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Infrared chemiluminescence from water-forming reactions:

characterization of dynamics and mechanisms

N. I. BUTKOVSKAYA{ and D. W. SETSER{*

{ Institute of Chemical Physics, Russian Academy of Sciences, 117334 Moscow,
Russian Federation

{Department of Chemistry, Kansas State University, Manhattan, KS 66506, USA

The formation of water molecules via hydrogen atom abstraction by hydroxyl
radicals and their formation via unimolecular elimination from vibrationally
excited alcohols and organic acids are important processes in a variety of gas-
phase chemical environments. The nascent vibrational distributions of the water
molecules produced by such reactions have been obtained by analysis of the
infrared chemiluminescence from H2O, HOD and D2O. The analysis required
computer simulation of the spectra obtained by recording emission from a fast-
flow reactor at 298 K with a low-resolution Fourier transform spectrometer. By
combining the information deduced from simulation of the H2O and HOD
emission spectra from the reactions of OH and OD, the total vibrational energy
released to the water molecule and the distribution between the stretch and
bending modes have been assigned. The present report provides a summary of
results from hydroxyl radicals reacting with inorganic hydride molecules, with the
primary, secondary and tertiary bonds of hydrocarbons, and with oxygen- and
sulphur-containing organic molecules. The overall fraction of the available energy
released to water as vibrational energy is ’ 0:55 for direct abstraction of hydrogen
atoms by OH radicals. This fraction declines as the mechanism becomes less direct
and reaches 0.15–0.20 for the unimolecular decomposition of vibrationally excited
ethanol and acetic acid. The ratio of the energy in the bending mode to that in the
stretch mode is sensitive to the dynamics of water-forming reactions. Macroscopic
mechanisms, vibrational energy distributions and reaction dynamics are discussed.
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1. Introduction

The infrared chemiluminescence (IRCL) technique [1–3] was an important tool in
the development of the field of state-resolved reaction kinetics [4]. For the
atomþ diatomic molecule type of bimolecular reaction, observation of the nascent
rotational–vibrational distributions of the diatomic product molecule provided a
complete map of the energy disposal. The principal experimental challenge of the
IRCL technique was selecting conditions that eliminated rotational relaxation but
still provided adequate infrared emission signal. Our laboratory at Kansas State
University applied the IRCL technique to a tubular fast-flow reactor operating with
� 0:5 Torr of Ar carrier gas. We gave up knowledge about the nascent rotational
energy distributions in favour of the greater flexibility in choice of chemical systems
that could be studied in a flow reactor [5–7]. The evolution of the IRCL technique in
our laboratory has led to systematic studies of bimolecular and unimolecular
reactions giving triatomic product molecules [8–11]. Elementary reactions giving
water molecules proved to be ideal candidates for the IRCL technique, because
strong emission could be observed from H2O, HOD and D2O under conditions of
minimal vibrational relaxation and because anharmonic shifts permitted vibrational
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distributions to be assigned [11,12] from computer simulation of the spectra. The
simulation method has improved as better spectroscopic data for H2O, HOD and
D2O were incorporated into the model. The results summarized here are based on
current simulation models of water emission spectra, and they may differ slightly
from the distributions given in the original papers [11–21].

Bimolecular and unimolecular gas-phase reactions that produce water molecules
are important in both combustion and atmospheric chemistry [22,23]. Reactions of
hydroxyl radicals provide the major removal pathway for most compounds in the
troposphere, and they are important reactive species in the degradation of organic
compounds in combustion processes. The systematic measurement of rate constants
vs. temperature [24–26], and the development of state-of-the-art transition-state
models [27–31] are currently active research areas for reactions of OH(2�3=2;1=2)
radicals. Recent theoretical developments include application of variational transi-
tion-state theory for reactions with small or no potential energy barriers and ab initio
quantum mechanical calculations with extended basis sets to determine potential
energy barriers for OH(2�) reactions and to characterize the transition states [27–
31]. The computation of reliable potential surfaces from the transition-state
geometry to separated reaction products is a theoretical goal still to be attained
for water-forming reactions. The experimental vibrational distributions of the water
product provide information about the reaction dynamics after the trajectories leave
the transition-state geometry. Such data can be inverted via trajectory calculations to
obtain information about the potential surface [32]. The well-established kinematic
constraints [33] associated with the transfer of a light atom between two heavy
centres (H 0þL–H!H 0–LþH) should be remembered for water-forming reactions.
The energy disposal pattern for reactions giving water can be compared with the
bimolecular hydrogen atom abstraction of Fð2PJÞ and Oð3PJÞatoms with the same
reagent and with unimolecular HF elimination reactions to learn more about the
dynamics associated with the bending mode and the second stretching mode in
water-forming reactions [34–38].

In this review, the vibrational distributions of H2O and HOD molecules
produced in the bimolecular hydrogen abstraction reactions by hydroxyl radicals
will be presented for 30 reactants.

OHð2�Þ or ODð2�Þ þ HR ! H2OðHODÞ þ R

The HR molecules can be placed in four classes: (i) inorganic hydrides with a range
of exoergicity, (ii) hydrocarbons with primary, secondary and tertiary CNH bonds,
(iii) representative oxygen-containing organic compounds and (iv) organic thiols and
sulphides. The thermochemistry and rate constants for the individual reactions are
given in table 2, vide infra. The information to be presented for classes (ii) and (iii)
and for ethyl sulphide and ethyl thiol is based on new experiments. The available
energies, hEavi, were obtained from the enthalpy changes, the Arrhenius activation
energy and the thermal energy, hEavi ¼ ��Ho

0 þ Ea þ nRT (n ¼ 3:5 for HR¼ dia-
tomic molecule and n ¼ 4 for all other reactants). The activation energies range from
small negative values to �2 kcal mol�1 (the negative values correspond to threshold
energies that are essentially zero). The hEavi range from 15 to 50 kcal mol�1, which
enables excitation of from 1 to 4 quanta in the OH stretch mode of H2O or HOD.
Although the activation energies are small, the room temperature rate constants are
not so large, because the half-filled p orbital of the oxygen atom must be aligned with
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the bond of the hydrogen atom (H 0) to be abstracted, which also means that the

HOH 0 angle at the transition state is close to that of the H2O product [27–31]. Thus,

the potential energy surface for the abstraction reaction has a narrow entrance

channel (or a significant steric factor in the language of collision theory). Reactions

with rate constants smaller than 2 � 10�13 cm3 molecule�1 s�1 at room temperature

are difficult to study by the IRCL technique owing to weak emission from the water

molecules.

Dehydration via four-centred elimination is a reaction pathway for the unim-

olecular decomposition of alcohols and organic acids, and the decomposition of

ethanol [11, 13] and acetic acid [14] molecules with excitation energies of about 100

kcal mol�1has been characterized by IRCL. These molecules were generated by the

recombination reactions of H atoms with the radicals that were formed by fast iodide

atom abstraction from ICH2CH2OH and ICH2COOH. Unimolecular reactions of

other molecules, such as those formed by reactions of formyl and acetyl radicals with

OH and NO2, also have been studied by IRCL [17, 21].

The only common feature of the vibrational distributions from the water-forming

reactions is that they are non-statistical. The distributions from the direct H atom

abstraction reactions extend to the thermochemical limit with inverted distributions

in the stretching modes. Some OH radical reactions give distributions with

decreasing populations in the stretching modes, which implies that weakly bound

intermediates are important. The ratio of bend-to-stretch excitation varied from 0.20

to 1.5 for the abstraction reactions, and the bending mode of water must be included

in models [32, 39–43] that attempt to describe the dynamics of these reactions. A

similar conclusion seems to apply to HCN formation from H atom abstraction by

CN radicals [8]. The unimolecular elimination reactions release only a small fraction

of the available energy as H2O vibrational energy, with distributions that decline

monotonically with increasing Ev. The vibrational distributions from water-forming

reactions thus encompass examples with direct abstraction over small barriers in the

entrance channel, reactions with weak HO–RH bonding in the entrance channel

followed by rearrangement, and unimolecular decomposition of stable molecules,

which occur by passing over a large potential energy barrier.

State-resolved chemical reactions produce an enormous volume of data, and

information theoretic analysis is a useful aid to organize and analyse such data

[34,35]. The vibrational surprisal treatment developed by Bernstein and Levine [44]

was extended to reactions giving triatomic molecular products [12,15]. Since the

vibrational surprisal plots for water are linear, these plots provide estimates of

populations in the dark states. The difference between the analysis for H2O and

HOD should be recognized at the outset. Because of collision-induced equilibration

between �1 and �3 modes of H2O, only the energy in the combined stretching modes

and the distribution in the bending mode, �2, can be assigned. For HOD, a local

mode molecule, the �1 and 2�2 levels equilibrate, and the distributions in the �3 mode

and in the �1 þ �2 modes can be assigned. By combining the two data sets, the energy

in the new bond of HOD (�3) and the bending mode of H2O (�2) can be identified

separately. In the application of surprisal analysis, the distinction between a unique

vs. a collisionally coupled set of vibrational levels of H2O (or D2O) and HOD must

be remembered.
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2. Experimental methods

2.1. Chemical reactor
The room temperature flow reactor was a 4 cm diameter Pyrex tube with Ar

carrier gas to which reagents were added. The IRCL emanating from an NaCl
window was collected with a short focal length CaF2 lens and directed into the
interferometer. The infrared emission spectra were recorded at 1 or 2 cm�1 resolution
using a BIO-RAD Fourier transform (FT) infrared spectrometer (FTS-60). The
spectrometer chamber and the tube connecting the observation window with the
spectrometer were continuously flushed with dry air to remove water vapour and
carbon dioxide. The response of the detection system, a liquid-N2-cooled InSb
detector, was calibrated with a standard black-body source. In some later experi-
ments, a SPECTROGON SP 4300 nm filter was installed in front of the detector,
which increased the sensitivity in the 2400–4000 cm�1 range. The flow reactor was
pumped with a mechanical pump and rotary blower.

The bulk flow speed of the Ar carrier gas could be varied from 90 to 130 m s�1

with a throttling valve, and the pressure was varied by changing the Ar flow. The OH
(OD) radicals were produced by the fast H (D)þNO2!OH (OD)þNO reaction
(k ¼ 1:5 � 10�10 cm3 molecule�1 s�1) in the prereactor section of the flow tube.
Excess NO2 was used to convert all of the H/D atoms to OH or OD radicals. For
typical NO2 concentrations of 1 � 1014 molecules cm�3, the reaction was
completed after �0:2 ms. The H atoms were generated by a microwave discharge
in a flowing H2–Ar mixture. The degree of the dissociation of H2 was 50% [45] and
typical hydrogen atom concentrations were (1–3)�1013 atoms cm�3. Nitrogen
dioxide was introduced together with the main Ar flow through a perforatd ring
injector placed around the end of the discharge tube carrying the H2–Ar mixture.
For flow velocities of 90–130 m s�1, the residence time in the prereactor was 1.5–
2.2 ms, which ensured that the OHð2�3=2;1=2Þ radicals had reached thermal equi-
librium before the reagent was added. Although the 2OH ! H2O þ H reaction
(k ffi 2� 10�12 cm3 molecule�1 s�1 [25]) does occur to some extent in 2 ms, no H2O
emission was ever observed in the absence of added HR reagent.

The HR reagent diluted in Ar was introduced into the reactor through an injector
located 20 cm downstream of the hydrogen and NO2 inlets and 3.5 cm upstream of
the centre of the NaCl observation window. A four-jet inlet arrangement was used to
introduce the HR reagent into the carrier gas to provide better mixing. The HR
concentrations were in the range (0.1–10)�1013 molecules cm�3. As a rule, the HR
reactants were purified by several freeze–pump–thaw cycles and stored in glass
vessels as 10% mixtures with Ar. When necessary, the flow lines and the reactor were
heated to 55–658C to prevent condensation of the reagent. Commercial tank grade
Ar passed in succession through three traps filled with molecular sieves and cooled
by acetone–dry ice mixture and liquid nitrogen was used to remove H2O and CO2

impurities. Tank grade H2 and D2 were used without purification.

2.2. Primary and secondary reactions
The flow velocity in the reactor was about 130 m s�1 at a working pressure of 0.5

Torr, corresponding to a mean reaction time for HR and OH of �t � 0:25 ms. Such
short reaction times makes the first-order differential rate law, [H2O]pri¼ kpri [HR]
[OH] �t, applicable, where kpri is the rate constant of the primary OH þ HR
reaction. For typical conditions of ½OH� ¼ 2 � 1013 cm3 molecule�1 s�1 and
�t ¼ 0:25 ms, the consumption of HR did not exceed a few per cent for
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kpri < 2 � 1011 cm3 molecule�1 s�1, as shown by the linear plots of the integrated
spectral intensity vs. [HR].

Secondary reactions can be important for reagents containing more than one
hydrogen atom. In such systems, the ratio of water concentrations produced in the
secondary and primary steps at short reaction times may be expressed as
½H2O�sec=½H2O�pri ¼ ksec½OH��t=½2ð1 � kpri½OH��t=2Þ�, where ksec is the rate con-
stant of the secondary OHþR reaction. Identification of a contribution from the
secondary reaction is possible by changing �t or [OH]. For typical conditions, the
½H2O�sec=½H2O�pri ratio will approach 0.1 only if ksec > 5 � 10�11 cm3 molecule�1 s�1.
Room temperature rate constants for OH reactions with hydrocarbon radicals
are expected to be � 5 � 10�11 cm3 molecule�1 s�1 [46]. To avoid interference
from secondary reactions for �t � 0:2 ms, the [OH] should be below 2 � 1013

molecules cm�3. For normal operation [NO2]�[H], and secondary reactions of the
R fragement with NO2 with rate coefficients of the order of (3–5)�10�11 cm3

molecule�1 s�1 [47] will reduce [R] and suppress the secondary reaction with OH
radicals. For the CH2O and CH3CHO systems, observation [18, 21] of the secondary
reactions of OG with HCO and CH3CO was possible only if ½NO2� ffi ½H2�. We
frequently have used reactions of H atoms with iodo compounds to produce radicals
which recombine with H atoms to yield vibrationally excited molecules that
subsequently undergo unimolecular decomposition before being deactivated in 1
Torr of Ar [7, 11, 13]. For study of secondary reactions, a flow velocity of  90 m s�1,
corresponding to a reaction time of �0:4 ms, and ½H2� ¼ 5 � 1013 molecules cm�3

were typically used.

2.3. Chemiluminescent spectra and vibrational relaxation
Representative chemiluminescent spectra at 1 cm�1 resolution are shown in figure

1 from the reaction of OH(OD) with HBr (DBr); each spectrum is an average of 1024
scans of the spectrometer. The OH þ HBr reaction gives emission in the 3200–
3900 cm�1 range, which includes �v1 ¼ �1 transitions (ONH symmetric stretch),
�v3 ¼ �1 transitions (ONH asymmetric stretch) and the first overtone of the bending
mode, �v2 ¼ �2 (see table 1 for band centre positions). The OD þ HBr reaction
gives HOD emission in the 3200–3900 cm�1 range from �v3 ¼ �1 (OH stretch) and
in the 2400–2900 cm�1 range; the latter includes �v1 ¼ �1 (OD stretch) and
�v2 ¼ �2 transitions of the bending mode. Figure 1(d) shows the D2O emission in
the 2400–3000 cm�1 range, which, like H2O, includes emission from �v1 ¼ 1 (OND
symmetric stretch), �v3 ¼ �1 (OND asymmetric stretch) and the first overtone of the
bending mode. The HOD emission in figure 1 (d) arises from a 6% contamination of
HBr in the DBr sample.

To characterize the vibrational relaxation, spectra were systematically acquired
with the OHþHBr reaction [12] from 0.5 Torr (�t  0:2 ms) to 2.0 Torr (�t 1 ms),
which corresponds to a 20-fold change in the number of collisions of the water
molecules during the residence time in the observation zone. Visual inspection of the
spectra showed only small changes with pressure from 0.5 to 1.0 Torr, but a clear
difference was noticeable between spectra at 1 and 2 Torr. Two conclusions are
evident: (i) vibrational quenching is insignificant at pressures <0:7 Torr and
�t < 0:5 ms; (ii) collisional equilibration between the resonant energy levels must
already be achieved at 0.5 Torr [48–51]. The �1 and �3 levels equilibrate in a few
collisions because of their similar energies, and the reservoir of �1; �3 levels will be
denoted as �1;3. Rate constants (in cm3 molecule�1 s�1) for the deactivation of the �1;3
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reservoir are 6:2 � 10�14 for Ar [48, 51], 8:0 � 10�13 for H2 [50], 8:4 � 10�12 for HCl
[50] and 3:0 � 10�11 for H2O [49]. The dominant relaxation mechanism in Ar is
transfer of populations from the �1;3 ¼ 1 reservoir to �2 ¼ 2 followed by sequential
loss of bending quanta in subsequent collisions. For molecular reagents, V–T, R
energy transfer still dominates over intermolecular V–V processes [50]. To estimate
relaxation times for the v1;3 ¼ level, we assume that the deactivation rate by OH does
not exceed that by H2O and that the deactivation rate by most HR is no larger than
by HCl. For 0.5 Torr pressure, ½Ar� ¼ 1:7 � 1016, ½OH� ¼ 1:2 � 1013,
½HR� ¼ 1 � 1013 and ½H2� ¼ 6 � 1012 molecules cm�3, and the characteristic relaxa-
tion times are about 1:0; >2:7;�12 and 200 ms respectively, confirming that
relaxation of populations in the stretching levels for a residence time of �0:2 ms is
not important. Relaxation of the 2�2 levels is several times faster than for �1;3 [48, 49,
51] with rate constants of 3:2 � 10�13 for Ar, 3 � 10�12 for H2 and 5 � 10�11 cm3

molecule�1 s�1 for HCl, and Ar collisions could cause some change of �2 state
populations for our experimental conditions. The combination levels, e.g. �1 þ �2

and �3 þ �2, are mixed by Coriolis and Fermi interactions with 3�2, and the rate

Infrared chemiluminescence from water-forming reactions 7

Figure 1. Chemiluminescent spectra from the flow reactor measured for 0.7 Torr of Ar and
½HBr� ¼ 8 � 1012 and ½DBr� ¼ 2 � 1013 molecules cm�3: (a) H2O from the OHþHBr
reaction; (b) HOD from the ODþHBr reaction; (c) HOD from the OHþDBr
reaction; (d) D2O from the OD þ DBr reaction; the emission in the 3400–3800 cm�1

region is mainly from a reaction with an HBr impurity. Each spectrum was
normalized to the same maximum intensity. The simulated spectra are plotted directly
above each experimental spectrum.
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constant for relaxation of combination levels of the �1;3 reservoir to the manifold of
bending levels could be larger than the rate constant for relaxation of the �1;3

stretching reservoir.
Fast collisional energy exchange between the O–D stretching and bending levels

of HOD should take place owing to the similar energies of the �1 and 2�2 levels.
Accordingly, all the ðv1; v2ÞNðv1 � 1; v2 þ 2Þ states will be thermally equilibrated,
similar to the ðv1; v3ÞNðv1 þ 1; v3 � 1Þ equilibration in H2O. This means that the
population in the OND vibrational levels of HOD could relax through the bending
manifold, for which deactivation rate constants in Ar are expected to be of the same
order or somewhat faster than for the H2O molecule. The deactivation rates of the
ONH stretching levels of HOD are expected to be similar to those of the v1;3 levels of
H2O and vibrational relaxation should not be important.

The possibility of vibrational relaxation (beyond the coupling of �1 and �3 of
H2O and �1 and �2 of HOD) was investigated in more detail in experiments using the
OH (OD)þGeH4 reaction [15]. Because of the strong signal from this reaction, good
spectra were obtained at 0.34, 0.46 and 0.71 Torr of Ar for �t ¼ 0:35 ms with the
same [OH] and [GeH4]; the spectra were identical, confirming that relaxation of H2O
or HOD by Ar was insignificant in this pressure range. Other possible quenching
agents are OH radicals, NO, NO2 and the HR molecules. For each reaction, we
tested experimentally the range of HR concentrations for which the relative
intensities of the prominent peaks in the spectra remained constant. For the
inorganic hydrides, the upper limits were ½HBr� ¼ ½HI� ¼ ½H~22S�  3 � 1013,
½GeH4�  1:5 � 1013 molecules cm�3 for �t ¼ 0:35 ms. Using the OH þ HBr reac-
tion, no change in the relative intensities of the strongest peaks of the H2O spectra
was noted for ½OH� < 2:5 � 1013 and ½NO2� < 3 � 1014 molecules cm�3 [12]. Tests for
relaxation of D2O or HOD formed by OD(OH)þDR reactions suggested that
relaxation rates were more rapid for these cases; see section 4.1.1.

Before analysis, the measured spectra were corrected for the wavelength response
function of the detector. The spectra presented in section 3 to demonstrate the fitting
procedure were taken at 0.7 Torr, because the signal-to-noise ratios were good and
the distributions were not seriously affected by collisional deactivation. For most
reactions, the spectra that were used for analysis to obtain the H2O and HOD
distributions were obtained at 0.5 Torr and �t ¼ 0:25 ms.

3. Data analysis

3.1. Spectral simulation
3.1.1. H2O spectra

The three normal mode frequencies are �1 ¼ 3657:1; �2 ¼ 1594:7 and
�3 ¼ 3755:9 cm�1, and the fundamentals of the stretching modes, and the first
overtone of the bending mode, 2�2, lie in the range of the observed emission.
Although the rotational lines are partly resolved, direct assignment of individual
transitions is complicated by overlapped transitions, centrifugal distortion and
resonance effects [52]. Computer simulation was required to analyse a given
spectrum and to assign the vibrational distribution.

The absorption intensities for the �1, 2�2 and �3 bands of H2O in the HITRAN
database [53] were used as the basis for modelling. The relative emission intensities
for the individual rovibrational transitions v1v2v3JKaKc ! 000J 0K 0

aK
0

c were ob-
tained, according to the general relation between the Einstein transition probabilities
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of absorption ðBmnÞ and spontaneous emission ðAnmÞ [52], where n and m denote the
upper and lower states, �nm is the wavenumber of the transition,

Anm ¼ 8�hc�3
nmðdm=dnÞBmn; ðE1Þ

dn and dm are the degeneracies of the states n and m, with n ¼ v1v2v3JKaKc,
m ¼ 000J 0K 0

aK
0

c , dn ¼ 2J þ 1 and dm ¼ 2J 0 þ 1. On the basis of observations of
many HF and HCl distributions in our reactor [7, 34, 35], a room temperature
Boltzmann distribution of rotational states is expected for H2O and HOD. Although
rotational levels up to J ¼ 12 are populated at 298 K, the 196 transitions from the
J � 8 levels constitute 99.3% of the intensity of the 001–000 band. The most intense
lines are from the J ¼ 2 and 3 levels, for example, JKaKc ! J 0K 0

aK
0

c ¼ 303 ! 202 at
3688.5, 221 ! 220 at 3752.2 or 303 ! 404 at 3837.9 cm�1. With addition of the most
intense lines from J ¼ 9 and 10, a total of 228 rotational lines were included in the
model. Since the populations in the rotational levels of H2O obey Fermi–Dirac
statistics, the weights of eo and oe levels are three times larger than those of ee and oo
levels. Since the 001–000 band is a pure a-branch (i.e. the transition dipole moment
changes along the molecular axis with the smaller moment of inertia) in which only
transitions between the rotational levels of different symmetry ee $ eo and oo $ oe
are allowed, the statistical weights of the same transition in absorption and emission
were interchanged. The (100) and (020) transitions are b-branches and no change of
symmetry occurs during the transition. Finally, a conversion expression may be
written as

Iem ¼ const � Iabs�
3
nmðgn=gmÞ exp½ð�o � �nmÞ=kT �; ðE2Þ

where �o is the band centre and gn and gm are the nuclear spin statistical weights of
the upper and lower states. Lorentzian lineshapes were assumed with a half-width
given by the resolution of the spectrometer (2 or 1 cm�1). The band-sum intensities,
S0

v , defined as the sum of the intensities of all lines belonging to a given band, are
presented in table 1. The ratios of the band emission intensities are �3 : �1 : 2�2 ¼
100 : 8:9 : 1:3 and, hence, the 2�2 band was neglected. Although the ��1 ¼ �1 bands
were included in the analysis, the ��3 ¼ �1 transitions dominate the emission
spectrum.

In our first model [11, 14], the line positions of the ðv1v2v3Þ ! ðv1v2v3 � 1Þ bands
were calculated by red-shifting the band centre of the fundamental �3 band by
�� ¼ � 0

0 � �0, where � 0
0 ¼ Gðv1v2v3Þ � Gðv 0

1v
0
2v

0
3Þ, �0 ¼ Gð001Þ � Gð000Þ, and

Gðv1v2v3Þ is given by the conventional expression for the vibrational energy levels
of a non-linear triatomic molecule:

Gðv1v2v3Þ ¼
X

!iðvi þ 1=2Þ þ
XX

xikðvi þ 1=2Þðvk þ 1=2Þ: ðE3Þ

The !i values and anharmonicity coefficients, see table 1, were taken from Benedict
et al. [55]. The same method was applied to estimate the positions of the
ðv1vsv3Þ ! ðv1 � 1v2v3Þ combination and hot bands. Obviously, the shifts for
the combination ð0v21Þ ! ð0v20Þ or ðva01Þ ! ðv100Þ bands depend on the
anharmonic coefficients x23 or x13, while that for the hot bands, ð00v3Þ !
ð00v3 � 1Þ, depends only on x33. The individual shifts are �� ¼ v2x23v1x13

and 2ðv3 � 1Þx33 which give, for example, a shift of �� ¼ jx23j ¼ 20:3 cm�1

for the ð011Þ ! ð010Þ band, �� ¼ jx13j ¼ 165:8 cm�1 for the ð101Þ ! ð100Þ
band, and �� ¼ 2jx33j ¼ 95:2 cm�1 for the ð002Þ ! ð001Þ band. The large anhar-
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monic shifts lead to a significant difference in spectra for different populations
in �1, �2 and �3 and permit contributions of the individual bands to be identified
from the experimental spectrum. Although equation (E3) (even including the third-
order terms with anharmonicity constants yijk) is not sufficiently accurate for levels
higher than v2 > 2 and v3 > 2, the band shifts given by the anharmonicity coefficients
show how a vibrational distribution can be assigned from fitting an H2O spectrum.

Experimental values for the band centres for the v1;3 � 3, v2 � 3 bands from the
HITRAN database were used in later work [12, 15]. This database gives, for
example, 163.1 and 66.7 cm�1 for the shifts of the ð101Þ ! ð100Þ and
ð002Þ ! ð001Þ bands relative to the ð001Þ ! ð000Þ fundamental. The shifts for the
bending levels also are significant with �v ¼ 19:4, 36.0 and 48.9 cm�1 for the
ð011Þ ! ð010Þ, ð021Þ ! ð020Þ and ð031Þ ! ð030Þ transitions respectively. Experi-
mental values [57] were taken from some high v2 states (e.g. (151) and (042)); others
were from variational calculations [58, 59]. Corrections for line positions of H2O
bands with v2 ¼ 5 and 6 were made in [18] using the band origins determined from
spectra of water from the sun [60].

Using the shifts of the fundamental bands to model spectra emission from higher
vibrational levels implies that the rotational energy levels are the same for each
ðv1v2v3Þ vibrational level. However, perturbations between rotational levels can lead
to dramatic displacements of line positions. The discrepancy increases with
rotational quantum number and may be hundreds of cm�1 for certain transitions
from J > 6. In the final modification of the simulation program, line positions for
all the ðv1; v2; v3Þ ! ðv1; v2; v3 � 1Þ and ðv1; v2; v3Þ ! ðv1 � 1; v2; v3Þ bands of H2O
were obtained as a difference of the rovibrational energy levels of the corresponding
transitions. Since the energy available for some reactions is sufficient to excite up
to four H2O stretching quanta, bands with v1 þ v3 ¼ 4, v2 � 2; v1 þ v3 ¼ 3, v2 � 4;
v1 þ v3 ¼ 2, v2 � 6 and v1 þ v3 ¼ 1, v2 � 6 were considered. Since the v2 � 7
levels are above the inversion barrier, v2 ¼ 6 was the highest bending level included
in the model. Transitions between rotational levels with J � 7 (all Ka;Kc),
J ¼ 8ðKa � Kc < 2Þ, J ¼ 9ðKa � Kc < �5Þ and J ¼ 10ðKa � Kc < �6Þ were in-
cluded. Fortunately, many H2O bands in the 0–17 000 cm�1 range have been
examined in absorption, and most of the rovibrational energy levels for
v1; v3 � 4, v2 � 2 and J � 8 states are known [15]. Missing levels were calculated
using expressions for rotational energy derived by Kwan [61], neglecting J- and
K-dependent terms for Fermi and Darling–Dennison interactions. The energy levels
for the states with v2 ¼ 5 and 6, with poor convergence for J � 6, were calculated
[61] using a polynomial extrapolation of the rotational levels of v2 ¼ 0–4 states.

In the early studies [11–14], the intensities of the rotational transitions,
JKaKcNJ

0K 0
aK

0
c , in combination bands were taken as equal to the intensities of the

same transitions in the basic (001)–(000) band. The harmonic oscillator approxima-
tion [56] with a cubed frequency adjustment was used to calculate the intensity of the
�v3 ¼ �1 and �v1 ¼ �1 bands from higher v3 and v2 � 2 levels. A centrifugal
correction to the line intensities of the �v3 ¼ �1 combination bands was made in
more recent work with the help of F–factors, which were calculated according to the
first-order intensity perturbations for the vibration–rotation lines of asymmetric
rotors for fundamental bands [62]. The theory was extended [15] to give F factors for
combination and hot bands. No allowance, except for the �3 adjustment, was made
for the influence of v2 or v1 on the transition probabilities of �v3 ¼ �1 combination
bands.
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After an initial rapid eqiuilibration, the v1 ¼ 1 and v3 ¼ 1 levels of H2O will relax
as a single reservoir ðv1;3 ¼ 1Þ. We presumed this to be true for all levels with the
same number of stretching quanta v1;3 ¼ v1 þ v3. Accordingly, a Boltzmann weight-
ing of �1 and �3 levels within each group of ðv1;3; v2Þ states was adopted and the
simulated spectra for H2O were calculated as a superposition of the ‘equilibrated’
ðv1;3; v2Þ bands. The weights of each band is denoted as Pðv1;3v2Þ and when
normalized,

P
v1;3

P
v2

Pðv1;3; v2Þ ¼ 100, the weights become the relative population
of each ðv1;3; v2Þ state. Omitting levels with a negligible 298 K Boltzmann weight
gives the following ðv1;3; v2Þ groups:

ð1; v2Þ ¼ 0:384ð0; v2; 1Þ þ 0:616ð1; v2; 0Þ;

ð2; v2Þ ¼ 0:15ð0; v2; 2Þ þ 0:38ð1; v2; 1Þ þ 0:47ð2; v2; 0Þ;

ð3; v2Þ ¼ 0:054ð0; v2; 3Þ þ 0:119ð1; v2; 2Þ þ 0:400ð2; v2; 1Þ þ 0:427ð3; v2; 0Þ;

ð4; v2Þ ¼ 0:043ð1; v2; 3Þ þ 0:440ð2; v2; 2Þ þ 0:434ð3; v2; 1Þ: ðE4Þ

N. Butkovskaya and D. Setser12

Figure 2. Demonstration for modelling H2O spectra: (a) calculated spectrum from �3 þ �1

fundamental bands with relative intensities of 100:8.9, (b) emission from the
OHþC2H6 reaction; (c) calculated spectrum from equilibrated 2�3 þ �1�3 þ 2�1

levels; (d) emission from the OHþC10H22 reaction; (e) calculated spectrum from
equilibrated v3 þ �12�3 þ 2�1�3 þ 3�1 levels; (f) emission from the OHþGeH4

reaction. Arrows indicate band centres; vertical ticks correspond to the shifts from
excitation of the bending levels in the 001 band; the calculated spectra in (c) and (e)
have no population in �2 levels.
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Figure 2 shows calculated bands from v1;3 ¼ 1; 2 and 3 for v2 ¼ 0 with comparison
with experimental spectra. The (1,0) band, which is a combination of (001) and (100)
fundamental bands, is shown in figure 2 (a) and the (2, 0) band is shown in figure
2 (c). The spectrum in figure 2 (b) from the OHþC2H6 reaction required a low
bending excitation of Pð1; 0Þ ¼ 44, Pð1; 1Þ ¼ 18 and Pð1; 2Þ ¼ 3 plus Pð2; 0Þ ¼ 14 for
simulation. The best fit to the spectrum from the n-decane reaction was Pð1; 0Þ ¼ 26,
Pð1; 1Þ ¼ 19, Pð1; 2Þ ¼ 9 and Pð1; 3Þ ¼ 1 plus Pð2; 0Þ ¼ 16 and Pð2; 1Þ ¼ 12; the
contribution from the v1;3 ¼ 2 states is twice that from the ethane spectrum. Figures
2 (e) and 2 (f) display the equilibrated (3,0) band and the H2O spectrum from the OH
reaction with GeH4, see table 3 for the distribution. Since the band centres of the
v1;3 ¼ 1–4 transitions are separated by �90 cm�1, the v2 distribution of each v1;3 level
can be assigned.

The best fit to an experimental spectrum was selected using a least-squares
procedure. Every ðv1;3; v2Þ emission band was considered as a vector with N ¼ 1452
elements, which corresponds to the number of points in a 3200–3900 cm�1 spectrum
at 1 cm�1 resolution. For measurements of equal accuracy, the least-squares method
requires a minimization of the value of the estimator Q ¼

P
ðsi �

P
PjbijÞ2, where si

is the ith measurement in the experimental spectrum (intensity), bij is the ith element
of the jth basis band and Pj are the populations of the corresponding vibrational
states. The inner summation is made over the basis vectors, and the outer one is a
summation over all the spectral points. The parameters, Pj, were found in a circular
search with a step-by-step inclusion of additional bands. Thus, for the spectrum in
figure 1 (a) the best fit was obtained with 12 bands extending to (1, 5), (2, 3) and (3, 1)
as given in table 3. The standard deviation [63] of the populations, 
ðPjÞ, was
estimated from 
ðPiÞ ¼ ½ðGÞ�1

ii Q=N�1=2, where ðGÞ�1
ii is the diagonal element of the

reciprocal Gram’s matrix of the basis vectors bi ¼ ðb1i b2i . . . bNiÞ, i.e. Ckl ¼ bT
kbl. For

the fit of figure 1 (a) with Q ¼ 1:68 � 106, the calculated values of ðGÞ�1
ii vary from

3:5 � 10�6 to 4:4 � 10�6 with the largest 
ðPjÞ having a magnitude of 13%. This
value corresponds only to the uncertainty associated with the least-squares fitting
and does not include experimental errors or errors in the basis vectors. The main
uncertainty in the assigned distributions is the population in the ‘dark’ vibrational
states, namely the 0v20 states ðv1;3 ¼ 0Þ of H2O or D2O, and 001 and 011 states of
HOD.

The total population in a given v1;3 level was obtained by summation over
the v2 distribution: P1;3ðv1;3Þ ¼

P
v2
ðPv1;3;v2

Þ. Similarly, P2ðv2Þ ¼
P

v1;3
ðPv1;3;v2

Þ, is the
weight of the states with a particular bending vibrational number, v2. Three
P1;3ðv1;3Þ distributions are presented in tables 3–8 for different assignments of the
P1;3ð0Þ population: (a) P1;3ð0Þ is not considered, (b) P1;3ð0Þ as obtained from linear
surprisal plots and (c) the calculated statistical distribution, P0

1;3ðv1;3Þ. The mean
fraction of vibrational energy was calculated as hfvðH2OÞi ¼ ½

P
v Pv � Ev�=hEavi,

where the energy Ev ¼ Eðv1;3; v2Þ is the sum of the Boltzmann-weighted energies of
ðn; v2; v1;3 � nÞ states with n ¼ 0; . . . ; v1;3. The energy in bending vibrations was
calculated as hEv2

i ¼
P

v Pv½Eðv1;3; v2Þ � ðEðv1;3; 0Þ�; the fractional contribution from
bending to the total vibrational energy is hfv2

i ¼ hEv2
i=hEvibi. Since the v3 ¼ 0

population of HOD could be experimentally measured, the P1;3ð0Þ value deduced
from the linear surprisal could be verified. The bending distribution in v1;3 ¼ 0 was
assumed to be similar either to that of v1;3 ¼ 1 or to the statistical bending
distribution; the latter was preferred if hEavi � 30 kcal mol�1. Both estimates are
probably lower limits to the bending excitation.
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3.1.2. HOD spectra

The normal mode frequencies are �1 ¼ 2723:7 (OND stretching), �2 ¼ 1403:5
(bending) and �3 ¼ 3707:5 cm�1 (ONH stretching). Simulations were carried out

separately for the ��3 ¼ �1 emission in the 3200–3900 cm�1 range and for the

��1 ¼ �1 and ��2 ¼ �2 emissions in the 2400–2900 cm�1 range (see figures 1 (b)

and 1 (c)). A method similar to the one described above for H2O was used to simulate

the emission spectra for HOD. The fundamental (001), (100) and (020) absorption

bands and the band-sum intensities were taken from the HITRAN database; see

table 1. The relative emission intensities for v3 : v1 : 2v2 are 100:18:2.5 and the ONH

transitions are 5.5 times stronger than OND transitions. Although the ��2 ¼ �2

contribution is much less than from ��3 ¼ �1, the ��2 ¼ �2 transitions were

included in the simulation of the 2400–2900 cm�1 band. The calculated (001) and

(100) plus (020) emission spectra, with half-widths of 1 cm�1 for each line, are shown

in figure 3 (a).

N. Butkovskaya and D. Setser14

Figure 3. Demonstration for modelling of HOD spectra: (a) calculated �3 and �1

fundamental bands; (b) emission from the ODþC2H6 reaction; (c) calculated 2�3 and
equilibrated 2�1 þ �12�2 þ 4�2 bands; (d) emission from the ODþC10H22 reaction; (e)
calculated 3�3 and equilibrated 3�1 þ 2�12�2 þ �14�2 þ 6�2 bands; (f) emission from
the ODþGeH4 reaction. Arrows indicate the band centres; the downward vertical
ticks in (a) identify the shifts owing to bending excitation, the upward ones
correspond to shifts from excitation of �1 levels.
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The spectroscopic database for HOD is more limited than for H2O; hence, the
positions of the HOD bands from high levels were approximated by red-shifting the
origins of the fundamental bands. The magnitude of the shift was calculated as a
difference of band centres, which were taken from the HITRAN database,
calculations [64] or recent spectroscopic studies [65]. Band centres for transitions
that were not previously reported were calculated using equation (3) with anharmo-
nic and Fermi-resonance constants from [64]. The ð002Þ ! ð001Þ and ð003Þ ! ð002Þ
emission bands are shown in figures 3 (c) and 3 (e). The simulation model included v3

and v1 levels to � 4 and v2 � 7. The simulation of the HOD spectrum from
ODþC2H6 shown in figure 3 (b) is illustrative. The blue side of the HOD spectrum
is described by the (001) emission with low v2 excitation, but the red side of the
spectrum obviously has a contribution (21%) from the ð002Þ ! ð001Þ band.

To obtain a more complete picture of the HOD vibrational distribution, the
2400–2900 cm�1 spectrum was simulated. This intensity is much weaker and the
signal-to-noise ratio is poorer than for ONH emission (see figure 3), but a good
estimate for the ðv1v20Þ populations can be obtained. The near energy match between
(100) and (020) vibrational states was assumed to give a thermal equilibrium
between all the vibrational states in a ðv1 þ n; v2 � 2n; v3Þ series, where n ¼ 0;
1; . . . ; v2=2 for even v2 and n ¼ ðv2 � 1Þ=2 for odd v2. For example, the ð4; v3Þ
level is composed of three states: a1ð0; 4; v3Þ þ a2ð1; 2; v3Þ þ a3ð2; 0; v3Þ, where the
298 K Boltzmann weights are a1 ¼ 0:333, a2 ¼ 0:253 and a3 ¼ 0:414 for v3 ¼ 1;
a1 ¼ 0:364, a2 ¼ 0:260 and a3 ¼ 0:376 for v3 ¼ 2, etc. Accounting for these equi-
librated levels affects the simulation of both the ONH and the OND bands. For
example, the 021/101, 031/111, 041/121/201, . . . groups for v3 ¼ 1 and 022/102, 032/
112, . . . groups for v3 ¼ 2 give emission in the ONH and OND ranges, while the 020/
100, 040/120/200, 060/140/220/300, etc. groups give emission only in the OND range.
Transitions from the last group are shown in figures 3 (a), 3 (c) and 3 (e) respectively.
Having the Pðv1;2; v3Þ distributions, we can sum over the �1;2 states for each v3 level,
and obtain the total relative population P3ðv3Þ ¼

P
v1;2

ðPvÞ, where v ¼ ðv1;2; v3Þ, for a
given v3 state. The total populations in a given v1;2 state are obtained by summation
over the v3 number. The P3ðv3Þ distributions are presented in tables 3–8 for three
assignments of the P3ð0Þ population: (a) P3ð0Þ was not considered; (b) P3ð0Þ was
obtained from linear surprisal plots; (c) P3ð0Þ was estimated from the 2400–
2900 cm�1 spectrum. The two dark states, 000 and 010, which contribute to the
overall P3ð0Þ population were assigned either by analogy to the statistical distri-
bution (for low hEavi reactions) or by analogy to the v1;2 distribution in the v3 ¼ 1
manifold for cases with larger hEavi.

Figure 3 (d) demonstrates a simulation of the �v3 ¼ �1 HOD spectrum from the
n-decane reaction using five states, 01, 11, 21, 02 and 12, with weights of 53, 6, 3, 36
and 2 (see table 4). Fitting the more complex spectrum from OD þ GeH4, see figure
3 (f), required 19 bands extending to ðv1;2; v3Þ ¼ ð7; 1Þ, (5,2) and (1,3). Fitting the
2400–2800 cm�1 region of figure 3 (f) established a 44% contribution from P3ð0Þ
with a broad distribution in v1;2 (see table 3). As in the case of H2O, the fitting for
HOD spectra was made by a least-squares method. The values of the least-squares
estimators Q were approximately two times smaller for HOD than those for the H2O
spectra, with fitting errors usually less than 10%. The better fitting is explained by
the intrinsically stronger signal and the simpler �v3 ¼ �1 emission band of
HOD. The mean fraction of vibrational energy of HOD was calculated as
hfvðHODÞi ¼ ð

P
v PvEvÞ=hEavi, where the energy Ev ¼ Eðv1;2; v3Þ is the sum of the

Infrared chemiluminescence from water-forming reactions 15

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
0
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



Boltzmann-weighted energies of ðv1 þ n; v2 � 2n; v3Þ states. The energy in �3 was
calculated as hEv3

i ¼
P

v Pv½Eðv1;2; v3Þ � Eðv1;20Þ�. The fraction of the excitation in
the newly formed ONH bond is hfv3

i ¼ hEv3
i=hEvibi. The ratio of hE2i from H2O to

hE3i from HOD was used as the index for the bend-to-stretch excitation for a given
reaction.

The reader must remember the difference between the P1;3ðv1;3Þ and P3ðv3Þ
distributions. The P3ðv3Þ distribution is a sum over all v1 and v2 numbers for a
given v3 number of HOD, while P1;3ðv1;3Þ is a sum over v2 for a given v1 þ v3

quantum number of H2O. For example, consider a hypothetical stretching
distribution fPðv1 ¼ 0; v3 ¼ 0Þ ¼ a, Pðv1 ¼ 1; v3 ¼ 0Þ ¼ b, Pðv1 ¼ 0; v3 ¼ 1Þ ¼ c,
Pðv1 ¼ 1; v3 ¼ 1Þ ¼ dg; we have P3ð0N2Þ ¼ ða þ bÞ : ðc þ dÞ : 0 and P1;3ð0N2Þ ¼
a : ðb þ cÞ : d. Consider a more descriptive example; the local ONH and OND modes
for HOD nearly correspond to the normal modes, while for H2O and D2O the
symmetric ð�1Þ and antisymmetric ð�3Þ normal modes are linear combinations of
local modes [66]. Thus, excitation of the H2O local mode would result in equal
probabilities for excitation in the �1 and �3 states. Let pv

n and pv
o denote the

probabilities of the excitation of the vth vibrational level in the local mode
corresponding to the new and old ONH bonds, respectively. Then, the probability
to find the H2O molecule in the ground stretching state v1;3 ¼ v1 þ v3 ¼ 0 is
P1;3ð0Þ ¼ p0

np
0
o. The probability for the v1;3 ¼ 1 state is P1;3ð1Þ ¼ p1

np
0
o þ p0

np
1
o, for

the v1;3 ¼ 2 state is P1;3ð2Þ ¼ p2
np

0
o þ p0

np
2
o þ p1

np
1
o, and so on. For the HOD molecule,

the P3ðv3Þ distribution coincides with pv
n probabilities and P3ð0Þ ¼ p0

n. Even if the
release of energy to the newly formed ONH bond is identical in OH and OD
reactions, in general P3ð0Þ � P1;3ð0Þ because equality of P3ð0Þ and P1;3ð0Þ can be
achieved only when p0

o ¼ 0, i.e. the old bond does not receive any energy and it acts
as a spectator. Inspection of the statistical distributions, P0

1;3ðv1;3Þ and P0
3ðv3Þ,

presented in tables 3–7, also illustrates the difference in the v1;3 and v3 distributions.

3.1.3. D2O spectra
Emission occurs in the 2400–2900 cm�1 range (figure 1 (d)), and the fundamentals

of the �1 and the �3 modes lie in the range of the observed emission (see table 1). The
first overtone of the bending mode, 2�2 ¼ 2336:8 cm�1, is close to the red side of this
range. The wavelengths of the (100), (020) and (001) bands could not be taken from
absorption spectra, since the only published D2O (001)–(000) absorption spectrum
[55] does not contain a complete assignment of rotational lines, and the complete list
of lines [67] includes saturated intensities for the most important transitions.
Account of the nuclear spin statistics of the rotational levels must be made for the
(001) band; in this case the ratio of the statistical weights of ee and oo levels to that of
eo and oe levels is 2:1. Calculation of the fundamental �1 and �3 emission bands of
D2O, which was described in the appendix of [20], included the 443 most intense lines
of �3 and 424 lines of �1 bands from Papineau et al. [67]. The transition intensities
were calculated using the expansion of the transformed dipole moment [68] with
account of the interactions between the close rotational levels of (100) and (001)
states. The calculated �1 and �3 bands are presented in figure 4 (a).

The ratios of the integrated emission intensities for the (001):(100):(020) bands
are 100:13:1.5, and emission from the overtone levels of �2 can be neglected. As in
the case of H2O, the energy levels of the �1 and �3 modes were assumed to have
equilibrium populations; the 298 K Boltzmann weights are given by
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ð1; v2Þ ¼ 0:365ð0; v2; 1Þ þ 0:635ð1; v2; 0Þ;

ð2; v2Þ ¼ 0:163ð0; v2; 2Þ þ 0:337ð1; v2; 1Þ þ 0:50ð2; v2; 0Þ;

ð3; v2Þ ¼ 0:075ð0; v2; 3Þ þ 0:164ð1; v2; 2Þ þ 0:338ð2; v2; 1Þ þ 0:43ð3; v2; 0Þ;

ð4; v2Þ ¼ 0:018ð0; v2; 4Þ þ 0:036ð1; v2; 3Þ þ 0:078ð2; v2; 2Þ þ 0:241ð3; v2; 1Þ þ 0:626ð4; v2; 0Þ:
ðE5Þ

The modelling of the D2O spectra was done by red-shifting the fundamentals using
the experimental band centres of Bykov et al. [69]. The centres for unknown bands
were taken from calculations [58, 70]. The band centres for v2 � 5 were estimated by
extrapolation. Figure 4 (a) shows that the emission from ð1; v2Þ with v2 > 4 overlaps
the emission from the (2,0) and (2,1) states. Figure 4 (b) shows the D2O spectrum
from the ODþDCl reaction; the shape of the weak spectrum coincides with the
�1;3 ¼ 1 band. Emissions from higher levels, including v1;3 ¼ 2; 3 and 4, are needed to
simulate the spectrum from the ODþDBr reaction, figure 4 (c), and least-squares
fitting gave P1;3ð1N4Þ ¼ 51 : 40 : 7 : 2 with bending excitation up to v2 ¼ 6. The
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Figure 4. Demonstration for modelling of D2O spectra: (a) calculated �3 þ �1 fundamental
bands with relative intensities of 100:12; (b) emission from the ODþDCl reaction; (c)
emission from the ODþDBr reaction. The arrows in (a) indicate the n�3 ðn ¼ 1N5Þ
band centres; vertical ticks correspond to band shifts owing to bending excitation.
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populations for v2 > 4 were assigned according to a geometrical progression, rather
than by least-squares fitting, because of overlap of emission from the next higher �3

level.

3.2. Integrated relative intensity data
Integrated relative intensities can be employed to evaluate relative rate constants.

For example, the rate constant of OHþGeH4 was measured using OHþHBr as a
reference reaction. From measurements of the intensity, IðH2OÞ, as a function of
both reagent concentrations for the same [OH], the relative reaction rate constants
can be determined as

k=kref ¼ ��refðH2OÞ=�ref�ðH2OÞ; ðE6Þ

where � and �ref are the slopes of IðH2OÞ vs. [HR] plots for the studied and reference
reaction respectively and the � factors are determined as follows. The ratio of the
H2O fundamental band-sum intensities in emission, S 0

vð�1;H2OÞ=S 0
vð�3;H2OÞ, is

equal to 0.089. From this ratio, equations (E4) and the scaled harmonic-oscillator
approximation, the band-strength coefficients of the equilibrated �1;3 bands given
in table 1 are obtained. For example, the ð2; v2Þ band consists of two �v3 ¼ �1
bands from ð0; v2; 2Þ and ð1; v2; 1Þ states and two �v1 ¼ �1 bands from ð1; v2; 1Þ
and ð2; v2; 0Þ states. The Boltzmann weights are determined by equations (E4),
and vibrational band strengths are equal to 1:89S 0

vð�3;H2OÞ and 1:0S 0
vð�3;H2OÞ

respectively for the two �v3 ¼ �1 bands and 1:0S 0
vð�1;H2OÞ and 1:82S 0

vð�1;H2OÞ
respectively for the two �v1 ¼ �1 bands. Taking into account that S 0

vð�1;
H2OÞ ¼ 0:89S 0

vð�3;H2OÞ, the emission strength for ð2; v2Þ is 0:15½1:89S 0
vð�3Þ�þ

0:38½1:0S 0
vð�3Þ� þ ½0:089S 0

vð�3Þ� þ 0:47½1:82 � 0:089S 0
vð�3Þ� ¼ 0:77S 0

vð�3Þ ¼ 	2S
0
vð�3;H2OÞ.

In the same manner, the band-strength coefficients for the ð1; v2Þ and ð3; v2Þ bands are
calculated as 	1 ¼ 0:44 and 	3 ¼ 0:93. For a given P1;3ðv1;3Þ distribution, the H2O
emission strength from a certain reaction at unit water concentration, IðH2OÞ, is
equal to

P
	iP1;3ðiÞS 0

vð�3;H2OÞ ¼ �S 0
vð�3;H2OÞ. On average, the H2O emission from

GeH4 was 5.8 times stronger than that from HBr. From the distributions presented
in table 3, �refðH2OÞ¼ 0:54ðHBrÞ and �ðH2OÞ ¼ 0:39ðGeH4Þ and k3=k1¼ 8:0 � 0:9.
Taking k1 ¼ 1:1 � 10�11 gives k3 ¼ ð8:8 � 1:4Þ � 10�11 cm3 molecule�1 s�1.

The secondary kinetic-isotope effect, kOH=kOD, can be determined from the
P1;3ðv1;3Þ and P3ðv3Þ distributions for a pair of OH and OD reactions.

kOH=kOD ¼ ½IðH2OÞ�ðHODÞS 0
vð�3;HODÞ�=½IðHODÞ�ðH2OÞS 0

vð�3;H2OÞ�: ðE7Þ

IðH2OÞ and IðHODÞ are the integrated emission intensities from the OH and OD
reactions measured at the same [HR]. For such experiments, the H2 flow is
substituted by an equivalent D2 flow, and the assumption is made that [OH]¼ [OD].
The procedure is similar to that in the paragraph above, but the band-sum intensity
ratio for the H2O and HOD bands, S 0

vð�3;H2OÞ=S 0
vð�3;HODÞ ¼ 0:76, must be

included. The normalized HOD emission strength is equal toP
	iP3ðiÞS 0

vð�3;HODÞ ¼ �S 0
vð�3;HODÞ. The band-strength coefficients 	�3

for
ðv1;2; v3Þ bands in the 3200–3900 cm�1 range were calculated as
½�ðv3Þ=�ð1Þ�3v3S

0
vðv3Þ, where �ð�3Þ is the centre of the ð00v3ÞNð00v3 � 1Þ band; this

gives 	1 ¼ 1:0, 	2 � 1:75 and 	3 ¼ 2:28. The intensity ratios IðH2OÞ=IðHODÞ ¼
0:43 � 0:05, 0:49 � 0:10 and 0:52 � 0:04 from experiments with HBr (re-evaluated
data), HI and GeH4 [15] respectively give kOH=kOD ¼ 1:2 � 0:2, 1:1 � 0:2 and
1:4 � 0:1. Similar experiments gave kOH=kOD ¼ 1:1 � 0:3 and 1:0 � 0:2 for cyclohex-
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ane and n-butane respectively [16]. Most direct measurements, as well as most
transition-state models, report small inverse kinetic-isotope effects for OH vs. OD
hydrogen atom abstraction reactions. Given the experimental assumption that
[OH]¼ [OD] and the sensitivity of the calculations to the v1;3 ¼ 0 and v3 ¼ 0
populations and to the 	ðv3Þ and 	ðv1;3Þ terms, the reasonable values for kOH=kOD

are regarded as support for the simulation model, rather than as measurements of
kinetic-isotope effects.

Integrated emission intensities can be used to determine branching ratios of
multichannel reactions, if deuterium-labelled reagents are used. For example,
consider the reactions with 2-butanone. The reactions of OD with 2-butanone-
1,1,1,3,3-d5 give different products depending on the site of attack:

OD þ CH3CðOÞCH2CH3 ! HOD þ CH3CðOÞCHCH3 ð22DaÞ

! HOD þ CH3CðOÞCH2CH2 ð22DbÞ

OD þ CD3CðOÞCD2CH3 ! D2O þ CD3CðOÞCDCH3 ð22 0DaÞ

! HOD þ CD3CðOÞCD2CH2 ð22 0DbÞ

The emission spectra shown in figure 5, which were measured at 0.6 Torr, display
comparable emission intensities in the 2400–3000 and 3200–3900 cm�1 ranges for
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Figure 5. Chemiluminescenct spectra from (a) the ODþ 2-butanone reaction and (b) the
ODþ 2-butanone-d5 reaction.
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reactions (22), and both (a) and (b) channels are important (abstraction from the 	-
CH3 group is negligible). The branching ratio was determined by comparison of the
intensity, ID2O, of D2O from channel (a) in the 2400–3000 cm�1 range and the
intensity, IHOD, of HOD from channel (b) in the 3200–3900 cm�1 range. The intensity
ratio, ID2O=IHOD ¼ 0:37 � 0:06, was converted to the ratio of HOD to D2O yields,
using

½HOD�
½D2O� ¼ IHOD�ðD2OÞS 0

vð�3;D2OÞ
ID2O�ðHODÞS 0

vð�3;HODÞ : ðE8Þ

The �ðD2OÞ ¼
P

i 	iP1;3ðviÞ coefficient is defined in the same way as for H2O, and
�ðHODÞ ¼

P
i 	iP3ðviÞ was defined above. The estimation of the band strength for

D2O was made using equation (E5) and the relation S 0
vð�1Þ=S 0

vð�3Þ ¼ 0:134; the
equilibrated ð1; v2Þ, ð2; v2Þ, ð3; v2Þ and ð4; v2Þ band strengths are 0.45, 0.82, 1.11 and
1.27 respectively. The P1;3ð1N3Þ distributions are 49 : 34 : 17 for D2O and
P3ð1 : 2Þ ¼ 90 : 10 for HOD. The surprisal analysis with hEavi ¼ 27:2 and
23.1 kcal mol�1 (before adjustment for zero-point energies) for reactions (22 0D a)
and (22 0D b) respectively gave P1;3ð0Þ ¼ 14 and P3ð0Þ ¼ 51 and the renormalized full
distributions are P1;3ð0N3Þ ¼ 14 : 41 : 30 : 14 for D2O and P3ð0N2Þ ¼ 51 : 44 : 5 for
HOD. We now can calculate �D2O ¼ 0:45 � 0:41 þ 0:82 � 0:30 þ 1:11 � 0:14 ¼ 0:59
and �HOD ¼ 1:0 � 0:44 þ 1:75 � 0:05 ¼ 0:53. Taking into account that the relative
emission efficiency, S 0

vðHOD; �3Þ=S 0
vðD2O; �3Þ ¼ 4:47 (table 1), the branching ratio is

ka=kb ¼ 1:5 � 0:3 for reaction (22 0D). In this example, the large P3ð0Þ value for the
HOD distribution introduces uncertainty into the branching ratio; nevertheless,
these data serve to illustrate the method.

3.3. Information-theoretic analysis
The information theory developed by Levine and Bernstein [33, 44] compares the

experimental distribution of the products, PðvÞ, with the prior distribution, P0ðvÞ,
calculated with the assumption of equal probability for all energetically allowed
quantum states of the products with energy E. The surprisal of the vibrational
distribution is defined by

IðvÞ ¼ �ln½PðvÞ=P0ðvÞ�: ðE9Þ
For an atom plus diatonic product, P0ðvÞ is calculated [33] from

P0ðvÞ ¼
XJðvÞ�

0

P0ðv; JÞ; ðE10Þ

where J�ðvÞ is the highest allowed rotational level for the vibrational level v, and
P0ðv; JÞ is given by the following, where the internal energy of the product is
EI ¼ Evibr þ Erot and v� is the highest accessible vibrational level:

P0ðv; JÞ ¼ ð2J þ 1ÞðE � EIÞ1=2Pv�

0

PJ�ðvÞ
0 ð2J þ 1ÞðE � EIÞ1=2

: ðE11Þ

To extend the formalism to a reaction giving an asymmetric top molecule plus an
atom as products, with vibrational and rotational states described by v1, v2, v3 and
J;Ka;Kc, the prior in equation (E10) is replaced by P0ðv1; v2; v3; JÞ, which needs
summation over 2J � 1 sublevels owing to the asymmetry splitting. The summation
over rotational levels could be done either explicitly, using conventional equations
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for an asymmetric top, or by substitution of summation by integration, which gives a
simpler expression. The difference between numerical summation and integration for
J < 60 was insignificant [12], and the following has been used for the prior:

P0ðv1; v2; v3Þ ¼ ðE � EvibÞ2
Xv3�

0

Xv1�

0

Xv2�

0

ðE � EvibÞ:
,

ðE-12Þ

For H2O, the vibrational states are represented by two quantum numbers v1;3 and
v2, and equation (14) takes the form

P0ðv1;3; v2Þ ¼
Xv1;3

n¼0

P0ðv1 þ n; v2; v3 � nÞ ðE-13Þ

and the prior for the stretching vibrations is defined as

P0ðv1;3Þ ¼
Xv�2

0

P0ðv1;3; v2Þ ðE-14Þ

where v�2 is the highest bending vibration allowed for a given v1;3 stretching
vibrational state.

The experimental and prior distributions plus the surprisal plots for P1;3ðv1;3Þ for
the OHþHBr and HI reactions are presented in figure 6. Surprisal plots show Iðv1;3Þ
vs.fv1;3

,wherefv1;3
¼ Evðv1;3; v2 ¼ 0Þ=hEavi;withEvðv1;3Þ ¼

Pv1;3

n¼0 knEvðv1 þ n; 0; v3 � nÞ,
where kn is the Boltzmann coefficient from equation (E4). The surprisal analysis of
D2O follows the scheme developed for H2O. The vibrational surprisal plots

�Iðfv1;3
Þ ¼ 0

1;3 þ 1;3fv1;3
ðE15Þ

are linear, and the intercepts provide estimates for the P1;3ðv1;3 ¼ 0Þ components of
the distributions.

The �1 (OND stretching) populations of HOD are coupled with the populations
in the �2 (bending) levels, and the two vibrational degress of freedom are �3 and �1;2.
The prior for the equilibrated vibrational states of HOD is defined as

P0ðv1;2; v3Þ ¼
Xn�
n¼0

P0ðv1 þ n; v2 � 2n; v3Þ ðE-16Þ

where n� is the highest n number allowed for a given c1;2 vibrational state. The prior
distribution for �3 can be calculated from the following, where v�1;2 is the highest
allowed level for a given v3 state:

P0ðv3Þ ¼
Xv�1;2

0

P0ðv1;2; v3Þ: ðE-17Þ

The experimental and statistical distributions plus the surprisal plots for the
ODþHBr and HI reactions are compared in figure 7. The surprisal plots are linear,
and the intercepts give estimates for the relative population of v3 ¼ 0:

�Iðfv3
Þ ¼ 0

3 þ v3
fv3
: ðE-18Þ

For ideal data the difference between this P3ð0Þ value and the one assigned from the
spectrum provide an estimate for the population of the ‘dark’ (000) and (010)
vibrational levels.

The slopes of the surprisal plots measure the difference between the experimental
distribution and the prior (statistical) distribution. The large negative v3

and v1;3
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values for the direct abstraction reactions reinforce the h fv3
i value as a gauge of the

energy distributions in the stretching modes. For the HBr reaction, the v3
¼ �6:1

value for HOD is substantially higher than the slope of the surprisal for the H2O
distribution, v1;3

¼ �4:5; this difference is largely a consequence of the different
statistics for the two priors. The bending distributions of H2O also have been treated
by surprisal analysis. Although the Pðv2Þ distributions from HBr, HI and GeH4 give
linear surprisals, the slopes are nearly zero, i.e. the bending distributions are close to
the statistical limits (see table 3).

4. Results

4.1. Reactions with inorganic compounds
4.1.1. Highly exothermic reactions: HBr, DBr, H2S, HI and GeH4

Reactions of OH(2�) radicals with HBr, HI and GeH4 proceed without potential
energy barriers [71, 72], and the barrier for H2S is very small; see table 2. The
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Figure 6. Comparison of the observed P1;3ðv1;3Þ distribution for H2O (full symbols) and the
prior distribution (open symbols) from (a) the OHþHBr reaction and (b) the
OHþHI reaction; (c) surprisal plot for the P1;3ðv1;3Þ distribution vs. fv1;3

for HBr
(squares) and HI (circles); the P1;3ð0Þ values were obtained from the linear
extrapolations indicated by the arrows.
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formation of Br*ð2P1=2Þ and I�ð2P1=2Þ atoms, either in the primary reaction or as a
result of V–E energy transfer, can be neglected [12, 15]. This series provides examples
ranging from direct abstraction, HBr and H2S, to more complicated mechanisms, HI
and GeH4, as identified from the vibrational distributions. A complete description,
see table 3, will be given for these reactions; more abbreviated presentations will be
made for the other reactions. The method for establishing the P1;3ð0Þ and P3ð0Þ
components of the distributions and the utilization of P1;3ðv1;3Þ and P3ðv3Þ to obtain
the energy deposited in the bending and stretching modes of water are especially
important points. The current interpretations of these reactions are virutally un-
changed from the published work [15, 17].

HBr and DBr. The vibrational distributions of the H2O, HOD and D2O
molecules from the following reaction are prototypical for direct abstraction:

Infrared chemiluminescence from water-forming reactions 23

Figure 7. Comparison of the observed P3ðv3Þ distribution for HOD (full symbols) and the
prior distribution (open symbols) from (a) the ODþHBr reaction and (b) the
ODþHI reaction; (c) surprisal plot for the P3ð�3Þ distribution vs. fv3

for HBr
(squares) and HI (circles); the P3ð0Þ values obtained from the intercepts can be
compared with the values from simulation (see text).
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OH þ HBr ! H2O þ Br ð1Þ

OD þ HBr ! HOD þ Br ð1DÞ

OH þ DBr ! HOD þ Br ð1 0Þ

OD þ DBr ! D2O þ Br: ð1 0DÞ

The thermochemistry with zero-point energies (13.2, 11.5 and 9.7 for H2O, HOD and

D2O, 5.3 and 3.9 for OH and OD and 3.8 and 2.7 kcal mol�1 for HBr and DBr

respectively) gives hEavi ¼ 33:6, 33.9, 34.1 and 34.6 kcal mol�1 for reactions (21).
Excitation of up to the third ONH stretching or the fourth OND stretching levels

is possible. The emission from reactions (21a) and (21b) is strong (see figure 1) and

data were collected for the best experimental conditions. The emission from

reactions (1 0) and (1 0D) is weaker than from reactions (1) and (1D), because of
the kinetic-isotope effect, k1=k1 0 ¼ 1:9 [72, 92], and the lower Einstein coefficients for

D2O emission.

The distributions for reactions (21a) and (21b) were P1;3ð1N3Þ ¼ 49 : 41 : 10 and

P3ð1N3Þ ¼ 43 : 49 : 8 from simulation of the 3200–3900 cm�1 bands. The highest v2

energy for each stretching level is close to the thermochemical limit. The linear
surprisal plot (v1;3

¼ �4:5 � 0:3; 0
1;3 ¼ �1:25 � 0:21, with error limits from the

standard deviation of the plot in figure 6 (c)) gives P1;3ð0Þ ¼ 14 � 2, and the overall

distribution for H2O is P1;3ð0N3Þ ¼ 14 : 42 : 36 : 8; the bending distribution in v3 ¼ 0

was assumed to follow the distribution in v3 ¼ 1 (see table 3). The full HOD
vibrational distribution in table 3, P3ð0N3Þ ¼ 22 : 34 : 38 : 6, was obtained in the

following way. The linear surprisal plot ðv3
¼ �6:1 � 0:1Þ shown in figure 7 (c) gave

0
3 ¼ �1:05 � 0:10 and P3ð0Þ ¼ 22 � 2. The P3ð0Þ ¼ 17 � 3 value from simulation of

the 2400–3000 cm�1 part of the spectrum does not include P3ð0; 0Þ and P3ð1; 0Þ,
which were estimated as the difference between P3ð0Þ ¼ 22 from the surprisal plot
and P3ð0Þ ¼ 17 from simulation. The mean fractions of vibrational energy for H2O

and HOD are hfvi ¼ 0:62 and 0.60 respectively. Since the �3 and �2 modes are

isolated in HOD and H2O respectively, the energy released to the OH bond (stretch

excitation) and to the bending mode can be calculated: hfv3
i ¼ 0:62 and hfv2

i ¼ 0:31.
The overall bending distribution is only slightly inverted with the inversion more

pronounced in the v1;3 ¼ 1 level (and presumably v1;3 ¼ 0).

The 3400–3800 cm�1 HOD emission spectrum in figure 1 (c) from reaction (1 0),
which is clearly different from that of reaction (1D), is mainly from v3 ¼ 1 with a

broad distribution in v1;2 (up to v1;2 ¼ 8 in v3 ¼ 0 and v1;2 ¼ 7 in v3 ¼ 1). The
distributions, which are not given in table 3, are P3ð0N3Þ ¼ 34 : 54 : 10 : 1 and

P1;2ð0N8Þ ¼ 13 : 16 : 22 : 15 : 16 : 5 : 7 : 2 : 3; the latter contradicts the expectation

of a preferential release of energy into the new OND bond, since 80% of the

molecules are in v1 ¼ 0 and 1 states. An explanation [12] for the apparent over-
population of v3 ¼ 1 is collisional transfer from v3 ¼ 0 with high v1;2 � 7 excitation

to v3 ¼ 1 levels with reduction of the v1;2 quantum number by 3. The observed

hfvðHODÞi of 0.51 with a 3:2 ratio between the v1;2 mode and the v3 mode is a lower

limit to the true hfvðHODÞi, and the distribution between the v1;2 and v3 sets of levels
probably has been distorted by relaxation. This relaxation is more serious for HOD

from reaction (1 0) than from reaction (1D), because in the latter case a large fraction

of the energy initially is in the more isolated �3 ¼ 2 level.
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The stretching distribution of D2O from reaction (1 0D) is P1;3ð0N4Þ ¼
14 : 37 : 26 : 19 : 5. The vibrational levels of D2O are populated up to energetic limit
ðv2; v1;3Þ ¼ ð1; 4Þ and nearly to the limit for (3,3) and (5,2). The vibrational distri-
bution for reaction (1 0D) gives hfvðD2OÞi ¼ 0:58 with a bending excitation that is
nearly the same as reaction (1).

The results from reactions (1) provided evidence that our spectral simulation
model was satisfactory [12] and that the vibrational excitation of water was
h fvi ¼ 0:61 with hEv2

i=hEv3
i  0:50. Since the distributions from the reactions with

DBr provided little new information and since the spectra were more difficult to
acquire and simulate, the OH and OD reactions with DR reagents, henceforth, were
studied only for cases in which product branching was studied. One reservation is the
low v2 ¼ 1 population for v3 ¼ 1 and 2 levels of HOD relative to the v1;3 ¼ 1 and 2
levels of H2O, which seems to exist for most reactions; this difference probably is a
defect of the simulation procedure. To the extent that our assignment of the bending
distribution to P1;3ð0Þ underestimates the excitation, the h f2i values may be lower
limits.

H2S. The chemiluminescent spectra from the reactions

OH ðODÞ þ H2S ! H2O ðHODÞ þ SH ð2; 2DÞ

were recorded for the best conditions, and the vibrational distributions are given in
table 3 [17]. The H2O distribution is P1;3ð1N3Þ ¼ 52 : 44 : 4, and the bending
distribution of v1;3 ¼ 1 level has a slight inversion with the maximum population
in v2 ¼ 1. The uncertainties of D0ðHSNHÞ and Ea, about 1.5 kcal mol�1 in total, are
consistent with excitation of v1;3 ¼ 3. Because of the closeness of hEavi to energy of
v1;3 ¼ 3, the P1;3ð3Þ point was not included in a conventional surprisal analysis.
Solving the inverse problem, we found that hEavi ¼ 32:1kcal mol�1 satisfied a linear
surprisal plot, �v1;3

¼ 3:9 � 0:4, 0
1;3 ¼ �1:0 � 0:03 for the three v1;3 points and

gives P1;3ð0N3Þ ¼ 17 � 4 : 43 : 37 : 3. From this value for hEavi and the upper limit
�Ho

0 ¼ �28:9 kcal mol�1, an activation energy of Ea ¼ 0:8 kcal mol�1 can be
deduced. Although this value exceeds the currently recommended
Ea ¼ 0:16 kcal mol�1 [26], it lies in the upper range of reported Ea ¼ 0:79�
0:38 kcal mol�1 values [93, 94].

The HOD distribution slightly favours v3 ¼ 2, with P3ð0N3Þ ¼ 21 : 36 : 41 : 2.
P3ð0Þ was obtained from the spectral simulation and assuming that populations
in (0,0) and (1,0) were equal to those of the (2,0) and (3,0) states. The surprisal
plot for ODþH2S is linear with a slope of �v3

¼ 5:5 � 0:4; the intercept,
0

3 ¼ �0:95 � 0:20, corresponds to P1;3ð0N3Þ ¼ 23 � 3 : 35 : 40 : 2, which agrees with
the experimentally determined P3ð0Þ ¼ 21.

Both H2O and HOD distributions correspond to h fvi ¼ 0:57 and the hEv2
i=hEv3

i
ratio is 0.40. The energy disposal for the H2S reaction closely resembles that from
HBr. However, the �v1;3

values, 3.9 vs. 4.5, the �v3
values, 5.5 vs. 6.1, and

hEv2
i=hEv3

i ¼ 0:40 vs. 0.50 show that the energy released to the new bond has a
slightly broader distribution with somewhat less bending excitation for H2S than for
HBr. Surprisal plots, calculated using a prior that included two rotational degrees of
freedom of HS (model II), are linear but steeper than for model I. However,
P3ð0Þ ¼ 18 from the intercept of the model II plot is in poorer agreement with the
experimental value than P3ð0Þ from model I, suggesting that HS can be considered as
a single body. The OHþH2S reaction seems to resemble the F þ H2S reaction [95]
for which little energy is released to the SH fragment. The energy disposal pattern for
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reaction (22) also is in accord with ab initio calculations [96], which found a
transition state in the entrance channel for direct abstraction. The weak hydrogen-
bonded [96] adducts, H2S�HO and SH�OH2, seem to have no apparent effect on the
energy disposal. The HBr and H2S distributions can be taken as representative for
direct abstraction. Since hfv3

i þ hfv2
i ’ 1:0, the old bond must receive very little

energy in these reactions.
HI and GeH4. The intense emission in the 2200–3000 cm�1 range allowed the

P3ð0Þ contributions to be evaluated with confidence for the HI and GeH4 reactions:

OH ðODÞ þ HI ! H2O ðHODÞ þ I ð3; 3DÞ

OH ðODÞ þ GeH4 ! H2O ðHODÞ þ GeH3: ð4; 4DÞ

The distributions decline with increasing v1;3 for both reactions, but the range of v2

extends to the thermochemical limit for each v1;3 or v3 level, except from v1;3 or
v3 ¼ 1 reactions from (3) and (3D). In spite of the available energy being higher than
for the HBr or H2S reactions, the vibrational distributions of H2O and HOD from
both HI and GeH4 are not inverted in the stretching mode, but the bending
excitation is significantly broader (see table 3) than for reactions with HBr and H2S.

The surprisal plots, see figures 6 and 7, for the HI reactions are linear with slopes
close to zero; v1;3

¼ 0:9 � 0:4 and v3
¼ �0:2 � 0:5. These values may be com-

pared with v1;3
¼ �4:5 and v3

¼ �6:1 for the HBr reaction. The full stretching
distributions for reaction (3) and (3D) are P1;3ð0N4Þ ¼ 41 � 4 : 34 : 15 : 9 : 1
and P3ð0N4Þ ¼ 59 � 5 : 25 : 15 : 1:4 : 0:4. The P3ð0Þ ¼ 59 value from the
0

3 ¼ �0:90 � 0:4 of the surprisal agrees with P3ð0Þ ¼ 54 � 4 from the spectral
simulation with the populations in the dark states assigned by analogy to the
statistical limit. Comparison of the P2ðv2Þ distribution in table 3 with P0

2ðv2Þ suggests
a very slight overpopulation in the v2 ¼ 2N4 levels relative to the statistical limit. The
hfvi values for the HI reaction are 0.36 (H2O) and 0.38 (HOD). The bending
contribution is hfv2

i ¼ 0:47, which exceeds the statistical fraction hfv2
i0 ¼ 0:41. The

energy released to the new bond is only hfv3
i ¼ 0:30. The energy disposal pattern

clearly shows that the dynamics for OHþHI differ from OHþHBr. The most likely
explanation is that the OH radical initially attacks the I atom, the H atom of HI then
migrates to the oxygen atom and H2O is ejected; the HI reaction is not a direct
process in contradistinction to the HBr and H2S reactions.

The surprisal plots for GeH4 reactions are also linear, but the slopes are
intermediate between those of HBr and HI. Three priors were tested [15] in which
GeH3 was treated as an atom (I), a rotating symmetric top (II) and a rotating
symmetric top with six vibrations (III); the surprisal plots of P3ðv3Þ for HOD were
linear with slopes v3

¼ �3:5 � 0:3, �5:4 � 0:2 and �10:8 � 0:2 respectively. The
renormalized v3 ¼ 0 populations obtained from these plots are P3ð0Þ ¼ 41, 34 and 24
respectively and the P3ð0Þ ¼ 41 � 2 value of model I agrees best with the measured
population, P3ð0Þ ¼ 44 � 2. This suggests that GeH3 does not receive much internal
energy (as already found for SH). The slopes of the surprisal plots for H2O are
v1;3

¼ �1:5 � 0:1 (model I), �3:7 � 0:3 (model III) and �9:8 � 0:3 (model III), and
the P1;3ð0Þ values from the intercepts are 33 � 2; 24 � 3 and 15 � 2. The energy
disposal for GeH4 is intermediate between HBr and HI: h fvðH2OÞi ¼ 0:47 and
h fvðHODÞi ¼ 0:45 with hEv2

i=hEv3
i ¼ 1:0. The energy in the H2O bending mode,

hEv2
i ¼ 7:7 kcal mol�1, with hfv2

i ¼ 0:43, is nearly equal to the model I statistical
value of hfv2

i0 ¼ 0:44. The decline in the �v3
values (6.1, 3.5 and 0.2) for the HBr,
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GeH4 and HI reactions clearly identifies a less specific release of energy to the new
OH bond for the series.

Inspection of table 3 shows that P1;3ðv1;3Þ and P3ðv3Þ are not identical and an
extension of the discussion of section 3.1.2 is helpful. As a first approximation, the
initial deposit of energy is to the local mode of the new bond. Since a local H2O
mode is an equal mixture of �1 and �3 normal modes, a P3ð0Þ population obtained
for the ONH mode of HOD can be related to P1;3ð0Þ in H2O. If the old ONH bond
was a pure spectator and received no energy; the whole P1;3ðv1;3Þ distribution
would coincide with the P3ðv3Þ distribution. On the other hand, if the old bond
receives some energy, the resulting P1;3ðv1;3Þ distribution can be obtained as a product
of two local distributions. In this case, P1;3ð0Þ is only the fraction of P3ð0Þ
corresponding to P1ð0Þ. Suppose that the old bond receives a statistical fraction of
hEavi. For the HBr reaction, the statistical fraction for Pold

localð0Þ is 0:74 and, if
Pnew

localð0Þ ¼ P3ðHODÞ ¼ 0:23, the combined P1;3ð0Þ ¼ 0:17, which is slightly larger
than the P1;3ð0Þ ¼ 0:14. The statistical value for the HI reaction is Pold

localð0Þ ¼ 0:61.
Combining this with the P3ðv3Þ distributions from HOD, taken as Pnew

localð0Þ, gives
P1;3ð0Þ ¼ 0:36, which is smaller than P1;3ð0Þ ¼ 0:42 from table 3. For GeH4 the
statistical population is Pold

localð0Þ ¼ 0:70, and the predicted P1;3ð0Þ ¼ 0:29 is again
smaller than the P1;3ð0Þ ¼ 0:33. The argument above explains why P3ð0Þ > P1;3ð0Þ
for the reactions of table 3 and suggests that the old OH bond is more involved in the
dynamics for HI and GeH4 than for HBr. This also is evident from comparing the
sum of hfv2

i and hfv3
i, which is 0.77 and 0.90 for HI and GeH4 respectively.

4.1.2. Moderately exothermic reactions: HCl, DCl and NH3

HCl. These reactions are less exoergic than the HBr reaction, and excitation of
just the first stretching level is possible. The HCl and NH3 reactions have small
activation energy barriers, and the rate constants are 14 and 70 times smaller than
for HBr. These reactions were studied at elevated reactant concentrations, and
longer �t ð 0:35 msÞ, the the possibility of vibrational relaxation and energy
transfer must be considered. Spectra in the 2500–3900 cm�1 range from reactions
(25) and in the 3200–4000 cm�1 range for reactions (26) are shown in figure 8:

OH ðODÞ þ HCl ! H2O ðHODÞ þ Cl ð5; 5DÞ

OH ðODÞ þ DCl ! HDO ðD2OÞ þ Cl: ð5 0; 5 0DÞ

The most striking feature is the absence of H2O chemiluminescence from reaction
(5), whereas the HOD emission intensities are comparable with those from the OD
reactions with hydrocarbons. The 3200–3900 cm�1 chemiluminescence from reaction
(5b) is predominantly the �3 fundamental band of HOD; however, a 27%
contribution from (011) also was required. Emission from the �1 and 2�2 modes of
HOD in the 2600–3000 cm�1 range could not be observed because this region was
always overlapped by relatively strong HCl emission. As explained below,
HCl(v ¼ 1) is formed by energy transfer from HOD.

The observation of both HOD and HCl emission from reaction (5D), whereas
neither H2O nor HCl is observed from reaction (5), was duplicated in many
experiments [16]. The secondary kinetic-isotope [97] effect for reaction (5) is
kOH=kOD ¼ 0:95. If the same fractions of H2O and HOD molecules are produced
with one quantum of stretching excitation, the IH2O=IHOD ratio should be the
product of the ratio of Einstein coefficients and kOH=kOD, 0:33 � 0:95 ¼ 0:31. Our
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estimate for the IH2O=IHOD ratio from (5) and (5D) is 0:07 � 0:07. The dilemma
posed by the absence of the H2O emission is discussed at the end of this section after
reaction (5D) is analysed.

To estimate P3ð0Þ from reaction (5D), comparisons were made between the
ODþHCl and the ODþHBr (and OHþHBr) reactions. The fraction of HOD
molecules from (5D) with v3 6¼ 0 can be estimated using

f ðv3 6¼ 0Þ ¼ �HCl ¼ ðkHBr=kHClÞð½HBr�=½HCl�Þ

� ðIHCl=IHBrÞ½�HBrS
0
vð�3;PrHBrÞ=S 0

vð�3;HODÞ�;
ðE-19Þ

where IHCl and IHBr are the integrated emission intensities, S 0
vð�3;PrHBrÞ and

S 0
vð�3;HODÞ are the v3 band-sum intensities for the products of HBr and HCl

reactions and � are coefficients that depend on the vibrational distributions (defined
in section 3.3). The spectra from all three reactions used for the calculation were
recorded at 0.7 Torr for ½HCl� ¼ 1:9 � 1013; ½HBr� ¼ 1:5 � 1013, ½H2� ¼ ½D2� ¼
1:7 � 1013 and ½NO2� ¼ 4:5 � 1013 molecules cm�3. The HOD and H2O intensities
were linearly dependent on the HCl and HBr concentrations in this range, which
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Figure 8. Chemiluminescent spectra from the OH (OD)þHCl and NH3 reactions. The
much stronger HOD emission is a consequence of more favourable emission
probabilities plus quenching of vibrationally excited H2O by HCl. The HCl
fundamental emission in (b) is from V–V exchange with excited HOD; see text for
discussion of quenching and V–V exchange by the HCl reactions.
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shows that vibrationally excited HOD and H2O molecules were not quenched. The
integrated intensities were, in arbitrary units, 1:03 ðOD þ HClÞ, 7:02 ðOH þ HBrÞ and
11:4 ðOD þ HBrÞ. The H2O spectrum from the OHþHBr experiment corresponded
to P1;3ð0N3Þ ¼ 24 : 42 : 28 : 6 [12], which gives �HBr ¼ 0:46. The HOD emission
from reaction (5D) can be considered as a pure S 0

vð�3;HODÞ band, since the
ð001Þ ! ð000Þ and ð011Þ ! ð010Þ transitions have the same band strengths. For
k5D ¼ 8:0 � 10�13 [97] and k1 ¼ 1:1 � 10�11 cm3 molecule�1 s�1, we obtain
f ðv3 6¼ 0Þ ¼ 0:56. The HOD distribution from ODþHBr [12] was
P3ð0N3Þ ¼ 33 : 35 : 29 : 3, which corresponds to 0:93S 0

vð�3;HODÞ. If our secondary
kinetic-isotope effect for ODþHBr ðkOH=kOD ¼ 1:16Þ is used, f ðv3 6¼ 0Þ ¼ 0:78.
Although this calculation is based on several approximations, the average value,
P3ð1Þ ¼ 0:67, indicates that most HOD molecules are produced with one quanta of
ONH stretching vibration. According to the above estimates, the energy disposal for
reaction (5D) seems normal for a direct abstraction reaction.

The most probable excitation mechanism of HCl(v ¼ 1) is energy transfer from
the nearly resonant bending levels of H2O (or HOD):

H2Oðor HODÞð2�2Þ þ HClðv ¼ 0Þ
! H2OðHODÞ þ HClðv ¼ 1Þ þ 226ð�104Þ cm�1: ðQ1;QD1Þ

The band-sum intensity of the HCl, H2O and HOD transitions in absorption are
4:75 � 10�18, 7:57 � 10�20 and 5:64 � 10�19 respectively. With account of the cubic
dependence on the transition frequency, the ratio of emission intensities for the three
bands is 50:2ðHClÞ : 1:0ð2�2;H2OÞ : 5:1ð2�2;HODÞ, and the HCl emission could
indirectly identify the presence of H2O ð2�2Þ or HOD ð2�2Þ. However, Zittel and
Masturzo found that HClðv ¼ 1Þ formation from H2O ð2�2Þ þ HCl was a small part
ð< 0:1Þ of the rate constant (4:7 � 10�11 cm3 molecule�1 s�1), and the major product
is just H2Oðv2 ¼ 1Þ. The stretching levels of H2O and the �3 level of HOD are more
than 500 cm�1 above HClðv ¼ 1Þ and V–V exchange rate with HClðv ¼ 0Þ is not
important [50]. In fact the relaxation of H2Oðv1;3 ¼ 1Þ by HCl mainly proceeds with
formation of H2Oðv2 ¼ 2Þ [49, 50]. On the other hand, the OND stretch mode of
HOD can be involved in V–V exchange, and the following reaction would augment
reaction (28b) as a source of HCl ð� ¼ 1Þ:

HOD ð�1Þ þ HClðv ¼ 0Þ ! HOD þ HClðv ¼ 1Þ � 163 cm�1: ðQD2Þ

Formation of HCl ðv ¼ 1Þ in the ODþHCl system from a secondary step was
verified [16] by comparing the HOD and HCl emission intensities; plots of IHOD and
IHCl=IHOD vs. [HCl] are both linear for ½HClÞ < 3 � 1013 molecules cm�3, i.e. the IHCl

intensity is proportional to [HCl]2. The slope of the IHCl=IHOD plot was used [16] to
estimate kQD1 þ kQD2 ¼ 6 � 10�11 cm3 molecule�1 s�1 with an uncertainty of about
50%. This rate constant is much larger than the value (< 4:7 � 10�12 cm3 molecule�1

s�1) for (Q1), which explains the higher (by a factor of 3–6) IHCl from reaction (5D)
than from reaction (5).

On the basis of an indirect analysis for the yield of H2O ð2�2 and 3�2Þ, the lack of
emission from H2O ð�1;3Þ and HCl, and the presently accepted rate constant for
H2Oðv1;3 ¼ 1Þ þ HCl, we suggested earlier [16] that reaction (5) must mainly release
energy to the translational motion of the products. However, new studies of several
reactions with similar hEavi and rate constants give normal H2O and HOD
vibrational distributions, and it seems unlikely that the OHþHCl reaction is unique.
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Another explanation of why the HCl and H2O emissions were so weak now seems
more plausible. First of all, the branching fraction for HCl(v ¼ 1) formation from
reaction (Q1) is very small and HClðv ¼ 1Þ is not a monitor for H2Oð�2 ¼ 2Þ.
Second, even if the total quenching [50] rate constant, 8:4 � 1:2 � 10�12 cm3 s�1, for
H2Oð�1;2 ¼ 1Þ is correct, the local [HCl] concentration in the reaction zone may be 2–
3 times higher than the calculated homogenous concentration because of incomplete
mixing at high HCl flow rates. Thus, quenching of H2Oð�1;3 ¼ 1Þ by HCl is probably
more important than originally thought, and the energy disposal by reactions (25a)
and (5D) must be similar.

DCl. Reactions (5 0) and (5 0D) are three times slower than reactions (5) [97] and
the transition probabilities for D2O(�1;3) and HOD(�1;2) are factors of 6 and 10
smaller than for HOD(�3). Thus, observation of emission from reactions (5 0) was
difficult. The only distinct emission was from the fundamental band of DCl in the
1900–2200 cm�1 range, which was an order of magnitude more intense from reaction
(5D) than from reaction (5 0) for similar experimental conditions. The weak (001)
bond of D2O in the 2600–2900 cm�1 range from (5 0D), see figure 4 (b), may
correspond to a substantial excitation of stretching vibrations of D2O. On the basis
of energy defect arguments, the energy transfer rate from D2O (2�2) to DCl probably
is faster than from HOD (2�2), which can exlain the stronger DCl emission from
reaction (5 0D). The overall pattern for the emission intensities seems to follow that
of reactions (5).

NH3. The reaction rates with NH3 are four times slower than that for HCl, and
the activation energy is comparable with that for ethane:

OHðODÞ þ NH3 ! H2OðHODÞ þ NH2 ð6; 6DÞ

Reaction (6) is 3 kcal mol�1 less exothermic than reaction (5), but excitation of one
stretching level is possible. The spectra shown in figure 8, which were recorded at
0.53 Torr and ½NH3� ¼ 1:3 � 1014 molecules cm�3 with ½OH� ¼ ½OD� ¼ 2:5 � 1013

molecules cm�3, are new data. The H2O emission is hardly above the experimental
limit of sensitivity, but the HOD emission from reaction (6D) obviously exceeds the
noise level. The HOD spectrum corresponds to emission from ð001Þ þ ð011Þ in
100 : 22 proportion. As in the HCl case, comparison of the H2O and HOD intensities
from OH (OD)þHBr with that from NH3 was made at the same pressure (0.7 Torr)
to estimate the fraction of water molecules in non-emitting vibrational states using
equation (E-19). The integrated intensities were equal (in arbitrary units) to 0.031
(OHþHN3), 3.1 (OHþHBr), 0.095 (ODþNH3) and 7.6 (ODþHBr). (These are
the values after normalization for the order of magnitude lower concentration of
HBr.) Normalization for rate constants is straightforward: k1ðOHÞ=k6ðOHÞ ¼ 68:8
and the intensity ratio for NH3 to HBr becomes 2:1 : 3:1. The emission strength from
(1) is 0:44S 0

vð�3;H2OÞ, as can be calculated from the P1;3ð�1;3Þ distribution, which
was the same as for the HCl experiment described above. Since all the intensity from
reaction (6) is from v1;3 ¼ 1 with 0:44S 0

vð�3;H2OÞ band strength, we obtain
P1;3ð0Þ ¼ ð2:1=3:1Þ � ð0:44=0:44Þ ¼ 0:68, i.e. the estimated distribution for reaction
(6) is P1;3ð0 : 1Þ ¼ 32 : 68. After normalization for rate constants using
kOH=kOD ¼ 0:93 for NH3 [98] and 1.16 for HBr (see section 3.2), the intensity ratio
of NH3 to HBr becomes 5:2 : 7:6. According to the HOD distribution from
ODþHBr, the observed emission corresponds to 0:93S 0

vð�3;HODÞ. The HOD
emission from ODþNH3 reaction is a pure S 0

vð�3;HODÞ band ð	1 ¼ 1Þ; thus, we
obtain P3ð1Þ ¼ ð5:2=7:6Þ � 0:93 ¼ 0:64. The final distribution is P3ð0 : 1Þ ¼ 36 : 64.
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Assuming that the P2ðv2Þ and P1;2ðv1;2Þ distributions in the v1;3 and v3 ¼ 0 states are
close to statistical, we estimate hfvi ffi 0:56 and hfv2

i ffi 0:18 for reaction (6)
and hfvi ffi 0:55 and hfv3

i ffi 0:77 for reaction (6D). On the basis of these new
data, the OH (OD)þNH3 reaction appears to be a normal, direct H atom
abstraction reaction.

4.2. Reactions with saturated hydrocarbons
The 298 K rate constants and activation energies recommended by Atkinson et

al. [24–26] are listed in table 2 for (1) ethane and neopentane, (2) cyclo-C5H10 and
cyclo-C6H12, (3) n-C4H10 and n-C10H22 with mixed primary and secondary H atoms
and (4) iso-C4H10 and 2,2,4-trimethylpentane. The results to be presented in table 4
are based on new spectra and slightly different thermochemistry to that used before
[16]. According to the structure–activity relationship (SAR) [99], the rate constants
are additive for contributions from the CH3, CH2 and CH groups with account
taken of the groups adjacent to the carbon atom from which a hydrogen atom is
abstracted, and SAR will be used to discuss product branching. We have used the
CNH bond dissociation energy values recommended by Berkowitz et al. [73], who
critically reviewed the literature. The recommended changes mainly arise from the
activation energies of the R þ HI or R þ HBr reactions used in thermochemical
cycles. In Benson’s work, activation energies of 1 � 1 for R þ HI and 2 � 1
kcal mol�1 for R þ HBr reactions were assumed, whereas Gutman and coworkers
discovered that these reactions have negative activation energies. In the review
of McMillen and Golden [74], which is one of the more complete compilations
of bond dissociation energies, some of the thermochemical data are based on
the iodine or bromine cycles, and their recommended bond dissociation energies
have been adjusted in a few cases. A recent evaluation of theoretical bond energies
also is instructive [100]. These changes in DðCNHÞ are important because of the
sensitivity of the prior distribution to hEavi and the concomitant effect on the
estimates of P1;3ð0Þ and P3ð0Þ from surprisal plots.

4.2.1. Primary H atom reactions (ethane, neopentane)
The activation energy (Ea ¼ 1:54 kcal mol�1) for neo-C5H12 is lower than for

C2H6 (Ea ¼ 2:14 kcal mol�1) and the rate coefficients per H atom are 0:71 � 10�13

and 0:43 � 10�13 cm3 molecule�1 s�1 respectively. The SAR coefficient under-
estimates this effect, giving 0.56 and 0:45 � 10�13 cm3 s�1.

OH ðODÞ þ C2H6 ! H2O ðHODÞ þ C2H5; ð7; 7DÞ

OH ðODÞ þ neo-C5H12 ! H2O ðHODÞ þ C5H11: ð8; 8DÞ

The recommended values of Ea and D0ðHNRÞ give hEavi ¼ 23:1 and 22.4 kcal mol�1

for reactions (7) and (8). The second stretch level is very close to the energy limit
(within 90% of hEavi) and formation of v3 or v1;3 ¼ 2 cannot be accompanied by
bending excitation. Spectra were measured at 0.5 Torr (�t  0:2 ms) and reagent
concentrations of 2:6 � 1013 for C2H6 (figures 2 and 3) and 1:9 � 1013

molecules cm�3 for C5H12 and vibrational relaxation need not be considered. The
vibrational distributions (table 4) obtained from the simulation, P1;3ð1 : 2Þ ¼ 82 : 18
and P3ð1 : 2Þ ¼ 79 : 21, from C2H6 extend to the energy limit. Since emission in the
2400–3000 cm�1 range was weak, both P3ð0Þ and P1;3ð0Þ were estimated by surprisal
analysis. The plots consists of only two points, and linearity was assumed. The
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intercepts and slopes of the surprisals depend on the bond dissociation energy used
to obtain hEavi, as illustrated by figure 9; the thick lines correspond to hEavi from
table 2 and the thin lines are for limits of �0.5 kcal mol�1 for C2H6 and
�1.0 kcal mol�1 for neo-C5H12. The plots give 0

1;3 ¼ �0:98 � 0:28,

v1;3
¼ �4:5 � 0:6 and 0

3 ¼ �0:67 � 0:20, v3
¼ �5:5 � 0:4 for C2H6 and

0
1;3 ¼ �1:07 � 0:60, v1;3

¼ �4:8 � 1:5 and 0
3 ¼ �0:63 � 0:40, v3

¼ �5:6 � 1:3 for
neo-C5H12, and the corresponding uncertainties in dark state populations are
P1;3ð0Þ ¼ 21 � 5, P3ð0Þ ¼ 31 � 3 for C2H6 and P1;3ð0Þ ¼ 20 � 8, P3ð0Þ ¼ 32 � 6 for

neo-C5H12. The stretching distributions are sharply inverted. To calculate the total
vibrational energy, we assumed that the bending distributions in v1;3 ¼ 0 and v3 ¼ 0
follow the statistical distributions. The results, table 4, for reactions (7) and (8) are

similar, and h fvðH2OÞi ¼ 0:51 and 0.50 and h fvðHODÞi ¼ 0:47 and 0.46. Only 16–
17% of this energy is released as bending excitation, which is a factor of 2 less than
for HBr or H2S. On the basis of Cohen’s claim [78] that the CNH bonds of
neopentane are not completely representative of primary CNH bonds, the

P1;3ð0N2Þ ¼ 21 : 65 : 14 and P3ð0N2Þ ¼ 31 : 55 : 14 distributions from ethane were
chosen as representative for primary H atom abstraction from alkanes.

N. Butkovskaya and D. Setser38

Figure 9. Vibrational surprisal plots for P1;3ðv1;3Þ of H2O and P3ðv3Þ for HOD from the
C2H6, and (CH3)4C reactions. The thin lines with closed triangles (ethane) and open
triangles (neopentane) symbols show how an uncertainty in hEavi of �0:50 and
�1.0 kcal mol�1 affects the plots for C2H6 and (CH3)4C respectively. Since the
intercepts provide estimates of P1;3ð0Þ and P3ð0Þ, the uncertainty in hEavi affects the
vibrational distributions.
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4.2.2. Secondary H atom reactions (cyclo-C6H12, cyclo-C5H10)
The reactions with cycloalkanes are an order of magnitude faster and about

3 kcal mol�1 more exoergic than reactions (7) and (8) and one more quantum of
bending excitation is allowed. Good spectra from

OH ðODÞ þ cyclo-C5H10 ! H2O ðHODÞ þ cyclo-C5H9; ð9; 9DÞ

OH ðODÞ þ cyclo-C6H12 ! H2O ðHODÞ þ cyclo-C6H11 ð10; 10DÞ

were obtained for reagent concentrations of ð1:3N1:9Þ � 1013 molecules cm�3 and
�t ¼ 0:25 ms, and simulation of the 2400–3000 cm�1 bands gave P3ð0Þ values. If we
assume that the number of HOD molecules in the dark (000) and (010) states are
equal to those in (020) and (030) states, which approximately corresponds to the
statistical distribution, then the HOD distribution becomes P3ð0N2Þ ¼ 14 : 55 : 31
for cyclopentane and 16 : 57 : 27 for cyclohexane. The v1;3 and v3 ¼ 2 components
are two times higher than for ethane or neopentane.

The bond dissociation energies of cyclo-C5H10 and cyclo-C6H12 given in [74] are
94.5 and 95.5 kcal mol�1 at 298 K. The surprisal parameters for cyclo-C5H10 with
hEavi ¼ 28 � 1 kcal mol�1 are 0

1;3 ¼ �0:57 � 0:08, 1;3 ¼ �4:5 � 0:3 and 0
3 ¼

�0:72 � 0:06, v3
¼ �5:5 � 0:2 with P1;3ð0Þ ¼ 26 � 2 and P3ð0Þ ¼ 28 � 2. The

cyclohexane values for hEavi ¼ 27:2 kcal mol�1 are 0
1;3 ¼ �0:47, v1;3

¼ �3:2 and
0

3 ¼ �0:91, v3
¼ �5:7 with P1;3ð0Þ ¼ 25, P3ð0Þ27 with similar error limits for the

�1 kcal mol�1 uncertainty in hEavi. The average distributions from the cyclo-C5H10

and cyclo-C6H12 reactions are P1;3ð0N2Þ ¼ 29 : 49 : 22 and P3ð0N2Þ ¼ 29 : 46 : 25.
The factor of 2 disagreement between the P3ð0Þ values obtained from the simulation
and from the surprisal analysis is larger than can be explained by an uncertainty in
hEavi of 1 kcal mol�1. The implication is that these hEavi values may be incorrect.
Stein and Rabinovitch [75] expressed the CNH bond energies of cyclanes in terms of
the strain energies (SE) in the cyclanes and cycloalkene molecules:

Dðcyclane CNHÞ ¼ Dðstandard secondary CNHÞ

þ ½SEðcycloalkeneÞ � SEðcyclaneÞ�=2: ðE20Þ

The strain energies were taken from [76], SE(cyclo-C5H10)¼ 6:2 kcal mol�1,
SE(cyclo-C5H8)¼ 5.7 kcal mol�1, SE(cyclo-C6H12)¼ 0.0 kcal mol�1 and SE(cyclo-
C6H10)¼ 1.3 kcal mol�1. The standard secondary D(CNH) was taken as
97.7 kcal mol�1 [73], and thus D298(cyclo-C5H9NH)¼ 97.4 and D298(cyclo-
C6H11NH)¼ 98.1 kcal mol�1 or 96.0 and 96.6 kcal mol�1 at 0 K. Fujisaki et al. [76]
correlated the primary kinetic-isotope effects for the HþRH (D)!H2 (HD)þR
reactions with bond dissociation energies and expressed the results as
kH=kD ¼ ðAH=ADÞ exp ½ðED � EHÞ=RT �. The activation energy difference ED � EH

was correlated with the bond dissociation energies of the CNH bond being broken.
The Evans–Polanyi empirical relation was used as a starting point:

ED � EH ¼ a½DðCNHÞ� þ b; ðE21Þ

where a and b are constants. We used their ED � EH values for neopentane,
isobutane, cyclopentane and cyclohexane, which are 2:63 � 0:11, 1:86 � 0:15,
2:15 � 0:06 and 2:31 � 0:06 kcal mol�1 respectively. The neopentane and isobutane
values and D298ðCNHÞ were employed to calculate a ¼ 0:17 and b ¼ �14:51. The
D298ðCNHÞ values for cyclopentane and cyclohexane were determined to be 98.0 and
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98.9 kcal mol�1 or 96.5 and 97.4 kcal mol�1 at 0 K, which agree with those obtained
from the strain energy considerations. We used hEavi ¼ 25:1 for cyclopentane
and hEavi ¼ 24:6 kcal mol�1 for cyclohexane for the final surprisal analysis, which
gave 0

1;3 ¼ �1:05, v1;3
¼ �4:4 and 0

3 ¼ �1:17, v3
¼ �6:2 with P1;3ð0Þ ¼ 19

and P3ð0Þ ¼ 21 for cyclopentane. The cyclohexane numbers are nearly identical.
These P3ð0Þ values agree better with the results derived from the spectra, and they
were used for the distributions given in table 4. The average distributions are
representative of secondary CNH bonds in cyclanes: P1;3ð0N2Þ ¼ 19 : 56 : 25 and
P3ð0N2Þ ¼ 21 : 51 : 27. According to these distributions, hfvi ¼ 0:55 and the vibra-
tional energy is shared between bending and stretching modes in a 1 to 4 ratio, which
is slightly higher than for primary CNH bonds.

4.2.3. Mixed primary and secondary H atoms (n-butane and n-decane)
Abstraction from secondary CNH bonds dominates over primary abstraction at

298 K and the SAR coefficients assign a contribution to the CH3 groups of about
13% for n-C4H10,

OH ðODÞþ n-C4H10 ! H2O ðHODÞ þ C4H9; ð11; 11DÞ

and only about 3% for n-C10H22. The P1;3ð1 : 2Þ ¼ 68 : 32 and P3ð1 : 2Þ ¼ 63 : 37
vibrational distributions from n-butane are identical to those from cyclopentane.
Neglecting the primary hydrogens, i.e. doing surprisal calculations with hEavi ¼
24:7 kcal mol�1, gives 0

1;3 ¼ �1:15, v1;3
¼ �4:6 and 0

3 ¼ �1:30, v3
¼ �6:4,

and the distributions are P1;3ð0N2Þ ¼ 18 : 56 : 26 and P3ð0N2Þ ¼ 19 : 51 : 30.
The P3ð0Þ contribution obtained from spectral simulation matches that from
the surprisal analysis. After assignment of statistical populations to v1;3 ¼ 0 and
v3 ¼ 0 states, the butane distributions, table 4, give hfvi ¼ 0:58 with hEv2

i ¼ 0:23. In
our previous work [16], the contribution of primary CNH bonds to reaction (11) was
neglected, but now, having obtained distributions for primary CNH bonds, we can
extract distributions for the secondary H atoms. Using the SAR primary-to-
secondary ratio of 0:13 : 0:87 and the primary distributions for ethane, the ‘pure’
secondary distributions are P1;3ð0N2Þ ¼ 18 : 54 : 28 and P3ð0N2Þ ¼ 19 : 49 : 32.

The Pð1Þ : Pð2Þ ratios from n-decane are virtually identical to those for n-butane,
and the full HOD distribution obtained from the simulation, P3ð0N2Þ ¼ 21 : 49 : 30,
also is very close to that from n-butane. The dissociation energy for secondary CNH
bonds in n-decane is not known; calculation with the help of equation (36) using the
measured [76] ED � EH ¼ 2:25 kcal mol�1 value for n-decane gives a bond dissocia-
tion energy identical to that for n-butane. The surprisals were calculated for the prior
distributions corresponding to hEavi ¼ 24:7 kcal mol�1 giving P1;3ð0Þ ¼ 17, P3ð0Þ ¼
19; h fvi ¼ 0:56 and the division between stretching and bending energies are the
same as for n-butane.

4.2.4. Reactions including tertiary CNH bonds (isobutane and 2,2,4-
trimethylpentane)

Iso-C4H10 has nine primary and one tertiary hydrogen atoms which contribute
to products in a 20 : 80 proportion according to the SAR. The rate constant calcu-
lated using this ratio, 2:4 � 10�12 cm3 molecule�1 s�1, agrees with the experimental
value. Simulation of the spectra gave P1;3ð1 : 2Þ ¼ 66 : 34 and P3ð1 : 2Þ ¼ 65 : 35. To
determine a distribution specific for the tertiary hydrogen reaction, we used the
primary distributions from ethane and assumed that the observed distributions
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followed the SAR rule. This gave P1;3ð1 : 2Þ ¼ 62 : 39 and P3ð1 : 2Þ ¼ 61 : 40.
Surprisal plots were made with hEavi ¼ 25:5 � 1:0 kcal mol�1, corresponding to
abstraction from a tertiary CNH bond with zero activation energy. The surprisal
parameters were v1;3

¼ �4:5 � 0:5 and v3
¼ �6:3 � 0:6 and complete distributions

for the tertiary reaction are P1;3ð0N2Þ ¼ 14 : 53 : 33 and P3ð0N2Þ ¼ 19 : 49 : 32.
Given the uncertainties, the distributions from tertiary and secondary abstraction
are very similar. For superposition of primary and tertiary CNH abstraction, the
distributions become P1;3ð0N2Þ ¼ 16 � 3 : 56 : 28 and P3ð0N2Þ ¼ 21 � 3 : 51 : 28,
which give hfvðH2OÞi ¼ 0:58 and hfvðHODÞi ¼ 0:52, and hEv3

i=hEv2
i ¼ 0:24 for the

overall reaction.
2,2,4-Trimethylpentane, commonly called isooctane, contains fifteen primary,

two secondary and one tertiary hydrogen, which, according to the SAR, should
contribute in 18 : 30 : 52 proportions. The predicted rate constant, 4:6�
10�12 cm3 s�1, slightly overestimates the true rate constant. Simulation of the
spectra gave P1;3ð1 : 2Þ ¼ 78 : 22 and P3ð1 : 2Þ ¼ 73 : 27, which have notably less
population in v1;3 and v3 ¼ 2 than the isobutane reaction. Since the relative
contribution of the primary hydrogens does not differ much from the isobutane
reaction and since the distributions for secondary hydrogen abstraction should
follow those of butane, the difference in the nature of tertiary H bonds in isooctane
and isobutane (T001 and T000, respectively, according to Cohen’s classification [78])
can be examined for an explanation of the low P3ð2Þ and P1;3ð2Þ. The T001 bond
energy value is more than 2 kcal mol�1 higher, but both reactions have negative
apparent activation energies for tertiary CNH abstraction [78]. Taking
97.0 kcal mol�1 for the tertiary bond energy of iso-C8H18 gives hEavi ¼
23:5 kcal mol�1, similar to the available energy for ethane. From the point of view
of the available energy, the trimethylpentane reaction is equivalent to the reactions
of primary and secondary hydrogens in 70 : 30 ratio, which may explain the low
excitation for v3 and v1;3 ¼ 2. The best agreement with the measured P1;3ð1 : 2Þ and
P3ð1 : 2Þ was obtained from the superposition of ethane and cyclohexane distribu-
tions, P1;3ð0N2Þ ¼ 20 : 60 : 21 and P3ð0N2Þ ¼ 24 : 54 : 22. They can be compared
with estimates from the surprisal plots using hEavi ¼ 23:5 � 0:8 kcal mol�1:
P1;3ð0N2Þ ¼ 20 � 5 : 63 : 18 and P3ð0N2Þ ¼ 24 � 4 : 55 : 21, with h fvi ¼ 0:53.

In summary, slightly lower h fvi  0:50 and hEv2
i=hEv3

i  0:20 were found from
primary H atom abstraction compared with the other CNH abstraction reactions
with h fvi  0:55 and hEv2

i=hEv3
i  0:25. However, within the error limits, which are

determined to a great extent by the uncertainties in the hEavi values, the nature of the
hydrogen atom in the hydrocarbon molecule had little effect on the energy disposal.
The common energy disposal pattern for the primary, secondary and tertiary CNH
bonds presumably reflects the similarity of the dynamics after passing the transition
states, which have different barrier heights and somewhat different properties [30, 31,
101]. The fraction of the energy released to bending excitation is distinctly smaller for
reactions with hydrocarbons than for the HBr and H2S reactions; see the summary in
table 8. The fact that the sum of h fv2

i and h fv3
i is very close to 1.0 for reactions (7)–

(14) indicates that the old OH bond is nearly a spectator.

4.3. Reactions with oxygen-containing organic compounds
Four classes of oxygen-containing organic compounds were studied: (1) alcohols

(methanol, ethanol); (2) ethers (dimethyl and diethyl ether, dimethoxy-methane,
methoxy-ethanol); (3) ketones (acetone, 2-butanone, 2-pentanone and 3-pentanone);
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(4) aldehydes (formaldehyde, acetaldehyde). Except for the aldehydes [18, 21], the
results in tables 5 and 6 are from new studies. Since the hEavi are below 28 kcal mol�1

(except for H2CO and CH3CHO), only two stretching quanta can be excited and the
dynamics of these reactions can be compared with hydrocarbons. Although many
studies have been dedicated to the kinetics and mechanisms of OH reactions with
alcohols, ethers and ketones [79, 80, 82, 84–88, 102–115], accurate thermochemical
data still are not available for several reactions. If necessary, the CNH bond energies
tabulated in [74] were revised in view of more recent experimental and theoretical
work. The contributions from different product channels were estimated using the
SAR method [99].

Alcohol, ether and ketone molecules have strong intermolecular interactions with
water [116–119], which result in fast relaxation rates for vibrationally excited water
molecules. If possible, spectra were taken for a range of reactant concentrations, and
distributions were then assigned for each spectrum. For every reaction, a critical
reagent concentration was determined below which the distributions did not change,
and averages of two or three spectra taken below the critical concentration were used
for assignment of the nascent distributions given in tables 5 and 6. The concentra-
tions of CH3OH and C2H5OH could not be reduced enough to be confident about
the critical limits, as explained below.

4.3.1. Alcohols
The reaction with methanol proceeds via two paths

OH ðODÞ þ CH3OH ! H2O ðHODÞ þ CH2OH ð15a; 15DaÞ

! H2O ðODÞ þ CH3O ð15b; 15DbÞ

but abstraction from the oxygen site contributes only 14% [102, 103].
D0ðHOCH2NHÞ, which is known with high accuracy [73, 107], is 5 kcal mol�1 lower
than in ethane and it is close to the tertiary CNH bond energy in isobutane. The
hEavi values for reactions (15a) and (1) are 26.8 and 18.9 kcal mol�1 respectively. The
methanol concentration could not be decreased lower than �5:0 � 1013

molecules cm�3, otherwise the spectra were too noisy for simulation, and at this
concentration the distributions were still changing. Somewhat lower reactant
concentrations were possible for experiments with OD þ CH3OD, which were
carried out to eliminate contributions from reaction (15Db) to the HOD emission,
and the lowest concentration giving credible HOD spectra was 2:6 � 1013

molecules cm�3. The reported distributions from methanol must be considered as
lower limits to the vibrational excitation. The stretching populations from reactions
(15a) and (15b) are P1;3ð1 : 2Þ ¼ 76 : 24, P3ð1 : 2Þ ¼ 75 : 25 and P3ð1 : 2Þ ¼ 69 : 31
from the OD þ CH3OD reaction; all distributions show less population in v3 ¼ 2
than the reaction of isobutane. The surprisal calculation with
hEavi ¼ 26:8 kcal mol�1 (neglecting channel (15b)) gives 0

1;3 ¼ �0:17 � 0:10,
v1;3

¼ �2:6 � 0:2 and 0
3 ¼ �0:15 � 0:08, v3

¼ �4:2 � 0:2; the small error limits
are just from the uncertainty in the CNH bond energy. The corresponding full
distributions are P1;3ð0N2Þ ¼ 35 � 3 : 49 : 16 and P3ð0N2Þ ¼ 41 � 3 : 44 : 15 with
h fvðH2OÞi ¼ 0:44, h fvðHODÞi ¼ 0:43 and hE2vi=hE3vi ¼ 0:44. Unfortunately, the
2400–2900 cm�1 emission from reactions (15Da) and (15Db) was too weak to obtain
a P3ð0Þ population from the HOD spectra.

N. Butkovskaya and D. Setser42

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
0
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



Infrared chemiluminescence from water-forming reactions 43

T
a
b

le
5
.

V
ib

ra
ti

o
n

a
l

d
is

tr
ib

u
ti

o
n

fr
o

m
re

a
ct

io
n

s
w

it
h

a
lc

o
h

o
ls

a
n

d
et

h
er

s.
a

R
ea

g
en

t

H
2
O

H
O

D

v 1
;3

v 2
¼

0
1

2
3

4
5

P
1
;3

b
P

1
;3

c
P

0 1
;3

d
v 3

v 1
;2
¼

0
1

2
3

4
5

P
3
b

P
3
c

P
3
e

P
0 3
d

1
5
.

M
et

h
a
n

o
l,

0
1
3
.5

9
.5

6
.2

3
.7

2
.1

—
3
5

6
4
.5

0
9
.3

6
.8

9
.7

6
.2

5
.9

3
.1

—
4
1

w
s

8
2
.5

C
H

3
O

H
f

1
2
8
.9

1
1
.8

8
.2

7
6

4
9

3
1
.6

1
3
5
.6

5
.7

2
.0

0
.7

7
5

4
4

1
6
.3

2
9
.4

6
.6

2
4

1
6

3
.9

2
1
2
.4

2
.9

2
5

1
5

1
.2

1
6
.

E
th

a
n

o
l,

0
1
2
.4

8
.7

5
.6

3
.5

1
.8

0
.9

—
3
3

6
3
.2

0
8
.3

6
.1

8
.6

5
.8

5
.2

2
.7

—
3
3

3
9
�

7
8
1
.8

C
2
H

5
O

H
g

1
1
9
.0

1
6
.1

1
0
.7

2
.3

7
2

4
8

3
2
.2

1
2
9
.8

5
.1

5
.7

2
.5

6
7

4
5

4
4

1
6
.8

2
1
4
.2

4
.8

2
8

1
9

4
.6

2
1
7
.3

3
.5

3
3

2
2

1
7

1
.4

1
7
.

D
im

et
h

y
l

et
h

er
,

0
1
3
.1

8
.9

5
.7

3
.5

2
.0

0
.8

—
3
4

6
3
.2

0
7
.9

5
.8

8
.2

5
.5

5
.0

2
.6

—
3
5

w
s

8
1
.5

C
H

3
O

C
H

3
1

2
6
.1

1
4
.8

5
.1

1
.3

7
2

4
7

3
2
.2

1
2
7
.7

4
.9

1
0
.0

1
.4

6
8

4
4

1
7
.1

2
1
2
.4

6
.6

2
8

1
9

4
.6

2
1
8
.1

2
.9

3
2

2
1

1
.5

1
8
.

D
ie

th
y
l

et
h

er
,

0
1
2
.9

8
.7

5
.8

3
.6

2
.1

0
.9

—
3
4

6
2
.2

0
7
.8

5
.8

8
.3

5
.7

5
.2

2
.8

—
3
2

3
9
�

5
8
1
.0

C
2
H

5
O

C
2
H

5
g

1
1
9
.7

1
1
.8

1
0
.2

5
.3

7
1

4
7

3
2
.5

1
3
0
.8

6
.2

4
.0

1
.5

6
6

4
5

4
0

1
7
.5

2
1
2
.4

5
.6

2
9

1
9

5
.3

2
1
9
.2

2
.8

3
4

2
3

2
1

1
.6

1
9
.

D
im

et
h

o
x
y
m

et
h

a
n

e,
0

1
6
.5

1
1
.1

7
.4

4
.5

2
.5

1
.0

—
4
3

6
4
.5

0
1
0
.4

7
.7

1
1
.0

7
.3

6
.9

3
.7

—
5
1

4
7
�

9
8
2
.5

C
H

3
O

C
H

2
O

C
H

3
1

2
5
.7

1
3
.3

4
.6

1
.8

7
9

4
5

3
1
.6

1
3
4
.7

3
.4

3
.2

0
.7

7
9

3
9

4
2

1
6
.3

2
8
.3

3
.6

2
1

1
2

3
.9

2
9
.9

1
.1

2
1

1
0

1
1

1
.2

2
0
.

M
et

h
o

x
y
et

h
a
n

o
l,

0
1
4
.3

9
.7

6
.5

4
.4

2
.2

1
.0

—
3
8

6
2
.2

0
8
.9

6
.6

9
.4

6
.2

5
.8

3
.1

—
4
3

4
0
�

7
8
1
.0

C
H

3
O

C
2
H

4
O

H
g

1
2
3
.0

1
5
.9

5
.8

1
.2

7
4

4
6

3
2
.5

1
2
9
.9

7
.2

5
.1

1
.8

7
3

4
2

4
4

1
7
.5

2
1
0
.6

5
.4

2
6

1
6

5
.3

2
1
3
.0

3
.0

2
7

1
5

1
6

1
.6

a
T

h
e

d
a
ta

in
th

is
ta

b
le

a
re

n
ew

.
b

P
o

p
u

la
ti

o
n

in
v 3

o
r

v 1
;3
¼

0
is

n
eg

le
ct

ed
.

c
P

v
ð0
Þd

et
er

m
in

ed
fr

o
m

ex
tr

a
p

o
la

ti
o

n
o

f
li
n

ea
r

su
rp

ri
sa

l
p

lo
ts

;
th

e
le

a
st

-s
q

u
a
re

s
u

n
ce

rt
a
in

ty
is

g
en

er
a
ll
y
�

1
0
N
1
5
%

.
d

S
ta

ti
st

ic
a
l

p
ri

o
r

d
is

tr
ib

u
ti

o
n

.
e
P

3
ð0
Þd

et
er

m
in

ed
fr

o
m

fi
tt

in
g

th
e

H
O

D
sp

ec
tr

a
in

th
e

2
5
0
0
–
2
9
0
0

cm
�

1
re

g
io

n
;
th

e
u

n
ce

rt
a
in

ty
is

fr
o

m
fi

tt
in

g
se

v
er

a
l
sp

ec
tr

a
.
T

h
e

v 1
;2
¼

0
a
n

d
1

st
a
te

s
o

f
v 3

¼
0

a
re

d
a
rk

st
a
te

s
a
n

d
p

o
p

u
la

ti
o

n
s

o
f

th
es

e
st

a
te

s
m

u
st

b
e

es
ti

m
a
te

d
;

se
e

te
x
t

fo
r

d
et

a
il
s

o
f

ea
ch

re
a
ct

io
n

.
f
R

es
u

lt
s

a
re

fo
r

th
e

o
v
er

a
ll

re
a
ct

io
n

,
se

e
te

x
t

fo
r

se
p

a
ra

ti
o

n
o

f
th

e
co

n
tr

ib
u

ti
o

n
fr

o
m

th
e

O
H

si
te

.
g

R
es

u
lt

s
a
re

fo
r

a
b

st
ra

ct
io

n
a
t

th
e

C
H

2
si

te
.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
0
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



The contribution of abstraction from the OH position to the H2O and HOD

distribution’s was subtracted in the following manner. hEavi is 18.9 kcal mol�1 for

Ea ¼ 1:4 kcal mol�1 [99], which is sufficient to excite only one ONH vibrational level.

The contribution of reaction (15b) to the population of the first stretching level

cannot exceed 14%, which gives P1;3ð1 : 2Þ ¼ 66 : 24 and P3ð1 : 2Þ ¼ 65 : 25 or, in

the renormalized form, P1;3ð1 : 2Þ ¼ 73 : 27 and P3ð1 : 2Þ ¼ 72 : 28, for reactions

(15a) and (15Db). The latter distribution agrees with the P3ð1 : 2Þ ¼ 69 : 31 distri-

bution obtained from the OD þ CH3OD experiment. The surprisal parameters

calculated with hEavi ¼ 26:8 kcal mol�1 are v1;3
¼ �3:0 and v1;3

¼ �4:6, and the

full distributions are P1;3ð0N2Þ ¼ 30 : 51 : 19 and P3ð0N2Þ ¼ 36 : 46 : 18. The correc-

tion leads to an increase in the population inversion and to h fvi ¼ 0:45. However, the

vibrational excitation from reaction (15a) is less than from most hydrocarbons.

Reaction (15b) gives only v3 ¼ 0 and 1 and it is not possible even to estimate the

energy disposal. However, the logic used above to subtract the v3 ¼ 1 and v1;3 ¼ 1

contributions from the total distributions suggests that the energy disposal probably

is normal for abstraction from the OH bond with h fvi  0:5.

The branching ratios at 298 K for the three channels with ethanol,

OH ðODÞ þ CH3CH2OH ! H2O ðHODÞ þ CH3CHOH; ð16a; 16DaÞ

! H2O ðHODÞ þ CH3CH2O; ð16b; 16DbÞ

! H2O ðHODÞ þ CH2CH2OH; ð16c; 16DcÞ

ð16aÞ : ð16bÞ : ð16cÞ ¼ 90 : 5 : 5 [24], and abstraction from the CH2 group is

dominant. For the reasons already stated, the CNH dissociation energy for CH2

given by McMillen and Golden [74] was elevated by 2 kcal mol�1, which gives

hEavi ¼ 27:4 kcal mol�1. The difference between the bond energies in CH2 and

CH3 groups in ethanol is about 1 kcal mol�1, which is smaller than the difference

between the primary and secondary CNH bonds in alkanes. Because of the lower Ea,

the available energy of reaction (16a) is nearly equal to that of reaction (15a).

Reactions (42) slightly favour v3 and v1;3 ¼ 2 relative to reactions (15); see Table 5.

However, the P3ðv3Þ distribution from OD þ CH3OD is nearly the same as for

reactions (16). The surprisal calculations with hEavi ¼ 27:4 � 1:0 kcal mol�1 for (16a)

and (16Da) give 0
1;3 ¼ �0:27 � 0:29; v1;3

¼ �2:8 � 0:4 and 0
3 ¼ �0:52 � 0:22,

v
3
¼ �4:9 � 0:4; the full distributions are P1;3ð0N2Þ ¼ 33 � 5 : 48 : 19 and

P3ð0N2Þ ¼ 33 � 4 : 45 : 22. It was possible to evaluate P3ð0Þ ¼ 39 � 7 by simulation

of the �v1 ¼ �1 HOD spectra, and the result is in reasonable agreement with the

surprisal prediction. Corrections for channels (16b) and (16c) were ignored, since

they would be smaller than for methanol, and h fvðH2OÞi ¼ 0:48, h fvðHODÞi ¼ 0:47

and hE2vi=hE3vi ¼ 0:44. The oxygen atom lowers the CNH bond energies in alcohols

and ethers, and the effect spreads for 2–3 carbon atoms beyond the 	-carbon [82,

105]; thus, hEavi for channel (16c) would not be much lower than that for reaction

(16a).

Despite the similarity in rate constants and hEavi, hEvibi is lower and hE2vi=hE3vi
is higher for CH3OH and C2H5OH relative to reactions with hydrocarbons. This

tendency also holds for methyl and ethyl ether; see below. The presence of the

oxygen atom is playing some role in the dynamics that affects the vibrational energy

released to the water product.
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4.3.2. Ethers
The vibrational excitation of H2O and HOD in the reaction with dimethyl ether,

OH ðODÞ þ CH3OCH3 ! H2O ðHODÞ þ CH3OCH2 ð17; 17DÞ

is identical to that from ethanol. Good and Francisco [110] reported
D0ðCH3OCH2NHÞ ¼ 95:6 kcal mol�1 from ab initio calculations, which exceeds the
D0ðCNHÞ ¼ 91:6 kcal mol�1 recommended by McMillen and Golden [81]. Appear-
ance potential measurements [111] give D0ðCH3OCH2NHÞ ¼ 92:3 � 2 kcal mol�1.
We used 93.8 kcal mol�1, which gives hEavi ¼ 27:6 kcal mol�1 for the surprisal
analysis and 0

1;3 ¼ �0:22 � 0:20, v1;3
¼ �2:7 � 0:4 and 0

3 ¼ �0:43 � 0:20,
v1;3

¼ �4:8 � 0:2; the uncertainty corresponds to a �1 kcal mol�1 variation in
the CNH bond energy. The full distributions are P1;3ð0N2Þ ¼ 34 : 47 : 19
and P3ð0N2Þ ¼ 35 : 45 : 21, with h fvðH2OÞi ¼ 0:45, h fvðHODÞi ¼ 0:47 and
hE2vi=hE3vi ¼ 0:41. These H2O and HOD distributions are consistent with a direct
abstraction mechanism. According to extensive ab initio calculations [119], the
hydrogen bonded OH � CH3OCH3 complex plays no role in the abstraction
dynamics, although the presence of two types of hydrogen atoms does complicate
the number of transition states needed to describe reaction (17).

The SAR predicts the overwhelming domination by secondary abstraction for
diethyl ether:

OH ðODÞ þ C2H5OC2H5 ! H2O ðHODÞ þ CH3CHOCH2CH3: ð18; 18DÞ

According to Kondo and Benson [83], the CNH bond dissociation energy of the CH2

group is 90.3 kcal mol�1 to which we added a 2 kcal mol�1 generic correction. In
ethers, the difference between the CNH bond energies in CH2 and CH3 groups in 	-
and �-positions with respect to the oxygen atom is 1.3 kcal mol�1. Since abstraction
from the CH2 group of C2H5OC2H5 has a negative temperature dependence
(Ea  �0:5 kcal mol�1 [82]), whereas reaction (17) has a positive temperature
coefficient (Ea ¼ 0:6 kcal mol�1 [79, 80]), the hEavi are similar. Surprisal calculations
with hEavi ¼ 28:2 kcal mol�1 give 0

1;3 ¼ 0:21 � 0:18, v1;3
¼ �2:6 � 0:4 and

0
3 ¼ �0:54 � 0:22, v1;3

¼ �5:0 � 0:4; the uncertainty corresponds to a 1 kcal mol�1

variation in CNH bond energy. The full distributions, P1;3ð0N2Þ ¼ 34 � 4 : 47 : 19
and P3ð0N2Þ ¼ 32 � 4 : 45 : 23, differ only slightly from those of dimethyl ether;
h fvi ¼ 0:47 with hE2vi=hE3vi ¼ 0:45:

Two more complex ethers, dimethoxymethane

OH ðODÞ þ CH3OCH2OCH3 ! H2O ðHODÞ þ products ð19; 19DÞ

and methoxyethanol

OH ðODÞ þ CH3OC2H4OH ! H2O ðHODÞ þ products ð20; 20DÞ

were selected for study. These reactions gave less population in v1;3 and v3 ¼ 2 than
reaction (17) and (18). The experimental distributions are P1;3ð1 : 2Þ ¼ 79 : 21 and
P3ð1 : 2Þ ¼ 79 : 21 for reaction (19) and (19D) and P1;3ð1 : 2Þ ¼ 74 : 26 and
P3ð1 : 2Þ ¼ 73:27 for reaction (20) and (20D). The thermochemistries of reactions
(19) and (20) are not known, and estimates of the available energies were made on
the basis of the kinetic data [84, 109] for these reactions. Sauer et al. [114] found that
abstraction from CH3 and CH2 groups connected to oxygen atoms in CH3O-
CH2OCH3 had branching fractions of approximately 68:32, which correspond to
the reactivity per hydrogen atom for CH3 and CH2 groups of 0:52 � 10�12 and

Infrared chemiluminescence from water-forming reactions 45
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0:74 � 10�12 cm3 molecule�1 s�1, respectively. Apparently, the CNH bond energy of
the CH2 group is closer to that of the CH3 group than to the CNH bond energy of the
CH2 group of diethyl ether, since the estimated reactivity per atom of the latter is
3:4 � 10�12 cm3 molecule�1 s�1. The �H0

o value for reaction (19) was assumed to be
similar to reaction (17). Surprisal plots with hEavi ¼ 26:9 kcal mol�1 give v1;3

¼ �1:8
and v3

¼ �3:2. The full distributions and energy disposal parameters for reaction
(19) are P1;3ð0N2Þ ¼ 43 : 45 : 12 and P3ð0N2Þ ¼ 51 : 39 : 10; h fvi ¼ 0:40 with
hE2vi=hE3vi ¼ 0:61. The rate constant for reaction (20) is similar to that for reaction
(18), and we assume that abstraction is mainly from the CH2 groups with
hEavi ¼ 28:2 kcal mol�1, i.e. the CNH bond energy of the methylene groups is the
same as that for 	-carbon in diethyl ether. Surprisal calculations for reaction (20)
gave v1;3

¼ �2:2 and v3
¼ �4:0; the full distributions are P1;3ð0N2Þ ¼ 38 : 46 : 16

and P3ð0N2Þ ¼ 43 : 42 : 15 with h fvi ¼ 0:43 and hE2vi=hEvi ¼ 0:51. Reactions (19)
and (20) have somewhat lower h fvi values and less inverted P3ðv3Þ distributions than
for (CH3)2O and (C2H5)2O reactions, and the bend-to-stretch excitation ratio also is
higher. These trends accentuate those noted in comparing distributions from
hydrocarbons to those from reactions (15)–(18).

4.3.3. Ketones
The CNH bond energy in acetone is larger than in dimethyl ether and, with the

2 kcal mol�1 correction, the 98.9 kcal mol�1 value is comparable with the primary
CNH bond energy of alkanes. Accordingly, the rate of reaction,

OH ðODÞ þ CH3CðOÞCH3 ! H2O ðHODÞ þ CH3CðOÞCH2; ð21; 21DÞ

is slow and the H2O emission was too weak to be useful. However, the HOD
emission reaction from (21D), which could be analysed, gave a definite population in
v3 ¼ 2, and P3ð1 : 2Þ ¼ 82 : 18. Surprisal calculations with hEavi ¼ 23:1 kcal mol�1

gave 0
3 ¼ �0:66 � 0:40, v3

¼ �5:5 � 0:9; the uncertainty corresponds to a
1 kcal mol�1 change in D(CNH). The full distribution is P3ð0N2Þ ¼ 31� 5 : 57 : 12,
with estimates for h fvðHODÞi and h f3vi of 0.49 and 0.75 respectively. Our
experiments were not designed to measure relative emission intensities. However,
qualitative comparisons with ethane are in accord with abstraction, rather than
addition, as the main reaction path at room temperature for OHþacetone [120].

The reaction rates with ketones containing carbon atoms in the �-position [85,
87] are an order of magnitude faster than the reaction with acetone:

OH ðODÞ þ CH3CðOÞCH2CH3 ! H2O ðHODÞ þ CH3CðOÞCHCH3 ð22a; 22DaÞ

! H2OðHODÞ þ CH3CðOÞCH2CH2; ð22b; 22DbÞ

OH ðODÞ þ CH3CH2CðOÞCH2CH3 ! H2O ðHODÞ þ CH3CH2CðOÞCHCH3

ð23a; 23DaÞ

! H2O ðHODÞ þ CH3CH2CðOÞCH2CH2:

ð23b; 23DbÞ

The SAR gives branching ratios of ð22aÞ : ð22bÞ ¼ 53 : 40 and ð23aÞ : ð23bÞ ¼
57 : 43. The importance of both channels was confirmed by studying the
OD þ CD3CðOÞCD2CH3 reaction; see section 3.2. Hydrogen abstraction from the

N. Butkovskaya and D. Setser46
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	-methyl group in reactions (22) can be neglected, since the rate is expected to be
similar to the rate of reaction (21) (the SAR gives a branching fraction of 7%). The
maximum available energy for these reactions is determined by the CH2 bond energy
in the 	-position. After the 2 kcal mol�1 correction for the value given in [74],
hEavi ¼ 27:7 kcal mol�1, which is the same as for ethanol and dimethyl ether and
5 kcal mol�1 higher than for acetone. The spectra from these reactions showed
noticeably less v1;3 or v3 ¼ 2 excitation than spectra from reactions (16) or (17).
The surprisal calculations gave v1;3

¼ �1:6, v3
¼ �2:8 for reactions (22) and

1;3 ¼ �1:3, v3
¼ �2:0 for reactions (23). The full distributions, Table 6, have less

population in v3 or v1;3 ¼ 2 and higher apparent population in v3 or v1;3 ¼ 0 than the
reactions with alcohols or simple ethers. The h fvi values are about 0.40 with bending-
to-stretch excitation ratios of �0:80. However, abstraction from the �-CH3 group
with hEavi several kcal mol�1 less than 27.7 kcal mol�1 has not been taken into
account, and the distributions from channels (a) and (b) need to be separated to
gain further insight about reactions (22) and (23).

If channels (a) and (b) are direct abstraction, total vibrational distributions can
be built as a superposition of distributions from reaction with ethyl ether (reactions
(18)) and ethane (reactions (7)) using the SAR coefficients. For reactions (23), the
calculated full distributions would be P1;3ð0N2Þ ¼ 28 : 56 : 16 and P3ð0N2Þ ¼
34 : 47 : 19. These correspond to P1;3ð1 : 2Þ ¼ 77 : 23 and P3ð1 : 2Þ ¼ 72 : 28, which
do not agree with the experimental P1;3ð1 : 2Þ ¼ 81 : 19 and P3ð1 : 2Þ ¼ 86 : 14
distributions. The P1;3ðv1;3Þ distribution of D2O from OD þ CD3CðOÞCD2CH3,
see section 3.2, show that abstraction from the methylene group is normal for a
direct reaction; therefore, this comparison indicates that the methyl groups in the �-
position must give less energy to the stretch mode and more to the bending mode
than reactions with a ‘normal’ primary CNH bond. This expectation was proven by
analysis of the HOD spectrum from OD þ CD3CðOÞCD2CH3. Inspection of the
spectra in figure 5 shows that reactions (22Da) plus (22Db) give more v3 ¼ 2
emission than does the HOD spectrum from OD þ CD3CðOÞCD2CH3. Surprisal
analysis of P3ð1N2Þ ¼ 90 : 10 from reaction (22 0Db) gave v3

¼ �3:8 and
P3ð0N2Þ ¼ 51 : 44 : 5 with h fvðHODÞi ¼ 0:45 and h f3i ¼ 0:54 for abstraction from
the �-methyl group. On the basis of the larger rate constants for reactions (22) and
(23), relative to acetone, several laboratories have suggested that these reactions
occur via a six- or seven-membered ring adduct [87, 112, 113]; the seven-membered
H-bonded structure is currently favoured. The H2O and HOD vibrational distribu-
tions from reactions (22b, 22Db) and (23b, 23Db) support the hypothesis that the
reaction is not direct and an intermediate complex aids abstraction at the �-position.

Whatever the structure of this complex, its importance should increase for a CH2

group in the �-position relative to a CH3 group. To examine such a case we studied
2-pentanone:

OH ðODÞ þ CH3CðOÞCH2CH2CH3

! H2O ðHODÞ þ CH3CðOÞCHCH2CH3 ð24a; 24DaÞ

! H2OðHODÞ þ CH3CðOÞCH2CHCH3: ð24b; 24DbÞ

According to the SAR equations, the branching ratio for ð24aÞ : ð24bÞ should be
18 : 76. The experiments were conducted for exactly the same conditions as for 3-
pentanone. The HOD spectra from reactions (22) or (23) and (24) were clearly
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different. The P1;3ð1 : 2Þ ¼ 85 : 15 and P3ð1 : 2Þ ¼ 88 : 12 distributions from (24)
have less population in the second level than reactions (22) and (23). The surprisal
calculations with hEavi ¼ 27:7 kcal mol�1 give 0

1;3 ¼ 0:78, v1;3
¼ �0:5 and

0
3 ¼ �1:14, v3

¼ �1:2. The full distributions are P1;3ð0N2Þ ¼ 58 : 36 : 6 and
P3ð0N2Þ ¼ 72 : 25 : 3, and the energy disposal parameters are h fvi ¼ 0:35 and
hE2vi=hE3vi ¼ 1:3. The h fvi value probably is a lower limit, since the bond
dissociation energy of the �-CH2 group of 2-pentanone could be closer to the
standard CH2 bond dissociation energy in alkanes, which would give
hEavi ffi 25 kcal mol�1. The low energy would lead to a steeper surprisal plot with
lower P3ð0Þ and P1;3ð0Þ values, increased h fvi and a bend-to-stretch ratio of 0.8–0.9.
In any case, abstraction from the �-CH2 group releases less vibrational energy to
water than abstraction from an 	-CH2 group. These results support the claim for a
seven-membered ring intermediate that aids the C–H abstraction process of reaction
from �-CH2 or �-CH3 groups.

4.3.4. Aldehydes
Studies of formaldehyde and acetaldehyde have been reported [18, 21] together

with the results for the secondary reactions of formyl and acetyl radicals with OH, H,
NO2 and NO. The secondary reactions proceed by recombination followed by
unimolecular deoomposition. Abstraction from the CH3 group of CH3C(O)H is
negligible and the following are the primary reactions:

OH ðODÞ þ CH2O ! H2O ðHODÞ þ HCO; ð25; 25DÞ

OH ðODÞ þ CH3CðOÞH ! H2O ðHODÞ þ CH3CO: ð26; 26DÞ

The most recent determination [88] of D0ðHCONHÞ ¼ 87:3 � 0:1 kcal mol�1 is
0.7 kcal mol�1 larger than recommended in [73]. This small adjustment causes no
change in the previous analysis [18]. Reactions (25) and (26) were studied with either
½NO2� � ½H2� or ½H2� � ½NO2� so that secondary reactions of hydroxyl radicals with
HCO or CH3CO yielding water molecules were suppressed. The H2O and HOD
spectra gave decreasing distribution with P1;3ð1N3Þ ¼ 60 : 34 : 6 and 59 : 38 : 3 and
P3ð1N3Þ ¼ 50 : 47 : 3 and 52 : 44 : 3 for reactions (25) and (26), respectively. The
emission in the 2400–3000 cm�1 region of the HOD spectra was strong enough for
simulation, which gave P3ð0Þ ¼ 26 � 4 and 25 � 4 for reactions (25) and (26D),
respectively. These uncertainties are one-half of the population in the (0, 0, 0 and 0,
1, 0) states, which were assigned by analogy to the statistical distribution. The
P1;3ðv1;3Þ and P3ðv3Þ distributions in table 6 are the averages from four independent
spectra.

The surprisal plots gave P1;3ð0Þ ¼ 21:2 � 3:9 and P3ð0Þ ¼ 29 � 3 for reaction (25)
and P1;3ð0Þ ¼ 23:0 � 3:8 and P3ð0Þ ¼ 28 � 3 for reaction (26); these uncertainties
are from the four independent distributions. The full HOD distributions,
P3ð0N3Þ ¼ 29 : 36 : 33 : 2 for reaction (25D) and 28:38:34:2 for reaction (26D), are
in good agreement with the experimental values of P3ð0Þ. The average h fvi values are
0:53 � 0:02 for reaction (25) and 0:52 � 0:02 for reaction (26), and the ratios of
bending-to-stretch excitation are 0.52 and 0.47. These values and the slopes of the
surprisal plots closely resemble those from the H2S reaction, and the mechanism
seems to be direct abstraction, as also indicated by the ab initio molecular dynamics
simulation [115]. The second CNH bond of CH2O and the ONH bond of the hydroxy
radical appear not be be involved in the dynamics. The weak long-range interaction
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between the H atom of OH and the carbonyl oxygen [115] has no obvious effect on
the energy disposal. The high-quality spectra from reactions (25) and (26) and the
subsequent analysis reinforces the claim that the distributions from reactions (22)–
(24) are abnormal for H atom abstraction from carbonyl compounds.

Two other models were used [18] for the prior distributions for reaction (25):
model II included the rotational degrees of freedom of HCO and model III included
all degrees of freedom of HCO (the HCO fragment is treated as an atom in model I).
Models II and III gave �v1;3

¼ 5:5 � 0:9 and 8:1 � 1:0 and �v3
¼ 6:4 � 0:2 and

8:3 � 0:2 respectively. The P3ð0Þ ¼ 24 � 2 and 21 � 2 values are smaller than from
model I. Just as for the H2S example, the P3ð0Þ values from the model I surprisal
seem to match the experimental result.

4.4. Reactions with sulphur-containing organic compounds
The reactions of hydroxyl radicals with sulphur-containing compounds are of

practical importance, because they are the initial steps in the oxidation of these
substances in the troposphere [89–90, 121–125]. Two separate mechanisms have been
recognized for (CH3)2S (DMS), direct abstraction of H atoms and reversible
addition of OH to the sulphur atom [122, 123]. The latter leads to products other
than OH and DMS only in the presence of oxygen. In addition to reviewing the
published work [17, 19, 20], new results from reactions with C2H5SH and (C2H5)2S
are reported in table 7. The emphasis here will be on the difference in the vibrational
distributions of water formed from sulphides vs. thiols. The rate coefficients for
reactions (27–30) have been extensively studied, and recommended values are given
in table 2 along with the available energies.

4.4.1. Sulphides: CH3SCH3 and C2H5SC2H5

The emission from

OH ðODÞ þ CH3SCH3 ! H2O ðHODÞ þ CH2SCH3 ð27; 27DÞ

was strong, even for reactant concentrations of ð4N6Þ � 1013 molecules cm�3. The
stretching distribution of H2O is P1;3ð1 : 2Þ ¼ 66 : 34 and the bending distribution
has a slight inversion for v1;3 ¼ 1. The HOD stretching distribution is inverted;
P3ð0N2Þ ¼ 25 : 48 : 27. The surprisal plot for HOD gives �v3

¼ 4:9 and 0
3 ¼ 0:55,

giving P3ð0N2Þ ¼ 33 : 43 : 25. The H2O surprisal plot gives �v1;3
¼ 2:8; the intercept

is 0
1;3 ¼ 0:30, corresponding to P1;3ð0N2Þ ¼ 31 : 45 : 24. These distributions give

h fvðH2OÞi ¼ 0:50 and h fvðHODÞi ¼ 0:52 with hEv2
i=hEv3

i ¼ 0:48. Although reaction
(27) involves primary CNH bonds, the ratio of bend-to-stretch energies resembles
those of H2S, H2CO ethanol and diethyl ether more than hydrocarbons.

Abstraction from the CH2 group and the CH3 group is possible from DES:

OH ðODÞ þ C2H5SC2H5 ! H2O ðHODÞ þ C2H5SCH2CH2 ð28a; 28DaÞ

! H2O ðHODÞ þ C2H5SCHCH3: ð28b; 28DbÞ

The CNH bond energy in the methyl group was assumed to be similar to that of the
primary bond in alkanes, a value of  90 kcal mol�1 was assigned to the methylene
group by Ekwenchi et al. [91]. The difference between the primary (DMS) and
secondary (DES) bond energies for the CH3 and CH2 groups adjacent to the S atom
is about 2.0 kcal mol�1. This seems reasonable by analogy to ethers and
hEavi ¼ 30:5 kcal mol�1 was used for reaction (28b), which will dominate the overall
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reaction. The experimental distributions are P1;3ð1N3Þ ¼ 62 : 36 : 2 and P3ð0N3Þ ¼
31 : 40 : 28 : 1. The linear surprisal plot for HOD has a slope of �v3

¼ 5:2 and
an intercept of 0

3 ¼ �0:68, giving P3ð0N3Þ ¼ 29 : 42 : 28 : 1 in good agreement with
the measured P3ð0Þ ¼ 31. The H2O surprisal plot has a smaller slope, �v1;3

¼ 3:3
with 0

1;3 ¼ �0:57, giving the total distribution P1;3ð0 : 1 : 2 : 3Þ ¼ 26 : 46 : 27 : 1.
These distributions correspond to h fvi ¼ 0:48 with hE2vi=hE3vi ¼ 0:35:

4.4.2. Thiols: CH3SH (CH3SD) and C2H5SH
The reaction

OH ðODÞ þ CH3SH ! H2O ðHODÞ þ products ð29; 29DÞ

is eight times faster than the DMS reaction, and good spectra were obtained for
conditions that avoid relaxation [17, 20]. Abstraction from sulphur can give v3 and
v1;3 ¼ 3 and the distributions of table 7 have small populations in the third level, but
the distributions are not inverted. The H2O surprisal plot gave �v1;3

¼ 0:8 � 0:5, an
intercept of 0

1;3 ¼ 0:44 � 0:12 and a total distribution P1;3ð0N3Þ ¼ 44 : 38 : 16 : 2.
The experimental distribution for HOD also shows a declining population;
P3ð0N3Þ ¼ 52 : 26 : 29 : 2. The surprisal analysis gave 0

3 ¼ �0:33 � 0:15 and
�v3

¼ 3:2 � 0:2, with P3ð0Þ ¼ 50. These distributions give h fvðH2OÞi ¼ 0:39 and
h fvðHODÞi ¼ 0:38, with hE2vi=hE3vi ¼ 0:73. The reduced h fvi, but enhanced bending
excitation, of the vibrational distributions from CH3SH relative to (CH3)2S has been
thoroughly documented in two separate studies [17, 20]; the difference is a conse-
quence of the interaction of OH with the SH site in reaction (29).

A special study [20] was devised to determine the product branching from the
reactions of OH and OD radicals with CH3SD:

OH þ CH3SD ! HOD þ CH3S ð29 0aÞ

! H2O þ CH2SD ð29 0bÞ

OD þ CH3SD ! D2O þ CH3S ð29 0DaÞ

! HOD þ CH2SD ð29 0DbÞ

The spectra shown in figure 10 from OH þ CH3SD display the overlapped H2O and
HOD emission in the 3200–3900 cm�1 range and the HOD emission in the 2400–
2900 cm�1 range. The overlapped HOD and H2O emissions were separated by
simulating the HOD spectrum in a normal manner and adding the H2O spectrum
from OH þ CH3SCH3. The distribution of HOD is P3ð0N2Þ ¼ 71 � 6 : 27 : 2; the
Pðv3 ¼ 0Þ component was obtained from simulation of the 2400–2900 cm�1 band of
the spectrum. As expected, excitation of the ‘passive’ ONH vibration in reaction (29 0a)
was low, with 71% of the molecules in the ground v3 ¼ 0 state. This distribution is
close to the statistical distribution, P0

3ð0N2Þ ¼ 75 : 21 : 4.
The HOD emission in the 3200–3900 cm�1 range from ODþCH3SD shown in

figure 10(d) clearly demonstrates abstraction from the methyl group. That part of the
spectrum which extends to 4100 cm�1 is the 011–000 combination band emission
from D2O centred at 3965 cm�1 [55]. The HOD spectrum from reaction (29 0Db) was
assumed to be identical to that from ODþCH3SCH3 in order to separate the HOD
and D2O emission in the 3200–4200 cm�1 range. The HOD spectrum was normalized
to match the least noisy spectrum from reaction (29 0Db) in the 3200–3500 cm�1
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region and subtracted from the combined spectrum. The resulting spectrum was
assigned to the combination �2 þ �3 emission from D2O. The D2O stretching
distribution obtained by simulation of the 2500–2900 cm�1 band is
P1;3ð1N3Þ ¼ 65 : 32 : 3. The relative areas associated with the D2O and HOD
emission intensities were measured in the 2400–2900 and 3200–3900 cm�1 ranges
respectively to determine the product branching. The weak HOD emission in the
2400–2900 cm�1 range was neglected and that band was assigned to the �v3 ¼ �1
transitions of D2O. The average ratio was IHOD=ID2O ¼ 1:12 � 0:22 from seven
experiments. The expermental intensity ratio was converted to the ratio of HOD to
D2O yields, using equation (E18) with � ¼ 0:41 � 0:03 and �HOD ¼ 0:90 � 0:05; the
result is [HOD]/[D2O� ¼ 0:13 � 0:01 for a branching fraction of 0:11 � 0:04.

To determine the branching fraction for the OHþCH3SD reaction, the HOD
emission intensity from five experimental spectra was obtained as the difference
between the total integrated intensity in the 3200–4000 cm�1 range and the intensity
of the H2O contribution. The average IH2O=IHOD ¼ 0:44 � 0:04 ratio was converted
to a branching fraction of 0:24 � 0:08. Since the rate coefficients
ð3:24 � 0:19Þ � 10�11 and ð3:17 � 0:15Þ � 10�11 cm�3 molecule�1 s�1, were found
for the OHþCH3SD and OHþCH3SH reactions are equal [121], a similar

N. Butkovskaya and D. Setser54

Figure 10. Comparison of emission spectra from OH (OD) with CH3SH and CH3SD. The
branching between abstraction from carbon vs. sulphur is clearly demonstrated by
the D2O and HOD emission from the ODþCH3SD reaction. Comparison of the
�v ¼ �1 emission of HOD in (b) and (c) illustrates the preferred excitation of �3

from ODþCH3SH and �1;2 from OHþCH3SD. The �v3 ¼ �1 þ�v2 ¼ �1
combination band of D2O also is observed in (d); the combination bands H2O and
HOD are discussed in [15]. The simulated spectra are plotted above the experimental
and the individual and combined simulated spectra are shown for H2O and HOD in
(c) and HOD and D2O in (D).D
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branching ratio can be predicted for OHþCH3SH reaction. The 0:24 � 0:08 value,
which is more than twice as large as the branching fraction for reaction (29 0D), was
explained [20] as a large inverse secondary kinetic-isotope effect for reactions (29 0a)
and (29 0Da), which proceed by an addition–rearrangement process.

Abstraction from the methyl group of ethyl mercaptan can be neglected, and only
two competing channels are considered:

OH ðODÞ þ C2H5SH ! H2O ðHODÞ þ C2H5S ð30a; 30DaÞ

! H2O ðHODÞ þ CH3CHSH: ð30b; 30DbÞ

hEavi was assumed to be the same as that for CH3SH. Simulations gave the following
distributions: P1;3ð1N3Þ ¼ 66 : 29 : 5 and P3ð0N3Þ ¼ 38 : 29 : 31 : 2. The slight mini-
mum for P3ð2Þ suggests that both reaction channels are important: the high
population for v3 ¼ 0 can be due to channel (30Da), whereas the large population
for v3 ¼ 2 is from channel (30Db). The surprisal plot for HOD has �v3

¼ 4:0 � 0:3
and 0

3 ¼ �0:24, giving an overall distribution of P3ð0N3Þ ¼ 37 : 29 : 32 : 2 in
agreement with the measured P3ð0Þ ¼ 38. The H2O surprisal plot gives
�v1;3

¼ 2:4 � 0:2 and 0
1;3 ¼ �0:25, with an overall distribution of

P1;3ð0N3Þ ¼ 29 : 47 : 20 : 4. These distributions correspond to h fvi ¼ 0:44 with
hE2vi=hE3vi ¼ 0:48. The enhanced h fvi and the reduced h fv2

i, relative to reaction
(29), suggests that abstraction from the CH2 group is competing with abstraction
from the SH bond. As explained in the next paragraph, channels (29a) and (30a) are
thought to involve mainly addition of OH radical to the sulphur atom followed by
transfer of the hydrogen atom on sulphur to the oxygen atom of OH, rather than
direct abstraction.

The larger rate constant for CH3SH relative to H2S and (CH3)2S prompted
Wilson and Hirst [126] to investigate the reaction by ab initio calculations; they
concluded in favour of direct H atom abstraction from SNH, because this transition
state was slightly lower in energy than the transition state for adduct formation.
Since direct abstraction was inconsistent with the vibrational energy disposal results,
Muiño [127] reinvestigated the OHþCH3SH system using a somewhat larger basis
set, as was required [128, 129] to identify the OH�(CH3)2S adduct. A weakly bonded
adduct (3.3 kcal mol�1 before consideration of zero-point energy) with the oxygen
atom of the OH radical directed toward the sulphur atom of CH3SH was identified
[127], and a rearrangement pathway to products was characterized. Thus, the
conclusions from the experimental vibrational distributions and the ab initio
calculations are self-consistent, and an addition–rearrangement mechanism dom-
inates over the direct abstraction pathway.

4.5. Unimolecular decomposition of vibrationally excited ethanol and acetic acid
Unimolecular dehydration is a reaction pathway for alcohols and acids. Infrared

emission from water has been observed from the two-carbon members of both series,
i.e. ethanol [11, 13] and acetic acid [14], that were formed with 100 kcal mol�1 of
vibrational energy from recombination of H atoms with CH2CH2OH and
CH2COOH respectively. The results from ethanol will be summarized here, but
[14] should be consulted for acetic acid. The emission in the 3200–4000 cm�1 range
shows that H2O elimination is the dominant reaction for ethanol, as previously
demonstrated by activation via multiphoton absorption of CO2-laser irradiation
[130]:
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C2H5OH ! H2O þ C2H4 ð31Þ

CH3CH2OD ! HOD þ C2H4: ð31DÞ

Ethanol was generated by a secondary reaction in the H þ CH2ICH2OHðDÞ reaction
system. In addition to the experiments, ab initio calculations were done with the
Gaussian G92 package with optimization at the MP2(FC)/6-31G(d) and
MP2(FULL)/6-311G(d,p) levels to characterize the transition state and threshold
energy (67 kcal mol�1). Rate constants calculated by RRKM theory for H2O
eliminations are larger than those for CH3NCH2OH or C2H5NOH bond rupture
for energies � 100 kcal mol�1. The following reactions were studied from D atom
recombination with CH2CH2OH(D):

CH2DCH2OH ! H2O þ CHDCH2 ð32aÞ

! HOD þ C2H4; ð32bÞ

CH2DCH2OD ! HOD þ CHDCH2 ð32DaÞ

! D2O þ C2H4: ð32DbÞ

Spectra were recorded for �t ¼ 0:4 ms and Ar pressure of 0.8 Torr, and vibrational
relaxation of H2O, HOD or D2O should be minimal. The 91 kcal mol�1 of available
energy permits excitation of � 8 stretching levels; however, only 3 quanta of OH or 4
quanta of OD stretch excitation were observed.

Interpretation of the spectra from reactions (31D) and (31) was straightforward,
and the distributions were P1;3ð1N3Þ ¼ 65 : 27 : 8 and P3ð1N3Þ ¼ 79 : 16 : 5. Analysis
of the 2400–2900 cm�1 region provided the P3ð0Þ component and the total P3ð0N3Þ
distribution is 60 : 32 : 6 : 2. The P1;3ð0Þ component for reaction (31) was assigned
from consideration of the P3ð0Þ=P3ð1Þ ratio, and the statistics for v3 vs. v1;3

excitation, and the total P1;3ð0N3Þ distribution is 50 : 33 : 13 : 4. Since the v3 ¼ 0
and v1;3 ¼ 0 components constitute �50% of the distributions with extensive
bending excitation, it is important to note that P3ð0Þ and P1;3ð0Þ have experimental
support. The bending distributions of H2O and HOD are extended with emission
observed from the highest levels that are in our models, and a strong inverse
correlation exists between the stretching and bending excitation; see table 8. These
distributions give h fvi ¼ 0:16 and 0.14 for reactions (31) and (31D) respectively, with
hE2vi=hE3vi ¼ 1:2. Comparison with the statistical distributions show that H2O or
HOD from reactions (31) and (31D) acquired somewhat more than the statistical
amounts of energy. The bending mode clearly has excess energy; however, the HOD
data show that the new OH bond also has about one quantum of energy beyond the
statistical expectation [13].

The H2O and HOD contributions to the 3300–3900 cm�1 region from reactions
(32) where deconvoluted by assuming that the water spectrum from reaction (32a)
was the same as that from reaction (31), and the H2O spectrum was subtracted from
the combined H2O and HOD band. Fitting the 2400–2900 cm�1 and the HOD
�v3 ¼ �1 spectra gave P3ðv0N3Þ for reaction (32b) as 83 : 14 : 2 : 0:4 with a broad
P1;2ðv1;2Þ distribution; see table 8. h fvðHODÞi is 0.12, but with only 19% of the
vibrational energy in the v3 stretch mode. This greatly reduced fraction (from 41%)
relative to HOD from reaction (31D) is a consequence of OH being the passive
mode, i.e. the OH bond is the old bond for reaction (32b), and most of the energy
release is to the v1;2 modes with populations extending to v2 ¼ 8. The ratio of H2O
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and HOD intensities gave a primary kinetic-isotope effect of 1:8 � 0:4 for (32a) vs.
(32b).

The HOD molecules from reaction (32Da) make a negligible contribution to the
emission in the 2400–2900 cm�1 region, and analysis of the D2O spectra from
reaction (32Db) gave h fvi ¼ 0:16 with 45% of the energy in the bending mode.
The D2O spectrum corroborates the results from reaction (31). The HOD spectrum
from reaction (32Da) was nearly identical to that of reaction (31D). From the ratio
of HOD and D2O intensities, the primary kinetic-isotope effect for reactions (32Da)
and (32Db) was estimated as 1:4 � 0:3.

The vibrational distributions for H2O formed from unimolecular decomposition
of acetic acid, which also proceeds via a four-membered state, is similar to that of
reaction (31) with h fvi ffi 0:23 and with extended bending excitation. Since only H2O
spectra from CH3COOH were obtained, the P1;3ð0Þ contribution was estimated by
extrapolation. We have confidence in the results of table 8 as being representative of
unimolecular four-centred H2O elimination reactions from stable molecules with
high threshold energies. An interesting point is that the sum of h fv3

i and h fv2
i is close

to unity, which implies that the old OH bond is more of a spectator for the
elimination reactions than is the case for OH þ HI or GeH4.

5. Discussion

5.1. Infrared chemiluminescence from water—general aspects
Bernath [131] has reviewed recent developments in the field of infrared emission

spectroscopy. Our own work based on the chemiluminescence observed from
chemical reactions in a fast-flow reactor with an FT spectrometer plus an InSb
detector illustrates how reaction kinetics and dynamics can be inferred from emission
spectra of triatomic, as well as diatomic, product molecules. In this programme, we
have analysed emission from HCN, HNC, HNO, CO2, COS and the three isotopic
molecules of water. Except for OCS [9], the anharmonic shifts are sufficiently large
that vibrational distributions in the �1 and �2 modes could be obtained from the
strong �v3 ¼ �1 spectra. Rotational relaxation of the product molecules in the flow
reactor generally is complete except for reactions giving HF [7, 35, 95, 132]. The
partial pressures of the Ar carrier gas and the reagent should be varied to ascertain
the degree of vibrational relaxation. Except for the collisional coupling between �1

and �3 levels of H2O and �1 and �2 levels of HOD, the vibrational relaxation of H2O
and HOD was not important for the shortest reaction times and Ar pressure � 0:5
Torr, and the reported results should be close to nascent distributions. Our spectral
simulation model is based on the best available spectroscopic data for H2O, HOD
and D2O. Nevertheless, simulations are never as reliable as direct measurements;
the Einstein coefficients for the combination levels are probably the least reliable
part of the model. In general, the stretching distributions should have uncertain-
ties of �10%; the bending distributions are less reliable because of the difficulty
of assigning populations to the �3 and v1;3 ¼ 0 levels, which have high bending
excitation. These uncertainties also affect product branching ratios that are based
on the relative integrated intensities.

The opportunity to observe emission from H2O, HOD and D2O from the same
chemical reaction makes the study of water-forming reactions unusual in several
ways. By combining information deduced from the spectra of H2O and HOD,
vibrational energy distributions in the new bond, the old bond and in the bending
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mode can be inferred. Also, the two independent spectra, plus the spectra from D2O,

provide a consistency check of the results for a given reaction. With the current

interptetation of the OH (OD)þHCl reactions, no evidence exists, nor was any

expected, for an isotope effect on the energy disposal pattern. The emission spectra

from the OD stretch mode of HOD, �v1 ¼ �1, provides relative populations in

v3 ¼ 0 and 1 levels. These experimental v3 ¼ 0 populations of HOD confirm the P3ð0Þ
values deduced from the intercepts of vibrational-surprisal plots of the P3ðv3 � 1Þ
distribution, which was assigned from the �v3 ¼ �1 spectra. Therefore, linear

surprisal plots could be used with confidence to assign the v1;3 ¼ 0 population of

the P1;3ðv1;3Þ distribution of H2O. These first-generation data derived from steady-

state emission spectra can be augmented in the future by experiments at higher

resolution, by time-resolved emission studies [131, 133], and by high-resolution

absorption measurements [38, 134] at low pressure to measure rotational energy

distributions.

Vibrational distributions of products are useful for identification of overall

reaction mechanisms, as well as for studies of microscopic reaction dynamics. For

example, inverted vibrational distributions of HF and HCl that extend to the

thermochemical limit identify H atom abstraction by F or Cl atoms [35]. On the

other hand, abstraction of F or Cl by an attacking H atom gives narrow, inverted,

HF and HCl vibrational distributions that do not extend to the thermochemical limit

[6, 45, 135]. Monotonically declining distributions with small h fvi are signatures for

unimolecular HF or HCl elimination from vibrationally excited molecules [7, 136,

137]. Comparison of the numerous examples given in this review for direct H atom

abstraction by OH radicals and with the distributions from unimolecular elimination

of H2O from ethanol and acetic acid show that these trends in energy disposal

patterns exist for water-forming reactions too. In fact, this criterion was the basis for

assigning addition–rearrangement mechanisms to the reactions of OH with HI,

GeH4, CH3SH and C2H5SH. Although DðHNCOÞ and DðHNCH2COÞ are quite low,

both radicals react with OH by recombination followed by H2O elimination rather

than by H atom as judged by the low h fvðH2OÞi and declining populations for higher

vibrational levels [18, 21].

Since atomþ radical or OHþ radical reactions have fast rates, secondary

reactions can be observed in the flow reactor for high concentrations of reactive

atoms of hydroxyl radicals. One interesting secondary reaction, NOþHCO, gave a

strong HNO spectrum [10]. The reaction of OH radicals with dimethyldisulphide

[138] gave surprising results. Since the observed spectra were identical with that from

the CH3SH reaction, the following mechanism was suggested:

OH þ CH3S2CH3 ! CH3SH þ CH3SO;

CH3SH þ OH ! H2O þ CH3S:

The mechanism was proven by the OD reaction, which gave spectra that were

identical to those from ODþCH3SD. The primary step has such a large rate

constant ð2:0 � 0:3Þ � 10�10 cm3 molecule�1 s�1) that strong emission from the

secondary step was easily observed. In some cases, IRCL from flow reactors provides

a way to identify secondary reactions that may be difficult to observe by other

means.
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5.2. Energy disposal patterns with comparison to HF-forming reactions
Each reaction was discussed in detail in section 4, and a summary of the energy

disposal is given in table 9. The goal here is to provide an overview for the energy
disposal from H atom abstraction reactions by OH(2II) radicals. Numerous ab initio
calculations [27–31, 98, 101, 106, 108] have established the similarity of the transition
states for direct H atom abstraction reactions; the transition state is located in the
early part of the entrance channel with the half-filled p orbital of OH 0 directed
toward the H atom and the HNONH 0 angle is close to the equilibrium value of H2O.
For the reactions considered here, the potential energy barriers decline from
� 2 kcal mol�1 for primary CNH bonds to cases with no barriers, and even cases
with weakly bound adducts in the entrance channel. On the other hand, the
exoergicity of the reaction is released in the exit channel as the new ONH bond is
formed. The radical fragment and the water molecule then separate. The potential
energy surfaces closely resemble those for H atom abstraction reactions by F, Cl or
O atoms with the added complexity that the new bond of H2O is associated with
formation of a triatomic molecule, which has a second stretch mode and a bending
mode. Since the H atom is transferred between two heavy centres, the dynamics of
OH-radical abstraction reactions is subject to the established kinematic restraints
associated with the H 0

NLNH mass combination [1, 35–37, 44]. In this discussion we
will use the vocabulary associated with quasi-classical trajectories on a repulsive-type
potential energy surface, even though tunnelling seems to be important according to
some models of the transition-state theory [27–31].

The fraction of the total energy released as vibrational energy of water in H atom
abstraction reactions ranges from 0.62 (HBr) to �0:55 for several reactions (H2S,
hydrocarbons with secondary C–H bonds, (CH3)2S and CH2O), to �0:50 for
hydrocarbons with primary C–H bonds and down to 0.40–0.45 for several
oxygen-containing organic molecules. The h fvðH2OÞi values for abstraction of H
atoms from the CH3 group of methyl amines seem to be similar to that of alcohols
and ethers [139]. The global vibrational energy release, h fvðH2OÞi, is generally very
close to the h fvðHFÞi values for F atoms reacting with the same reagent [34, 35], and
the dynamics for H atom abstraction by F atoms is a useful starting point for
understanding the vibrational energy disposal by OH radical reactions. A few
reactions (H2S and CH3SCH3) seem to have slightly higher h fvðH2OÞi than
h fvðHFÞi, but for these two examples the F atom reactions may be the anomalous
ones. The more numerous examples for which h fvðH2OÞi is slightly lower than
h fvðHFÞi are mainly oxygen-containing organic molecules, which have attractive
interactions between H2O and either an acidic H atom or basic oxygen atom in the
radical fragment. These direct H atom abstraction reactions give inverted HF (v)
and H2O (v3 or v1;3) distributions and, with inclusion of bending energy of the water
molecules or rotational energy of the HF molecules, the product energy distributions
extend to the thermochemical limits. Since h fRðH2OÞi is expected to be �0:10 by
analogy with F atom reactions [35] and since the radical fragment receives little
energy [95], the fraction of energy released as relative product translational motion is
expected to be 0:4N0:5 for the H atom abstraction reactions by OH radicals.
Although HF should share the propensity with H2O for hydrogen-bonding-type
attractive interactions with the radical fragment in the exit channel, the OH radical
also can have attractive interactions in the entrance channel, as exhibitied by the
seven-membered adduct of OH and ketones with �-CH2 or �-CH3 groups. On the
basis of the difference in energy disposal, the mechanism for OH interacting with HI,
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GeH4 and CH3SH clearly differs from that of F atoms reacting with these molecules.
Thus, a direct analogy between F atom and OH reactions is not always applicable.

Another measure of vibrational energy disposal is the vibrational surprisal. The
HF and DF vibrational distributions follow linear surprisals for priors in which the
radical fragment was treated as an atom or the rotational degrees of freedom of the
radical were included [34, 35]. With improved DðCNHÞ for several reagents, linear
surprisal plots for HF (v) distributions are actually now more general without the
need to restrict the available energy in the prior [34]. The estimate for Pvð0Þ from
extrapolation of the surprisal plots [35] for FþCH4 has now been confirmed by
experimental measurement of the HF (v ¼ 0) population [38]. The slopes of the HF
vibrational surprisal plots are typically ðv ¼ �5:0 � 0:5Þ for the three-body prior.
The surprisal plots for the P1;3ðH2OÞ and P3ðHODÞ distributions from direct
abstraction also are linear and with slopes of �ð�4:0Þ and �ð�5:5Þ for H2O and
HOD respectively; see table 9. Since the priors and the P1;3ðv1;3Þ and P3ðv3Þ
distributions for the OH and OD reactions differ from each other, as well as those
of F atom reactions, the slopes of these surprisal plots cannot be directly compared.
However, the commonality of the linear surprisal plots reflects the similarity of the
dynamics associated with the vibrational energy release to the stretching modes of
water and to HF. The above analysis and the trajectory calculations for OHþHR
reactions [32, 115] show that the vibrational energy is released as the new O–H bond
is formed. However, the OH reactions have an important additional component,
relative to F atom reactions, namely the energy released to the bending mode of
water, which is both significant and variable. Understanding the release of energy to
the bending mode of H2O requires a major extension of the models used to describe
F atom reactions. Nothing is currently known about the rotational energy
distributions of water, and hence no comparison can be made with the rotational
distributions of HF; the h fRðHFÞi values are usually small, �0:10, but they do
increase to 0:15 for cases with very large reaction cross-sections. The larger
h fRðOHÞi from OþHBr vs. OþHR reactions has been explained [36, 37] by the
angular dependence of the potentials, i.e. the potential barrier increases more sharply
for O–H–R than for O–H–Br with deviation from collinearity. The trend in
h fRðHFÞi just noted with reaction cross-sections could also be explained by this
argument.

For the H 0NLNH category of atom transfer reactions in which the light atom is
hydrogen, the transfer of the hydrogen atom to the attacking H 0 atom occurs very
rapidly (and gives the characteristic corner-cutting trajectory on the highly skewed
potential surface). It has been argued that this transfer is so rapid that the nuclear
coordinates inside the polyatomic R group would not change from their equilibrium
positions in the R–H molecule. If this is the case, the vibrational energy associated
with relaxation (or reorganization [100]) of the R group will not be released to HF.
The best evidence for this claim is the failure of HF (v; J ) distribution to extend to
the themochemical limit for reaction with C6D5–CH3 and CH3CHCH2, because of
the resonance stabilization energy of C6H5CH2 and CH2CHCH2 radicals [140, 141].
The CD3C(O)H and CH3OCH3þF atom reactions also may exhibit the effect of a
small radical stabilization energy [141]. The low h fvðHFÞi and the failure of the HF
(v; J) distributions to extend to the thermochemical from FþN2H4 may be a
consequence of a very large organization energy of N2H3 [142]. The only OH radical
reactions that can be examined for comparison are those with CH3C(O)H and
CH3OCH3. The latter shows some evidence for an effect of a radical stabilization
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energy, since h fvðH2OÞi is less than for hydrocarbons of the same hEavi and the
distribution does not extend to the thermochemical limit. Within the uncertainty
limits the results from OHþCH3C(O)H and CH2O are the same, although a small
contribution from abstraction at the CH3 site could distort the comparison.

The OHþH2 reaction has been a favourite target for theoretical models and
kinetic studies [143]. However, the low available energy (�18 kcal mol�1) and small
rate constant render it unattractive for IRCL experiments. Crossed molecular-beam
experiments [143] show that backwards scattering of H2O is preferred. Although the
results are not nearly as detailed as the extraordinary experimental and theoretical
efforts with the FþH2 reaction [134, 144], the overall pattern of the reactive
scattering for OH+H2 strongly resembles the FþH2 reaction. An interesting subject
for future investigations will be the reactivity of the OH(2�1=2) excited (140 cm�1)
spin–orbit state in abstraction reactions. Recent studies of Cl(2P1=2)þH2 [145] and
F(2P1=2)þH2 [134] reactions find that the reactivity is higher than expected, because
of non-adiabatic coupling of ground- and excited-state potentials. The reactive
quenching of OH(A 2�þ) by H2 also is relevant to understanding the excited-state
potentials [146] of the OþH2 system. Rotational alignment information [37, 147]
about the H2O product would assist in understanding the dynamics of water-forming
reactions.

According to the principle of microscopic reversibility, the large h fvðH2OÞi for
the abstraction reaction implies that vibrational energy in H2O would promote the
reverse reaction. One must remember that h fTðH2OÞi is 0:5N0:4 and a combination
of both translational and vibrational energy in H2O should be the most effective for
promoting the reverse reaction. Experiments by Zare and coworkers [148] and by
Crim and coworkers [149–150] have demonstrated enhancement of the endoergic
reaction rates of H atoms and Cl atoms with H2O and HOD by excitation of high
overtone stretch levels of H2O and HOD. Furthermore, excitation of the OH or OD
modes of HOD provides control (a factor of 200) over the product branching for the
HþHOD reaction [148, 150]; the degree of control is less for Cl atom than for H
atom reactions. Crim and coworkers [149, 151] found that the relative rates of
reaction of Cl with the isoenergetic states of H2O with 4 quanta of stretch excitation
vs. 3 quanta of stretch and 2 quanta of bend were the same. On the other hand, the
rate of reaction for 3 quanta of stretch vs 2 quanta of stretch and 2 quanta of bend
were three times higher if all the energy was in the stretching state. The authors
conclude that bend excitation is less efficient than stretch excitation near the
threshold energy but equally efficient at higher vibrational energies. Bending
excitation does play a role in promoting the reverse reaction, as would be expected
from the energy disposal results. Smith and coworkers [152] have reported absolute
rate constants for removal of H2O (04�) molecules by H atoms, ð4:9 � 0:6Þ� 10�10,
and, for relaxation, ð2:2 � 0:2Þ � 10�10 cm3 molecule�1 s�1, by collisions with H2O.
Examination of a representative water-forming reaction in both the forward and the
reverse directions would provide an opportunity to understand selective energy
disposal and energy consumption.

The overall vibrational energy disposal by the unimolecular HF and H2O
elimination reactions of C2H5F and C2H5OH are nearly the same, because the
thermochemistry, transition-state structures and kinematics are very similar. The
h fvðH2OÞi value, 0.15–0.20, is much smaller than for H atom abstraction reactions
by OH radicals, because the H atom first migrates to the F (or OH) moiety and
subsequently HF (or H2) recoils from the olefin as the repulsive potential energy is
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released. According to our analysis, 17% and 24% of the potential energy is released
to HF and H2O from decomposition of C2H5F and C2H5OH [13]. Although the
h fvðHFÞi and h fvðH2OÞi values are nearly the same, slightly more than one-half of
the vibrational energy of water is in the bending mode, and the dynamics for the
H2O elimination is more complex. The recent measurement [153] of h fTðH2OÞi ffi 0:4
from the infrared multiphoton dissociation of acetic acid is higher than an older
measurement of h fTðHClÞi ¼ 0:20 from CH3CCl3 [154]. Although the vibrational
energy released to HX or H2O seems rather generic in unimolecular elimination
reactions [7, 13, 136, 137], the division of energy between translational motion and
the internal energy of the olrefin may depend on the reaction. Substantial
rearrangement of the internal coordinates must occur as the trajectory passes from
the transition state to C2H4þH2O products [13, 155].

5.3. Bending mode vs. stretch modes of water as energy acceptors
Vibrational distributions were assigned for bimolecular, direct hydrogen atom

abstraction reaction by OH radicals, for bimolecular hydrogen atom abstraction
reactions involving weakly bound OH�RH adducts and for truly unimolecular H2O
elimination reactions from stable molecules. Inspection of table 9 shows that the
fraction of the vibrational energy in bending excitation ðhEv2

i=hEvibi ¼ h fv2
iÞ varies

from 0.16 to 0.57. On the basis of the h fv2
i values in table 9, the reactions can be

placed in four broad categories: hydrocarbons (and NH3) with h fv2
i ¼ 0:20 � 0:02;

HBr, H2S, alcohols, ethers, aldehydes and (CH3)2S with h fv2
i ¼ 0:30 � 0:02; the

third group with h fv2
i ¼ 0:35N0:41 includes CH3SH, C2H5SH and most ketones; the

last category with h fv2
i � 0:42 includes the unimolecular H2O elimination reactions

plus GeH4 and HI. The hEv2
i=hEv3

i ratios naturally fall into the same four categories:
0.20–0.29, 0.40–0.52, � 0:75, and 1.0–1.6. The sum of h fv2

i and h fv3
i is approxi-

mately unity for the first two categories, although the sum seems slightly lower for
the second category. The sum is 0.8–0.9 for the ketones and 0.93 for the thiols. The
sum is only 0.80 for HI and GeH4, suggesting that the new and old bonds are both
involved in the dynamics. However, for elimination of H2O from ethanol
h fv3

i þ h fv2
i is 0.93, indicating that the old O–H bond only marginally participates

in the dynamics. No obvious correlation seems to exist between h fv2
i and the

magnitudes of the OHþRH rate constants or the available energy of the reaction.
The partitioning of energy between bending and stretch excitation of water, as well
as the allocation of energy between EvibðH2OÞ, ERðH2OÞ and ETðH2O þ RÞ, must be
related to the dynamics on the potential energy surface. This discussion above could
be made in terms of hEv2

i=hEavi, the fraction of the total available energy in bending
excitation; the h fv2

i values in table 9 can be mutiplied by hEvibi=hEavi to obtain the
overall fraction in bending excitation.

A quasi-classical trajectory calculation [32] for a semi-empirical potential surface
designed to represent the OHþHBr reaction provides some guidance. The extensive
series of papers by Persky and coworkers [156, 157], which illustrates the relation
between the potential energy surfaces and the reaction dynamics for H 0 þ LNH

triatomic systems, provides an excellent background, and the ab initio potentials that
include the spin–orbit states for the OþHBr reaction also are instructive [158]. The
trajectory calculations for OHþHBr were done with Clary’s potential [40], which
was constructed from extended LEPS-type interactions for the O–H–Br bonds being
formed and broken plus a realistic potential for water and a switching function.
Variational transition state and the trajectory calculations [32] of the rate constant
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based on the entrance channel properties of this potential were in modest accord

with the experimental rate constants [71, 72, 92] from 300 to 500 K. Since the

potential did not have reliable long-range interactions between HBr and OH, the

calculated rate constants below 300 K increased less rapidly than the experimental

results. The LEPS part of the potential could be adjusted in the usual way [156, 157]

to obtain qualitative agreement with the experiment h fvðH2OÞi. Although the

calculation did show an inverse correlation between stretch and bend excitation of

H2O, the calculated h fv2
i value was too low by a factor of 2. Furthermore, the

parameters of the potential could not be adjusted to change the h fv2
i value. Since the

H–O–H 0 angle is near the equilibrium position of H2O at the transition state for the

HOþH 0Br potential (and for most other reactions), the change in this angle from

transition state to products seems not to be an important mechanism for release of

energy to bending motion for thermal reaction conditions. This also seems true for

the unimolecular reactions, because the H 0–OH angle in the transition state for the

ethanol reaction was just slightly larger than the equilibrium angle of water, yet h fv2
i

is larger than h fv3
i. Inspection of the OHþHBr trajectories [32] suggested that one

mechanism for acquiring bending excitation was the transfer of energy from the

newly formed bond to bending excitation during traversal of the exit channel. Since a

two-for-one near resonance exists between bend and stretch modes, repulsive

interaction between H2O and Br in the exit channel seem to convert stretch energy

to bending energy. In fact, the calculated results for the OHþHBr potential surface

actually do match the bend-to-stretch ratio and h fvðH2OÞi for the reactions of OH

with hydrocarbons. Excluding cases with possible adduct formation in the entrance

channel, the trend of increasing h fv2
i in the first three categories seems to correlate

with increasing attractive interactions between the R fragment and H2O. These

attractive interactions could enhance the intrinsic tendency for flow of energy from

the stretch mode to the bending mode during secondary encounters, which are

common in the dynamics of H 0
NLNH cases. The attractive interactions can be

between the polar H atoms of water and an electron pair on an atom in the R acting

as a base or between a polar H atom in R and the oxygen atom of H2O. Quasi-

classical trajectory calculations on potential surfaces in which the strength of such

interactions could be varied systematically and their effects observed on the bend-to-

stretch ratio would be very helpful for testing this idea. Other questions are whether

the couplings between the bend and stretch modes were adequately represented by

the H2O part of Clary’s potential and whether quasi-classical treatments are

adequate for this highly quantized vibrational level structure with large zero-point

energy. Nevertheless, searches for correlation in the bending and stretching

distributions with properties of the exit channel potential would be useful before

more rigorous quantum scattering treatments [39–41] are pursed. The category with

the highest bend-to-stretch ratio for OHþHR reactions involves truly bound

intermediates, for example HO–IH or HO–SHCH3. The trajectory calculations for

OHþ 3-hexanone [129] in which a seven-membered ring adduct assists the abstrac-

tion process suggest that the movement of the O atom toward the H atom to be

abstracted is quite different from the dynamics of direct abstraction. Thus, the high

h fv2
i values from unimolecular decomposition of ethanol and the OHþHI, GeH4 or

CH3SH reactions probably have other explanations than stretch-bend exit-channel

couplings.
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6. Summary

The IRCL spectra from water molecules formed by bimolecular abstraction of
hydrogen atoms from 30 R–H molecules by OH (OD) radicals at 298 K have been
analysed by computer simulation to obtain vibrational distributions. By combining
data drom H2O and HOD products, the vibrational energy in the bending and
stretch modes of water can be assigned separately. The ODþDR reactions can
provide support to the results from the OH (OD)þHR reactions, and provide better
data for measuring product branching ratios if two types of H/D sites are in the
reagent molecule because the HOD and D2O emission bands are not overlapped.
The results from the bimolecular water-forming reactions are compared with the
vibrational distributions from the unimolecular elimination of water molecules from
ethanol and acetic acid. The unimolecular reactions release a small fraction of the
available energy as vibrational energy of water, h fvðH2OÞi ¼ 0:15N0:20; in a
distribution that declines with increasing stretch vibrational energy, and the energy
in the bending mode exceeds the energy in the stretch modes by a ratio of �1:2. In
contrast, the bimolecular, direct hydrogen atom abstraction reactions by OH
radicals have a much higher release of vibrational energy to water,
h fvðH2OÞi ¼ 0:6N0:5, with inverted distributions in the stretch modes and with
low, but variable, bend-to-stretch ratios of 0.25–0.50. Several nominally hydrogen
atom abstraction reactions have lower h fvðH2OÞi values of 0.45–0.35 with higher
bend-to-stretch ratios of 0.7–1.5. This pattern of energy disposal identifies an indirect
mechanism in which various types of bound OH–RH intermediates participate in the
reaction mechanisms. The vibrational energy distributions of the water product can
augment more conventional kinetic information to delineate between direct abstrac-
tion reactions vs. those proceeding by hydrogen-bonding interaction in the entrance
channel [159]. For reactions proceeding by direct hydrogen atom abstraction, the
total h fvðH2OÞi is quite similar to the h fvðHFÞi for F atoms reacting with each
reagent. This general feature and the results from quasi-classical trajectory calcula-
tions show that most of the vibrational energy is initially released to the new O–H
bond in direct abstraction reactions. The old OH bond is nearly a spectator, as
would be expected for HNLNH 0 dynamics [160]. Variable amounts of the energy,
depending on the potential surface of the given reaction, subsequently leak to the
bending mode as H2O and R traverse the exit valley. The potential surface used to
represent the OHþHBr reaction gave too small a ratio for the bend-to-stretch
excitation in quasi-classical trajectory calculations and stronger interactions between
H2O and BR (or R) are needed to reproduce the experimental results. Developing
models that can illustrate the dynamics associated with the variable degree of
bending excitation in water-forming reactions is a goal for future research.

Leone and co-workers [161] have studied the NH2+NO reaction by observing
the time-resolved infrared emission of the water product. The induction period for
the emission from water is associated with vibrational relaxation of NH2, formed by
193 nm photolysis of NH3. Only vibrationally and electronically relaxed NH2

radicals react with NO to give vibrationally excited water as a product. The
OH+CH3C(O)CH3 reaction has been investigated both experimentally [162] and
theoretically [163] in attempts to resolve the questions of addition to the carbonyl site
vs abstraction and the role of hydrogen bonding. The 1-methylvinoxy radical was
monitored by laser-induced fluorescence [162] to demonstrate that the branching
fraction from hydrogen abstraction is less than 0.95 but greater than 0.8. High level
ab-initio calculations [163] find that the transition state for addition is 4.1 kcal mol�1
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above that for abstraction from acetone. These results are in accord with our
infrared emission measurement of HOD from OD+CH3C(O)CH3. Although the
barrier to abstraction is 4 kcal mol�1, hydrogen bonding does alter the geometry of
the transition state relative to that expected for direct hydrogen abstraction. In
principle, this reaction would be a good case for testing the influence of such a
transition state on the vibrational distributions of water. Unfortunately our water
emission spectrum from OH+CH3C(O)CH3 was too weak for assignment of the
bending distribution and this remains a project for future work. New ab initio
molecular orbital calculations [164] have confirmed the essential properties of the
four-centered H2O-elimination transition state [15] for the unimolecular decomposi-
tion of ethanol. The authors discuss the H2O-elimination and the bond rupture
dissociation channels for the thermal decomposition of ethanol.
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