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KINETIC STUDY OF THE H + 1Br REACTION: RATE CONSTANTS, 
BRANCHING RATIO AND YIELDS OF EXCITED HALOGEN ATOMS 

I A BORIEV. E B GORDON and A A EFIMENKO 

Quonr~rm S~~roru Luhora~o~~ lnsrrrure of Chemrcd P~ISICF Acudem~ of Scrmcer llJ43I Chernoqolo~La Moscou USSR 

The lotnl ra,e cons,nn, Tar the rcac,,on H + IBr - HI+Br’(Br) H&+1’(l) (1 5~004)~10-‘~cm’/s has been obwnedal 
room wmprrarure The r~ac~lon p.tth lwdmg 10 bromlnc-atom formalmn was found to bc predommant ( = 909 ) Our resulw 

loguhcr wlh dam on Ihe raw constants for the H-atom reacllons ullh halogen and mIerhalogrn (LUO branches) molecules 

shoH thal Ihr: raw consIanls Tar such reactions are determIned exclus~vrly by H-atom lnteracuon =lth the nuacked halogen 
atom and arc nearly Independenl of the other halogen III the molecule The r.ue conskmw for thr Br’(‘P,,,) colhs~onal 

deacnvanon by H,S and CF,Br hale been mtxtsured as (6 1k I 6)x10-” and (1 2&O 3)x10-” c&//s rcsprc~~~ely 

1 Introduction 

The fast atomrc exchange reactrons m which spm- 
orbit excrtatron of halogen atoms IS energetically pos- 
sable have been much studred recently [l-5] _ These 
reactions are of mterest because they could be 
sources for the exerted atoms m chenucal lasers acnnng 
on the 2P,,2-2P,,2 transrtron m halogen atoms 
Moreover, the relrable kmeuc data for such simple 
reactions as H + IBr are rmportant for msrght mto 
the reactron mechanrsm of fast atom-molecule reac- 
uons [ 1,2] _ So far studies of reactions m which the 
2P 1 l2 excited state of halogen atoms may be pro- 
duced tnclude I* f Br2 [3], F + Br2 [3], F + I, [S, 
61 and H + 12 [6] _ For the first two reactions, the 
effcrency of the Br* productron was found to ex- 
ceed the 335% needed to achreve population mver- 
sron [3] For the other two, the fractronal yield of I* 
was estunated to be less than 7% [5,6], though for 
F + I, reactron a large I* yreld (==90%) has been pre- 
dicted on the basrs of mduect data [4] 

In the present work we have carned out a detailed 
study of the reaction (AH, values m kI/mol are given 
u-r parentheses) 

eBr 
HI + Br+ (-75 6) 

H(2S) + IBr 
HI + Br (-119 7) 

HBr + I* (-94 5) 

ll-EI*r+I (-1856) (I) . 

whrch 1s of rnterest for at least two reasons. Fust, 
rt has two reaction branches, the branch leadrng to 
rodme atoms bemg much more exothemuc. Second- 
ly, the energy released in thrs reaction is sufficrent for 
the spur-orbit excrtatton of either I or Br. 

We have measured the total rate constant, k, , the 
probabrhty for each branch, qlgr and I)~ = 1 - qBr, 
and estimated the fractional yrelds of excited atoms, 
l Br and el The results obtarned and some data for 
srrrrilar reacttons are discussed in terms of the reactron 
mechamsm and product energy distnbutton. 
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2 _ Expenmental nved- 

The tune dependence of I (I*) and Br (Br*) con- 
centrattons produced upon short-pulsed broad-band 
flash photolysrs of mixtures of H2.S (a photolytic 
source of H atoms) with IBr, was measured Concen- 

trations of iodtne and bromine atoms in the 2P1 ,2 
and 2P,,2 states were monitored at some tune delay, 
r,j, upon photolysls by usmg the techmque of laser 
atomic-resonance spectroscopy [7,8] _ Pulsed photo- 
dlssocranon rodme and bromme lasers actmg on the 
2P 2pl,z (F’ = 3)-2P,,2 (F= 4) and ‘Pl,, (F’= 2)- 

312 (F = 3) nanslttons m the ground electromc 
states of rodme and bromme atoms, respectively, 
were used as the sources of probmg beam. 

e = [A*l/[+otl = $<I -In z/in qot) (3) 

The expenmental apparatus 1s shown in fig l_ By 
usmg the multipass optrcal system, the probing laser 
beam was allowed to undergo II = 3 + 8m (m = 0, 1, 

2 or 3) passes through the quartz cell (2 5 cm inner 
chameter and 100 cm length) Xenon-Filed flashlamp 

(=4 ps fwhm) was used to produce H(2S) atoms upon 
broad-band UV photolyns of ~0 5 Torr H2S The ex- 
penmental procedure, the parameters of photodrsso- 

clanon lasers used and other detark have been re- 
ported elsewhere [3,7,8] _ 

The change, z, m the mtenslty of the probing 
beam upon n passmgs through the cell of the length 
I IS related to the concentrations of atoms (denoted 
A* for the *Pt/2 state and A for the 2P3,2 state) by 
the followmg equation [7,8] : 

ln z = KguF,_J71(2[A’] - [A]), (1) 

where uF’_F 1s the stimulatedemisslon cross section 
of the laser transitron m respecuve atom, g 1s the sta- 
tishc weight equal to 7/24 for rondme and 5/16 for 
bromme atoms, the factor K = 0.56 takes mto con- 
sideration the parual overlap of F’ = 2-F = 3 lures for 
bromine isotopes 79Br and 8lBr [a] (for rodme atom 
K = 1). For our case of low pressures, UF*_F, 1s equal 
to the value correspondmg to the center ofDoppler- 

broadened lures at 300 K e-4 = 1.3 X lo-l7 cm2 
(rodme) and @_3 = 1 0 X IO-1 7 cm* (bromme) 

which are known from both calculated [9] and ex- 
perunental data [7,8,1 OJ _ The admlssron of efficrent 
quenchers of the 2Pl j2 state (02 for I* and CO2 for 
Br+, wrth the rate constants of quenchmg 2 7 X 

10-l 1 [7] and 1.5 X 1O-11 cm3/s [ll], respectzve- 
ly) may provide a complete relaxahon at the moment 
fd Hence the attenuatton of the probing beam, ztot, 
measured in such a case, is determmed by the total 
concentration of atoms at the moment fd, [Atot] = 

[A+] + [Al 

The desired IBr pressure m the cell (~10~~ Torr) 
was mamtamed by coolmg the cell srde-arm con- 
tarrung IBr crystals IBr pressure in the range -50 to 
+20°C was detennmed by rlsmg the quartz capacrtor 
pressure gauge In addition to H2S and IBr, 1 to 2 
Torr of erther O2 or CO2 (quenchers) or Ar (buffer 
gas) were admitted mto the cell All the expenments 
were carned out at 296 K IBr was prepared by melt- 
ing the storchrometnc amounts of 12 and Br, prelmu- 
nary degassed and sublunated (or drstllled) u-r vacuum 
over P20, All the gases used were passed over a 
hqtud-rutrogen trap m vacuum. 

3 Results 

The fast secondary reacuon, 

Br(*P3,2) + IBr 2 Br2 + I(2P,12) , 

k2 ~35 X lo-l1 cm3/s [12] , WI 

in wluch the bromme atoms formed m reactron (1) 

In ztot = -W’F’-&[At,t] - (2) 

Thus the absolute total concentration of atoms can 
be detenmned from (2) as a function of td, and then 

from (1) and (2) a simple expression for the fraction 
of excited atoms, E, at the moment rd could be de- 

Fig 1 Expenmental apparatus lodmc or bromine laser, 1, 
quark plate, 2. the murors of the multi-pass ophal system. 3. 
quartz cdl. 4. flash-lamp. 5; reflector, 6, photodetector, 7 
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fd 2’: 

Fg 1 The concentraQons of the Br (=) and I (v) atoms as a 
funtion of the delay time. rd. upon the flash photolysis of 
the rrux-ture (0 47 Torr H2S + (1 4 x 10s2) TOIT IBr + 15 
Torr O2 (or CO,)) The sum of the 1 and Br atom concen- 
tiat~ons IS given by the heavy sohd hne 

are converted Into lodme atoms, may be important 

under our expenmental condlhons. 
The measurements of kl and VBr were carried out 

m the presence of quenchers Hence, the excited 

atomic states could be neglected, and accordmg to 

eq (2) he ZtOt values measured gave total atomic 
concentrations. The observed lanetIcs of I(2P3,2) and 

BI(~P,,~) atoms IS presented m fig. 2 Usually 6-8 
measurements of ztot were performed at every fd and 
averaged The results show that the reaction (I) gnres 
mamly bromme atoms while the lodme atoms observ- 
ed are produced WI the secondary reaction (II) This 
conclusion IS supported by the fact that the sum of 
the I and Br atom concentrations remams constant at 

td > 50 ps, when the faster reactlon (I) IS complete 

The value of [I] attamed at large r,j was indepen- 
dent of [IBr] This indicates the negligible role of 

both the direct IBr photolysls and the slow reaction 
H + H2S, and supports the vah&ty of the assurnpfion 
[H] < [IBr] Hence, the [I] value at large td pves the 
H2S photodlssoclafion degree Q = 0 4% Nevertheless, 
control measurements of a were carried out under the 
same condlnons usmg ~0.1 Torr 12 mstead of IBr. 

For the reactlon 

k3 
H+I,- HI + I(2P,,2) (In) 

the rate constant k3 is equal to (3.0 + 0.8) X lO-‘O 
cmj/s [6] The same value Q = 0 4% was thus obtamed. 

Assummg an mstant production of H atoms and 
takmg mto account a small (==14%) consumption of 
IBr m processes (I) and (II), the rate constant k, = 

(1.5 204)X IO-‘0 cm3/s was found for reaction 
(I) The presence of equilibrium amounts of I2 and 
Br2 (4% at 300 K [ 131) does not mfluence the k, 
value smce k, 1s twice as large as k, , and the rate con- 
stant for the reaction 

H+Br2 -Y. HBr + BrPP~&, W) 

k4 <k, _ However, m view of a small probability of 
the reaction branch leadmg to lodme atom formation, 
the reactlon (III) may contnbute s~gmficantly to the 
m1ha.l iotie atom concentrations observed. Talang 
mto conslderahon this contnbution, the probability 
of both branches for reaction (I) were obtamed 

qlg,= I -7,=089f0.08. 

It 1s worth mentioning that the presence of ddutig 

gases (02, CO2 or Ar) m the cell prevented a notice- 
able temperature nse of gas murture upon photolysls 
and from &ffuaon of atoms to the cell walls and 
their heterogeneous reactions 

Our expenmental tecluuque allowed us to deter- 
nune the efficiency of the excited atom production 
m reaction (I) For this purpose the quenching gases 
were replaced by A.r, and then z values were mea- 
sured under condlfions when other quenclung pro- 
cesses were neghgble. The published rate constant for 
the quenching of the 1*(2Pt j2) state by IBr and H S, 
and of the Br*(ZP, 12) state by IBr are 4.3 X IO- 11 

[14], (1.5 f 0 4) X IO-l3 [6] and 2 X IO-l2 

cm3/s [3], respectively. The rate constant for the 
process 

Br’Y2P, 12) + H2S 
ks 

- Br(‘P3,2) + H2S 03 

has been measured. Br* atoms were produced by UV 
flash photolysls of CF3Br. From the observed tune 
dependence of z and ztot, we could determine both 
the fractional yield of BP upon the broad-band 
photolysls of CFsBr (E = 0.70 + 0.10) and the rate 
constants for the Br* quenchmg by CF3Br (kCFBBr = 
(1.2 -C 03) X 10-l 3 cm3/s) TO obtam the desired k, 
value, 2 to 4 Torr of H2S were adnutted to =$ TOIT 
of CF,Br, and the z&d) value was measured. The re- 
sults are presented in f%. 3 as a hnear plot m coordi- 
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Fig 3 -i-he Vahe Of @ = h E&d) + kyr,u[CFsBr] r,j aS a 
function of [ HZS] td 

nates whch take mto account the BP quenchmg by 

CF3Br. From the slope of the plot one may obtam 
kg =(6 2k 1 8)X IO-13 ems/s. 

The data presented above show that the quenchmg 

of I* and Br+ atoms u-r the cell may be neglected at 
td = 25 F, when the extent of conversron m reac- 
fion (I) IS large However the measurements of z at 
t__, = 25 ps have not confmed the presence of either 
I* or Br* atoms wvlthm the lmuts of experunent ac- 
curacy Accordmg to eq (3) this grves the estunates 

l Br < 0 08 and l I < 0.15 (m the latter the uncertam- 
ty 1s larger in vrew of process (Ill)) 

4 Discussion and conclusions 

The results of the present work are as follows (a) 

the total rate constant for the H + 1Br reaction has 
some intermedtate value between those for reactions 
(lII)and(IV)(k, =(82*38)X lo-l1 [151,8X 
lo-11 [16] and(6_8+0_5)X lo-l1 cm3/s [17)), 
which 1s mconsrstent wrth the concept of lugher reac- 
tivrty of mterhalogens [IS]; (b) m reactron (I) the 
bronune atoms are formed predominantly, 1 e. the 
reactron occurs vra the energetically less-favorable 
reactron path To explant a sinular anomalous branch- 

mg ratro reported earlrer for related reacttons H + 
FCl [2,18,19],H+BrCl [l] and F+ICl [20],some 
models take mto consideration the possibibty of 

atomic nugratton (m particular of H atoms) wrtbm 

the transition complex [ 1,2,18,19] 
However, analysis of our own and pubhshed data 

shows all the expenmental results are conststent with 

a simple model of direct H atom reaction worth the 
halogen atom attacked m the (mter)halogen mole- 
cule, the probabrbty of tins reactron berng indepen- 
dent of the tdentrty of any other halogen atom m the 
molecule 

Calculations of potentral energy surfaces show 
that the colhnear colhsrons are most efficient for H 
atom reactions with (mter)halogen molecules [2 I]. The 

large amount of energy released m such reactrons and 
small bond energy n-r (utter) halogen molecules must 

results U-I the short Metune of the transition complex, 
and hence m the low probabtlity of its contigurauonal 
rearrangement Therefore, the colhnearly collrdmg H 
atom mteracts only wrth the nearest halogen atom 
and with electrons in a molecular orbItal, the energy 
of whrch IS only shghtly dependent on the tdentrty of 
the other halogen atom Hence, one may assume that 
H atom reacts w-rth XY molecule Just as wrth X2 
molecule upon colhslon from the X side, or lust as 
wrth Y2 molecule upon colhsron from the Y stde of 
the mterhalogen molecule In other words, 

kx, = i&x, + ky,) , r = r?y/sx = kx,/ky, _ (4) 

The vahdlty of thus model 1s confirmed by the re- 
ported data for D (H) atonuc reactions with Cl,, 

Br,, 12, ICI and IBr UI molecular beams [22] the 
angular dtstnbufion of the reactron products is spe- 
colic for every par-ncular molecule formed, DCl, DBr 
and DI, but is tndependent of the idenfity of the 
molecule from whrch they are formed. 

The kmenc parameters for the reactron H + IBr 
and for three other reactions of H and F atoms with 

mterhalogen molecules are collected m table 1 (for 
F atom reacttons w-101 halogen molecules, the same 
arguments hold true as those for H atom reactions) 
As IS seen, the total rate constants and branchmg ra- 
tros, r, evaluated by usmg formulae (4) are close to 
those estmrated from the expenmental data (though 
the accuracy of these data 1s rather poor) The range 
of vabd~ty for thus stmple model is of interest both 
for the theory of such chemical reactions and for the 
quantitative predtcfions of the rate constants for reac- 
trons of H and other atoms with some unstable mter- 
halogens. 

The observed absence ofnoficeable productton of 
I* and Br* atoms m the H + IBr reaction rs u-t accord 
wrtb the expenmental data for srmilar reactions H + 
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Table 1 
The total rate constants, k~\i, and branclung rabos, r. for some rexcl~ons A + XY + AX + Y. AY + X determmed expenmentaUy 

and calculated by usmg formulae (4) from the expenmental values of XX* and ky, 

Reaction &=P 
x2 

pp 
y2 k”gf. .ev kg. .=J= 

A+XY (lo-” cm3/s) (10-l t cm3/s) (10-l ’ cm3/s) (lo-” cm3/s) 

H + IBr 30 _+ 8 b) 68*82c) 15*4=) 4-32 a) 19 + 4 3-6 

H+CIF 25*ozid) 033iO06d) 19-~03e) 45-62r) 14*04 56+10 

H+Brcl 6 8-82c) 25+05 - >25g) 46 2341 

l-+1Cl 43+11h) 16*5h) sot 2oh) 2 7 h) 30* 8 1749 

a) ns work b) Ref [6] c) Refs [15-17) d) hiean value over all the pubhshed data e, kefs 123.241 f, Rers 12.l9.25) 
6) ReT [I] h) Ref [20] 

Brz, H + HBr [26], H + I2 [6], and the theorehcal 
concept 1251 of a large probability of vibrational ex- 
cltatlon of the molecular products in such reactions 
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