been overestimated due to the formation of exciplexes
I*—C3F;1, since the formation of these exciplexes should
result in an increase of the radiative transition rate of I*
atoms.*® Also, Baklanov e al. have noticed that the yield of
I* atoms in the study of Hess et al. was probably overesti-
mated due to the uncertainty in the results of the decompo-
sition of the experimental kinetics into a sum of two expo-
nents in the case where the rise and fall times of the kinetics
are very comparable.

Note that the photodissociation of n-C3;F;I has been used
as a reference source with unity yield of I* atoms in a series
of measurements >+ 126:547:555.571.635,656.668.669 Now. all the re-
sults of these measurements should be recalculated, and the
reported yield of I* atoms should be decreased.
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5.2.2. Photodissociation of HI and DI
According to Mulliken’s prediction,’'” the first absorption
continuum (A-X band: 190-300 nm, peaks at 220 nm) of HI
consists of the following transitions to the three upper states
of the Q-group:

HI('2()+hv—HICTL,, ') = H+1(*P3;),
AQ=*x1 (B=-1),
HI(3H0)*>H+I*(2P1/2), AQZO

(47a)

(B=2),

(47b)
and the strongest transition must be 'IT,«!'S*. Mulliken
also predicted that, at the equilibrium bond length of the
ground state of HI, the highest in energy in the 11, state, and
the lowest is the 3H] state, with 3H0 in the middle. Hence
one would expect that the I* production due to the parallel
transition would peak in the middle of the A band, or at the
red end of the A band. Later De Vries and co-workers sug-
gested that I* is produced not only by the parallel transition
(47b), but by the perpendicular HI('S ;) —HI(*S ) transi-
tion also.®'® This suggestion is discussed in detail, for ex-
ample, by Langford et al.®*°

The studies on the yield of I* atoms from the photolysis of
HI has been reviewed recently by Regan ef al.%?! In this
analysis the early data’2->43-381.682.683 were omitted. Also, the
results of Langford er al. have been recalculated, since in the
measurements of Langford et al. the H atoms were detected
by the H-Rydberg atom time-of-flight technique (HR-TOF)
and the bandwidth of the probe laser was too narrow. The
Monte Carlo modeling of these HR-TOF experiments gave
new values for the yields of I* atoms, presented in footnotes
to Table 19. Finally, there exists good agreement between all
available data on the yield of I* atoms from photodissocia-
tion of HI.%! However, later Manzhos et al.%?? have deter-
mined by photofragment imaging technique that the yields of
I* atoms are consistently lower than the ones obtained by
Regan et al.®*' The experimental data were used for the re-
construction of potential energy curves of HI molecule using
three-potential**1322 and four-potential®>%>>6% fits.

There are several theoretical predictions on the photodis-
sociation of HI in the literature.%'>%%%%¢ In the most recent
treatment of Balakrishnan e al.,%®® the wavelength depen-
dence of the I*/I branching ratio is in good agreement with
the experimental data.

Also, in the recent study of Jodoin and Brown the angular
distribution of iodine atoms have been calculated, and the
orientation and alignment parameters a(QK)( p) were
predicted.®®

5.2.3. Photodissociation of ICN

In the linear geometry, three excited states, 3H0+, 3H1,
and 'TI,, are involved in the photodissociation of ICN in the
A-X band continuum (210-340 nm). A conical intersection
between the *Il,+ and 'Il; surfaces causes nonadiabatic
coupling, and as a result, both of these surfaces may lead to
the T* product. In bent geometries, the doubly degenerate
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TABLE 19. Summary of I* relative quantum yield and B parameter determinations from photodissociation of small molecules

M \* (nm) [T*Y[+[TF]) (%)* B Detection Reference
HI 253.7 55+25 SE IR 545
266 36+5 2.0 TOF-MS 615
266 40+5 2 LIF-DS PF 125
248 47+3 TP-LIF 131
193 9+5 TOF-MS PF 616
222 43+4 0.39%0.02 TOF-MS PF 616
248 57+4 0.54+0.02 TOF-MS PF 616
193 10+3° SE IR 617
248 33+3b SE IR 617
248 65+4 SE IR 547
193 <10 TOF-MS® 481
248 46+5 1.7+0.2 TOF-MS® 481
248 ~2.0 TOF-MS® 481
193 5+2 SE IR 555
248 51%5 SE IR 555
266 494 ~2.0 REMPV/I PF 618
205 13 REMPI 619
208-303 3-35° 1.9+0.2f HR-TOF 620
212-266 24-50¢ 1.85-2.00 LIF VUV PF 149
222-280 20-33" REMPI 621
273-288 11-37! REMPI/I PF 622
DI 214 33+10 i 623
240 60+7 i 623
253.7 46+5 j 623
280 —8+27 J 623
266.2 26+3 TOF-MS 615
205.2 20 ~2 REMPI/I PF 52
2432 56 ~2 REMPI/I PF 52
307.8 ~0 REMPII (3+1) PF 52
IC1 248 413+9 TP-LIF 384
237.8 ~0 REMPI PF 385
304 30 1.7 REMPI 387
235 K 1.8+0.2F REMPI/I 386
IBr 248 16+6' 2.00 REMPI 488
267 27+3! 1.90+0.2 REMPI 488
304 7+3! 2.00 REMPI 488
250.3 95+4 1.9+0.1 REMPI 488
250.9 83+4 2.0+0.1 REMPI 488
260.6 81+4 1.9+0.1 REMPI 488
304 10' 1.8 REMPI PF 146
L 480-450 31-46™ TOF-MS 624
502-533 §—44n GC PP 625
266 50 TOF-MS 626
470-525 5-50° ARA UV 627
460-498 16-34P ARA UV PF 124
458-514 27-689 LOAT 139
304 —0.92+0.01 REMPI 628
480 30.4%0.1 AS-DL 562
ICN 266 60 TOF-MS 629
280-240 11-68" SE IR 630
235 23+0.6° LIF PF 152
248 35+6° LIF PF 152
266 52+11° LIF PF 152
280 38+ 14 LIF PF 152
290 16+7° LIF PF 152
266 65+5" 1.6+0.2 SE IR, SE IR PF 631
248-284 44-66" AS-DL 632
248 43+3V v LIF PF 633
222,248.266,308 v X FMDS PF* 150
266 y 2.0 REMPI 634
250 y <2 REMPI 634
262 0-100” FMDS PF 151
Hgl, 265-320 0-50* SE IR* 571
CH,I 266 78+ 11 TOF-MS 188
304 ~75 MCD 120
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TABLE 19. Summary of I'* relative quantum yield and B parameter determinations from photodissociation of small molecules—Continued
M \* (nm) [T*Y[+[F]) (%)* B Detection Reference
245-308 21-758 LOAT 635
248 81+3 SE IR, Fl IR PF 126
248 0.81+0.03 SE IR 94
308 ~0.05¢ SE IR 94
248 76+2 TP-LIF 131
244-310 19-78P CT PP 570
247.5-312.5 19-76" LOAT 636
248 71+3 PRTS 637
248 70 TOF-MS 638
155-210 F MS PP 135
193 100 @ TOF-MS 639
266 73+4 AS-DL 137
248 73 1.95 TOF-MS 140
193 70+4 AS-DL 640
248 76+4 AS-DL 640
266 95 ~2 REMPI/I 641
248 72+8 MCD 642
229.4 1.6*0.1 TOF-MS 643
266.2 1.9+0.05 TOF-MS 643
266-275 H 1.8x0.1 REMPI 644
326-334 47-92" REMPI PF 645
248 73 TOF-MS 646
333.45 <10’ ~2 REMPI PF 647
266 K REMPI/I 648
304 ~43 K REMPI/I 648
304 40-48 REMPI 649, 650
222 63+2 TP-LIF 651
222 63+2 TP-LIF 194
266 79+2 TP-LIF 194
305 43+2 TP-LIF 194
266 1.9+0.1 REMPI 652
304 47.6+3 1.9+0.1 REMPI 652
304 20" REMPI 183
240-333 M ~1.9 REMPI/I 185
266 71+3 REMPI (1+1") 145
(CH3I), 266 57 REMPI 649, 650
(CH3I),_ ;4 304 >33 REMPI 649, 650
CD;I 248 75+2 TP-LIF 131
274 73 LOAT 653
247.5-312.5 873N LOAT 636
248 81 PRTS 637
266 H REMPI 644
313-339 57-95 REMPI PF 645
248 83 654
248 82 TOF-MS 646
CH,ICI1 222-304 38-55° REMPI 186
CF,l 266 91+0.5 Se IR, Lum RP 123
200-350 98*3F Se IR 602
248 75+5 Se IR 655
308 83+5 SE IR 655
248 89+1 TP-LIF 131
248 88+6 SE IR 547
247.5-312.5 21-78° LOAT 636
234-316 47-1078 SE IR 656
248 92 0.64 TOF-MS 657
t 248 86.5+5 MCD 642
248 93 TOF-MS 503
266 92+7 SE IR 584
248 92 TOF-MS 658
248 87 0.05+0.1 (T=100 °C) TOF-MS 659
248 83 0.2+0.1 (T=400 °C) TOF-MS 659
248 88 -0.2 TOF-MS 660
304 1.66+0.02 REMPI 661
308 21 1.78+0.05 TOF-MS 662
304 69+2 REMPI 183
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TABLE 19. Summary of I'* relative quantum yield and B parameter determinations from photodissociation of small molecules—Continued

M \* (nm) [T*Y[+[F]) (%)* B Detection Reference
277 87 1.83 REMPI/I 663
275-308 38-928 1.43-1917 TOF-MS PF 664
222-305 63-89Y TP-LIF 196,665
277-304 1.4-1.93Y REMPI/I 666
CH,Brl 248 43 1.0£0.1 TOF-MS PF 503
193 ~0 TOF-MS PF 503
CILI, 266 ~0 TOF-MS 667
248 46*4 SE IR, F1 IR PF 126
308 25*2 SE IR, F1 IR PF 126
193 ~0.05 SE IR 94
248 46=*4 SE IR 94
308 25+28 SE IR 94
365 36.4 LOAT 589
248 47.6 LOAT 589
265-333 2-44% SE IR 668,669
266 40=*3 REMPI (1+1") 145
277-304 1.27-1.33% REMPI/T 173
CF,l, 248 86 1.1+0.05 TFTS 670
351 2 TFTS 671
337 17 TFTS 671
308 67 1.0£0.1 TFTS 671

“The photolysis wavelength \ (or the range for \) and the yield of I* (or the range for the yields) are present. I'~0 means “below the detection limit.”

PRelative values, reference process is the photodissociation of n-C;H;I.

“Velocity-aligned Doppler spectroscopy (VADS) of H atoms.

IThis is a value corrected later by Langford et al.%*

“The recalculated yields of I* are 14.9, 24.8, 30.7, 31.8, 38.9, 41.8, 48.1, 51.1, 52.2, 53.1, 54.1, 50.2, 47.1, 43.9, 42.0, 34.0, 23.9, 17.0, 13.0, 5.9, and 3.0%
for 208, 213, 218, 222, 228, 233, 235, 238, 243, 248, 253, 258, 260, 263, 266, 278, 283, 287, 293, 298, and 303 nm, respectively (see text). These data are
taken from Fig. 3 of paper of Regan er al.%*!

The B parameters are 2.0, 1.8, 1.8, 1.9, and 1.9 (all =0.3) for 208, 222, 233, 243.6, and 266 n, respectively.
£The yields of I* are 38.2*1.1, 44.9%1.8, 49.7+2.0, 45.6+0.6, 40.5+0.9, 36.0=0.6, 28.4+0.9, 24.7+5.0, and 23.9%1.1% for 266, 257, 248, 240, 232.5, 225,
216.7, 215, 212.5 nm, respectively.

"The yields of I* are 35.0, 50.2, 49.5, 44.1, and 24.2% for 222, 248, 258, 266, and 280 nm, respectively. These data are taken from Fig. 2 of paper of Regan
et al.%!
iThe yields of T* are 11=1, 14=1.3, 16, 14.6+1.5, 18.8+0.4, 19.5+0.2, 22.5+3, 23.2=1.3, 23, 23+0.1, 27.5+0.2, 28.4, 26.3+0.2, 29.1=1, 31.8 0.5,
20.8%+0.1, and 34.5=2% for 288, 287, 286, 285, 284, 283, 282, 281, 280.2, 280, 279, 278, 277.92, 271, 275, 274, and 273 nm, respectively.

JPaper of Betts®? is unavailable for the author. The data are taken from paper of Clear et al.®

XFrom the analysis of angular and velocity distributions of CI* and CI it was concluded that there are only two channels: ICI—I* +ClI, CI* +1. Hence S for
I* is assumed to be equal to S of CI.

"The I* +Br* channel was below the detection limit, <1%.

"The yields of I* are 46, 44, and 31% for 479.6, 464.9, and 449.8 nm, respectively.

"The yield of I* at 483.5 nm was assumed to be 0.5. The relative measurements gave the yields of I* of 44+2, 33+ 1, and 8+3% for 502.0*1.5, 515.5+1.5,
and 533.0%4 nm, respectively; all at 7=373 K.

°The yields of I* are 49.7, 50.5, 48.2, 49.7, 51.2, 50.5, 49.2, 44.4, 29.1, 15.3, 9.9, and 4.8 for 470, 475, 480, 485, 490, 495, 500, 505, 510, 515, 520, and 525
nm, respectively.

PThe yields of I* are 16.3, 21.3, 24.2, 27.3, 28.6, 30.7, 31.3, 33.3, and 34.1% for 460, 470, 475, 480, 485, 490, 492, 495, and 498 nm, respectively.

9IThe yields of ¥ are 296, 4123, 622, 64+3, 68+2, and 27+3% for 457.9, 476.5, 488.0, 496.5, 501.7, and 514.5 nm, respectively.

"The yields of I* are 32+4, 35+9, 51+3, 68+2, 60+2.2, 45+2, 19+1, and 11+1% for 280, 277.5, 270, 266, 262, 258, 246.9, and 239.5 nm, respectively.
*The yields of I* are obtained from molecular beam experiments with cold ICN (7=3.2 K). The yields of I* from room temperature ICN are 65+10, 6117,
and 44+12% for 266, 280, and 290 nm, respectively.

'From summation of the Doppler resolved CN rotational state distribution.

“The yields of I* are 53.4%2, 57.7%2, 62.9+2, 64.5+4, 662, 62.5+3, and 44.0+=4% for 284, 280, 276, 272, 266, 260, and 248 nm, respectively.

"The B parameters and I*/I branching ratios are obtained as a function of the CN(v =0) rotational state.

“For 266 nm, the I*/I branching ratio is in good agreement with the value of Wittig et al.%!

*Velocity and B parameters of the CN photofragment are determined for both I* and I channels; a Ti:sapphire ring laser was used.

YThe polarization ratio is obtained as a function of the electric field strength.

“The I* quantum yield is obtained as a function of CN rotational state.

AThe yield of I* decreases smoothly from 50% at 270 nm to 1% at 320 nm.>”" A femtosecond study of the photodissociation of THgI is presented by Dantus
et al.%*

BThe yields of I* are 59, 63, 75, 47, and 21% for 245.5, 250.6, 275, 292, and 308 nm, respectively.

CThe data of Pence et al.’* have been corrected by Smedley and Leone:*®° T'=4 and 21% for 308 nm photodissociation of CH;I of CH,I,, respectively.
DThe yields of I* are 19.2, 49.1, 76.5, 78.4, 63.7, and 59.2% for 310, 295, 276, 267, 251, and 244 nm, respectively.

EThe yields of I* are 59+4, 60+4, 769, 48=*5, and 19+4% for 247.5, 251.5, 275.5, 296.0, and 312.5 nm, respectively.

FThe yields of T* are 91=30, 24=30, 48= 15 24+ 15% for 210—187, 180-162, 162—158, 158155 nm, respectively.

GThe vibrational population in the CHy mode v, is determined.

HThe I/I* ratios are <0.05, 0.09, 0.19, and 0.68 for the v,=0-3 vibrational modes of CD; from photodissociation of CDsI, and 0.08, 0.37, and 1.1 for the
v,=0-2 modes of CH; from photodissociation of CH;l.
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The yields of T* are 92, 77, and 47% for 333.5, 329.4, 325.8 nm, respectively. They are determined for the 08, 2{, and 2% vibrational bands of CHj,
respectively.

IThe yield of I* is ~10% for the parallel transition, an it is below the detection limit for the perpendicular transition.

KEstimates by the pinhole-field deflection method gave a ratio o, /o of 0.00-0.10 at 266 nm and 0.20—0.30 at 304 nm.

LKang et al. reported the yield of I* to be 30%, but the value has been recalculated by Eppink and Parker.'®> (CH;l), clusters have also been observed by
Kang et al.

MThe yields of I* are 94, 83, and 51% for the v,=0, 1, and 2 vibrational states of CH;; however, the authors estimate these data to be too uncertain.

NThe yields of I* are 62+4, 70+5, 73+9, 678, 48%5, and 8 +7% for 247.5, 251.5, 274.0, 280.5, 296.0, and 312.5 nm, respectively.

OThe yields of I* are 47+2, 51+ 1, 51+2, 55+ 3, and 38+ 1% for 222, 236, 266, 280, and 304 nm, respectively.

PHere the average yield of I* atoms over the A-band (200-350 nm) is given. The dependence of the yield on the wavelength is presented in Fig. 4 of paper
of Ivanov et al.%

QThe yields of I* are 65+4, 78%+5, 636, 44+7, 363, and 21=3% for 247.5, 274.0, 287.5, 296.0, 301.5, and 312.5 nm, respectively.

RThe yields of I* are 47+25, 86+ 13, 91, 919, 107= 14, and 75+25% for 234, 246, 266, 283, 299, and 316 (*+5) nm, respectively.

SThe yields of T* are 91.7+0.8, 90.1+0.8, 88.5+0.8, 84.0+ 1.4, 80.6+1.3, 69.0+ 1.4, 68.0+ 1.5, 62.9+ 1.7, 60.6= 1.8, 47.4+1.3, 41.2+1.3, and 37.5
*1.1%, for 275, 279, 283, 290, 293, 295, 296, 297, 298, 300, 302, and 303 nm, respectively.

T8=1.91£0.02, 1.82%+0.03, 1.70=0.03, 1.6=0.05, 1.44+0.04, 1.43=0.03, 1.43%0.04, 1.65=0.05, 1.64=0.07, 1.64+0.07, and 1.68=0.05 for 275, 279,
283, 290, 293, 295, 296, 297, 298, 300, and 308 nm, respectively.

UThe yields of I* are 717, 72+3, 89+5, 79+ 3, and 63+2%, for 222, 236, 266, 280, and 305 nm, respectively.

VIn the photodissociation of CFsl(v,), the wavelength-dependent B(\) parameters are determined. The B(\) dependencies vary in the ranges 1.8—1.9,
1.8-1.94, 1.7-1.9, and 1.4-1.7 for v,=0, 1, 2, and 3, respectively.

WThe data of Koffend and Leone®® have been corrected by Smedley and Leone:*® I'=1.9, 5.8, 5.5, 6.8, 8.2, 8.8, 21, 23, 29, 34, 38, 36, 38, 36, 39, 43, and
44% for 332.7, 329.2, 328.0, 324.1, 321.8, 319.9, 308.7, 305.7, 299.8, 296.0, 291.6, 290.9, 287.9, 286.2, 284.4, 268.1, and 265.4 nm, respectively.

XB=1.27+0.06, 1.32+0.05, and 1.330.06 for 277.40, 281.73, and 304.03 nm, respectively.

TABLE 20. Summary of I* relative quantum yield and S parameter determinations from photodissociation of large molecules

M \* (nm) [TFYT+[T*]) (%)* B Detection Reference

C,HslI 254 79+8 CT PP 600

248 67.5£2 TP-LIF 131

155-210 b MS PP 135

248 787 MCD 642

248 67 TOF-MS 673

248 62+3 TP-LIF 133

248 64 1.7 TOF-MS 140

266 67£5 SE IR 584

240-290 62-74¢ CT PP 604

222 572 TP-LIF 194, 651

266 72*2 TP-LIF 194

305 39+2 TP-LIF 194

304 22*1 REMPI 183

222-305 39-72¢ TP-LIF 195
CH,CI-CH,I 248 60 TOF-MS 674, 675

266 75 TOF-MS 674, 675

248 70£3 TP-LIF 133
CF;-CH,I 248 82 TOF-MS 673

248 80+3 TP-LIF 133

248 82 1.85 TOF-MS 140

222-305 52-81¢ TP-LIF 195
CH,Br-CH,l 248 95-100 1.6 TOF-MS 676

266 90 1.6+0.2 TOF-MS 676

308 <20 1.2 TOF-MS 676
CF,Br-CH,I 248 77 1.6 TOF-MS 677

266 89 1.6+0.2 TOF-MS 677

308 33 1.2 TOF-MS 677

248 75 1.25 TOF-MS 676

266 90 1.6 TOF-MS 676

308 33 1.2 TOF-MS 676
C,Fil 200-350 96+ 3t SE IR 602

268 1004 SE IR 94

248 1015 SE IR 655

308 104=5 SE IR 655

248 1.87 TOF-MS 678

266 102£8 SE IR 584

304 1.63£0.06 REMPI 679

222-305 74-97¢ TP-LIF 195, 196, 665

355 17.8+2.5 REMPI(1+1") 145
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TABLE 20. Summary of I* relative quantum yield and B8 parameter determinations from photodissociation of large molecules—Continued

M A" (nm) [TFY(T]+[T*]) (%)* B Detection Reference
266 92.1+1 REMPI(1+1") 145
CF,Br-CF,l 248 100 1.8 TOE-MS 678
266 100 1.8 TOF-MS 678
308 77 12-18 TOE-MS 676
1,2-C,F,IBr 193 ~Q" SE IR 94
268 96+4 SE IR 94
193 50+ 14 ‘ SE IR 506
193 1.85! TOE-MS 134
248 1.84 TOE-MS 134
266 ~18 TOF-MS 134
CE,ICF,I 308 >70 1.8 TOE-MS 676
1,2-C,F,L, 248 60+ 10 SE IR 655
308 90+ 10 SE IR 655
n-C;H,1 254 78+8 CT PP 593
248 56 1.75 TOE-MS 140
248 602 TP-LIF 131
155-210 27-72 MS PP 135
266 76+6 SE IR 584
240-290 46-77% CT PP 604
222 54+2 TP-LIF 651
i-C3H,1 254 40+20 CT PP 593
248 26+2 TP-LIF 131
155-210 45-74! MS PP 135
266 18+1 SE IR 584
248 23 1.9 TOE-MS 140
222 40+2 TP-LIF 194
266 44+3 TP-LIF 194
305 19%2 TP-LIF 194
CsH,NI 266 22 1.6 TOF-MS 680
304 0.6 15 TOE-MS 680
n-C,F;1 266 97.8+12 SE IR, Lum RP 123
235-315 78-100 CT PP 601
200-350 88+9f SE IR 602
265-336 57-103™ SE IR 669
247.5-312.5 21-71" LOAT 636
234-316 79-109° SE IR 656
266 102+4 AS-DL 137
266 92+6 SE IR 584
248 >95+5 TP-LIF 133
266 1.5+0.1 AS-DL 138
304 20+ 1 REMPI 183
222-305 76-90P TP-LIF 196, 665
266 91.9+1.1 REMPI(1+1") 145
355 29.6+2.9 REMPI(1+1") 145
i-C3F;1 200-350 52+9f SE IR 602
265-336 57-1034 SE IR 669
248 93+5 SE IR 655
308 101+5 SE IR 655
266 102+7 AS-DL 137
266 87+6 SE IR 584
222-305 64-89" TP-LIF 196, 665
266 90*1.5 REMPI(1+1") 145
355 39.6+3.4 REMPI(1+1") 145
(CF3),CI 234-333 65-99° SE IR 656
CeHsl 193 8+2 SE IR 94
248 25+1 SE IR 94
308 <0.4 SE IR 94
304 0.5 REMPI 184
CFsl 304 7 0.4-1.2 REMPI 184
CF;0CF,CF,I 200-350 99+t SE IR 602
n-C4Hol 254 67+7 CT PP 600
248 53+3 TP-LIF 131
155-210 13-82° MS PP 135
266 98+7 SE IR 584
248 49 TOE-MS 140
304 14x2 REMPI 171, 183
277 61 0.9+0.1 REMPI 171
222 51%2 TP-LIF 651
1-C,Hol 254 80+8 CT PP 600
248 3.8%2 TP-LIF 131
248 <10=+8 TP-LIF 133
248 41*11 MCD 642
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TABLE 20. Summary of I* relative quantum yield and B8 parameter determinations from photodissociation of large molecules—Continued

M A" (nm) [TFY(T]+[T*]) (%)* B Detection Reference

222 33£3 TP-LIF 194

266 20=*3 TP-LIF 194

305 12*3 TP-LIF 194
5-C,HI 248 202 TP-LIF 131
(CHs),CHCH,I 254 75+7 CT PP 600

155-210 17-72" MS PP 135
C4F,CH,I 248 77+3 TP-LIF 133
n-CyFol 222-305 68-87" TP-LIF 196, 665
(CFy)CI 266 87.7+13 SE IR, Lum RP 123

266 83+6 SE IR 584

234-343 64-109* SE IR 656
cyelo-CsHl 248 35+4 TP-LIF 133
CH.CH, 193 10+ 1 SE IR 94

248 82%5 SE IR 94

308 70x2 SE IR 94
ortho-C;H;1 266 8 1.5 TOF-MS 681

304 1 1.6 TOF-MS 681
meta-CoHy1 266 12 17 TOF-MS 681

304 1 1.5 TOF-MS 681
para-C;H;1 266 13 1.5 TOF-MS 681

304 1 1.2 TOF-MS 681
0-C¢H,I(CH,CI) 222-304 Y REMPI 423
n-CoH I 222 50+3 TP-LIF 651
cyelo-CeHyl 248 27+4 TP-LIF 133
1-CgFyl n-CeFyal 248 103=5 SE IR 655

308 96=*5 SE IR 655

222-305 69-82" TP-LIF 196, 665
C4F:CH,CH,I 222-305 65747 TP-LIF 195
n-CyF 1 222-305 67-838 TP-LIF 195, 665
C4F,,CH,CH,1 222-305 42-61€ TP-LIF 195
CyeFyol 222-305 67-83" TP-LIF 195

“The photolysis wavelength \ (or the range for \) and the yield of I* (or the range for the yields) are presented. I'~0 means “below the detection limit.”

"The yields of I* are 46+ 15, 79+ 25, 66+ 13, 48+ 16, and 46+ 12% for 210-187, 187180, 180-162, 162—158, 158—155 nm, respectively.

“The yields of I* are 68%=7, 72%8, 74+9, 71=7, 71%£6, 66x7, and 62+ 6% at 240, 250, 260, 270, 280, 286, and 290 nm, respectively.

9The yields of I* are 57+2, 72+2, 60%2, 39+2%, for 222, 266, 280, 305 nm, respectively.

“The yields of I* are 80+7, 78+3, 81+3, 73+2, and 52*+5%, for 222, 236, 266, 280, and 305 nm, respectively.

"Here the average yield of I* atoms over the A-band (200-350 nm) is given. The dependence of the yield on the wavelength is presented in Fig. 4 of paper
of Ivanov et al.%?

£The yields of I* are 74+7, 78+3, 97%3, 75+3, and 83+ 5%, for 222, 236, 266, 280, and 305 nm, respectively.

"This result is wrong, it was corrected by Wight and Leone.’*

% and T atoms were not distinguished.

IThe yields of I* are 72+ 10, 27+ 15, 40= 10, 49+ 8, and 42+ 12% for 210-187, 187-180, 180-162, 162—-158, 158—155 nm, respectively.

*The yields of I* are 67+5, 77+5, 67+5, 60*3, 58+4, and 463 % at 240, 250, 260, 270, 280, and 290 nm, respectively.

"The yields of I* are 68+ 15, 74+25, 52+ 10, 45+9, 49+ 13% for 210-187, 187-180, 180—162, 162—158, 158155 nm, respectively.

"The yields of I* are 100* 3, 96, 95, 92, 90, 82, 84, 75, 68, 68, 59, 44, and 40% for 265-292, 295, 298, 301, 304, 308, 312, 316, 320, 324, 328, 332, and
336 nm, respectively.

"The yields of I* are 527, 60+4, 714, 71+4, 57+4,49+4, 36+ 6, and 21*+3% for 247.5, 251.5, 274, 275.5, 280.5, 287.5, 296.0, 301.5, and 312.5 nm,
respectively.

°The yields of I* are 79+ 15, 98=5, 100, 99=2, 1097, 109%9, and 79+=30% for 234, 246, 266, 283, 299, 316, and 333 (£5) nm, respectively.

PThe yields of I* are 878, 763, 83*2, 893, and 90+ 5%, for 222, 236, 266, 280, and 305 nm, respectively.

IThe yields of ¥ are 100=*3, 96, 92, 91, 85, 82, 80, 72, 61, and 75% for 265-301, 304, 308, 312, 316, 320, 324, 328, 332, and 336 nm, respectively.

"The yields of I* are 686, 64+2, 83+ 1, 80%3, and 89*=2%, for 222, 236, 266, 280, and 305 nm, respectively.

*The yields of I* are 6513, 84*5, 84, 84+3,99+4, 98+ 4, and 87+25% for 234, 246, 266, 283, 299, 316, and 333, (£5) nm, respectively.

‘The data of Pence e al.”* have been corrected by Smedley and Leone:*® the yield of I* is <0.3 and 57% for 308 nm photodissociation of C¢HsI and
CgHsCH,I, respectively.

“The yields of I* are 18+ 10, 8220, 13+8, 45+ 8, and 25+ 14% for 210-187, 187-180, 180-162, 162—158, 158—155 nm, respectively.

"The yields of I* are 24+ 15, 7220, 17+ 10, 53+ 8, and 43=8% for 210-187, 187-180, 180-162, 162—158, 158-155 nm, respectively.

“The yields of I* are 68+6, 83%+3, 75%3, 80*3, 87=2%, for 222, 236, 266, 280, and 305 nm, respectively.

*The yields of I* are 9122, 99+ 12, 88, 939, 93+9, 93+ 12, 64+ 15, and 109%=20% for 234, 246, 266, 283, 299, 316, 333, 343, (+5) nm, respectively.

YThe yields of I* are 52+2, 57*1, 52+2, 45+ 1, and 42+ 1%, for 222, 236, 266, 280, and 304 nm, respectively.

“The yields of T* are 78%=7, 69%2, 82+2, 74*3, 82+ 1%, for 222, 236, 266, 280, and 305 nm, respectively.

AThe yields of I* are 69+ 6, 65+3, 70+2, 74+2, and 71+ 3% for 222, 236, 266, 280, and 305 nm, respectively.

BThe yields of I* are 67+6, 83+3, 76+2, 75+2, 73+3%, for 222, 236, 266, 280, and 305 nm, respectively.

CThe yields of I* are 61+5, 44+2, 59+ 1, 48+4, and 42+2%, for 222, 236, 266, 280, and 305 nm, respectively.
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311, state splits into the 2A” and 3A’ components, and the
I, state splits into the 4A” and SA’ components; *IT+
becomes the 4A’ state.

Brief reviews of the photodissociation of ICN have been
published by Black ez al. in 1990,%%%%8 by Amatatsu er al. in
1994,689 and by Costen et al. in 1999150

a. Experiment. The following is a brief summary of ex-
perimental information on the photodissociation of ICN.

(i) The I*/I branching ratio peaks at 266 nm and remains
significant in the 239-290 nm wavelength,%3"-632633.688.69
Note that the energetic threshold for forming I*+CN is
295 nm. The wavelength dependence of the ratio was mea-
sured by Hess and Leone®? and by Pitts and Baronavski.®*
The results agree near 266 nm and do not agree near 280 nm.

The T*/I branching ratio changes significantly with in-
creased temperature of ICN, consistent with the increased
width of the state-dependent CN rotational distribution, but
the [ parameter remains almost unchanged (8=0.49 at
T=100°C and B=0.58 at T=400°C).!>1:15269

(ii) Rotational distributions of CN are different for I*
and I channels and they change substantially with photolysis
wavelength, !32:632:633.688.690.692-698 ‘rpe 1% channel leads to
cold CN(N) rotational distributions (N<<30) which are
peaked at low N, and the I channel produces a hot CN(N)

rotational distribution peaked at high N
(20<N< 60) . 152,631,699
(1ii) Vibrational excitation of CN is

smal] 631:692:694.695.700.701 By example, the relative population
[v=0]:[v=1]:[v=2] was found to be 0.88:0.10:0.02,”"
and 0.91:0.06:0.03°" for photodissociation at 308 and
299.4 nm, respectively.

(iv) The anisotropy parameter B for the I* channel is
higher than for the I channel."” 0631.698.69 Eor example, at 266
nm, B;=13+0.2 and Bp=1.6%0.2,"""5! and at shorter
wavelengths the difference By« — By is even larger.150

(v) Measurements of rotational alignment of CN photo-
fragments are also reported.' 19315469669 1 o rotational
states of CN display negative alignment, with the rotation
axis preferentially perpendicular to the photolysis polariza-
tion, and higher rotational states have very small alignment.

In the experiments with photodissociation of ICN by cir-
cularly polarized photolysis light at 248 nm, a large net ori-
entation of the CN angular momentum relative to the direc-
tion of laser beam has been observed.®®"

(vi) The relative populations of F; and F, spin-rotation
components of CN radicals show nonstatistical behavior over
a wide range of rotational numbers N for both I* and I atom
state exit channels.®*® The populations oscillate as the CN
rotational quantum numbers increase.®>7%

(vii) The femtosecond technique has been applied to ICN
photodissociation, as a test case for femtosecond transition
spectroscopy.’®~"!! From the clocking measurements it was
obtained that the transition state lives for only ~50 fs, and
the “dissociation” time is 205+ 30 fs.””’

b. Theory. A lot of theoretical studies on the photodisso-
ciation of ICN have been reported. Classical or semiclassical
trajectory calculations, >68%693712-715 the  Franck—Condon

716,717 18
17

overlap mode infinite order sudden approximations,’
time-dependent,”'*’ and time-independent’?'~7** quantum
mechanical simulations have been applied. Almost all of
them assumed that two excited states contribute to the pro-
cess and fail to explain the I* yield peak near 260 nm. Sev-
eral authors have pointed out that at least three excited states
should be taken into account.”'*”" The contribution of the
third excited state was confirmed experimentally by Black in
1993.688

Probably the most important contribution to theory is the
ab initio potential energy surface calculated by Amatatsu,
Yabushita, and Morokuma.®®"? Almost all calculations af-
ter 199472%726-739 are based on this energy surface.

5.2.4. Photodissociation of CH;l

Brief reviews of the photodissociation of CH;I have been
published by Johnson et al.”*' and by Amatatsu, Yabushita,
and Morokuma,732733:126.734

There are at least five potential energy surfaces energeti-
cally accessible in the A-X band (210-350 nm). In Mullik-
en’s notation, they are °Q,, >0, Q¢4+, 0y, and 'Q, .30
Three of them are dipole allowed, the *Q, .. state correlates
asymptotically to I* via a parallel transition, while the *Q,
and 'Q, states correlate to the I atom via a perpendicular
transition

CH;I(X,A ) +hv—CH;I(°Q,2E, 'Q,3E)—~CH; +1,
(48a)

AQ=0, B=2.
(48b)

Here, A, and E are appropriate C;, notation. The photodis-
sociation of CH;] is direct, single photon excitation results in
a n—o* transition breaking the C—I bond in <1 ps.”®

a. Experiment. The following is a brief summary of ex-
perimental information on the photodissociation of CH;1.

(i) The peak component absorption wavelengths (and per-
centage total absorption strengths) have been determined by
Gedanken and Rowe in 1975 to be 300 nm (1%), 261 nm
(78%), and 240 nm (21%), for *Q,, *Q¢.+. and 'Q,,
respectively.'”® This decomposition analysis, based on a
magnetic dichroism measurement, has served as the main
guideline for many superb theoretical efforts for more than 2
decades. Contrary to this result, the contribution of the 'Q,
and 3Q, states to the total A-band absorption spectrum were
determined recently by Eppink and Parker by means of the
velocity map imaging technique to be only 1.1% and 0.2%,
respectively.'®

(ii) The T*/I ratios are very different for different vibra-
tional states of CH;.%*

(iii) The vibrational distribution of the CH; photoproduct
has been studied in many papers; of special interest is the
distribution over the umbrella mode v,. The long-standing
consensus was that the available energy is preferentially
channeled into the v, mode, resulting in an inverted distri-
bution peaked at v=2 in the dominant I*+ CHj

AQ==+1, B=—1,
—CH3I(*Qg24,)—CH; +1*,
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channel. 128,637-639,736-740
1185,644—646,741—746

However, recent
experimenta and theoretica stud-
ies have provided contradictory evidence. The story of the
revision has also been reported in several reviews.%!#7>1:732

The distribution of the CH; radical over vibrational modes
has been probed by time-of-flight mass-spectrometry,®*®
REMPL %5 CH; velocity map imaging, 7% detection of
infrared emission,”** photoionization techniques, including
zero kinetic energy (ZEKE),”>*77% conventional photoelec-
tron spectroscopy,”>’ and by photoelectron spectroscopy ob-
tained from velocity map imaging.”*® The yield of I* atoms
depends on the vibrational state of CH;: for example, at 266
nm photodissociation of CHjI it is found to be 95, 89, 72,
and =33% for the ground vibrational state and for the
v,=0, v,=1, v, =1 vibrational states of CH;.%!"">

(iv) The rotational distribution and alignment of CH; and
CDj; photoproducts have been determined.!28:645:734.753.758-760

(v) Note that REMPI of CH;I may occur via different
pathways. The study of Garrett et al. has shown that absorp-
tion in the 330—335 nm wavelength region leads to compe-
tition between nonresonant multiphoton ionization of CH;l
and single photon ionization through the A band.”®!

b. Theory. A lot of theoretical studies on the photodisso-
ciation of CH;I have been reported.”® The most often used
model treats the system as a pseudotriatomic; that is, C—H
bond lengths are fixed and the C3, symmetry is assumed.”’
More recent work has included two coupled dissociative
potentials’>*74*76 and more than two degrees of freedom.’*’
The last ab initio surface, which does not assume the Cj,
symmetry is presented by Amatatsu er al.”** Based on this
new ab initio surface, 3D wave packet calculations were
performed.”*®"* Time-independent wave packet quantum
mechanical simulation,763 close coupled calculations,737’739
classical trajectory calculations,”** self-consistent eikonal
approximation,’**% spin-orbit ab initio study,’®® and full
quantum calculations’®? of different aspects of CH;I photo-
dissociation have been reported.

more
1732,747—750

5.2.5. Photodissociation of CF;l

a. Absorption band analysis. The first absorption A band
(230-330 nm) of CF;I is due to a n— ¢ transition and it
consists of three overlapping transitions from ground 'A,
state to 3Q1, 3Q0, and lQl states, similarly to the situation
with photolysis of CH;I, see processes (48a) and (48b). Ac-
cording to the decomposition analysis from 1987, based on a
magnetic dichroism measurement, the peak component ab-
sorption wavelengths (and percentage of total absorption
strengths) are 302 nm (7%), 264 nm (84%), and 238 nm
(9%), for 3Q,, 30y , and 'Q,, respectively.®** Furlan et al.
have determined the wavelength-dependent 8 and 8* param-
eters and the I*/I ratios in the 275-303 nm wavelength
range under cold molecular beam conditions (7=2.7 K).5%
The analysis of these data includes the *Q,—X and 3Q,
—X optical transitions and the *Q,— 'Q, nonadiabatic tran-
sition. The probability of this nonadiabatic transition was
found to be 0.09 at 275 nm and 0.24 at 300 nm. However,
this interpretation remains qualitative mainly due to the lack
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of an accurate optical absorption cross section of CF;I at
T=2.7 K.%%* Similar results were obtained by Kim er al.;*6
for example, the *Q,—'Q; crossing probabilities have been
found to be 0.038, 0.089, and 0.40 for the photodissociation
of CFI* at 248, 277, and 208 nm, respectively.

Kavita and Das'®® have obtained lower values of the I*/I
ratio, than the values obtained by Furlan et al.°** and by Kim
et al.%% This was explained by the fact that the experiments
of Kavita and Das were done at a much higher temperature.
A strong temperature dependence of the absorption cross sec-
tion was found by Felder.®®> A theory of curve crossing in
photodissociation of CF;I was presented by Clary,’®’ see also
the recent spin-orbit ab initio study of Ajitha er al.”®

b. Vibrational state distributions and energy relaxation of
CF5. The photolysis of CF;I at 248 nm yields mainly I*
+ CF;. The distribution of CF5 over the v, vibrational mode
in this process has been determined recently by Wang et al.
by TOE-MS."%

The photodissociation of CF3I at 304 nm has been studied
by Hwang and El-Sayed.®®! For the I* channel, a strong
photon energy dependence of the CF; internal excitation was
observed; this fact suggests strong final state interaction in
the dynamics of the *Q,, potential as suggested by a number
of model calculations. The best agreement obtained with the
model calculation of van Veen er al.%76% supports the as-
sumption of the dominant involvement of the v, umbrella
vibration.

Quack et al. have studied infrared multiphoton dissocia-
tion of CF;I. Absolute rate parameters have been obtained
from quantum dynamics, statistical mechanics, and the direct
measurements.’®

Also, Suh et al. have studied the energy relaxation dynam-
ics of CF; fragments produced from the photodissociation of
CFsl in argon at 266 nm by means of the time-resolved
probe beam deflection technique.”’® The vibrational reflec-
tion principle in model calculations for photodissociation of
CF,1 was presented by Schinke ez al.””!

c. Formation of exciplexes. In 1982 Gerck has found that
the optical I* —1 transition at 1.3152 wm may be enhanced by
collisions of I* atoms with parent RI molecules (CF;I,
C,Fsl, i-C3F;1, and n-C5F;I).””* The enhancing mechanism
is exciplex emission of the RI-I* molecule at 1.3 wm, with
different rates for each iodide. The influence of this effect on
the measurement of the quantum yields of I* and of the
respective reaction rates by infrared fluorescence was dis-
cussed.

5.3. Production of I* Atoms in Chemical Reactions
and in V,E-E Energy Exchange Processes

The data for I* yields from chemical reactions and energy
exchange processes are presented in Table 21. Since the pro-
duction of X* atoms in chemical reactions has been re-
viewed by Dagdigian,” here we just add several new refer-
ences.

Trickl and Wanner have observed the bimodal IF vibra-
tional distribution from the F+1,, IBr, and ICl reactions and
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TABLE 21. Yields of I* atoms from chemical reactions and V, E-E energy transfer processes

Reaction I*/(I*+1) (%) Detection Reference
H-+HI—H,+I*¥/1 <Qube SE IR 533
H+ ICI—HCI+ I#/1° ~0.1 SE IR 519

~0 SE IR 778
H+IBr—HBr+I#/1 <15 ARA IR 474
F+HI—HF+1#/1 <0.5" SE IR 523
50 ARA UV 118
<2? SE IR 779
<1 TP-LIF 773
Cl+HI—HCI+T#/1 <0.5 SE IR 97
F+L—IF+T#/1 <0.04 SE IR 515
89¢ TOF-MS 780
<1 TP-LIF 773
3 SE IR 774
F+ CH;1— CH;F+1#/1 2+14 TP-LIF 781
F+ C,HsI— C,HsF+1#/1 32+13 TP-LIF 781
F+i-C3Hy1—i-C3H,F+I#/1 ~0 TP-LIF 781
I+ 0,('A)—=T*+ 0, e SE IR, SE IR RP 234, 237, 565
I+NCl(a 'A)—T*+NCl f SE IR 782
I+NF(b 'S ) —T*/1+... e FI IR CP 555
I+HF(v=2)—T+.. h ICS 783
D+ NCl;+ HI—T#/1 h SE IR 784

See also experimental work of Nazar et al.”®

®Upper limit. No I* observed.

“According to Callear and Wilson, the yield of I* must be very smal

dSuggestion based on the bimodal distribution of IF.

and theoretical study of Dinur and Levine.”

86

1531

°The rate constant is (7.8+0.6) X 10~ ! cm?/molecule- s.2*%%

fI* was detected, but the yield was not determined.

&The rate constant for quenching of NCl(a 'A) by I(*P5,) was found to be =1X10~'% cm®/molecule-s. Tt is
interpreted as evidence of an efficient near-resonant energy transfer process NCl(a 'A,v=0)+1

—NCI(X 33 ,0=2)+T*

"The rate constants for I+NF(b'S*)—I*+NF(a'A) and I+NF(b'S%)—products processes are
(3.1=1)X 107" and (8.8+4.4)X 10~ "' cm’/molecule- s, respectively.

proposed an explanation based on a high yield of excited I*
atoms in these reactions. This explanation contradicts the
direct measurements of other authors.’>”’>7"* An alternative
explanation comes from quasiclassical trajectory calculations
made by Urrecha er al.””

Also, production of I* atoms in the O+ HI reaction was
observed by Cadman’’® and Smith.””’

6. Different Subjects Concerning
X* Atoms

6.1. X+YZ—XY+Z Reactions

Different correlation diagrams for collinear reactions of
the types

X*/X+YZ—XZ+Y*/Y, (49)

(50)

where X, Y, and Z are halogen atoms are presented in several
papers,>87443:557.338.775 Thege diagrams predict: (1) that X*
+YZ(HY) reactants and the Y*+XZ(HX) products are
adiabatically correlated via the 22A" second excited surface
and suggest a barrier to this X*— Y* reaction and (2) that
the X+ YZ(HY) reactants and the Y+ XZ(HX) products are
also correlated via both 2A’ ground-state and excited 2A”

X*/X+HY—HX+Y*/Y,

surfaces, the first one not having any barrier. Hence X—Y
and X*—Y* reactions are normal adiabatic channels; the
last one has a barrier and thus it normally must be much less
probable than the first one. Note also, that there are not any
adiabatic correlations for X*—Y and X—Y* pathways;
moreover, even curve crossings for the appropriate nonadia-
batic transitions are absent.

However, Wiesenfeld and Wolk have extended these cor-
relation diagram to noncollinear collisions.*” It was pointed
out that no activation barrier is predicted if the attack of the
X* atom on the YZ molecule occurs via the side-on ap-
proach. Hence, the X* — Y* reactions may be fast. There are
two good examples for such reactions:
¥+ Br,— Br¥ + IBr?7 212469338 4nd 1% 4+ IC1— CI* + 1, . 200201

6.2. E-V Energy Exchange

Donovan, Husain, and Stephenson5 8 and Leone and

Wodarzeyk*®? were the first to provide direct evidence for an
electronic-to-vibrational E-V energy transfer mechanism,
which often dominates the deactivation process. The quench-
ing rates are particularly rapid for near resonant E-V energy
transfer.*’4%® Additionally, the E-V transfer can be mode
specific.?”**7 Vibrational distributions can be easily in-
verted; for example, several Br* transfer lasers have been
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demonstrated.'””*197222 A detailed discussion of such pro-
cesses is presented, for example, in the review of Houston.”*
Two mechanisms, long-range multipolar interactions’’’88
and nonadiabatic curve crossings’>’*° have been suggested
as being responsible for the E-V energy transfer. Both pre-
dict a strong correlation of the deactivation probabilities with
the energy defect for the case of E-V energy exchange. Cor-
relation plots are presented in a large number of
papers.**7933 91 §ometimes these two mechanisms may be
distinguished by the temperature dependence of the deacti-
vation rate constants: while the long-range multipolar inter-
actions lead to negative dependence (Pgy~ 1/T), nonadia-
batic curve crossings may give negative (In Pgy~1/T"?) or
positive (In Pry~—1/T) dependencies, depending on the ac-
tivation energy to the crossing region. Calculations based on
the long-range multipolar interactions mechanism have been
done for Br*+H,0, D,0,>** TI*+HFHCIHBrHI,>’
I*+H,,D,, and HD,”? Br¥+CO0,,*° I*+HBr,>* and
O('D)+HCI(DCI).*** The nonadiabatic curve crossings
approach has been used to study the Br*+HFHCI and
I*+HEHCI systems’® and CI*+H,, D, quenching
processes.>*’ Note that a large number of more accurate
quantum-mechanical studies are not mentioned here.
Several empirical relations to predict the rate constant of
E-V exchange have been proposed.””>>*! The relation
proposed by Dobychin et al. for the A*+M—A+ M* deac-

tivation process seems to be one of the best:”’!

vy [

k=0.083kn'"13 exp< —0.68V—2 ﬁ) (51)
Here k is the deactivation rate constant, ko={ov) is the
gas-kinetic rate constant, n is the number of near-resonant
vibrations in the M molecule or the degeneracy of vibration,
I, is the ionization potential of the M molecule, EA , is the
electron affinity of the A atom, v, and vy are the frequencies
of the spin-orbit transition in the halogen atom, and the vi-
brational transition in the M molecule, respectively. This re-
lation was used to fit a large amount of experimental rate
constants, and all numerical values were obtained by the
least-squares method. However, it works mainly with iodine
and bromine atoms (A=Br or A=1I), while the predictions
for chlorine atoms very often are poor.

6.3. Pressure Induced Broadening
and Frequency Shift

The pressure induced line broadening of halogen atoms
X* and X is determined first of all by the depolarization
processes

X*(M;=12)+ A—=X*(Mj=—112)+A, (52)
X(M)+A—=X(M;#M,)+A, (53)

where A denotes the collision partner. While processes (52)
are very slow, processes (53) are very quick. Normally they
have gas-kinetic kinetic rate constants. This fact may be ex-
plained either by the theorem of Kramers, which says that
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the electric field is unable to remove the twofold degeneracy
in a system with odd summary spin’* or, less generally but
more concretely, it was explained by Gallagher.””> Some-
times it is called the m ;- —m; selection rule for a j multiplet
of an atom with an odd number of electrons.”®"’

In other words, while process (53) occurs due to van der
Waals interactions, process (52) is possible only due to Co-
riolis mixing of adiabatic electronic molecular states; hence
it usually has low probability.””® For example, one can see
rather low cross sections for EPR line broadening of F* at-
oms (see Table 7), CI* atoms (<0.020 A for CI*+ He and
<0.031 A? for CI* + Ar),'>>15¢ and Br* atoms (<0.02 A for
Br* + Ar).* Note also that the depolarization cross section
for TI(*P,,,) and Cs(*P,;,) atoms in collisions with He and
Ne atoms are 4 orders of magnitude lower than the cross
section for 2Py, states of these atoms.””””**%% However,
when particle A has electronic momentum, depolarization
processes (52) may be rather quick also.’’' For example,
cross sections for EPR line broadening for F*+O, and
Br*+0, are 5.7 A2,156 and 42 AZ,%O respectively.

As one can see from these considerations, the pressure
broadening of the halogen 2P, ,-2P5, transition is determined
mainly by the ground ?P;, state. Pressure broadening coef-
ficients for several gases are reported for the F*-F
transition,”’go2 for the ClI¥*—Cl transition,”*” and for the
I*—1 transition,>3~8% The temperature dependence of the
I*—1 broadening is reported by Zagidullin er al.?®® A quasi-
classical theory of the pressure broadening is developed by
Reznikov and Umanskii®®® and applied to the broadening of
the F*—F transition by He and Ar.

Note also that the pressure induced frequency shift in the
atomic iodine laser is reported by Muchtar er al.’"

6.4. Transitions between Hyperfine States

The transitions between hyperfine sublevels in excited X*
halogen atoms are determined by processes (52) and may
also be by the depolarization of nuclear spin. To the knowl-
edge of the author there has been only a few direct experi-
mental determinations for the rates of the collisional relax-
ation in X* atoms between the hyperfine sublevels. In these
studies the quick relaxation by O, and slow relaxation by
nonparamagnetic particles was observed, in agreement with
the theoretical prediction of Yukov.®!

Chichinin and Krasnoperov have determined the rate con-
stant for the relaxation inside the hyperfine structure of CI*
due to collisions with O,

CI*(F=2,M;=2)+0,—Cl*+0,, (54)

k=(4.0=0.8)xX 10" "> cm*/molecule-s.>* In this study the
CI* atoms were excited in the CI* (F=2,M ,=2) state from
the ground 2P5, state by the fast magnetic field jump version
of the time-resolved laser magnetic resonance (LMR)
technique.>* These experiments were done in the presence of
a constant magnetic field (967 G), in which the *P,, state of
the CI* atom is split into eight components.
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In experiments of van Marter and Heaven I* atoms were
generated by 498 nm photolysis of I,, and laser induced
fluorescence (LIF VUV) was used to detect I* atoms in the
F=2 and F=3 hyperfine sublevels.'*’ The nascent popula-
tion distribution of the hyperfine levels was found to be non-

statistical, with N(F=2)/N(F=3)=1.3%0.1. Collisions
with O, caused a fast F=2«< F=3 transfer
[*(F=3)+0,=I*(F=2)+0,. (55)

The analysis of F=2 and F=3 decay kinetics yielded hy-
perfine transfer rate constants of k(2—3)=(2.6%0.3)
X 107" and k(3—2)=(1.9%0.2) X 10~ ' cm*/molecule-s,
both at T=150 K. Churassy et al. obtained an estimate of
the k(3—2) rate constant from a computational model of the
jodine laser, where the value of 1X107'° cm?/molecule- s
has been obtained.® A similar approach was used
[k(3—2)+k(2—3)=\T/300X 10~ '° cm?/molecule- s]
and a similar result was obtained by Zagidullin et al. 244247 A
detailed discussion on hyperfine relaxation of I* atoms in
collisions with O, is presented by van Marter and Heaven.'"

Thieme and Fill analyzed the kinetics of pumping of the
F=3 sublevel of I* atoms by the F'=2 sublevel until equi-
librium is reached; the initial nonequilibrium between these
sublevels was created by a strong pulse of an iodine laser on
the I* (F=3)-I(F=4) transition. Atomic iodine in the
ground state was assumed to be the main relaxator. The hy-
perfine transfer rate constants for the process

F(F=2)+1=T*(F=3)+1, (56)

was  determined to be  ky3=(1.0120.25)X 107°
cm®/molecule- 5.5

Also, Cerny et al. proposed a new way to determine the
rates for hyperfine relaxation from pressure-broadening
coefficients.®* For the I*+0, system the result was
k(3—2)+k(3—3)=157x10""" cm’/molecule-s, where
k(F—F") is the inelastic scattering rate constant for the
process I*(F)+0,(J)—T*(F')+0,(J"). Note that all
such rate constants k(3—2)+k(3—3) were found to be
gas kinetic and almost equal for many systems
(I* +Ne,Ar,Kr,Xe,0,). Since these values are orders of
magnitude higher than the typical EPR pressure broadening
coefficients for X* atoms, the interpretation of Cherny’s ex-
periment is unclear.

6.5. Picosecond Studies of Geometrically
Restricted Reactions

6.5.1. Bri+l,

A picosecond time-resolved study of the interaction of Br*
with I, has been presented by Wright, Tuchler, and
McDonald.}1%8!! The electronically excited complex Brl,
was prepared by photodissociation of the van der Waals
dimer HBr-1, (or DBr-1,) at 220 nm. Results show that the
interaction begins on the excited potential surface Br*+1,.
The originally formed excited Brl, complex does not have
enough internal energy to dissociate directly, but must un-
dergo an internal conversion to a lower electronic state in

order to continue to reactants or products. The evolution of
the complex was probed by picosecond REMPI of I atoms
and I, molecules. Two reaction pathways have been ob-
served: the first leads mainly to Br(’Ps,)+1,(v>0), the
second pathway leads to IBr+1.

6.5.2. I*+CO,, OCS

The photodissociation of I, at 395 nm embedded in clus-
ters of CO, or OCS molecules has been studied experimen-
tally by Sanov ez al.3!? and theoretically by Delaney er al.®'?
and by Sanov et al.’'* The photoexcitation promotes I, toa
dissociative state correlating with I~ +1*(?P,,), the only
near-ultraviolet channel for unsolvated I, . In I, - (CO,),
and I, - (OCS), clusters, interactions with the solvent are
observed and result in extremely fast spin-orbit relaxation,
which occurs by electron transfer from I~ to I* (2P, 5), giv-
ing 1(*P5;,) +1~. The energy produced by this transition is
bridged by differential solvation due to solvent asymmetry.
Mechanisms of direct quenching of T* atoms by the solvent
are ruled out.

6.6. Coherent Control Theories

Quantum control theories (see study of Lu et al®® and
references therein) propose a new and interesting way to
study photodissociation processes. One of such theories was
used by Lu et al. to stimulate the control of the relative prod-
uct yield of the photodissociation of CH;I and IBr.®!®> The
calculation shows that it is possible to vary the yields of I*
atoms over the range of 26%—-98% in dissociation of CH;I
and the yield of Br* atoms over 9%-94% in the dissociation
of IBr. Also, coherent effects®'® in the photodissociation of
ICN have been predicted recently by Batista and Brumer.®!”
The I*/1 branching ratio can be controlled over a broad range
of values, simply by changing the relative phases of two
lasers that photoexcite an initial superposition state to the
same final energy state in the A continuum.

6.7. Heterogeneous Interactions

Muller-Markgraf and Rossi have studied the kinetics of
the interaction of Cl and CI* atoms with polycrystalline
nickel surfaces,76 and the interaction of Br and Br* atoms
with teflon and polycrystalline nickel surfaces.’'® Although
the sticking coefficients were found to be almost the same
for 2Py, and P;, states of the halogen atoms, the reaction
mechanisms were found to be different for these two atomic
states.

Also, the rate of deactivation of I* atoms by the wall
was determined by Haaland and Meyer to be
4% lsz(T/P) s, where P is the pressure in Torr, and T is
the temperature in K.'°

6.8. Three-Body lonic Recombination Reactions

Excited RgX™® excimers play the central role in the gas
excimer lasers (here Rg denotes a rare gas and X denotes a
halogen atom). One of the two processes producing these
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excited excimers is the three-body ionic recombination reac-
tion. The formation of RgX*, Rg*, and X*, by the reactions

Rg(*P,;, °P5p) T+ X~ +He—RgX* + He, (57a)
—Rg*+ X+ He, (57b)
—Rg+ X*+He, (57¢)

has been studied by Tsuji efal. by the flowing-after-
glow method for the Rg=Xe/X=Br®® and for the
Rg= Ar,Kr,Xe/X=Cl systems.?”*®?! It is interesting that in
the Rg= Xe/X=Br system the yield of Br* atoms is 19% for
the Xe'(?P,;,) state and only 0.67% for the Xe' (?Ps,)
state.®"?

6.9. Photodissociation in Liquid
or Solid Environment

6.9.1. Photodissociation of HI and HBr in Solid Rare Gases

Pettersson and Niemien have recently observed I* -1 and
Br*—Br transitions from the UV photolysis of HI or HBr in
solid rare gases (Ar, Kr, Xe).822 These absorptions consist of
zero-phonon lines and of phonon side bands. Some of the
zero-phonon lines are split and the phonon side bands show
structures at lowest temperatures (7 K). The splitting is at-
tributed to the atoms being in slightly different, but well
defined environments.

It is interesting, that the radiative lifetimes of X* atoms in
solid gas matrices are shorter than in the gas phase; for ex-
ample, the I* —1 transition has a lifetime of 0.13 s in the gas
phase, and 1-5 ms in rare gas matrices.5>~%%

6.9.2. Photodissociation of ICN in Solid Ar

The photodissociation of ICN in solid Ar has been studied
experimentally (see study of Helbing and Chergui®*® and ref-
erences therein) and theoretically.®*”%?® According to the cal-
culations of Amatatsu and Morokuma on the photolysis of
ICN at 260 nm in liquid Ar at 7=100 K, out of 100 trajec-
tories 38 are dissociative, 38 are trapped in the INC region,
and 24 are trapped in the ICN region. Most dissociative tra-
jectories (36 out of 38 above) go to the I* channel.®?®

6.9.3. Photodissociation of CH;l Thin Films

The first study of the photolysis of CH;I absorbed on vari-
ous substrates was reported by Barker, Purnell, and Young,
who observed C, and C; hydrocarbons produced in the pho-
tolysis of CH5I films at 77 K.%?° Dissociative desorption,
photoproduct characterization, and dynamics of the photoly-
sis of CH;3I have been studied in thin films on Ag(111) at
248 nm by Coon et al.,83° in condensed CH;I at 266 nm,831
and on LiF(001) and NaCl(001) at 248 nm®? by Polanyi
et al. and by Kutzner er al.,’** and on MgO(100) by Fair-
brother er al.¥**%3 In all cases the yield of I* atoms was
found to be smaller than it is in the gas phase (73%). For
example, in thin films on Ag(111) it was 0.5220.05 and the
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yield was dependent on the film thickness.**® However, in
thick layers the behavior of the yield is more
complicated 333783

The 257 nm photochemistry of CDsI adsorbed on
MgO(100) has been investigated by Trentelman et al.®* It
was found that the laser-induced desorption of methyl iodide
competes with dissociation at the surface. The total cross
section for removal of adsorbed CD;I from the surface was
comparable to the gas phase cross section. A significant por-
tion of the atomic iodine fragments remain trapped at the
surface with preferential trapping of T*.

6.9.4. I*—1* Contact Pair Emission in Condensed Media
and in Matrices

Fluorescence spectra of molecular iodine in room tem-
perature solutions (solvents: CS,, C,F;Cl;, CHCl;,...) and
in cryogenic rare gas matrices (Ar, Kr, Xe, Kr/Xe;
T=12-30 K) were obtained by two-photon excitation in the
500—600 nm range by Apkarian and Apkarian.®*” The emis-
sion spectra were assigned to the dipole allowed I*I*(*P,),
+2P1,2,0;)—>I*I[2P1,2+2P3,2,B(0:)] transitions, that is, to
pairs of spin-excited I* atoms which are strictly bound in the
solvent (matrix) cage. The interaction between two excited
I* atoms leads to three potentials, 0; s Og_ , and 1,, which
are repulsive; however, the pair of I* atoms is stabilized by
the cage effect. The decay kinetics of I*I* is remarkably
different in solid matrices and in liquid solutions.

In condensed media, emission of I*T* provides a simple
and sensitive means for determining the size of the cavity in
which the molecule resides. Although the spectral width of
these transitions is broad, a rather accurate determination of
cavity sizes, to within *£0.1 A, is possible in the range
8—12 A. Also, the analysis yields a refined I*I* potential.>¥’
In cryogenic matrices, the emission spectra are analyzed to
characterize cage potentials and contact distances.®*®

7. Conclusions

It is believed that practically all studies on the X* atoms
are mentioned in the present compilation, which is planed to
be a basis for the electronic database on excited atoms. The
analysis of this literature is far from being complete; atten-
tion is focused mainly on several items: the detection meth-
ods, the deactivation rate constants, the rate constants for the
reactions producing X* atoms, the B parameters, and the
yields of the X* atoms in the photodissociation. The author
hopes that all available data of these kinds are presented
here; in almost all cases the evaluation of these data may be
done on the basis of this paper without reading the original
literature. The author will be grateful to readers who bring to
his attention publications that have been inadvertently omit-
ted.

The weakness of this study is the shortcoming of another
kind of data, the absence of recommendations and recom-
mended values, and the absence of discussion on theoretical
results. As one can see even from this paper, at the present
time the contributions from molecular dynamics studies and
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from the theoretical studies to the understanding of processes
involving X* atoms are growing. However, these data are
outside the frame of this work.
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