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Dynamics of OH and OD radical reactions with HI and GeH , as studied
by infrared chemiluminescence of the H ,0O and HDO products

N. I. Butkovskaya® and D. W. Setser
Department of Chemistry, Kansas State University, Manhattan, Kansas 66506

(Received 13 September 1996; accepted 10 Decembel 1996

The infrared chemiluminescence of vibrationally excite®Hnd HDO from the highly exothermic
reactions of OH and OD radicals with HI and Ggias observed in the 2200-5500 thrange.
The experiments utilized a fast-flow reactor with 0.3—1 Torr of Ar carrier gas at 300 K; ti®@DH
radicals were produced via the(B)+NO, reaction and the H or D atoms were generated by a
discharge in a K{D,)/Ar mixture. The HO and HOD vibrational distributions were determined by
computer simulation of the emission spectra in the 2200—3900" sange. The total vibrational
energy released toJ@ and HOD molecules is, respectivelif,) = 0.36 and 0.41 from HI and
(f,) = 0.46 and 0.51 from GeH These values are significantly smaller than for the reactions of OH
and OD with HBr(f,) = 0.61 and 0.65. The populations of the O—H stretching vibration of HOD
and the collisionally coupledv; and v5 stretching modes of J0 decrease with increasing
vibrational energy. In contrast, the vibrational distribution from the HBr reaction is inverted. The
bending mode distributions in all stretching states g®tand HOD extend to the thermodynamic
limit of each reaction. A surprisal analysis was made fgOHHOD) distributions from the title
reactions and compared with that for GBD)-+HBr. The surprisal analysis tends to confirm that the
dynamics for the HI and Gefeactions differ from the HBr reaction. The HI reaction may proceed
mainly via addition-migration, while the GgHeaction may involve both direct abstraction and
addition-migration. A rate constant for the GtbeH,—H,0+GeH; reaction was evaluated by
comparing the HO emission intensities with that of the GHHBr—H,O+Br reaction,
k(3e,44/kHBr = 6.5 = 0.9. Secondary kinetic-isotope effecks,y/kop = 1.4 = 0.1, 1.0:0.2, and
1.3+0.2, were determined for reactions of OH and OD with GeHl, and HBr, respectively, by

comparing the relative $#0 and HOD emission intensities. @997 American Institute of Physics.
[S0021-96087)00411-X

I. INTRODUCTION work®® we have used the infrared emission technique to ana-
lyze the vibrational excitation of isotopic water molecules

Hydroxyl radical reactions are important from both prac- . . ; )
tical and fundamental points of view. Practical appIicationsformed in the reactions of QI@D) radical with HBr and

include combustion and atmospheric chemistry and involvé-:)Br'

reactions with a wide range of organic apd inorganic mo!- OH(OD)+HBr—H,O(HOD)+Br. (1) and (1D)
ecules and radicals. On the theoretical side, the abstraction

reactions giving HO provide the opportunity to study the Chemiluminescent spectra in the 2400-3900" trmange
formation of a triatomic product molecule in specific quan-were recorded by a Fourier transform spectrometer and ana-
tum states. In particular, the reactions of OH with hydrogenyzed using computer simulation. The spectra were obtained
halides have been extensively studied to provide a kinetigrom a fast-flow reactor with 0.5—2.0 Torr of Ar for a short
database for atmospheric chemistryand hydrocarbon reaction time(0.2—0.8 m& The degree of vibrational cou-
combustior?. Reaction rates also have been studied for deupling among levels was determined, and it was shown that
terium halide$™’ and vibrationally excited hydroxyl the distributions forv,+v5 and v, of H,O and v, and
radicals®” In contrast to the kinetics, very little is known v,+v, for HOD could be assigned. The fraction of vibra-
about the dynamics of these important reactions, and onlyional energy was 0.61 in J® and 0.65 in HOD, and the
the first efforts are being made to determine the energy disvibrational distributions showed an inverted population in
posal and to explain the unusual temperature dependence ipbth the stretching and bending modes, as would be expected
the rate constanfs.' The infrared chemiluminescence tech- for a direct abstraction mechanism. These experimental re-
nique has been successfully used to study the dynamics gliits can be compared to a quasiclassical trajectory
the H atom abstraction reactions by O, F, and Cl atoms, angalculatio and a quantum scattering calculation of Clary
comparison of the vibrational-rotational energy distributionset al® on an approximate potential, which was constructed so
of the products with quasiclassical calculated results led t@s to provide a negative temperature dependence for the rate
an understanding of the reaction dynaniits:* In recent  constant of reactiof).

In the present work we have studied the reactions of

dpermanent address: Institute of Chemical Physics, Russian Academy (QH(OD) radicals with HI and Gekl Both reactions have
Sciences, 117334 Moscow, Russian Federation. larger rate constants than reactith) and presumably they
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TABLE I.  Thermodynamical —and kinetic data for the tions for centrifugal effects, which were introduced in the
OH(OD)+HR—H,0(HOD)+R (R=Br, Geh, ) reactions. present study, are described in Sec. Ill. The vibrational dis-
tributions are presented in Sec. IV B. In spite of the available

DO(H_R)a _AHO Eab <Eav>

k (298 K) energy being higher than for OHHBr, the vibrational dis-
Reaction keal mol™* cm’molecule's™  griputions from both HI and GefHwere noninverted in the
OH+HBr  86.64-0.05 31.4 0 337 1410 11b stretching mode. Information theoretical analysis, which is
OD+HBr 30.8 0 331 kykp=1.3+0.% given in detail in Sec. V A, showed that the surprisal plots
OH+HI  70.42t0.06 477 0 498  2X10°1° for OH+GeH, and OD+GeH, reactions are linear, but the
OD-+H| ’ 4r1 0 492 kH/kD:l'Oi?'zc slopes are lower than those for the @HBr and OD+HBr
OH+GeH, 82:+2 36 <€ 384  (7x1)x107° . .
OD+GeH, 36 w378 kykg=14+0.1° reactions. The s_urpnsal plots for GHHI and OD+HI reac-

tions also are linear, but the slopes are close to zero. The

®Reference 1@). detailed discussion of the reaction mechanisms, along with a

b ; : ) )
Reference 1. comparison with results from reactions with F, Cl, and O

°This work. .. .

dSee also Refs. 1B) and 17c) for a discussion about Ge—H bond energy. atoms, Is g'_Ven in Sec_- V B. ] ) o ) )
®E,=0 can be assigned with the reference to Ee=0.095 kcal mol* for In addition to providing vibrational distributions, the in-
OH+SiH,—H,0+SiH; reaction(Ref. 44. frared chemiluminescence can be used to obtain relative rate

constants for HO and HOD formation by comparison with a
i , ) standard reaction. In this work the rate constant for the reac-
also proceed without formal_e(l)tennal energy barriers. Th&jon of OH radical with germane was obtained by compari-
rate constant for Hl is 210~ molecule cm”®, which is g5 15 4By, The secondary kinetic-isotope effects for the

2.5 times larger than for HBYThe chemistry of Gefimay GeH, and Hl reactions with OH and OD were obtained by
be important in the plasma-enhanced chemical vapor dep%’omparison of the kD and HOD emission intensities.
sition processe¥ but neither dynamical nor kinetic data cur-

rently exist for the OH-GeH, reaction.

The infrared chemiluminescent spectra gfHand HOD
were measured from the reactions of OH and OD radicals The experimental methods were given in the preceding
with HI and GeH in the same reactor that was used for papet® that described our study of the HBr reaction. The
reaction(1), infrared chemiluminescence spectra from vibrationally ex-

cited H,O and HOD molecules generated by the reactions of

OH(OD)+HI—HO(HOD) 1, (2) and (2D) OH and OD radicals with hydrogen containing molecules
OH(OD)+GeH,—H,0(HOD)+GeH,;, (3) and (3D)  were recorded by a Fourier transform infrared spectrometer

: .. (BIORAD FTS-60, which observed the emission from a
These reactions were selected because the exoergicity Sst-flow chemical reactor operated at 300 K. The spectral
larger than in the OH HBr reaction and because both reac- P : P

tants have been studied with O. F, and Cl atéi&? The resolution was 1 ct. The spectrometer chamber and the

. . tube connecting the observation windaMaCl) with the
energy available to the products can be obtained from thg ectrometer inlet leng§CaF,) were continuously flushed
enthalpy changes for reactiofiy—(3) using Eq.(4), p 2 y

with dry air to remove water vapor that would absorb the
(Eav):—AH8+nRT+ E., (4) chemiluminescent radiation. The response of the liquid N
cooled InSb detector was calibrated with a standard black-

II. EXPERIMENTAL METHODS

where E, is the activation energy and=3.5 for reactions body source
(1) and (2) andn=4 for reaction(3). The thermodynamical y ’

N : : : The OH or OD radicals were produced 30 cm upstream
and kinetic data for these reactions are listed in Table |I. On%f the observation windowNaC) via the HD)+NO, reac-

of the mter_estlng features of this group of reactions is the}ion; the HD) atoms were generated by a discharge through
zero activation energy. The reduced rate constants, relative 10

- i a H,(D,)/Ar mixture. The degree of the dissociation of
the collision rate constant, arise as a consequence of the oty (D,) was measured as 508 Molecular reactants were
entation requirements for the @K %II) radical. The—AH, 272 '

values, obtained from the H—R bond enerdisre 31.4, mtrqduced 35 cm upstream of the _observatlon window.
_ . . Typical concentrations of GeHand HI in the flow reactor
47.7, and 36.0 kcal mof for the OH reactions. The avail- 3 )
) . : . were about X10™ molecule cm?®. The total pressure was
able energies are sufficient to excite four and three stretchmg : . )
. : aried from 0.3 to 1.2 Torr using Ar as the carrier gas. The
guanta of the water molecule in reactig@% and(3), respec- . ) :
k L typical reaction timgat 0.5 Tory was 0.25 ms.
tively. The large rate constants of reacti@gdsand(3) made The secondary reaction of germvl radical
it possible to observe chemiluminescence in the 2200—-3900 y germy
plus the 4500—5500 cnt range; the latter was used to com- OH+GeH;—H,O0+GeH, (59
pare emission intensities from th@r;=—1+Ap,=-1)
combination transition to thAv,=—1 transition. —H+Ger0 (5b)
The experimental chemiluminescent spectra were ananust be considered, because the formation of water in chan-
lyzed using computer simulation methods previouslynel (58 could effect the HO spectra from the primary reac-
developed®!® Some improvements concerning line posi- tion (3). The ratio of water concentrations produced in the
tions of the combination and hot bands and intensity correcsecondary and primary steps at short reaction times may be

J. Chem. Phys., Vol. 106, No. 12, 22 March 1997
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expressed agH,Olsed[H,0l,i=Kso[OH]JAt/2. For typical (K,—K.<2), J=9 (K,—K;<-5) and J=10
conditions of 0.5 Torr,[OH]=2%x10" moleculecm and (K,—K,<—6) are responsible for the bulk of the observed
At=0.25 ms, comparabl¢H,O].. and [H,O],; may be emission intensity. Fortunately, many KD bands in the
achieved only ifks;>1x107% cm® molecule*s™*. More-  0-17 000 cm® spectral range have been thoroughly exam-
over, when reactioni3) takes place with an excess of BO ined, and most of the rovibrational energy levels for,
over the H atom concentration, reactiof6), with v3<4, v,<2, and J<8 states are known. This includes
ke=(1.06+0.18x10 ! cm® molecule ' s 7! (Ref. 20 effec-  (010),%? (020), (100), and(001),%® (030, (110, and(100),%
tively removes the Gejradicals, (040, (10, (120, (021, (200, and 9(03(32),25-28 (050),
(130, (031, (210, (111, and (012,~°~°° (211), (13D,
NO,+Geth—products. © (310, 112. (013, (041), (220, (121), (022 (300,
A suggested mechanism for reacti¢®) is formation of a  (201), (102), and(003),°%%4(141), (320, (221), (301), (202,
GeH;NO, complex, followed by isomerization to GgEINO  (122), (023, (400), (103, (004), (231), (212, (311), (410,
and decomposition to Gg@+NO or GeH+HONO. The and (113 (Ref. 35 absorption bands. Missing levels were
reaction with NO calculated using expressions for rotational energy from Ref.
NO-+GeH;—GeHNO @) 26, _neglectingJ— apd K—dependent terms fo.r Fermi qnd
Darling—Dennison interactions. Where possible, rotational
with k;=(1.02+0.2x10™** cm® molecule ' s™* (Ref. 20 is  constants for vibrational states from Refs. 22—35 were used:
an order of magnitude slower and can be neglected, becauggher cases were obtained by linear extrapolation of the ro-
[NO,]>[OH]=[NO]. To examine whether reactiof5a)  tational constants of lower states. The energy levels for states
plays any role in our system, water emission spectra wergith v,=5 and 6 (with poor convergency fod=6) were
recorded for [NO,]=1x10" and [GeH,=1.6x10"*  calculated using a polynomial extrapolation of the rotational
molecule Cl'ﬁ3 with OH concentrations of 3.0, 1.2, 0.65, and levels Ofvzz(_)' 1, 2, 3, and 4 states. As a rule, values for
0.23x10" molecule cm®. All four spectra were identical, band centers were taken from the HITRAN database. Some
within the experimental error limits, confirming the insignifi- experimental values for high, statede.qg.,(151) and(042)]
cance of the secondary reactitg). For most experiments, were taken from Ref. 36, the others were obtained from
we used OH]~2x 10" molecule cm?® with excess N@in  variational calculation&’ 38
order to have a better signal to noise ratio. The close energy of symmetric and antisymmetric
Commercial tank grade Ar was passed through three mostretching vibration levels leads to fast collisional equilibra-
lecular sieve traps cooled by acetone/dry ice mixture andion between these energy levels, and only the equilibrium
liquid N, to reduce HO and CQ impurities. The HBr and  population,v, 5 can be observed in our experiments. Hence,
HI (Matheson were purified by two freeze—pump—thaw the simulated spectra for,® were calculated as a superpo-
cycles before the gases were loaded into gas storage resgjtion of the “equilibrated” (v, 5 v,) bands. Omitting terms
voirs as 10% mixtures with Ar. Tank grade,®,) and ger-  with a negligible 298 K Boltzmann weight, gives the follow-
mane(Solkatronic Chemicals Ingwere used without puri-  jng (vy32) groups:
fication. The Gell was metered to the reactor from a
reservoir containing a 10% mixture with Ar. Germane is a (1v2)=0.38400,,1)+0.61610,,0), v,=0-6;
Eggnhly flammable material and should be handled with cau- (202)=0.150,.2)+0.38 1,0,,1)+0.472,.0),

I1l. SIMULATION METHODS v,=0-6;
A. Modeling of H ,O spectra (3,v,)=0.0540p0,,3)+0.1191,v,,2)+0.400Q2,v,,1)
As in our previous works®>!® computer simulation of +0.42730,,0), v,=0-4;

the H,O spectra was used to assign the vibrational distribu-

tions. The procedure begins with the relative line intensities ~ (4v2)=0.043105,3)+0.44020,,2) +0.43430,,1),

for the (001) and (100 fundamental bands as measured in vo=0—2 )
absorptiorf! The corresponding emission bands were calcu- 2 '

lated as in Ref. 1&) with a Boltzmann rotational population. The harmonic oscillator approximation with a cubed fre-
Only the modifications and details necessary for clarity ofquency adjustmefit was used to calculate the intensity of
reading the present paper are given below. Line positions fohe Av;=—1 andAv,=—1 bands from they(, 5v,) States

all the @q,v5,03)—(v1,05,v3—1) and @q,v,,v3) of Eq. (8). In this work, a correction to the line intensities of
—(v1—1p,,v3) higher bands involved in the J@ spectra the Av;=—1 combination bands was made with the help of
were obtained as a difference of the rovibrational energyr factors, which reflect a deviation of the transition intensity
levels of the corresponding transitions. Since the energ§rom the rigid-rotor approximatiof?*! The F factors were
available for the OH-HI reaction is sufficient to excite up to calculated according to the theory of the first-order intensity
four H,O stretching quanta, the bands with +vs=4, perturbations for the vibration-rotation lines of asymmetric
V,<2;v1+v3=3,0,<4;v,tv3=2,0,<6; andv,+v3=1, rotors developed by Braslawsky and Ben-Aryen for funda-
v,=<6 energy levels must be considered. Transitions betweemental bandé® The theory was extended to give correction
the rotational levels withJd<7 (all K,, K., J=8 factors for combination and hot bands; the relevant formulas

J. Chem. Phys., Vol. 106, No. 12, 22 March 1997
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TABLE II. Band strength coefficients for the equilibrateg@®and HOD emission bands.

H,0 HDO
Band centers  [vy(i)/vy(1)° vy vo(i) ve(2)]°
o(i) /v 1d vo(i)/ vo(2)] Band  [ui)/
Band I 7 Vg 2 I 2 a? Band center py(1)[° a?
Qw,) 3756 3657 1 1 1 1 0.427 (v 3707 1 1

(2vy) 3689 3545 0.947 0911 1.894 1.822 0.719v;,2) 3543 0.873 1.75
(Bv, 3587 3398 0.871 0.802 2.613 2406 0.908v,;,3) 3381 0.759  2.28
(4v,) 3505 3621 0.813 0.971 3.252 3.884 1576v;,4) 3204 0.646  2.58

3Band strength coefficienty, is defined as®(v,/v,/v3) = aS2(001); see text for example.

are presented in the Appendix. The band centers of the
01’3:1, 27 3, and 4 emission Spectra are Separated.,gg (3000—3900 le), which is Supposed to be the “active”
cm %, which allows thev, distribution of eactv, 5 level to modé for the OD reactions under study, is not overlapped
be assigned with confidence. Selection of a vibrational popuWith emission from any other normal mode, and théevels
lation to fit a given experimental spectrum was made using &r¢ not collisionally coupled to any other set of levels.
least-squares procedure with normalization of the calculateflence, the nasceng distribution can be uniquely obtained
spectrum to the peak with maximum intensity in the experi-y €xamining the\v;=—1 HDO spectra from reaction2D)
mental spectrum. and (3D). Furthermore, simulation of thdy;=—1 HOD
Integrated intensity measurements were employed in thePectra2300—-3000 cm' rangg gives the population in the
following sections for the evaluation of rate constants. Some’3=0 level, except for the dart000) and (010 states. How-
equations are given below to explain the relations betweegVer. the latter population can be estimated by either assum-
the observed intensities from.,8 for different reactions. INg a similarity to thev,/v, distribution in thev ;=1 state or
The absorption band sum intensifeof H,O are S2(vy) by extrapolation of thes, distribution of ther,=0 level. A
=7.20<x10 '8 and SS(V1)=4.96>< 10 cm Ymolecule disadvantage of the HOD molecule is that populations in the
cm 2, giving a ratio of 0.069. Since the frequency difference?1 and », modes cannot be assigned separately, because the
is not large, we assume the ratio to be valid for the emissiogmall energy difference between the and 2, levels leads
bands as well. Using this ratio, E¢8), and the corrected 10 rapid collisional equilibrium within the,, v, (v,>2) sets
harmonic oscillator approximation, we obtained estimates foPf levels. Accordingly, the obtained distributions are defined
the band strength coefficients of the equilibraigd bands by the; , equilibrium state denoted by the equivalent num-
that are presented in Table Il. For example, tBg,) emis-  ber of bending quanta. For example, tHe ;) level is com-
sion consists of twoAvs=—1 bands from(0p,,2) and Posed of three states;(0,4.v3) +a,(1,2v3) +a3(2,0v3),
(1v,,1) states and twaAv=—1 bands from(1v,1) and where the 300 K Boltzmann weights ara;=0.333,
(20,,0) states. The Boltzmann weights are determined by22=0.253, anda;=0.414 foruvs=1; a,=0.364,a,=0.260
Eq. (8), and vibrational band strength are equal to $%9,) anda;=0.376 forv;=2, etc. The band strength coefficients,
and 1.08(v), respectively, for the twa v ;=—1 bands and which are used below to determine the secondary kinetic-
1_0(58(,,1) and 1-858(1/1)1 respectively, for the two isotope effect for reactiond D)—(3D), are given in Table II.
Av,=-1 bands. Taking into account t18(v,)/S(vs) ra-
tio, the resulting emission strength f¢2v,) is calculated IV. RESULTS
as 0'15[1'8983(”3)] + 0.38[1.0 SS(VS) + 0'07'88(”3)]_ A. Experimental chemiluminescent spectra:
+ 0.47[1.820.07 - S)(v5)]= 0.725)(v3), as presented in  2200-3900 cm " range

Table 1. o ) ]
The H,0O emission spectra from reactiof—(3) in the

range of 2950—3900 cnl, corrected for the detector re-

sponse function, are shown in Fig. 1. This range includes the
The spectroscopic database for HOD is much more limAwp;=—1 (symmetric stretchand Av;=—1 (antisymmetric

ited than for HO, hence, the positions of the emission bandsstretch bands of HO. The spectra were collected at 0.5 Torr

from high levels were approximated by red-shifting the ori-and a reaction time of 0.25 ms wiftOH] in the range of

gins of the fundamental bands, as we described in Ref. 151-2)x10*® molecule cm?®. Each spectrum represents the

The magnitude of the shift was calculated as a difference oéverage of 512 scans of the spectrometer. The superimposed

band centers, which were taken from the HITRAN databaselotted curves represent the calculated spectra with vibra-

and Ref. 42. Band centers for transitions that were not pretional distributions to be given in the next section.

viously reported were calculated using the conventional ex- The possibility of vibrational relaxatiorfbeyond the

pression for the vibrational energy levels with anharmoniccoupling of »; and v; of H,O and »; and », of HOD) has

and Fermi-resonance constants provided in Ref. 42. been discussed earli€t!® The rate constants from Ref. 43
One very important advantage of the HOD spectra, relashow that the quenching of@(v; 3=1) by Ar is not impor-

tive to the HO spectra, is that emission from the mode  tant for <0.7 Torr and our residence time. Due to the large

B. Modeling of HOD spectra

J. Chem. Phys., Vol. 106, No. 12, 22 March 1997
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V=3 2 1 0 (v.0.1)
1

1@ f T T 7 v=543 2 10,00 ;=4 3 2 1000y,
4 1 —T—T— —

- v, = H (1,v5,0) v,=8 0 (0,v,,1)
. ] vi=4 0,01}

@
- OD+HBr=HDO +Br

1 ®
OD + GeH, = HDO + GeH,

Emission Intensity (a.u.)
1

Emission Intensity (a.u.)
1

1@
| oH+HI=H,0+

1 ©
- OD+HI=HDO+I

)

3200 3400 3600 3800 2200 2400 2600 2800 3000 3200 3400 3600 3800

3000
-1
Wavenumbers (cm'l) Wavenumbers (cm™)

FIG. 1. Infrared emission spectra in the 2940-3900 trange produced ~FIG: 2. Infrared emission spectra in the 2200-3900"trange produced
by the reactions of OH with HBr, GeHand HI at 0.5 Torr. The spectra, by the reactions of OD with HBr, GeHand HI at 0.5 Torr. The spectra,

which have been corrected for the detector response function, are plottegfhich have been corrected for the detector response function, are plotted
with normalization to the maximum peak intensit@) OH+HBr reaction ~ With normalization to the maximum peak intensit@) OD-+HBr reaction

with [OH]=1.2, [HBr]=1.6; (b) OH+GeH, reaction with [OH]=19,  With [OD]=19, [HBr]=0.8; (b) OD+GeH, reaction with [OD]=1.6,
[GeH,]=1.5; (c) OH-HI reaction with[OH]=1.7, [HI]=2.5 (the concen- ~ [G€H]=1.3; (c) OD+Hi reaction with[OD]=1.2, [HI]=1.7 (the concen-
trations are in units of 16 molecule cr®). The dashed lines show the rations are in units of 18 molecule cm®). The dashed lines represent the
best-fit simulated spectra. best-fit simulated spectra.

signal from reactior(2), we could show that identical @  3000-3900 cr’ range consists oAv;=—1 (O—H stretch
spectra were obtained at 0.34, 0.46, and 0.71 Torr of Ar fobands of HOD. The emission intensity in the 2200—3000
At=0.35 ms with the same reactant flows, confirming thecm™* range is visibly higher for the HI and GgHeactions
insignificance of quenching by Ar in this pressure range. Thehan for the HBr reaction. Since the O—D spectator bond in
distributions from these spectra are shown later in Table IVHOD is not expected to be excited in this type of H atom
Similar conclusion’ previously were reached about the dis- abstraction reaction, this immediately gives evidence for a
tributions assigned to reactidfh). Since thev, 3 distribution  higher bending excitation and/or a higher population ji0
from HBr is inverted, vibrational relaxation would be espe-from reactions(2) and (3) compared to reactioril). The
cially noticeable. Other probable quenching agents are Olreater intensity from lower wavenumbers in both bands that
radicals, NO, N@, and reactant molecules. For each reac-s clearly evident in Figs. (@), 2(b), and Zc) from the HI and
tion, we tested experimentally the range of reactant concerGeH, reactions corresponds to an overall increase of vibra-
trations,[RH], for which (i) the integrated spectral intensity tional excitation from reaction§2) and (3), relative to the
was linear vs[HR] and (ii) the relative intensity of the HBr reactions. The HOD spectra demonstrate more distinct
prominent peaks in the spectra remained constant. For a relifferences among the three reactions than th® Hpectra,
action time of 0.35 mgP=0.7 Torp, these concentrations because excitation in the new® bond leads to both; and
are [HBr]=[HI]~2.8x10", [GeH,]~1.5% 10" molecule v, excitation and, furthermore, these levels are collisionally
cm™3. Using the OH-HBr reaction as a test case, the rangemixed in H,0. The detailed vibrational distributions derived
of [OH] was determined that satisfied the same criteria, anfom these spectra are presented in the next section.
the [OH] was <2.5x 10" molecule cm®. No effects of re-
laxation was observed up fO,]=3x10" molecule cm>.
The HOD emission spectra from reactiqgd®)—(3D) in
the range of 2200-3900 crh corrected for the detector The best simulated $#0 and HOD spectra for the 0.5
response function, are shown in Fig. 2. The spectra werg&orr data are shown in Figs. 1 and 2 by the dotted curves and
measured at 0.5 Torr foAt=0.25 ms, reagent concentra- the corresponding distributions are presented in Tables llI
tions of about k10" molecule cm® and [OD] of about and IV. Only populations in the; ;=1 andv, levels can be
(1-2x10" molecule cm® The weak emission in the obtained from simulation of the J& spectra. The total popu-
2200-3000 cm'® range consists ofA\r;=1 (O—D stretch lation in a giverw 3 level, P, 5 was obtained by summation
and Av,=—2 (bend bands. The strong emission in the over the specifiw, populations. TheP, ; values are pre-

B. Vibrational distributions for H ,0 and HOD
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TABLE lll. Vibrational distributions of HO from reactiong(1), (2), and
(3).

U2

vi3 O 1 2 3 4 5 =6 P @ PP P& Py,

OH-+HBr
0 e 22 14 53.1
1 8.9 132 104 84 45 35 489 38 42 355
2 16.9 17.7 39 29 414 32 36 109
3 6.5 3.1 96 75 8 05
P,>Y 304 331 154 121 52 4.0--
PS' 414 262 158 89 46 21 1.0

OH+HI
0 ... 54 42 35.3
1 11.7 11.3 11.7 122 69 2.8 16 583 27 34 342
2 111 83 20 32 06 02 254 12 15 206
3 44 44 39 21 148 7 9 83
4 12 04 14 06 08 17
PLd 249 223 187 189 9.3 39 20
Pt 319 229 162 111 7.2 46 59

OH-+GeH#
0 e 44 33 47.0
1 115 136 12.7 146 44 28 07 602 34 40 36.0
2 107 96 41 41 314 17 21 146
3 6.3 48 84 5 6 23
P4 245 257 185 21.0 57 3.6 0.9
Pt 385 250 160 9.8 56 3.0 22

@Population inv, 3=0 is not considered.

PPopulation inv, ;=0 is assumed to be equal to the populatiom is-0 for
the similar reaction with OD.

°P, 5(0) from linear surprisal plotémodel | priop.

9Bending distribution irv 13=0 is assumed to be the same ag in=1.
CStatistical distributions calculated for model | prior.

sented in the last four columns of Table Ill, normalized to
100% for different assignments of tig (0) population;(a)

P, 30) was not consideredp) P, 50) was assumed to be
similar to theP4(0) that was experimentally determined from
the HOD distributionsfc) P, 3(0) was obtained from linear

surprisal plots. These experimental distributions are com-

pared to the calculated statistical distributi®. Although
the vibrational distributions for reactiofl) were deduced

from new data, they are the same as given in Ref. 15 and
they are included here for convenient reference. The experi-

mental distributions decline with increasing ; for both re-
actions(2) and (3), but the range ob, extends to the ther-
mochemical limit for eachy, 3 level. The OH-HI reaction

has a more extended stretching distribution in agreement

with larger available energy, but the population of the
ground stretching state exceeds that from the Geldction,
according to bottib) and(c) assignments dP; 50). It is also
noteworthy that the population in the highest,=3 level
from reaction(3), which is within 0.79 of the energy limit, is
significantly higher than the population in ;=4 from reac-

r: Reactions with HI and GeH, 5033

with a certainv, number; these are given in the bottom line

of each distribution in Table Ill. The rather abrupt decrease
in thev,=4 population that seems to exist for all three reac-
tions probably is a defect of the simulation procedure.

Table IV presents the @ vibrational distributions de-
rived from the spectra of reactiof8) obtained at Ar pres-
sures of 0.34, 0.48, 0.70, 1.0, and 1.2 Torr. These spectra
were analyzed in order to identify the onset of vibrational
relaxation. To within the reliability of the assignment of the
distributions, the stretching populatiort?; 5 do not change
with pressure in the 0.34—0.70 Torr range. A gradual growth
of the population in they; ;=1 level is evident from the
spectra at 1.0 and 1.2 Torr. These distributions confirm that
vibrational relaxation by Ar is insignificant &0.7 Torr and
At=<0.35 ms.

The vibrational distribution given in Table V for the OD
+HBr reaction is the same as presented in Ref. 15. This
distribution, which serves as the reference for direct abstrac-
tion, was confirmed again from new spectra obtained in the
present work. The HOR ) distributions for reactiong2)
and(3) in Table V are similar to the }D(v, g distributions
in that they extend to the thermodynamic limits and decrease
with increase ofv;. The populations irv;=0 states were

TABLE 1V. Vibrational distributions of HO from modeling the chemilu-
minescence spectra from GHGeH, at different reactor pressurés.

tion (2), which has an energy equal to 0.7 of the thermo-

chemical limit. The maximum population for both reactions
is in thev, 3=1, v,=3 state. The global ¥0 bending distri-
bution, P,, was obtained by summation over al ; states

U2
P
(Torn  vy3 0 1 2 3 4 5 =26 Pg3

0.34 1 114 137 125 145 4.2 1.0 28 60.1
2 11.0 10.3 4.0 4.5 29.8
3 5.3 4.4 0.4 10.1
P, 277 284 169 190 42 1.0 28

0.46 1 114 13.0 138 135 47 11 25 60.0
2 111 9.5 4.4 5.0 30.0
3 4.4 4.8 0.8 10.0
P, 269 273 190 185 47 1.1 25

0.71 1 13.3 115 110 111 63 34 49 615
2 12.2 75 2.8 6.5 29.0
3 3.2 59 1.2 10.3
P, 290 249 150 176 63 34 49

1.0 1 169 160 126 115 23 28 31 650
2 11.5 8.4 2.3 3.7 25.9
3 3.1 4.6 1.4 9.0
P, 315 290 163 152 23 28 31
1 208 203 159 120 1.8 70.8
2 8.9 6.3 4.7 1.5 21.4
3 2.9 3.9 1.0 7.8
P, 326 305 216 135 18

#Population inv4 ;=0 is not considered.

J. Chem. Phys., Vol. 106, No. 12, 22 March 1997



5034

N. I. Butkovskaya and D. W. Setser: Reactions with HI and GeH,

TABLE V. Vibrational distributions of HDO from reactiond D), (2D), and(3D).

U2
U3 0 1 2 3 4 5 6 7 =8 P& P PS
OD+HBr
0 26 23 37 61 20 35 09 03 21.7 217 762
1 6.7 5.9 63 49 41 26 17 08 330 330 205
2 12.5 9.7 71 49 23 08 373 373 32
3 2.9 2.8 0.1 58 58 01
P,A 247 207 172 159 84 69 26 11 -
P$, 223 158 214 137 129 70 47 18 0.4
OD+HI
0 6. 50 82 48 46 60 51 44 96 538 59 62.9
1 4.2 3.9 35 18 44 65 32 07 282 25 25.8
2 31 3.9 10 34 25 30 169 15 8.9
3 0.6 0.6 0.4 1.6 14 22
4 0.4 0.1 05 04 03
P, 144 135 131 100 115 155 83 51 9.6
P$, 131 103 158 119 134 96 91 6.0 108
OD+GeH,
0 69 5F 84 85 44 55 26 14 12 442 41 72.0
1 5.7 5.2 6.2 2.8 11 22 31 28 291 31 22.7
2 6.9 5.3 28 21 34 26 231 24 4.9
3 1.9 1.8 37 4 0.5
P,7 214 176 174 134 89 103 57 42 1.2
P$, 189 137 197 136 135 84 65 33 2.4

aP4(0) from the simulation.
bP,(0) from the linear surprisal ploténodel | priop.

‘Population in dark000 and (010 states obtained using the analogy to the population®®), (010, and

(020 for statistical distribution(model | priop.

9pstand P$'; are the statistical distributions calculated for model | prior.

obtained from modelling th&av,=—1 plus Av,=—2 emis-

grated HO emission intensity from both reactions for con-

sion, as shown in Fig. 2. Estimation of the population instant{OH]. Comparison of the integrated total intensities in
(000 and(010) states was made by analogy with the relativethe 3000—3900 ciit region was made for a range of reac-

population of(000), (010), and(020/(100 states in the sta-

tant concentration less than<a0'® molecule cm?®. Below

tistical distribution. The statistical calculation gives 6.4, 5.3,this reagent concentration, a linear dependence of the inten-

and 4.3+4.3 as the relative populations for t(@00), (010),

sity of the HO chemiluminescence on reagent concentration

and(020 + (100 levels, respectively, for the HI reaction and was observed, as expected for a reaction following the

11.0, 8.5, and 6-66.6 for the Gel reactions. After know-
ing the population in(020)+(100 level, the populations in

second-order differential rate law with consta@H]. Fur-
thermore, the shape of the spectra was unchanged, which

the (000 and(010) levels were estimated as 0.74 and 0.61 ofinsured that the vibrational distributions were constant. Fig-

this value for HI, and 0.83 and 0.64 for Ggkéactions. This
gave a total of 53.8% and 44.2% for the populatiow j0

ure 3 shows the dependencies of th®©Hemission intensities
from the OH+-HBr and OH+GeH, reactions measured at 0.7

for reactions(2D) and (3D), respectively. The contrast be- Torr. On average, the J® emission from Geliwas 5.8

tween the invertedP; distribution from the OB-HBr reac-
tion and the declining distributions from HI and Geshould

times stronger than that from HBr. The observed ratio should
be corrected to account for the populations of the nonemit-

be noted. Since they were obtained using exactly the samg,q ;,, .=0 level, which is 21% for HBr and 33% for GgH
methods, the difference should be reliable. The total populaang for the distributions among thg ;=1, 2 and 3 states.

tions in a giverw, , state, which were obtained by summa- From the distributions, incorporating band strength coeffi-

tion over thev 3 number, are given in the bottom row Bs ,.

The populations in the, , levels extend to the energy limit
and the distributions are fairly close to the statistical populazy, y

tions.

C. Rate constant for the OH +GeH, reaction

cients from Table II, it follows that the intensity of the nor-
malized spectrum corresponds to (83@;) and 0.48%(v;)
,0 from GeH, and HBr, respectively. Accordingly, the
ratio of the rate constants i&s/k;=6.5+0.9. Taking
k;=1.1x10"** cm®molecule*s™%, which is the recom-
mended valué, we obtain ks=(7.1*x1)x10 ! cm?

The rate constant of reactidB) was determined relative moleculé s . The lower error limit corresponds to the

to the rate constant of reactidd) by measuring the inte-

standard deviations of the slopes in Fig. 3; the upper one
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includes the uncertainty in the, 5(0) for reaction(3) (Table
[ll). The GeH reaction appears to be one of the fastest
known reaction of hydroxyl radicals with a stable molecule.
The value fork; agrees with the expected trend in rate
constants** for OH+CH,, k=(7.0£0.2x10"* and
OH+SiH,, k=(1.2+0.2x10" ! cm®molecule*s™?, re-
flecting the weakening of the H bond. A similar trend of
reactivity is observed for oxygen atom&=5.0x10 '8
4.8x10 1% and k=3.2x10"*? cm®molecule’s™! for
O+CH,,* SiH,,* and GeH (Ref. 46 reactions, respec-
tively.

Reactions of both OHor OD) and H atoms with Geld

54 (]

= OH+GeH,
e OH+HBr

also gave a relatively weak emission in the 1900—2200%cm
range(see Fig. 4with a maximum intensity at-2110 cm ..
This intensity attained 10% of the peak intensity of thgOH

Integrated Emission Intensity (a.u.)

0
0.0

0.5

T
1.0

T
15

2.0

25

3.0

or HOD emission for high flows of GeH This peak matches
the Q-branch of thev; fundamental vibrationdegenerate
Ge-H stretch, 2114_ CI’TJI) of the _Gel-‘!‘ mOIngle’ as Con', FIG. 3. Dependence of the integrategQHemission intensity from the
cluded from comparison to the vibration-rotation absorptionoH+GeH, and HBr reactions on reactant concentration Ro£0.7 Torr,
spectrunf’ The frequencies of the GgHadical lie in a dif-  At=0.35 ms, andOH]=2.9x10" molecule cm®.

ferent range[»,=1839, »,=928, 1;=1813, 1,=850 (Ref.

48)] We suggest that the observed emission is a result of the

nearly resonan¥—V energy exchange process,

H,O(v; 9 +GeH,—H,0(r,)+GeH,(v5) =50 cmit.  (9)

The v4(GeH,) band strength in absorptidR, I'=14 300
cm? mol ™%, converted to the cgs esu system used in the HI
TRAN, is equal to SYwy(GeH,)]~Ty/A=5.17x10"1’
cm Ymolecule cri, where,=2113.6 cm?, A=6.03x 10>
molecule mol™. This S? value is 7.2 times larger than thg
band sum intensity of 40, 7.2x10™ *® cm™Ymolecule cm®.
Taking into account the frequency differen¢e;(GeH,)
=2110 cm* and v3(H,0)=3756 cm '], the sum intensity
ratio for emission becomes equal tel.4. At 0.5 Torr, At
=0.25 ms and GeH,]=1.5x10* molecule cm?, the mea-
sured Gelj to H,O* integrated intensity ratio is approxi-
mately 7x1073, giving [GeH J[H,0*] ~ 0.01. For these
experimental conditions, about 1% of the water molecules
were deactivated by reacti@8), which corresponds to a rate

constant of the order dég~3x10" ! cm® molecule s,

[BR] (x 10" molecule cm™)

vibrational stretching distributions from Tables Il and V,
and taking into account the correspondence between the sum
intensities of the ; fundamental bands of J® and HOD, we
obtainkg/kop=1.3£0.2, 1.0:0.2, and 1.4:0.1 for the re-
actions with HBr, HI, and Gel] respectively. The other
directly relevant secondary kinetic-isotope effect available
for comparison ikg/kop=1.55+0.15 for the reactions with
HCI,® which is close to our value for HBr. The secondary
kinetic-isotope effects are generally negligible for other H
atom abstraction reactions by OH/OD radicdts example,
the CHOOH (1.02+0.10 (Ref. 50 and n-butane (0.97
+0.12 (Ref. 5] reactiong.

(@)

D. Secondary kinetic-isotope effects OH+Get,

The secondary kinetic-isotope effect for reactidfs-
(3), i.e., the ratio of rate constants for the @HR—H,O+R
and OD+HR—HOD+R reactions, was estimated using the
same procedure as used in the previous section for the esti-
mation of the rate constant of reacti¢8). The integrated
emission intensities of § and HOD in the 3000-3900
cm™ ! range were measured in the same experiment with ex-
change of equivalent Hand D, flows with the same excess
[NO,]. The average ratio of §#0 to HOD intensity was
I,0/1Hop = 0.48+ 0.06 for HBr, 0.49-0.10 for HI, and 0.52
+0.04 for GeH in experiments at 0.{HBr) and 0.5(HI and
GeH,) Torr. The error limits are the standard deviations forFIG 4. Infrared chemilum i the 1900_2100" .
three(HBr and H) and flve.(GEH“) measurernentslwnh dlf._ Gel-.|4. ia)nOrIa-lirfGgwe:;;é?c;rrlefzﬁﬂcees;]me ?:onditions as fowrmgi%fm;?]rg
ferent reactant concentrations. Using the intensity relationfyo,j=6.0: (b) H-+GeH, reaction with[H]=3.0, [GeH,]=1.1 (the concen-
between the equilibrated emission bands from Table Il, therations are in units of 1§ molecule cm?).

. ﬂAAAAfN
A

V)‘MMM/\;A haa M
¥ A U W v
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2050

® H+GeH,

WV\MAVAJ\VA;\J\/\V

1900

Emission Intensity
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and 2.07:0.09 for HOD. As has been already determined,

1 @ v¢=5331

- ¥ the sum intensity of thd»;=—1 spectra from HI are equal
H,O (011)-(000)

1™ to 0.42 S (vy) for H,O and 0.67S2(v,) for HOD. For the

: w\w‘M same distributions, the calculated sum intensity in the 4500—

] o .»J MMM , 5500 cm ! range is equal to 0.78°(v,+ v5) for H,O and to

1 ® 1.02 S)(v,+v5) and 0.17S2(2v,) for HOD. In this calcula-

S ] OH+HI=HO0+1 tion, the intensity of the combined emission for the bands
< with v,>1 andv;>1 was assumed to follow the frequency

g corrected harmonic approximation for the mode and the

£ ] (011)-(000) simple harmonic approximation for the bending mode, be-
-~ 4© Y (200)-(000) cause anharmonic coefficients, are relatively small for

2 ] HOP e both H,O and HOD. The calculated ratios of intensities are
g

i3

1 t
] Wy ﬂ‘ H 1 I5/1,,=1.7+0.3 for H,O and 9.:1.3 for HOD; the agree-
ment is very good with the measured value fgCK but the

HOD value is 4.3 times larger than the experimental result.

‘ Analogous calculations for the Ggldpectra gave sum

intensities of 0.598(v,+v5) for H,O and 0.99S2(v,+ 13)

and 0.1580(2v,) for HOD spectra in the 4500-5500 ¢t

range, and ratios dfs/1,5=2.0+0.3 for H,O and 11.4-2.3

for HOD. The measured ratios arg/l ,3=2.0£0.1 for H,0O

and 3.0:0.3 for HOD. In this case the agreement also is

excellent between the observed and calculated intensity ratio

FIG. 5. Infrared chemiluminescence in the 4500-5500 trange from o0 1y 3y put the calculated ratio exceeds the experimental

combination and overtone emission from the OH and OD reactions with 2= . .

GeH, and HI. The experimental conditions are the same as for the experivalue by a factor of 3.8. The most likely reason for the dis-

ments described in Figs. 1 and 2. crepancy with HOD is that the sum intensity
SUvy+1v5)=3.67x10 22 cm~Ymolecule cm? for HOD is
underestimated, and the real value is about 4 times larger. It

E. Experimental chemiluminescent spectra: seems possible, since the above value was obtained from

4500-5500 cm ™" range only 576 lines identified in the band, while tk@01) band of

Figure 5 shows the 0 and HOD emission from reac- HOD, and(001) and(011) bands of HO contain 1651, 1546,
tion (2) in the 4500—5500 citt range, arising from the com- and 1306 lines, respectivefy.
bined Avg=—1+Av,=—1 transition; this emission was Simulation of the HO spectra from reaction®) and(3)
detectable from all three reactions. These spectra can be usttthe 4500-5500 ci' range was made in a simplified man-
to check the intensity relations between the combination an@er by red shifting th€011)—(000 band, which was calcu-
fundamental bands and to confirm the vibrational distribulated from the HITRAN absorption band, to the band centers
tions in Tables Ill and V. The HITRAN database gives val- for transition from higher energy levels. The calculategOH
ues of S=7.20x10 ' and 8.04107'° cm Ymolecule (011)—(000 emission band is given in Fig.(& for refer-
cm 2 for H,0 and S0=1.42x102! and 3.6%10 2% ence. Using the distribution from Table IlI for the GHHI
cm Ymolecule cm? for HOD for the intensities of the reaction, we obtained the spectrum shown as the dotted
(001) and(011) absorption bands, respectivélyThe ratio of ~ curve in Fig. §b). For simulation of the HOD spectrum in
the emission intensities, which are proportional to the cubdhis range, th011)—(000) and (200—(000) HITRAN ab-
of the transition frequency, can be estimated using the bangorption bands were used in a similar wigee Fig. £)].
center frequencies, 3756 and 5331 ¢nfor H,O and 3707 The calculated spectrum for the GbI reaction using the
and 5090 cm' for HOD, respectively, which gives distribution from Table V is shown in Fig.(8). The contri-
(v, + v3)/SO(v3) =0.32 for HO and 0.067 for HOD. The bution of ther, overtone emission intensity in this spectra is
4500-5500 cm! range also include§110—(000) emission  about 6%. Although the model spectra do not reproduce all
from H,0 (v,=5235 cm ) and (200—(000) emission from  the individual strong peaks, they fit the general intensity pat-
HOD (1,=5372 cm%). The absorption band sum intensity tern in a satisfactory way and confirm the vibrational distri-
for the former transition is only 3.2210°2° butions given in Tables Il and V.
cm Ymolecule cm?(Ref. 21 and can be neglected. How-
ever, the first overtone transitions of from HOD are not v, DISCUSSION
negligible, °=1.59x1023 cm™Ymolecule cm?, and they
were taken into consideration.

Let us at first consider the emission spectra from the HI  Reactions of OX 2II) radicals with HBr and HI pro-
reactions, which are shown in Fig. 5. The average ratio of theeed to give a single product,,8, without a potential en-
integrated intensities of the antisymmetric stretch emissionergy barriett However, complications exist in the entrance
| 3, and combined antisymmetric stretehend emissionl,,;,  channel sincéA’ and?A” components of the potential sur-
obtained from five spectra arg/l,;,=1.75+0.45 for HO  face correlate to OKX 2II). A similar complication exists on

4600 4800 5000 5200 5400
Wavenumbers (cm'l)

A. Reaction mechanisms
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the product side, since Br or | atoms can be formed in thdor excited rotational states of OF. This quantum calcula-
2p,,, state, as well as the ground state. The lower endkjy tion predicted B2 dependence of the rate constant, where
potential correlates to the ground state product. The possibiB is the rotational constant of the OH molecule. Substituting
ity of formation of B (°P,,,) atoms was discussed befdre, theB values of OH for OD gives a factor of 1.4 decrease of
and it was concluded to be unimportant. A search forthe reaction rate in agreement wkh/kop=1.3+0.2 found
I(2P1,2H2P3,2) emission was made in the HI experiments. A in the present work for reactior{4)/(1D). A lowering of the
single weak peak was detected in the vicinity of 7600 ém OH reaction probability with rotational excitation also was
from reactiong2) and(2D). The peak height correlated with obtained by Nyman and Clary for the GHCH;—H,O+CHjz

the intensity of the HO and HOD emission and, hence, reaction using the rotating bond approximat®érand the
could be attributed to emission from th@R,,,—2P5,) tran-  isotope effect okg/kop=1.4+0.1 for GeH may be asso-
sition with AE=21.7 kcal mol!. The radiative transition ciated with a dependence of the reaction probability on rota-
probability for this transition is 4.1 times weaker than thetional state. On the other hand, the quasiclassical
SX(v3) of HOD.*>? The measured intensity ratio for the and calculation& for OH(OD) with HBr did not give a consistent
HOD* emission was of the order ¢8—8 10 “ from which  isotope effect and the variational transition-state theory cal-
an upper limit of 0.03% may be set for the formation 6f | culations give a small inverse secondary kinetic-isotope ef-
relative to the ground state iodine atoms. Evidently, formafect. So, the origin of the secondary kinetic-isotope effect is
tion of the |*(2p1/2), either in the primary reaction or as a uncertain. The quantum and quasiclassical calculations for
result ofV—E energy transfer, can be neglected for reactiongotentials of the LEPS type give inverted,® and HOD

(2) and (2D). We conclude that reaction occurs on the vibrational distributions for reactiofll). The extensive qua-
potential. siclassical trajectory stuflyof the OHOD)+HBr reaction

A zero activation barrier for the reaction of OH with showed that the traditional viewpoint fét—L —H dynamics
GeH, is implied by the large rate constant fop®i formation ~ for triatomic systems was applicable to the vibrational en-
and from comparison with the OHCH, (Ref. 1) and SiH,  ergy disposal to 5D (HOD), providing that new dynamical
(Ref. 44 family of reactions withE,=3.8 kcal mol' and ~ aspects associated with excitation of the bending megle
0.095 kcal mol?, respectively. In addition to H abstraction, were added. The HI and Gglreactions initially were chosen
other product channels for the Gtgermane primary reac- for study because we expected to display direct abstraction
tion could be GeROH+H (substitution and GeHO+H,  dynamics for reactions with larger exoergicity. However, the
(addition/H, elimination. Since enthalpy of formation and reactions of OH radical with HI and Ggtjive vibrational
bond energy data are available for only a few germaniunflistributions that decline with increasing energy in both the
compounds, we estimated the®e—OH bond energy from stretch and the bend modes, indicating reaction dynamics
the reaction enthalpy of }&eO—H,Ge+O(®P), which is  that differ from reaction(1). This conclusion rests heavily
108 kcal mol ~.5% This bond is intermediate betweenand upon our ability to assign populations in thg=0 and
semipolar bonding, and the two limiting estimates for thev13=0 levels. Since reactior) and(3) have been directly
bond strength ard(H;Ge—OH~77 and 54 kcal molt. compared to reactiofl), this conclusion seems valid. There-
The former is the difference of GeO bond strength and a fore, the reaction mechanism for HI and Getust be more
value of 31 kcalmol® for the m-bond energy in complex than direct abstraction with-L —H dynamics on a
H,Ge—CH,;* the latter is half of the Ge:O bond energy. LEPS type potential surfaeThe surprisal analysis pre-
Both estimations give positive reaction enthalpies,sented in the next section gives a more quantitative measure
AHy~(5-28 and ~(3-26 kcal mol'! for the substitution Of the difference between the energy disposal for HBr vs Hl
and addition/H elimination channels, respectively. Even be-and GeHj reactions.
ing in error by several kcal mot, the thermochemistry rules
out alternative reaction pathways. However, two microscopic . ) ) .
channels for HO formation in reactior{3), direct abstraction cEi;|s tSr:tJJrlE)t?osr?; analysis of H ,0 and HOD vibrational
and addition-migration, may exist.

The rate constantgper H atom increase in the HBr, The information-theoretical approach to analysis of the
GeH,, HI series and they are 1.1, 1.8, and 210 !  H,0O and HOD vibrational distributions was described in our
cm® molecule * s™1, respectively. This trend resembles the previous report of the O#D)+HBr(DBr) reactions:® The
increase of reaction cross sections with the weight ofriors for reaction$2), (2D) are the same a4), (1D). How-
halogen**° for the OH+X(X=F, Cl, Br, |) series of reac- ever, the OKOD)-+GeH, reaction needs a different formu-
tions. This was explained by the decrease of the ionizatiofation for calculation of the prior vibrational distributions,
potential from K to I,, and the subsequent ability of the since the other reaction product is a polyatomic radical,
halogen molecule to form a radical-halogen béh@he 300  which can accumulate energy in its internal degrees of free-
K rate constant for the direct abstraction @HBr reaction dom. Three models were used in which Gettas treated as
has been matched by quasiclas$ieald quantum scatterilg an atom(l), a rotating symmetric togll), and a symmetric
calculations with Clary’s potential. A negative temperaturetop with 6 vibrations(lll ) grouped as follows: 2118), 931,
dependence of the OHHBTr reaction was found in ultra-low 8192) for calculation of the prior distribution.
temperature experiments between 23 and 295 K partial The surprisal plot for the experimental HOD stretch dis-
explanation is provided by the reduced reaction probabilitytribution from OD+Hl is presented in Fig.®). The variable
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The three plots for GeHin Figs. 6a) and &b) corre-

8
1 (@ HOD Ayg= spond to different models of the prior for Ggktircles, I;
6—_ mH upward triangles, 1l; and downward triangles,)lIThe sur-
4 : Oet, prisal plots for HOD(P, ;) are remarkably linear with slopes
—_ GeH, (I)
« 1 v G \,3=—3.5,—5.4, and—10.8, respectively. The renormalized
g2 v3=0 populations, obtained from the intersection of these
0_‘ linear plots with the ordinate, are 0.41, 0.34, and 0.24, re-
] spectively. The former value agrees with the measured popu-
2 U — lation, ~44%, while models Il and Il seem to give values
0.0 02 04 06 0.8 1.0 that are too low. This suggests that Gdbles not participate
f3 in the dynamics or, at least, does not receive much internal
8 Ty mo energy The slopes of the surprisal plots fogCHP, ) are
6] w m oy Np1.5=—1.5 (model ), —3.7 (model I, and —9.8 (model
e GeH, (D) lII'), and the corresponding renormalized populations of the
“h44 A GeH,@ v13=0 state are 0.33, 0.25, and 0.15. As for HOD, the clos-
=g v GeH, (II) est value to theP,5(v,3=0)=0.44 population selected in
' 2'_ Table Il for H,O is obtained from model | as a prior.
0- Let us consider more deeply the assignmer? p{(0) in
; reactions producing $0. The initial release of energy is to
2 — T T T T T the local mode of the new bond and the old O—H bond is

00 02 04 06 08 10 mainly expected to play a spectator role. Since a loc& H

stretch mode is an equal mixture of symmetric and antisym-
metric normal modes, thB;(0) population observed for the
FIG. 6. Surprisal plots for vibrational stretching distributiqgasHOD from O—H mode of HOD also corresponds to tRg4(0) for H,0.

the OD+GeH, and HI reactions(b) H,O from the OH+GeH, and Hire-  |f the old O—H bond is a perfect spectator with a local dis-
actions. tribution of 100% inv =0, the wholeP 5 distribution would
coincide with theP5 distribution of HOD. If, on the other

is the fraction of the available energy in a certain O—Hhand, the old bond receives some energy, the resuRing
stretching level of HOD, so thaft ;=1 corresponds to the distribution can be obtained as a product of two local distri-
thermochemical limit. The surprisal for reacti¢é®D) has a  butions. In this case, the statistics oy andv, ; are differ-
very small slope),3=~0, although the points are scattered. €nt, andP; 5(0) is only the fraction ofP;(0) that corresponds
The population i ;=0 of 0.59 obtained from the zero slope to P1(0). Suppose that the old bond receives a statistical
surprisal actually agrees with thHe;=0.54 value from the fraction of the reaction energy. For the OHiBr reaction
spectral simulation. The surprisal parameter for read@@)  With E,,=33.5 kcalmol?, the statistical probability

is very different from reactioi1D), which is also linear but Pfa(0)=0.74 and, if Pi5:a(0)=P3(HOD)=0.22, the com-
with \,;=—6.1. The analogous surprisal plot for G#fl  bined P, 40)=0.16. This is very close to thE; 50)=0.14
reaction is shown in Fig.(8); the variablef,, ; denotes the Value obtained from the surprisal plot.

fraction of the reaction available energy in a given  For the OH-HI reaction withE,,=49.8 kcal mor*, we
v13=v1+vy State. The surprisal plot for @ (P, ) from HI haveP29 (0)=0.62 from the statistical calculations. If this is
may be considered as linear with a slope close to zero, aFombined with theP; distribution from HOD taken aBigcy,
though the best fit correspondsig, ;=0.9. The plus sign of the resulting®, 0) is 0.36. ThisP,; 5(0) value, as well as the
the surprisal slope means that the higher vibrational stategombinedP, 3 distribution as a whole, is rather close to the
have a smaller population than the prior distribution. TheP1,2" distribution from Table Il withP; 50)=0.42 from the
.13 value, which is a global measure of the energy releasl!”ear surprisal plot. For the OHGeH, reaction with

to vy 5 levels, may be compared with,; ;=—4.5 for the av =38.4 kcalmol’, the statistical population is
OH-+HBr reaction and the surprisal analysis identifies a dif-Plca(0)=0.70, and the combined ground stretching state
ference in the dynamics of these reactions. Phév,) dis-  fraction is P, §0)=0.29, which again in a good agreement
tribution of H,O given in Table IIl can be compared to With the linear surprisal result of 0.33 from model I. These
p;i(v ,). A very slight overpopulation in the ,=2—4 levels findings support the concept of a partial energy release to the
seems to exist, relative to the statistical limit. The overallold O—H bond in reaction$l)—(3), and, consequently, the
(f,) value for the HI reaction is 0.4HOD) and 0.36(H,0) distributions IabelecP12 in Table lll seem to be more reli-
vs 0.65(HOD) and 0.61(H,0) for the HBr reaction. The able than those labele®, ,”.

energy disposal pattern clearly shows that the dynamics for

the HBr and HI reactions are quite different. The most IikerC Vibrational energy disposal and comparison with
explanation is that the OH radical initially attacks the | atom > :

end of HI, then the H atom migrates to the oxygen atom X+HBr, HI, and GeH ; (X=F, Cl, and O) reactions

and HO is ejected; the HI reaction is not a direct process in ~ The vibrational distributions of the HF, HCI, and OH
contradistinction to the HBr reaction. products from the reactions of F, Cl, and®@) atoms with
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TABLE VI. Comparison of energy disposal for the @PD)+HR  tional mode connected most directly to the reaction coordi-
—H,O(HOD)FR and XrHR—HX+R (R=8r, |, Gehy; X=F, Cl, O nate The values of the mean total vibrational enetgy,),

reactions. the mean fraction of the available energy released as HOD
(Ea vibrational energy(f,), and the fraction of energy in the
Reaction kcal mol™* (f,) E,s/E,” —Aunt O-H stretch mode relative to the total vibrational energy,

OH+HBr 33.7 061 0.30 45 (Es,)/(E,), are given in Table V for reactiondD)—(3D).
OD+HBr 33.1 0.65 0.61 6.1 The OD+HI reaction has(E,)=20.0 kcal mol?, which
OH+HI 49.8 0.36 0.46 -0.9 when compared with the available energy of 49.2
OD+HI 49.2 0.41 0.31 0.2 kcal mol'?, gives (f,)=0.41; the energy released specifi-
ggiggx g?:g 8:3613 8:2; ég:gz cally to the O—H mode igE;, )=6.2 kcal mol'l, corre-
E4+HBr 51.0 0.60 57 sponding ta/E5, )/{E,)=0.31. These values are smaller than
Cl+HBr 18.2 0.38 3.0 the corresponding values for the GIBIBr reaction,
O+HBr 22.0 0.51 (f,y=0.65 and{E;,)/{E,)=0.61. The OD-GeH, reaction
FrHI 67.2 0.55 4.4 is an intermediate case; t{E,) is 19.4 kcal molt and the
Cl+HI 34.4 0.64 6.2 . . _ e -
O-+HI 354 0.56 __.d available energy is 37.8 kcal mdi which gives(f,)=0.51.
F+GeH, 62.6 0.50 55 The energy in the O—H vibration K3, )=9.3 kcal mol'?,
Cl+GeH, 30.0 0.24 2.7 corresponding tqEj,)/{E,)=0.48. The greater release of
O+GeH, 30.0 0.46 34 energy tov,+v, [0.69 and 0.52 fof2D) and (3D), respec-

3Reference 15 for OKDD)+HBr and Refs. 11, 12, 58 for the atomic reac- tlvely] rather than ok should be noted.

tions. The fraction of the total vibrational energy released to
bs=2 (v, mode for OH ands=3 (v; mode for OD reactions. H,O is nearly the same as for HOD, but the specific energy
=1,3 (1,3 modg for OH andn=3 (»; mode for OD reactions. release to the new bond is masked by mixing with the local

a > oL . . _
Norline Supriza f e experierta value 15 sed RO DOUEIST.  mode of the old O~H bond. The OFHI reaction with a
4f the P(1)/P(0) from Ref. 58 is used, théf,) increases to 0.53. distribution extending to ; ;=4, demonstrates a reduction of
vibrational energy;(E,)=17.9 kcal mol'* and (f,)=0.36,
compared ta(E,)=20.6 kcal mol'* and(f,)=0.61 for the
GeH,, HI, and HBr have been studied by infrared OH+HBr reaction. This vibrational disposal to .8 is
chemiluminescendé'*and laser-induced fluorescente®  slightly less than the statistical limitf,)*'=0.38, for reac-
methods. Théf,) and—X\, values are compiled in Table VI. tion (2). The energy in just the bending mode of® (E,,),
All reactions displayed inverted HX{ distributions. In the can be assigned for the OH reactions. Tg,,) is 8.2
case of the @HI reaction, theP(0) population of OH was kcalmol'! for HI reaction, which corresponds to
higher thanP(1), as obtained by laser-induced fluorescenceE,,)/{E,)=0.46. This value slightly exceeds the statistical
experiments? If the P(0) point is ignored, the distribution fraction (f,,)/(f,)*'=0.41 and the HI reaction has the high-
gives a linear surprisal plot. The F atom reactions all giveest fraction for bending excitation of the three reactions. The
similar results with(f,)=0.5-0.6, and they are prototypes mean vibrational energy for the OHGeH, reaction, using
for the H—L —H class of dynamics. The ClI atom results arethe P, 50)=0.33 deduced from the linear surprisal plot, is
more varied, but care must be taken in the interpretation oéqual to (E,)=17.7 kcal mol?, and (f,)=0.46. This is
the HBr reaction because of the small available energy. Adarger than the statistical value for model | prior,
though the rates are much slower, the results fdPQatoms ~ (f,)*=0.35. The energy in the bending vibrations is
resemble those from F atoms witf,(OH))~0.5. The linear  (E,,)=7.3 kcal mol %, corresponding tdE,,)/(E,)=0.41;
vibrational suprisal and th¢f,) value for O®P)+GeH, are  the statistical value igf,,)/(f,)'=0.44 for model | prior.
consistent with direct abstraction. The nonstatistical OHAn interesting feature is the growing fraction of bending en-
A-doublet population from Gethas been interpreted as evi- ergy, (E,,)/{E,)=0.30, 0.41, and 0.46 for the HBr, GgH
dence for an insertion componéfitHowever, the lowP(0) and HI series. This pattern is consistent with a growing com-
yield and the difficulty of interpretation ofn-doublet ponent for an addition-migration reaction mechanism.
distributions’ in low J levels make this claim less than cer- In summary, the(f,) values for reactiongl)—(3) de-
tain. The highly inverted vibrational distributions from the crease from a maximum of 0.61-0.65 for HBr, to an inter-
O(®P)+HBr and HI reactions are reproduced by quasiclassimediate value, 0.46—0.50, for GgHand, to the nearly sta-
cal trajectory calculatiort$ and they can be understood in tistical limit of 0.42-0.43 for the HI reaction. A direct
terms of a direct abstraction mechanism fddaL—H mass  comparison of the energy disposal into the newly formed
combination. The similarity of(f,) values for OHOD)  bond is provided byE,3)/(E,) from reactions of the OD
+HBr and F+HBr reactions has previously been notéd, radical. The major part of the vibrational energy, 61%, is
and this is why the OKHDD)+HBr is taken as the reference concentrated in the new bond by the HBr reaction, indicating
reaction for direct H atom abstraction by OH radicals. In thethe high specificity of the vibrational energy release. For
paragraphs below, the energy disposal and dynamics a@eH, some specificity holds with nearly half of the vibra-
summarized for OKDD)+HI and GeH. tional energy in the new bond. But for H(E,3)/{E,) is
We shall first consider reactions of OD, becauseRle equal to the statistical limit of one third. The trend of the
distributions describe the energy disposal to the O—H vibraaverage values is augmented by the surprisal analysis, where
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—\,3 values serve as a measure of deviation from the statigdistributions of HO and HOD were obtained by computer
tical distribution. The\, 5 values are-6.1,—3.1, and~0 for  simulation of spectra in the 2400-3900 chrange. The
the HBr, GeH, and HI reactions, respectively. As the energyspectroscopic simulation for @ incorporates the exact line
release to the new bond declines, the energy in the bendingpsitions for the transitions from levels with,=<18 000
mode increases for these three reactions. We are forced tm * (51 kcal morl'Y). The H,O emission from the combina-
conclude that in spite of the zero activation energy, the pretion »,+v; bands in the 4500-5500 ¢rhrange also was
ferred characteristic reaction pathways differ for OH radicalsobserved; the relative intensity was consistent with the sum
with HBr, HI, and GeH. Evidently, obtaining a microscopic intensity for(011) band strength given in HITRAN database.
understanding of H atom abstraction reactions by OH radiHowever, a serious disagreement, about a factor of 4, was
cals from various reagents will be more difficult than for F, found between the predicted intensity of the HQOL1
Cl or O atom reactions. band from the HITRAN database relative to the experimental
In retrospect different dynamics for the HBr and HI re- intensity.
actions is not surprising in view of the ability of molecules The fraction of the available energy released a® ldnd
containing iodine to form complexes with OH radi¢4l® HOD vibrational energy decreased from 0.65 to 0.41 for the
and O atom8%°2 At low initial translational energy, 3.8 HBr, GeH,, and Hl series, despite the increasing exothermic-
kcalmol'l, both 10 and HOI products from the ity and rate constants in the series. The stretching vibrational
O(CP)+C,Hsl reaction emerge from the O8l; complex, as  distribution of HLO(HOD) was inverted for the HBr reaction
has been shown in crossed molecular beam experifi#ts. in accord with expectation for a direct abstraction reaction.
The formation of the HOI product arises from the Gz  The vibrational energy distribution decreased with increasing
complex through a five-centered ring transition state inE,, but was still nonstatistical, for the GgHeaction, and
which the H atom migrates to the oxygen from the terminalthe distribution was nearly statistical for the HI reaction. Sur-
CHs group. Vibrationally hot HOI formed via a five-centered prisal analysis of the vibrational distributions indicated a de-
transition state was also observed as a product fronaline in the specific energy release into the newly formed
OCP)+C,Hsl, n—CgH4l, (CHy),CHI, and (CH),Cl  O-H bond for the HBr, Geld and HI series of reactions.
reaction€>®* HOI was a major product of the OH, reac-  Conversely, the release of energy to the bending megle,
tion, and it was also detected in the @@H;l and CH)l, increased in the series. The specific features of the vibra-
chemical systems by observation of the O—H stretch and¢ional distributions from the OH/OD reactions with HBr,
bend modes of HOI via a FTIR technigffeThe absence of GeH,, and HI permitted the assignment of the mechanisms
the HOBr product from the exoergic as direct abstraction in the former case and addition-
O(®P)+C,H,Br,—~HOBr+C,H,Br reaction was explained migration in the latter. The reaction with germane may pro-
by the location of the five-centered transition state in the exiteed by both pathways or, less likely, the direct abstraction
valley of the potential energy surface, which is inaccessiblenechanism has a potential surface that favors excitation of

to collisions with a low initial translational ener§§® The
nearly statistical vibrational distribution of .8 from
OH+H’l suggests the formation of a®-I-H complex
with subsequent migration of the 'Hatom via a three-

the bending mode, rather than the stretch modes, of water.
Based on these three examples, the energy disposal to
H,O(HOD) from OH radical reactions is much more varied
than for analogous reactions of F, Cl or O atoms.

centered transition state to give®L Migration d a H atom

initially bound to the | atom has been observed inACKNOWLEDGMENT
H+IF(ICI)—HF(HCI)+1 reaction, as a second microscopic
channel in addition to the direct reactith.

Additional information is needed before a firm decision
can be made about the dynamics for the @eg¢hction. Pos-
sibly the mechanism is a mixture of direct abstraction and®PPENDIX: CALCULATION OF F FACTORS
addition-elimination pathways. Trajectory calculatibrier The intensity of a rotation-vibrational line in absorption
the OH+HBr reaction illustrated a difficulty for understand- may pe expresséd*! by
ing the mechanism that was responsible for releasing ad- 0 ,
equate amounts of energy into the water bending mode. |=(¥/v0)S,Lg exp(—E"/KT)F/Qg, (A1)
Finding a potential energy surface that would give even gyhereS? is the vibrational band strength, is the rigid rotor
higher(f,,) in a direct abstraction reaction for GHGeH,  transition intensityE” is the lower state rotational energy,
would be a difficult challenge. is the statistical weight of the lower leveQy, is the rota-
tional partition function, and is theF factor. The first-order
general expression for tHe factor is

The vibrational excitation of the 4 and HOD mol- F={1-[U&(3*)+WSE(x)]}?, (A2)
ecules formed in the reactions of @K2II) and OD(X 2II) where &J?) is the difference ofJ(J+ 1) for the upper and
radicals with HBr, Gelj, and HI have been studied via lower levels, andSE(x)=E'(x)—E"(x). Herek=(2B—A
analysis of the infrared chemiluminescence accompanying-C)/(A—C) is the asymmetry parameter aft{«) is a
these reactions in a fast-flow reactor at 300 K. Vibrationalterm in the energy expression for a rigid asymmetric rotor.
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The constantd) and W for the fundamental band of the
antisymmetric mode are given by the expres&lon

Uz= (a3 + kad)[(1+ k), Wz=(a3—ad))(1+k),
(A3)

where anda* anda}’ are defined by

al, 25) Y2 2A

“éxz — pol(2u3) 12
XX

(Ad)

w3 @3

and
M1 s
(01— ®3) (@103
M2 5%3
(@3~ @3) (o)

_ @32C (@)Y wol¥s

pa (W) (@3—w3)
Here,z]; andz}; are the Coriolis constants is the funda-
mental frequency of theth mode andmg=om/dq, is the

dipole derivative relative to the normal coordinate. For
the water molecule the first term in brackets in EA5) is

)1/2

172

(A5)
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