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The infrared chemiluminescence in the 1800-3900 cm-1 range was observed from vibrationally excited
products generated by the reactions of OH and OD with H2CO in a fast flow reactor with 0.5-1.0 Torr of
Ar carrier gas. Computer simulation of the emission spectra from H2O and HOD molecules generated by the
primary reaction gave an inverted vibrational distribution in theν3(O-H) stretching mode of HOD, with a
maximum population inV3 ) 1; the distribution for theν1 andν3 stretch modes of H2O was similar. The
vibrational energy disposal to H2O and HOD was〈fv〉 ) 0.54-0.56 with 63% in the newly formed OH bond
and 34% in the bending mode. This vibrational distribution is characteristic for a direct abstraction mechanism.
The excitation in the bending mode exceeds that from OH reactions with hydrocarbons (<20%), but it is
similar to that from the reaction of OH with dimethyl sulfide and HBr. By adjustment of the reaction conditions,
infrared emission could be observed from secondary reactions of HCO radical with NO2, NO, OH, and H
atoms. The vibrational distributions of H2O and HOD from the primary reaction plus the vibrational
distributions of CO2 and CO from the NO2 + HCO reaction, HNO from the NO+ HCO reaction, H2O and
CO from the OH+ HCO reaction, and CO from the H+ HCO reaction were analyzed using information
theory. The results support an addition mechanism followed by unimolecular decomposition for the HCO
radical reactions. The vibrational of H2O distribution from OH+ HCO is especially noteworthy, since it can
be used to distinguish between direct abstraction vs recombination followed by the decomposition of HCOOH.

1. Introduction

Formaldehyde and formyl radical are important intermediates
in the oxidation of hydrocarbons. Understanding their key roles
in combustion and atmospheric chemistry requires a knowledge
of their reactivity and detailed reaction mechanisms so that the
complex oxidation and pyrolysis of organic compounds can be
modeled. All the title reactions have been investigated previ-
ously, their rate constants have been determined, and many
mechanistic and dynamical details are known.1-13 The aim of
this work is to get further insight into the dynamics of the OH
+ CH2O reaction and to study the secondary reactions of the
HCO radical with NO2, NO, OH, and H atoms by observing
vibrational distributions of the products. The experimental
technique is the observation of infrared chemiluminescence from
a fast-flow reactor operating at∼1 Torr of Ar and room
temperature.

In recent work we have determined the vibrational excitation
of isotopic water molecules formed in the reactions of OH-
(OD) radical with a number of small molecules, including HBr,14

HI and GeH4,15 HCl, n-butane, and cyclohexane,16 H2S, CH3-
SH, and (CH3)2S.17 The assigned vibrational distributions are
for the collisionally equilibrated reservoirs of nearly resonant
modes, namely, theν1 and ν3 modes of H2O, and theν1 and
2ν2 modes of HOD, plus the bending mode,ν2, for H2O and
the O-H stretch,ν3, of HOD. These data uniquely identify
the total vibrational energy and the energy released to the newly
formed O-H bond of HOD and into the bending mode of H2O.
Comparison with thoroughly studied atom-diatom reactions,18

especially the reactions of isoelectronic F atoms, showed that
the dynamics found forH + L - H three-body reactions have
many features in common with H atom abstraction reactions
by OH(OD) radicals. In particular, the H2O and HOD vibra-
tional distributions extend to the thermochemical energy limit
with inverted populations in the stretching mode for the HBr,
hydrocarbon, H2S, and (CH3)2S reactions. Also, an inverse
correlation exists between the excitation energy in the bending
and stretching modes.

In the present study, the infrared chemiluminescent spectra
of H2O and HOD were measured and analyzed from the
reactions of OH and OD radicals with formaldehyde at 298 K.

These data are representative for reactions with carbonyl
compounds, which is a different class of reagent from previously
investigated reactions.14-17 The reactions occurred in a fast-
flow reactor which was viewed by a Fourier transform infrared
spectrometer. The fast H(D)+ NO2 f OH + NO reaction
was used as a source of OH(OD) radicals. The vibrational
distributions for the primary H2O(HOD) products were obtained
under conditions that were free of secondary reactions giving
water and vibrational relaxation. These nascent distributions
are compared to H2O and HOD distributions from other reactant
molecules with an emphasis on the ratio of the stretch-to-bend
excitation.

OH + H2CO f H2O + HCO (1)

OD + H2CO f HOD + HCO (1D)
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The energy available to the products of reaction 1 can be
obtained from the equation〈Eav〉 ) -∆H°0 + 4RT+ Ea, where
Ea is the activation energy and∆H°0 is the reaction enthalpy.
The thermodynamical and kinetic data for reactions involved
in the study are presented in Table 1. The enthalpy of reaction
1 was calculated from the recent data for the bond energies19,20

D0(H-CHO) ) 87.3 kcal mol-1 andD0(H-OH)) 118.08 kcal
mol-1, which gives∆H°0 ) -30.8 kcal mol-1. The available
energy is 33.2 kcal mol-1, which is sufficient to excite up to
three stretching quanta and up to six bending quanta in the water
molecule.

The H/NO2/H2CO prereaction system also proved to be a
convenient way to obtain infrared chemiluminescence from the
secondary reactions of HCO radical with NO2, NO, and OH,
and H atoms (these reactions will be identified as reactions 2,
3, 4, and 5, respectively). The secondary reactions of HCO
radical are highly exothermic (see Table 1) due to the very weak
H-C bond19 in formyl radical,D0(H-CO) ) 15 kcal mol-1,
and high vibrational excitation of the products could be possible.
The principal question for the H and OH+ HCO reactions is
whether they proceed by a direct H-atom abstraction process
or by radical-radical recombination followed by unimolecular
decomposition to give equivalent chemical products. Even
though the chemical identity of the products are the same at
low pressures, the vibrational distributions of the products are
expected to be very different for the two mechanisms. The H2O-
(HOD) products of the OH(OD)+ HCO secondary reactions
were analyzed using the relative intensities between the observed
H2O(HOD) and CO emission to separate the H2O(HOD) primary
and secondary emission. The H2O(HOD) vibrational distribu-
tions from the secondary reaction are not even as highly excited
as those from the primary reaction, which identifies an addition-
elimination mechanism for this OH+ HCO reaction. The
emissions from other secondary products, CO2 from the NO2

+ HCO reaction, HNO from the NO+ HCO reaction,21 and
CO from the reactions of HCO with NO2, OH, and H, were
also analyzed by computer simulation, and the distributions are
compared with statistical distributions using the method of
surprisal analysis.

2. Experimental Methods

2.1. Experimental Setup. In the present work, the infrared
chemiluminescence (Figure 1) from vibrationally excited H2O,
CO2, CO, and HNO molecules was recorded by a Fourier
transform infrared spectrometer (BIORAD) from a fast-flow
reactor at 298 K. The spectral resolution was 1 cm-1. The
response of the liquid N2 cooled InSb detector was calibrated
with a standard blackbody source. The entire optical system
was flushed continuously with air that had been passed through
a commercial unit that removed H2O and CO2. The total

pressure in the 4 cm diameter reactor was 0.5-1.0 Torr using
Ar as a carrier gas; the corresponding reaction time (∆t) was
0.22-0.45 ms. The Ar, H2, and NO2 were metered to the
reactor using standard methods. Commercial tank grade Ar was
passed in succession through three molecular sieve filled traps
cooled by either an acetone/dry ice mixture or liquid nitrogen
to remove impurities. Tank grade H2 and D2 were used without
purification. Additional experimental details can be found in
earlier papers.14,22

The OH (or OD) radicals were produced 30 cm upstream of
the observation window (NaCl) via the fast H(D)+ NO2 f
OH(OD) + NO reaction, which also was the source of NO
molecules. The H atoms were generated by a microwave
discharge in a H2(D2)/Ar mixture, the degree of the dissociation22

was∼50% for H2 concentrationse2 × 1013 molecules cm-3.
For study of the primary reaction, the concentration of H atoms
was in the range of (1-3) × 1012 molecules cm-3. Formal-
dehyde was introduced into the reactor through the injector
located 3.5 cm upstream of the observation window. The H2-
CO vapor was carried by an argon flow that was passed over a
sample of paraformaldehyde powder (Fisher Scientific) heated
to 110 C. Typical H2CO concentrations were about 5× 1013

TABLE 1: Thermodynamical and Kinetic Data for OH + H2CO and Secondary Reactions of HCO

reaction
k(298 K)
(cm3 s-1)

Ea

(kcal mol-1)
-∆H°0

(kcal mol-1)
〈Eav〉

(kcal mol-1) ref

1. OH+ H2CO f H2O + HCO (9.6( 0.2)× 10-12 -0.05( 0.30 30.8 33.2 1
2. NO2 + HCO f products (5.6( 0.9)× 10-11 -0.43( 0.48 9

f HONO + CO 64.0 66.7
f HO + NO + CO 12.5 14.3
f H + NO + CO2 40.2 42.0

3. NO+ HCO f HNO + CO (1.2( 0.1)× 10-11 0 32.7 35.1 12
4. OH+ HCO f products 1.8× 10-10 0 2

5 × 10-11 3
f H2O + CO 104.1 106.5
f H2 + CO2 113.9 116.3

5. H + HCO f H2 + CO (2.0( 0.2)× 10-10 0 89.3 91.1 3
(1.4( 0.4)× 10-10 -0.75 4

Figure 1. Raw infrared emission spectra produced in the H/NO2 +
H2CO chemical system at 1 Torr (∆t ) 0.5 ms): (a) [NO2] ) 1.8 ×
1014, [H2] ) 2.3× 1013 molecules cm-3; (b) [NO2] ) 8.0× 1013, [H2]
) 4.2 × 1013 molecules cm-3; (c) [NO2] ) 1.8 × 1013, [H2] ) 4.0 ×
1013 molecules cm-3. Each spectrum is normalized to the intensity of
the strongest H2O peak.
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molecules cm-3, as determined by the rate of powder consump-
tion. The paraformaldehyde sample was purified by pumping
under vacuum at 40-50 °C for 2 days. The absence of water
concentration in the sample was verified by the addition of F
atoms to the reactor: the F+ CH2O and F+ H2O reactions
give significantly different HF spectra.18a,c The OH or NO
emission from the H+ NO2 reaction was not observed with
the discharge running in the absence of formaldehyde, which
proves that all the H atoms were converted to hydroxyl radicals
upstream in the reactor.

The typical concentration of NO2 for study of the primary
and NO2 + HCO secondary reactions was about 1× 1014

molecules cm-3. The best conditions to observe the secondary
reactions of OH and NO were [NO2] ≈ [H2] ≈ 3 × 1013

molecules cm-3. To identify emission from the H+ HCO
secondary reaction, an excess H atom concentrations was
needed, and the H2 concentration was elevated to≈5 × 1013

molecules cm-3.
2.2. Modeling of Spectra. H2O and HOD. As in our

previous works,14-17 simulation of the H2O and HOD spectra
was based on using the line intensities for the (001), (100), and
(020) fundamental bands in absorption from the HITRAN
database.23 Calculation of the corresponding emission bands
was made using the exact line positions for H2O transitions with
an assumed 300 K Boltzmann rotational distribution. The line
positions of transitions from higher levels were obtained as
difference in vibrational-rotational energy levels as outlined
in ref 15. Adjustments for some of the previously calculated15

line positions of H2O bands with highV2 numbers were made
using new data for the band origins. The most serious
corrections,+11.0 and-4.2 cm-1, are for the (051) and (061)
bands, respectively, from the accurately determined band centers
from the transition frequencies of the (051)-(040) and (061)-
(050) combination bands.24 The rotational line intensities were
taken to be the same as for the fundamental bands; theadjusted
harmonic oscillator approximation, weighted byν3, was used
to obtain the relative Einstein coefficients for the vibrational
states. The appendix of ref 15 should be consulted for details
about the Einstein coefficients.

The similar energies of the symmetric and antisymmetric
stretching vibrational levels of H2O lead to fast collisional
equilibration between these modes, so that only equilibrium
population ofV1,3 ) V1 + V3 stretching levels can be assigned
in our experiments. Theν2 distribution can be assigned from
the emission spectra for eachν1,3 level. The nascentV3

population of HOD can be obtained separately from reaction
1D, because the frequencies of the two normal stretching modes
of HOD are quite different. However, Fermi resonance between
the ν1 and 2ν2 modes of HOD will facilitate the rapid
establishment of equilibrium between the coupledν1 and 2ν2

sets of levels. Accordingly, the obtained distributions are for
theν1,2 equilibrium states denoted by the equivalent number of
bending quantaν1,2, i.e.,V1,2 ) 4, V3 ) 1 denotes the group of
041, 121, and 201 states.

The least-squares fitting method employed to obtain the best
simulation of a spectrum was fully described in earlier papers,14-16

and the uncertainties of the vibrational populations associated
with the best simulation were discussed in ref 17. The least-
squares best-fit parameter,Q ) ∑i[si - ∑k(pkbki)]2, wheresi is
the data point andbki is the ith element of the band from the
k-state with the population parameterpk, was typically<7 ×
105 for spectra consisting ofN ) 1452 points and normalized
to the maximum peak value of 320 units. The estimated
standard deviations are about 7% for the populations in the

P1,3(1) and P1,3(2) states of H2O and about 3% for the
populations in the P3(1) and P3(2) states of HOD. Accordingly,
the P(1)/P(2) ratios are known to within-10% and-5% for
H2O and HOD, respectively. TheP(0)/P(1) are somewhat less
certain, vide infra, but the use of data for both H2O and HOD
reduces the uncertainty for the relative populations inV3 ) 0
andV1,3 ) 0 states. Uncertainties for the weakly populatedV1,3

) 3 andV3 ) 3 states are of the order of 80% forP1,3(3) and
60% for P3(3).

CO. The observed CO emission was fitted as a superposition
of ∆V ) -1 transitions from the fundamental and hot bands.
The P- and R-branch line positions were calculated using the
conventional expressions for the vibrational and rotational
energy levels with the spectroscopic molecular constantsωe,
ωexe, ωeye, Be, Re, andDe from ref 25. The relative intensities
were calculated according to eq I

wherecem is a common constant for all the transitions,ν is the
transition frequency, andFvJ is the oscillator strengths for CO
rovibrational transitions.26a The calculated∆V ) -1 bands from
V ) 1 to 5 for a 300 K rotational distribution are shown in
Figure 2c as constituents of the CO(V) model spectra for the H
+ HCO reaction. The R-branch lines in the 1-0 emission band
are not significantly overlapped and comparison of the computed
and calculated spectra shows that the rotational distribution must
be 300 K, because the experimental R-branch lines do not extend
beyond 2220 cm-1. At a pressure of 0.5 Torr of Ar for a time
of 0.3 ms, rotational relaxation is expected. A typical experi-
mental spectrum is shown in Figure 2a. The contributions to
the spectrum from differentV levels were obtained by the least-
squares simulation of the observed CO spectra. The standard
deviation of the vibrational populations can be evaluated through
the error analysis described for simulation of the water
spectra.14,17 The least-squares estimators for CO spectra were
typically Q ≈ 2.7 × 105 for spectra consisting of 540 points.

Figure 2. Illustration of the simulation of the CO emission spectrum
from the H + HCO reaction: (a) experimental spectrum, (b) two
examples of simulated spectra showing the need to includeg3 levels,
and (c) the individual components in the preferred distribution.

I ) cemν3(2J + 1) exp(-WR/kT)FvJ (I)
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The standard deviation of CO vibrational populations from the
modeling does not exceed 2%, 4%, 5%, 8%, and 23% for the
V ) 1, 2, 3, 4, and 5 levels, respectively. Taking into account
the noise level, the uncertainties in the population ratiosP(2)/
P(1), P(3)/P(2), andP(4)/P(3) were estimated to be 11%, 18%
and 26%, respectively, for the spectrum in Figure 2c. The
contribution of theV ) 5 band is within the noise level, and
the V ) 5 component of the distribution has 70% uncertainty.

The question of the possible vibrational relaxation of CO(V)
by NO2, OH, or H atoms needs to be considered. The OH(V)1)
+ CO quenching reaction has a rate constant of only 1.0×
10-12 cm3 s-1 at 300 K27 and the relaxation rate for CO(V) +
OH should not be any faster. Hence, the OH concentration in
the reactor will not cause relaxation of CO(V). The relaxation
of CO(V) by NO2 also should be slow.28 The CO+ H potential
surface has a barrier of 2-3 kcal mol-1,29 so the association
rate of H+ CO(V) to give HCO also should be slow at room
temperature. Thus, the distributions assigned to CO(V) emission
spectra should correspond to nascent distributions.

CO2. Simulation of the CO2 spectra has been already
described in our report of the unimolecular decomposition of
acetic acid.30 The observed emission was modeled as the
overlap of∆ν3 ) -1 transitions from (ν1, ν2

l, ν3)-(ν1, ν2
l, ν3

- 1) combination bands with the rigid-rotor approximation for
vibrational-rotational line intensities. The band centers were
calculated according to the conventional formula for the
vibrational levels of a linear molecule with a doubly degenerate
bending vibration,ν2. The frequenciesωi, anharmonicity
coefficientsxik, andg22 coefficient were taken from ref 31. As
already noted,30 simulation of the CO2 spectra does not allow
transitions from theV3 ) 1 level to be distinguished from those
originating from higherV3 states in the presence of bending
excitation because the similarx33 ) -12.47 andx23 ) -12.37
cm-1 values lead to overlap of the (V1, V2, V3) and (V1, V2 - 2,
V3 + 1) bands. Our calculations were made just for theV3 ) 1
state plus bending excitation, and the actualV3 distribution may
be somewhat broader.

HNO. The emission in the 2250-2900 cm-1 range was
assigned to the HNO molecule in a preliminary report.21 The
two main bands of the spectrum were perfectly predicted by a
simulation using the HNO spectroscopic constants32 with
intensities given by the direction-cosine matrix elements for a
prolate symmetric top. The experimentally assigned 2ν1 - ν1

band origin, 2452 cm-1, and anharmonicity coefficient,x11 )
-116 cm-1, confirmed the ab initio calculated valuex11 )
-113.4 cm-1.33

3. Experimental Results

3.1. Identification of Chemical Reactions in the H/NO2

+ H2CO System. The raw emission spectra from the H/NO2

+ H2CO reaction system are shown in Figure 1. The spectra
were measured at a total pressure of 1 Torr (∆t ) 0.45 ms) for
different initial NO2 and H2 concentrations in the reactor. The
spectra, which are normalized to the most intense H2O peak,
were acquired with 1024 scans of the spectrometer. All spectra
contain H2O emission in the 3200-3900 cm-1 range from the
primary reaction 1, which consists mainly of∆ν3 ) -1
transitions. In addition to H2O emission, intense chemilumi-
nescence was observed in the 2000-2800 cm-1 range, from
the secondary reactions of formyl radical with NO2, NO, OH,
and H. The dominant secondary reaction depends on the relative
concentrations of the reactants, and the three following cases
were distinguished:

A. [NO2] . [H2] (Figure 1a). In large excess of NO2 the
only important secondary reaction is reaction 2, with an overall
rate constantk2 ) 5.7 × 10-11 cm3 s-1.9

Figure 1a corresponds to [NO2] ) 1.8 × 1014 and [H2] ) 2.3
× 1013 molecules cm-3. The observed products are H2O from
the primary reaction and CO and CO2 in the 2000-2400 cm-1

range. Since HNO is not observed, channel 2c is not important
and the observed CO2 emission is entirely due to channel 2b.
This conclusion agrees with recent claims9,10 for the product
branching ratios for reaction 2. However, the relative impor-
tance of (2a), (2a′), and (2b) is still debated, and this question
will be examined in the Discussion section after our data are
analyzed.

B. [NO2] ≈ [H2]. At comparable concentrations, [NO2] )
8.0× 1013 and [H2] ) 4.2× 1013 molecules cm-3, emission in
the 2400-2900 cm-1 range becomes observable (Figure 1b).
This emission belongs to the∆ν1 ) -1 transitions of HNO
molecule21 produced in reaction 3 with a rate constantk3 ) 1.2
× 10-11 cm3 s-1.12

For these conditions, [NO]≈ [OH] > [NO2] or [H], the very
fast reaction with OH radical with a rate constantk4 ) 1.8 ×
10-10 cm3 s-1 2 also occurs

which can result in a substantial growth of CO emission plus
an additional contribution to the H2O spectrum.

C. [H2] > [NO2]. For an excess of hydrogen, the only
important secondary process is reaction 5.

This reaction is so fast,k5 ) 2 × 10-10 cm3 s-1,3 that a 2-fold
excess of hydrogen is sufficient to inhibit all other secondary
reactions, and the only observable products are water from the
primary reaction and CO from (5), as can be seen from the
spectrum in Figure 1c.

Much weaker signals with characteristic central peaks were
observed in the 1840-1960 cm-1 region for certain conditions
(Figure 3). At 0.5 Torr and [NO2]/[H], the central peak is
positioned around 1867 cm-1 and can be assigned as a Q-branch
of theν3 band of HCO (C-O vibration).34 This branch is shown
in Figure 3b for 0.5 Torr pressure and [NO2] ) 2.8× 1013 and
[H2] ) 1.8 × 1013 molecules cm-3. At elevated pressure (>1
Torr) with excess NO2, the signal changes its structure as shown
in Figure 3a. The latter spectrum was attributed to the 1-0
band of NO(2Π) with the Q-branch head at≈1876 cm-1.25 The
R-branch of NO with rotational lines separated by 2Be ≈ 3.7
cm-1 also is evident. The NO emission probably is from
reaction 2.

3.2. Vibrational Distribution from the Primary OH(OD)
+ H2CO Reaction. Since neither reaction 2 nor reaction 5
produces H2O, experimental conditions of excess [NO2] or
excess [H] can be used to obtain spectra from just the primary

NO2 + HCO f HONO + CO (2a)

f OH + NO + CO (2a′)
f HCOO+ NO f H + CO2 + NO (2b)

f HNO + CO2 (2c)

NO + HCO f HNO + CO (3)

OH + HCO f H2O + CO (4)

H + HCO f H2 + CO (5)
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reaction. A response corrected H2O spectrum for [NO2] ) 7.2
× 1013 and [H2] ) 1.2 × 1012 molecules cm-3, which is the
highest [NO2]/[H2] ratio used in the experiments is presented
in Figure 4b. The H2O and HOD spectra to be fitted were
acquired for 0.5 Torr and a residence time of 0.25 ms. For this
residence time, Ar pressure and reactant concentrations, the
vibrational relaxation of H2O and HOD have been shown to be
negligible by specific experimental tests.15-17 The bottom
section of Figure 4 shows the best-fit calculated spectrum,
corresponding to the vibrational distribution in Table 2. The
stretching distribution P1,3(V1,3) for H2O, which is a summation
over the bending quantum numberV2, decreases for theV1,3 )
1-3 states, withP1,3(2)/P1,3(1) ) 0.6. The population inV1,3

) 0 was estimated with the help of a linear surprisal analysis

to be described below, andP1,3(0) ) 21.2 ( 3.9. The full
distribution has its maximum population, about 50%, inV1,3 )
1. The bending distribution inV1,3 ) 0 was estimated by
assuming a similarity to theV1,3 ) 1 distribution plus a geometric
progression with a decrease by a factor of 0.5 for the energeti-
cally allowed (050) and (060) states. The global bending
distribution decreases withV2, although the bending distribution
for the V1,3 ) 1 stretching state has a slight maximum inV2 )
1. The H2O distribution obtained from analysis of a spectrum
obtained for [H2] > [NO2] is shown in the bottom half of
Table 2. Satisfactory agreement exists between the distributions
obtained from the two sets of experimental conditions, and the
distributions given in Table 2 can be taken as nascent vibrational
populations of H2O from reaction 1, except for the equilibration
between theν1 andν3 levels.

To measure a full HOD spectrum, including the important
∆ν1 ) -1 plus ∆ν2 ) -2 emission in the 2400-3000 cm-1

region, an experiment with [D2] > [NO2] was selected with
[NO2] ) 2.2× 1013 and [D2] ) 4.3× 1013 molecules cm-3 for
which the only important secondary reaction is (5). The∆ν3

) -1 and∆ν2 ) -2 + ∆ν1 ) -1 spectrum recorded at 0.5
Torr, together with the spectrum calculated with the distribution
given in the lower part of Table 3, is shown in Figure 5b and
5c. TheP3(V3)1-3) distribution, which measures the energy
in the newly formed O-H bond, has nearly equal populations
in theV3 ) 1 and 2 states. Simulation of the 2400-2800 cm-1

band allowsP3(V3)0) to be experimentally determined. Popu-
lations in the “dark” 000 and 010 states were assigned by
analogy to the statistical distribution inν1,2. The uncertainty
of this assignment cannot exceed half of the population in the
dark states, and the resultingP3(0) contribution is 24.9( 3.1.
This value agrees withP1,3(0) assignment for H2O, confirming
the validity of the linear surprisal extrapolation (vide infra). An
experiment with [NO2] . [H2] also was analyzed, and the result
is shown in the top half of Table 3. The agreement between
the vibrational HOD distributions from the two different
experimental conditions is satisfactory.

We conclude that the vibrational distributions for H2O and
HOD from reaction 1 are self-consistent. The strong inverse
correlation between stretching and bending excitation of H2O
and HOD demonstrated in Tables 2 and 3 is characteristic of

Figure 3. Raw spectra in the 1800-1940 cm-1 range observed from
the H/NO2 + CH2O system: (a) NO(1-0) at 1.0 Torr (∆t ) 0.5 ms)
with [NO2] ) 1.8 × 1014, [H2] ) 4.0 × 1013 molecules cm-3, and (b)
HCO(ν3) at 0.5 Torr with [NO2] ) 2.8 × 1013, [H2] ) 1.8 × 1013

molecules cm-3.

Figure 4. Spectra of H2O, adjusted for wavelength response, measured
at 0.5 Torr (∆t ) 0.25 ms): (a) [NO2] ) 2.7× 1013 and [H2] ) 1.8×
1013 molecules cm-3 (this spectrum includes emission from both OH
+ H2CO and OH+ HCO reactions) and (b) with [NO2] ) 7.2× 1013

and [H2] ) 1.2 × 1012 molecules cm-3 (this spectrum is for just the
OH + H2CO reaction). The calculated spectrum (c) corresponds to the
vibrational distribution in Table 2 for H2O from just the primary
reaction.

TABLE 2: Vibrational Distribution of H 2O from the
Reaction of OH with CH2O

V2

V1,3
a 0 1 2 3 4 g5 P1,3

b P1,3
c P°1,3

[NO2] . [H2]e

0 21.2 53.7
1 13.6 16.9 14.0 10.8 5.0 60.3 47.5 35.5
2 15.5 11.9 6.6 33.9 26.7 10.4
3 5.8 5.8 4.6 0.35
P2

d 32.0 28.3 20.9 12.1 5.6 1.1
P°2 43.1 26.2 15.6 8.4 4.2 2.5

[NO2] , [H2]e

0 21.2 53.7
1 9.9 17.2 12.7 10.4 7.0 57.2 45.1 35.5
2 13.4 13.5 8.7 35.5 28.0 10.4
3 7.3 7.3 5.8 0.35
P2

d 27.6 30.1 21.2 11.8 7.9 1.6
P°2 43.1 26.2 15.6 8.4 4.2 2.5

a V1,3 ) V1 + V3 and see section 2.2 for further details.b P1,3(0) is
neglected.c P1,3(0) from linear surprisal plot.d Bending distribution in
V1,3 ) 0 is assumed to be similar to the one inV1,3 ) 1 for V2 ) 0-3
and is assigned by analogy to the prior distribution forV2 ) 4-6. e Data
were taken for two sets of conditions to isolate the primary reaction,
see text.
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the H2O(HOD) distributions from H abstraction reactions by
OH radicals.14-17 The slightly more invertedP3(HOD) distribu-
tion relative to theP1,3(H2O) distribution is commonly found;15-17

the explanation is that the energy released to the old bond of
H2O is observed in theP1,3(H2O) distribution, but not in the
P3(HOD) distribution.

3.3. CO and CO2 Distributions from the NO 2 + HCO
Reaction. The response-corrected CO2 spectrum from reaction
2 recorded at 0.5 Torr, [NO2] ) 7.2 × 1013 molecules cm-3,
and [H2] ) 1.2 × 1012 molecules cm-3 is shown in Figure 6a.
The spectrum also has been corrected for a CO contribution to
the lower wavenumber part of the spectrum by subtracting a
model CO spectrum. The simulated spectra (Figure 6b)
corresponds to∆ν3 ) -1 emission from a (ν1,2) distribution.
The average CO2 “bending” distributionP1,2(V2) obtained from
fitting four experimental spectra is shown in the lower part of
Figure 7a. All four spectra gave a distribution with a maximum
population inV2 ) 2 with a declining tail that extended up to
V2 ) 13. As previously noted, our simulation cannot identify
the distribution in theν3 mode and levels aboveV3 ) 1 also
could be excited.

The CO spectrum from reaction 2 recorded for the same
conditions is displayed in Figure 8a. The best fit simulated
spectrum is shown by the dotted curve and corresponds to a
CO vibrational distribution ofPV(1-4)) 100:30:12:3. The
least-squares parameter indicating the goodness of fit (Q) was
quite small and this distribution is well established. The failure
of a distribution composed of justV ) 1 and 2 is displayed in
Figure 8c. TheV ) 0 contribution can be estimated to be about
2.5 times larger that theV ) 1 population from extrapolation
of the distribution (or from a linear surprisal analysis).

No evidence for HNO emission was found in the spectra,
and the range of vibrational excitation for CO2 is more consistent
with (2b) than the more exoergic (2c) channel. On the basis of
the lack of observation of HNO emission and work by others,
(2c) seems to have negligible importance. Observation of the
1-0 band of NO (Figure 3a) can be associated with either (2a′)
or (2b). The formation of CO(Vg3) requires that the other

TABLE 3: Vibrational Distribution of HOD from the
Reactions of OD with CH2O

V1,2
a

V3 0 1 2 3 4 5 6 7 P3 P3
b P3°

[NO2] . [H2]c

0 5.7 4.3 6.2 3.1 3.7 1.1 1.4 0.9 26.4 29.5 75.9
1 9.6 8.8 9.0 3.6 2.3 3.3 1.0 37.6 36.0 20.6
2 14.0 8.1 4.8 2.9 3.8 33.6 32.2 3.32
3 1.7 0.7 2.4 2.3 0.11
P1,2 31.0 21.9 20.0 9.6 9.8 4.4 2.4 0.9
P°1,2 21.2 15.2 21.1 14.0 13.1 7.4 5.2 2.6

[NO2] , [H2]c

0 6.1 4.3 6.7 3.1 1.5 1.2 1.4 0.2 24.9 27.7 75.9
1 11.4 8.0 7.4 4.0 2.9 2.2 1.9 1.1 36.3 34.9 20.6
2 15.5 8.1 4.8 3.3 4.1 0.9 36.6 35.2 3.32
3 1.7 0.6 2.3 2.2 0.11
P1,2 34.7 21.0 18.9 10.4 8.5 4.3 3.3 1.3
P°1,2 21.2 15.2 21.1 14.0 13.1 7.4 5.2 2.6

a See section 2.2 for definition ofV1,2. b P3(0) from linear surprisal
plots. c Data were taken for two sets of conditions to isolate the primary
reaction, see text.

Figure 5. Spectra of HOD, adjusted for wavelength response, measured
at 0.5 Torr (∆t ) 0.25 ms): (a) [NO2] ) 2.8× 1013 and [D2] ) 1.8×
1013 molecules cm-3 (OD + H2CO and OD+ HCO reactions) and (b)
[NO2] ) 2.2 × 1013 and [D2] ) 4.3 × 1013 molecules cm-3 (OD +
H2CO reaction). The calculated spectrum (c) corresponds to the
vibrational distribution in Table 3.

Figure 6. Simulation of a CO2 spectrum from the NO2 + HCO
reaction: (a) observed spectrum at 0.5 Torr (∆t ) 0.25 ms), [NO2] )
7.2× 1013, [H2] ) 1.2× 1012 molecules cm-3; (b) simulated spectrum
corresponding toV3 ) 1 f 0 transitions.

Figure 7. (a) CO2(V1,2,V3)1) distribution from the NO2 + HCO reaction
obtained by simulation (triangles) and the calculated statistical distribu-
tion (circles); (b) surprisal plot for the CO2(V1,2,V3)1) distribution from
the NO2 + HCO reaction.
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product in reaction 2 be HONO and not HO+ NO. On the
other hand, CO(Ve2) molecules can be associated with either
NO + OH or with HONO.

Knowing thek2a + k2a′/k2b ratio,9,10 the experimental CO and
CO2 intensities can be used to estimate the fraction of CO2

molecules in theV3 ) 0 state,P3(0). The average ratio of the
CO to CO2 integrated intensities obtained from four measured
spectra wasICO/ICO2 ) 0.20 ( 0.05. The total concentrations
are related as [CO]/[CO2] ) (ICO/ICO2)(1 - P3(0))(SV(CO2,ν3))/
(0.5SV(CO,1-0)), where SV(CO,1-0) ) 9.81 × 10-18 and
SV(CO2,ν3) ) 9.16 × 10-17 cm-1/(molecule cm-2) are the
absorption sum band intensities for the 1-0 band of CO and
the ν3 band of CO2, respectively, which are known from the
HITRAN database.31 (A factor of 0.87 is needed to account
for the small difference in CO and CO2 band-center frequencies
for emission intensities). The 0.5 factor in front ofSV(CO,1-
0) reflects the CO vibrational distributionPV(0-5) ) 64:25:8:
3:1 together with the vibrational Einstein coefficients 35.8, 68.8,
99.2, 127.0, and 175.2 s-1 for (1-0), (2-1), (3-2), (4-3), and
(5-4) bands of CO, respectively.26b Assuming that [CO]/[CO2]
) 1.5, which agrees with the range ofk2a + k2a′/k2b ratios from
refs 9 and 10, we haveP3(*0) ) 0.40 ( 0.06. Given the
uncertainty associated with thek2a + k2a′/k2b ratio, our estimation
is not very accurate; however, the data do suggest that a large
fraction of the CO2 molecules are inV3 ) 0.

3.4. HNO Distribution from the NO + HCO Reaction.
When [H] ≈ [NO2], the primary reaction is followed by the
parallel reactions 3 and 4. Although both reactions give CO,
we attribute the CO emission mainly to reaction 4 for two
reasons. First, reaction 4 is an order of magnitude faster than
reaction 3 and, second, the CO emission from reaction 2, which
has a similar reaction rate, is rather weak (see Figure 1a).
Consequently, only the HNO emission in the 2250-2900 cm-1

range was analyzed as a product from reaction 3.
The best conditions to obtain HNO emission from reaction 3

were [H2] ≈ [NO2] ≈ 3 × 1013 molecules cm-3 at 0.7 Torr,
and a spectrum for such conditions is shown in Figure 9a. The
bottom section, Figure 9c, shows the calculated (100)-(000)

and (200)-(100) bands of HNO with equal populations inV1

) 1 andV1 ) 2 states. Theν1 fundamental of HNO corresponds
to the H-N stretch mode. No emission fromV1 ) 3 (band
origin ν0 ) 2220 cm-1) was observed, though the available
energy (∼35 kcal mol-1) permits its excitation. Comparison
of the calculated and measured hot 2ν1-ν1 bands shows that
emission fromV1 ) 2 is not accompanied by bending excitation.
However, the emission to the red of theν1 band origin can be
attributed to the (110)-(010) and (101)-(001) bands. The
ν2(bend) andν3(NO stretch) levels are close in energy, 1501
and 1565 cm-1, respectively, and they should be equilibrated
by collisions with Ar for our conditions. The best visual fitting
to the combination and hot bands was obtained with the
following relative populations: (200):(100):(110):(101)) 100:
60:50:35 (Figure 9b), assuming the Boltzmann ratio between
the (110) and (101) states and that the Einstein coefficients for
transitions from theV1 ) 1 and V1 ) 2 levels follow the
harmonic oscillator approximation with a cubed frequency
correction. The relative population of states withV1 ) 1 and 2
from fitting is about 14:10. The blue side of the spectra (ν >
2750 cm-1) could be contaminated with emission from H2CO
excited in a V-V transfer processes between water and
formaldehyde, and that emission was not interpreted.

The spectral shifts for two of the combination bands were
obtained by matching several sharp peaks in the calculated and
experimental spectra; the shifts were 69 cm-1 for the (110) and
27 cm-1 for the (101) vs the (100) band. These values, although
rough, indicate that the HNO anharmonic coefficients are
somewhat less than those (x12 ) -86.4 andx13 ) -34.2 cm-1)
obtained in ref 33.

3.5. The H2O and CO Distributions from the OH + HCO
Reaction. Both channels of reaction 4 are highly exothermic
(see Table 1)

and the absence of CO2 emission indicates that channel 4b is

Figure 8. Comparison of experimental and simulated CO emission
spectra from NO2 + HCO reaction measured at 0.5 Torr. The simulated
spectrum from usingV ) 1 and 2 clearly is not satisfactory. The best
fit distribution is P(1-4) ) 100:30:12:3.

Figure 9. Comparison of experimental and simulated HNO spectra
from the NO+ HCO reaction: (a) experimental spectrum observed at
0.7 Torr with [H2] ≈ [NO2] ) 3 × 1013 molecules cm-3; (b) fitted
spectrum; (c) calculatedν1 and 2ν1-ν1 bands of HNO.

OH + HCO f H2O + CO (4a)

f H2 + CO2 (4b)
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not important. The CO spectrum from reaction 4 is very similar
to the spectrum in Figure 2a and it is not shown. The CO(V)
distribution declines with increasingV, P(1-5) ) 100:25:12:
6:2; theP5 component has a large uncertainty, but emission
from V ) 5 does seem to be present. For this CO distribution,
the surprisal analysis below givesP(0) ) 2.2P(1).

The water molecules produced in reaction 4 should give
emission from which useful information about the reaction
mechanism can be deduced. Since this water emission is
overlapped by the emission from the primary reaction, the
stoichiometric relation [CO]) [H2O] for reaction 4a was used
with the spectra measured for conditions similar to the conditions
of Figure 1c to separate the primary and secondary components
giving water emission. This relation neglects the possible CO
contribution from reaction 3; however, the ratio of rate constants
of suggests that reaction 3 contributes only about 10%. The
integrated intensity ratios from five independent experiments
areI[H2O]tot/I[CO] ) 3.4 and 5.3, andI[HOD]tot/I[CO] ) 8.4,
8.6, and 10.9 (see Table 4 for the data). The absorption band
sum intensities areSV(1-0) ) 9.8 × 10-18 for CO, SV(ν3) )
7.2× 10-18 for H2O, andSV(ν3) ) 9.4× 10-18 cm-1/(molecule
cm-2) for HOD,23 which gives ratios of 1.0:2.2:2.9, respective-
ly, for the fundamental emission band intensities (with adjust-
ment by the cubed band-center frequencies). Next, the vibra-
tional distributions must be taken into account, since equal
concentrations can give different emission intensities depending
on their vibrational distributions. The Einstein coefficients of
CO(∆V ) -1) are 35.8, 68.8, 99.2, 127.0, and 175.2 s-1, for
transitions fromV ) 1-5, respectively.26b For Pv(0-5) ) 61:
27:7:3.2:1.6:0.4, the CO emission intensity is equal to 0.6 of
SV(1-0). For estimation of the water emission intensity, some
a priori distribution must be assumed. Two extreme cases were
considered. First, theP3 andP1,3 stretching distributions were
taken as those from reaction 1 (abstraction-like distribution),
and the emission intensities from these distributions are 0.45SV-
(ν3) for H2O and 1.05SV(ν3) for HOD. The second type,
elimination-like distribution, were taken as those from ethanol
decomposition,35 P3(0-3) ) 60:32:7:2 andP1,3 (0-3) ) 50:
33:14:4; the emission intensities from these distributions are
0.28SV(ν3) for H2O and 0.49SV(ν3) for HOD. Since most
molecules are inV3 or V1,3 ) 0 from an elimination reaction,
the emission intensity is significantly less for an elimination-

like distribution than for an abstraction-like distribution. Equal
concentrations of CO, H2O, and HOD would produce experi-
mental intensity ratios ofICO:IH2O:IHOD ) 1.0:1.7:5.3 for the
abstraction case and 1.0:1.1:2.5 for the elimination case. The
measured intensities for two H2O spectra and for three HOD
spectra together with calculated contributions to the water
spectra from the primary,IP, and secondary,IS, reactions from
an abstraction mechanism and from an addition-elimination
mechanism for reaction 4 are given in Table 4. TheIH2O,S and
IHOD,S are obtained by simple scaling of theICO values by the
ratios above, and then theIH2O,P andIHOD,P are obtained by the
difference betweenItot and IS. Since the abstraction-like
distribution from (4) was assumed to be the same as from (1),
the IH2O,S and IH2O,P ratio is the concentration ratio. However,
for the elimination-like case theIP andIS must be adjusted for
different distributions to obtain the concentration ratios in Table
4. Water production from the secondary reaction cannot exceed
that of the primary product. However, three of the five
experiments give [H2O]S > [H2O]P for an abstraction mecha-
nism. Thus, on the basis of just on the comparison ofICO to
IH2O andIHOD, the abstraction mechanism seems to be ruled out.
Numerical integration of the rate equations for the complete
model, including reactions 1-4 for starting conditions of
[CH2O] ) (5-8) × 1013, [H2] ) (2-3) × 1013, and [NO2] )
5 × 1013 molecules cm-3 gives [H2O]S/[H2O]P ) 0.4, which
lends support to the [H2O]S/[H2O]P values obtained from an
elimination-like distribution.

Estimates for the vibrational distributions of H2O and HOD
from reaction 4 can be obtained by simulation of a spectrum
obtained as a difference between the total H2O(HOD) spectrum
and the H2O(HOD) spectrum from just the primary reaction.
The latter were obtained by multiplying the H2O and HOD
spectra from the section 3.2 by a factor that gives an integrated
intensity that matched the measured CO emission intensity. The
derived distributions areP1,3(0-3) ) 63:24:11:2 andP3(0-3)
) 76:20:4:0, andICO:IH2O:IHOD ) 1.0:0.8:1.3. The populations
in theV1,3 ) 0 andV3 ) 0 states were estimated by extrapolation
and from surprisal analysis. These distributions are just
estimates, but they support an addition-elimination mechanism.
Perhaps the most convincing argument is the comparison of
the H2O and HOD spectra from the primary reaction (Figures
4b and 5b) to the combined water spectrum from reactions 1
plus (4); see Figures 4a and 5a. Even when intense CO emission
is observed from reaction 4, the combined H2O and HOD spectra
show no emission fromV1,3 or V3 g 4. This strongly weighs
against an abstraction mechanism, which should give H2O-
(HOD) molecules with very high vibrational excitation.

3.6. The CO(W) Distribution from the H + HCO Reaction.
This reaction is also highly exothermic and excitation of up to
14 vibrational quanta in the CO molecule is possible. Neverthe-
less, the highest observed state wasV ) 5 (Figure 2c). The
simulated spectrum shown in Figure 2b corresponds toP(1-5)
) 100:25:11:5:1.5, which is very similar to the CO distribution
from reaction 4a. The reliability of this CO(v) distribution was
discussed when the spectral simulation method for CO emission
was presented.

4. Discussion

4.1. Surprisal Analysis and Energy Disposal for Reaction
1. Theoretic-information analysis36,14 of the H2O and HOD
vibrational distributions from reactions 1 and 1D were done
using the prior distributions,P°1,3 and P°3, for three models:
(I) the radical fragment R (CHO) is treated as an atom; (II) the
rotational degrees of freedom of R are taken into account; (III)

TABLE 4: Integrated Emission Intensities from H2O and
CO from Reactions 1 and 4 for Different Assumed Reaction
Mechanisms for the Secondary Reaction (in Arbitrary Units)

experiment abstractiona elimination

IH2Otot ICO IH2Os IH2Op

[H2OS]/
[H2OP] IH2Os IH2Op

[H2OS]/
[H2OP] P1,3

103 30 52 51 1.0 32 71 0.73 b
23 80 0.64 c

65 12 21 44 0.5 13 52 0.41 b
9.4 56 0.38 c

IHODtot ICO IHODs IHODp

[HODS]/
[HODP] IHODs IHODp

[HODS]/
[HODP] P3

232 27 143 89 1.6 67 165 0.86 b
36 196 0.71 c

349 32 170 179 1.0 80 269 0.63 b
38 311 0.54 c

249 30 158 91 1.7 74 175 0.90 b
35 214 0.73 c

a Vibrational distributions of H2O and HOD are the same as those
from the primary reaction.b Vibrational distributions of H2O and HOD
are the same as those for unimolecular elimination of H2O from ethanol.
c Vibrational distributions of H2O and HOD from reaction 4 determined
from the difference spectra (see text).
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rotational and vibrational degrees of freedom of R are included
in calculation. The surprisal plots for HOD(a) and H2O(b) for
all three models are shown in Figure 10, and Tables 2 and 3
contain prior distributions for model I. The average experi-
mental distributions,P1,3 andP3, from simulation of four H2O
and four HOD independent spectra were used to make the
surprisal plots.

The HOD surprisals, which are plots of-ln(P3/P°3) vs fV3 )
EV3/〈Eav〉, summarize the deviation of the excitation in the newly
formed H-OD bond from the statistical expectation. The
surprisal plots for OD+ CH2O are linear, and-λv3 ) 5.1 (
0.4 with an intercept ofλ°3 ) -0.97( 0.12 for model I prior,
giving a renormalized distributionP3(0-3) ) 29:36:32:2 in
agreement with the experimental average value ofP3(0) ) 26
( 4. The H2O surprisal plot also is linear, and the slope from
model I prior is-λv1,3 ) 3.2( 0.4, which is less than for HOD
because theν1 and ν3 normal mode populations include the
“active” and “spectator” local O-H mode vibrations. The
intercept,λ°1,3 ) -0.67( 0.23, gives a renormalized distribu-
tion of P1,3(0-3) ) (21 ( 4):50:28:5.

Surprisal plots using model II and III priors (Figure 10) also
are linear but with steeper slopes than for model I and-λv3

equals 6.4( 0.2 and 8.3( 0.2, and-λv1,3 ) 5.5( 0.9 and 8.1
( 1.0 for models II and III, respectively. TheP3(0) andP1,3(0)
populations derived from the intercepts of the models II and III
plots are lower than that for model I. On average, these
estimates show less agreement with the measured population
of HOD than the model I extrapolation, and that is why the
P1,3(0) values for H2O were estimated using the model I prior.
Nevertheless, the acquisition of some rotational and vibrational
energy by HCO cannot be ruled out, and the actualP3(0) and
P1,3(0) values may be intermediate between the predictions of
models I and II.

In order to assign the global bending distributions for H2O,
theν2 distribution inV1,3 ) 0 was assumed to be similar to that
for V2 ) 0-3 of V1,3 ) 1 and theV3 g 4 populations were
assigned by analogy to the prior distribution (note thatV2 ) 6
is included withV2 ) 5 in Table 2). Having the total vibrational
distribution, the fraction of the energy released as vibrational
energy was found to be〈fv(H2O)〉 ) 0.56 ( 0.03, with the
component in bending〈E2v〉/〈Ev〉 ) 0.34, and〈fv(HOD)〉 ) 0.54
( 0.02, with the component released to the O-H stretch
vibration〈E3v〉/〈Ev〉 ) 0.63. The experimental bending distribu-
tion is just slightly more inverted than the prior distribution;
see Table 2. The energy disposal data from reaction 1, along
with the results for several other related hydroxyl radical
reactions, are summarized in Table 5. Since model II surprisal
plots give slightly smallerλ°, a slightly higher〈fv〉, closer to
0.6, could be selected for CH2O.

The energy disposal pattern for CH2O closely resembles those
from H2S and HBr, which also have very similar available
energies. The 300 K rate constants (per H atom) decline in the
series HBr (11× 10-12 cm3 s-1), H2CO (4.8× 10-12 cm3 s-1),
and H2S (2.4× 10-12 cm3 s-1). The ratio of stretch-to-bend
excitation for HBr and H2CO are the same (∼2), and that for
H2S is somewhat higher (3.1). The energy disposal pattern of
the OH + CH2O reaction also closely resembles that from
(CH3)2S, even though the available energy is 6 kcal mol-1 larger
and the rate constant (per C-H bond) is 6 times larger for
CH2O. The reaction of OH with representative hydrocarbons
demonstrate a somewhat higher overall〈fv(H2O)〉 with a much
larger stretch-to-bend excitation ratio (∼5). The slopes of the
surprisal plots (model I prior) of CH2O, or (CH3)2S, are lower
than that from C4H10 or cyclo-C6H12 reactions because the
distributions from the hydrocarbons are much more inverted.

Figure 10. Surprisal plots for the stretching distributions of HOD (a)
and H2O (b) from the OH+ CH2O reaction. The three models for the
priors are given in the text.

TABLE 5: Summary of Energy Disposal for OH, OD, and F + HR Reactions

-λvn
b

reaction 〈Eav〉a I II III 〈fv〉 〈Evs〉c/〈Ev〉 ref

OH + CH2O f H2O + HCO 33.2 3.2 5.5 8.1 0.56 0.34
OD + CH2O f HOD + HCO 33.5 5.1 6.4 8.9 0.54 0.63
OH + DMS f H2O + CH3SCH2 27.5 3.2 5.3 8.9 0.53 0.30 17
OD + DMS f HOD + CH3SCH2 27.8 4.9 6.3 9.2 0.55 0.64
OH + HBr f H2O + Br 33.7 4.5 0.61 0.30 14
OD + HBr f HOD + Br 34.0 6.1 0.63 0.61
OH + C6H12 f H2O + C6H11 27.1 5.7 8.2 0.62 0.14 16
OH + C4H10 f H2O + C4H9 24.7 5.5 8.4 9.8 0.65 0.19
OD + C6H12 f HOD + C6H11 27.4 6.3 8.6 0.56 0.82
OD + C4H10 f HOD + C4H9 25.0 6.3 8.6 10.4 0.59 0.79
F + CH2O f HF + HCO 52.0 4.4 8.0 0.56 56

4.6d 8.8d 0.59 57

a In kcal mol-1. Available energies for deutero-isotopic reactions were calculated accounting for a change in zero vibration energies.b Model I
neglects the internal degrees of freedom of the product radical in the calculation of prior distribution; model II includes rotations of the radical
fragment and model III includes three vibrational modes to facilitate comparison to OH+ H2CO. c The fraction of the total vibrational H2O energy
released to bending mode,〈Ev2〉/〈Ev〉, in reactions with OH and the fraction of HOD vibrational energy found in O-H mode,〈Ev3〉/〈Ev〉, for reactions
with OD. d Calculated from the data in Figure 5 of ref 57.
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A “pure” model III prior is not a convenient reference because
of the different number of vibrational modes in the R fragments,
and calculations were made for a reduced number of degrees
in order to compare the surprisals. The-λv values for model
III in Table 5 correspond to 3 vibrations in RdCH3SCH2 (C-H
stretching, C-S stretching, and CH2 group bending) and Rd
C4H9 (C-H stretching, C-C stretching, and CH2 group bend-
ing). The-λv values for the C4H10 reaction are somewhat larger
than for CH2O or (CH3)2S for all three priors. From all points
of view, the〈fv〉 andλv values indicate that reaction 1 proceeds
via direct abstraction of an H atom, but with more bending
excitation in the H2O product than from reactions with secondary
C-H bonds of hydrocarbons (the same statement applies to
primary C-H bonds, but the number of examples is small).

The question of whether HCO from reaction 1 contains
enough vibrational energy to enable decomposition to H+ CO
has been asked.16 We did observe the characteristicK ) 2,3,4
qQ-peak of the C-O vibrational mode of HCO at 1867 cm-1 34

(see Figure 3b). For these conditions the steady-state HCO
concentration is about 0.8 of the concentration of the primary
H2O product. The ratio of the integrated emission intensities
of HCO(ν3) and HOD(ν3) is roughly 1/50. Assuming ap-
proximately equal sum intensities for these bands, the estimated
yield of HCO(V3)1) is an order of magnitude less than HOD-
(ν3). The CH stretching fundamental (ν1) of HCO with band
origin at ν0 ) 2434.5 cm-1 37 was not detected in our
experiments. Its detection is complicated by the overlapping
with HNO 2ν1-ν1 hot band (ν0 ) 2452 cm-1), but the strongest
peak ofK ) 3 qQ-branch at 2419.1 cm-1 37 was not observed
under any conditions. The peak absorptions of equivalent a-type
transitions in ν1 and ν3 of HCO have virtually the same
strength.34 Thus, we can conclude that HCO(V1)1) was not
present. Even the CO stretch emission was extremely weak
and the degree of vibrational excitation of HCO certainly is
minor. The equilibrium geometries of CH2O and HCO are
similar,25a ∠HCO ) 122° and 123°, R(C-O) ) 1.20 and 1.18
Å, andR(C-H) ) 1.12 and 1.15 Å, respectively, and the amount
of radical stabilization energy is not expected to be large. As
for most direct H-atom abstraction reactions,18b the energy
released as internal energy of the R group is small and most of
the available energy is divided between the newly formed bond
(including bending) and relative translational energy.

According to ab initio calculations at the MCHF/CI38 and
PMP4/SDTQ/311G**39 levels of theory, the barrier for H
abstraction in (1) is 1.2 kcal mol-1. The transition state (TS)
geometry corresponds toR(O-H) ) 0.967 Å,R(O-H′) ) 1.395
Å (+43.8%), R(C-H′) ) 1.180 Å (+6.7%), ∠O-H′-C )
168.4°, and ∠H-O-H′ ) 94.5° (-9.6%).39 The figures in
parentheses show the deviation from the equilibrium parameters
of H2O or CH2O. The structure of the TS is reactant-like in
character and shows a strong H′ vector in the direction of the
O atom, which is consistent with release of 35% of the available
energy to stretching excitation of the newly formed O-H′ bond.
The transition states for H-atom abstraction from H2CO,
(CH3)2S,40 ethane,41 and propane42 are similar and correspond
to nearly collinear H′ atom geometry (∠O-H′-C ) 166.2°
for (CH3)2S and 176.7° for the secondary H′ abstraction of
propane) with the H-O-H′ angle (94.8° in (CH3)2S and 95.6°
in propane) rather close to the equilibrium angle of H2O
(104.5°). The geometry of these transition states does not
provide any clues about why the stretch-to-bend excitation of
H2O depends on reactant. Actually, the entrance channel
potential for H2S and H2CO probably resembles that of HBr
more than those of the hydrocarbons, because these three

reactants have nearly zero activation energy. In addition to
effects arising from the differences in entrance channels and
available energy, the higher bending excitation from CH2O, HBr,
H2S, and (CH3)2S, compared to hydrocarbons, could be the result
of interaction between the polar H atoms of water with the lone
electron pairs of the O (or S, or Br) atom of the product fragment
in the exit channel; i.e., exit channel dynamics associated with
attractive interactions may steal energy from the stretch mode.43

4.2. Reaction of OH with HCO. Gutman and co-workers8

suggested that the OH+ HCO reaction might proceed by
association of OH with HCO followed by decomposition of
formic acid. However, the activation energy for abstraction of
the weakly bound H atom must be negligible, given the rate
constant for OH+ H2CO, and the question of whether reaction
4a proceeds solely by association without a contribution from
direct abstraction at room temperature must be addressed.

The infrared multiphoton dissociation of formic acid has been
studied44 by excitation of both the C-H and CdO stretch
modes, 98% of the reaction proceeded by (4a). According to
two independent ab initio studies45,46 the activation energy is
lower for dehydration (63.0 and 68 kcal mol-1) than for
decarboxylation (65.2 and 71 kcal mol-1). On the basis of the
absence of CO2 emission for conditions optimizing reaction 4,
plus the information above, we dismiss (4b).

The direct abstraction process would be expected to give
〈Ev(H2O)〉 ≈ 50 kcal mol-1 with vibrational excitation extending
to 70-90 kcal mol-1. Although the H2O and HOD distributions
from (4a) were not measured with high reliability, the emission
did not extend toV ) 4 (Figures 4c and 5c) and the distributions
are totally inconsistent with a direct abstraction reaction. The
estimated experimental〈Ev(H2O)〉 ≈ 11 kcal/mol (〈fv〉 is 0.1)
and the vibrational distributions are as expected for unimolecular
elimination of water using ethanol (〈fv(H2O)〉 ) 0.15) and acetic
acid (〈fv(H2O)〉 ) 0.24) reactions as examples. The vibrational
distribution for CO from (4a) also can be examined. A linear
surprisal plot was used to estimateP(0) (see Figure 11), giving
P(0-5) ) (60.8 ( 4.5):27.1:6.9:32:1.6:0.4. The average
vibrational energy is 3.6 kcal mol-1 and 〈fv〉 ) 0.036; the
excitation is very modest, and even below the statistical value,

Figure 11. Surprisal plots for CO from OH+ HCO (circles), H+
HCO (squares), and NO2 + HCO (triangles) reactions.

OH + HCO f HC(O)OHf H2O + CO (4a)

f H2 + CO2 (4b)
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λv ) 10.9 (see Table 6). The sum rule47 states that the
vibrational energy available to H2O and CO may be expressed
as〈Ev〉 ) aEx + bEp. For a RRKM process,Ex is distributed
statistically among the TS vibrational modes, implyinga ) 0.33
for H2O anda ) 0.11 for CO. As shown in Figure 12(4), the
unimolecular process releases 42 kcal mol-1 asEx and 62 kcal
mol-1 as Ep. Evidently the unimolecular decomposition of
formic acid mainly convertsEp to relative product translational
energy. Just as for hydrogen halide elimination, three-centered
elimination processes seem to convert lessEp to vibrational
energy of H2O than do four-centered elimination reactions.

The rate constant for H abstraction from HCO by OH surely
is equal to or greater than that for H2CO (per H atom) and an
upper limit should be the value for HBr (1.1× 10-11 cm3 s-1).
The OH+ HCO reaction rate constant is>5 × 10-11 cm3 s-1,2,3

which implies that the association channel is dominant. Both
processes should have zero activation energy, and the difference
in rate constants must be associated with the requirement for
the p-orbital of the OH′ radical to be aligned with the H-C
bond with a rather specific angle between the OH′ and the
H-C-O axis for successful abstraction. The reduction in
reaction cross section for rotational excitation of either OH or

HBr should be noted in this context.43 The steric requirements
are apparently much less severe for the radical-radical addition
process.

4.3. Reaction of H with HCO. Reaction 5 has been
discussed in terms of association of H with HCO, with
subsequent unimolecular decomposition of formaldehyde, and
direct abstraction:

According to Harding and Wagner’s variation transition-state
calculations on a reliable global potential surface,48 the addition
channel dominates over abstraction by a factor of 5 at room
temperature, just as we discussed for OH+ HCO. However,
the competition between redissociation of H2CO and elimination
of H2 must be evaluated. Harding and Wagner used RRKM
theory with threshold energies of 87.0 and 83.5 kcal mol-1 for
dissociation and elimination (respectively) and found that the
elimination channel became slightly (45%) less important than
abstraction (55%). However, the current assignments of the
threshold energies are 87.3 and 79.2;49 the reduced threshold
energy for elimination would make recombination-elimination
the more important pathway by a factor of 2, according to the
results of Figure 8 of ref 48. We will discuss our data as if the
reaction was recombination-elimination, but a 10-25% con-
tribution from direct abstraction may exist.

The prior distribution for CO from reaction 5 calculated by
integration over the rotational states of H2 and CO is given in
Table 6. The surprisal plots for CO from reactions 5 and 4 in
Figure 11 are nearly identical. The intercept was used to obtain
P(0), and the distribution isP(0-5) ) (62.2 ( 5.0):27.1:5.8:
3.0:1.5:0.4 withλv ) 11.4. The vibrational energy is 3.4 kcal
mol-1 and 〈fv〉 ) 0.037. The energy released to CO is very
similar for reactions 4 and 5.

The unimolecular decomposition of formaldehyde has been
studied in great detail following photoexcitation.49-53 Since
internal conversion follows excitation to S1, our chemical
activation results can be compared to the photoexcitation
experiments forλ ≈ 314 nm. The CO distributions have been
determined by vacuum UV laser-induced fluorescence following
photoexcitation at 339 nm.50 TheP(1):P(0) ratio was 0.17 and
no signals were seen for CO(V>1). The rotational distribution
was highly nonthermal with 25< J < 63 and a maximum
population atJ ) 42 for bothV ) 0 and 1. In earlier work
Cheng et al.51 showed that the vibrational distribution depended
on the photolysis wavelength and at 317 nm (90 kcal mol-1)
the P0-P2 values were 77:19:4, which resembles our results.
The classical trajectory study of the dissociation of H2CO using
a potential surface calculated by the empirical valence-bond

TABLE 6: Vibrational Distributions of CO from the Reactions of HCO a

reaction V ) 0b V ) 1 V ) 2 V ) 3 V ) 4 V ) 5 V ) 6 〈Ev〉 〈fv〉 λv
b ∆S

NO2 + HCO 64.0 24.7 7.5 2.9 0.8 3.1 0.047 2.7 0.07
P°(V) 54.5 26.0 11.7 4.9 1.9 0.6
OH + HCO 60.8 27.1 6.9 3.2 1.6 0.4 3.6 0.036 10.9 0.70
P°(V) 30.4 21.8 15.5 10.8 7.5 5.1
H + HCO 62.1 27.1 5.8 3.0 1.5 0.4 3.4 0.037 11.4 1.12
P°(V) 23.7 19.0 15.0 11.7 9.0 6.8
F + HCO 48.3c 27.4 12.4 6.2 3.8 1.8 5.8 0.049 9.0 0.98

37.4d 35.7 10.6 6.3 3.9 2.9 1.8 7.5 0.064 6.4 0.76
P°(V) 19.1 16.0 13.4 11.0 9.1 7.4 5.9

a 〈Ev〉 in kcal mol-1; the available energies are 66.7, 106.5, and 91.1 kcal mol-1 for the NO2, OH, and H reactions, respectively;∆S in cal mol-1

K-1. b PV(0) was obtained from linear surprisal plots using the full priors for each reaction, including all modes of HONO for reaction 2.c Reference
58. d Our unpublished data.

Figure 12. Energy diagram for CO forming reactions of formyl
radical: NO2 + HCO (2a) (ref 9); NO+ HCO (3) (ref 11); OH+
HCO (4) (ref 46); and H+ HCO (5) (ref 49). The potential energy
given for CO2 formation (2b) from HCO+ NO2 is the sum for the
two consecutive dissociation processes; the majority (13 kcal/mol) is
associated with the decomposition of HCO2 (see text of the Discussion
section).

H + HCO f H2CO f H2 + CO

f H2 + CO (5)
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method54 gave product state distributions that matched the
experimental results. Similar vibrational,P(0:1) ) 82:18, and
rotational,Jmax ) 50, distributions for CO were also obtained
in a combined ab initio plus classical trajectory calculations for
the unimolecular decomposition of H2CO,55 although the
potential energy barrier height was∼25 kcal mol-1 larger than
the experimental result.

Let us compare energetics for reactions 4 and 5, assuming
that they proceed via the recombination-elimination mechanism
(Figure 12). One difference is the 23 kcal mol-1 higher energy
for HCOOH becauseD(H-CHO)) 87 kcal mol-1 andD(HO-
CHO) ) 110 kcal mol-1. As a result, formic acid hasEx ) 42
kcal mol-1, while formaldehyde has only about 8 kcal mol-1

of excess energy. From the analysis of reaction 4, the
vibrational excitation of CO was attributed to the statistical
redistribution ofEx. The statistical component is about 4.6 kcal
mol-1 for H2O + CO, but only 1.3 kcal mol-1 for H2 + CO.
Since the〈Ev(CO)〉 are nearly the same, the H2CO reaction
converts some of theEp to CO vibrational energy, as well as to
rotational energy (〈ER(CO)〉 ≈ 10 kcal mol-1). The strong
rotational excitation from H2CO decomposition is a consequence
of the impulsive interaction of H2 with the carbon end of CO.50,54

The results from reactions 4 and 5 also can be compared with
the CO vibrational distribution from the F+ HCO f HF +
CO reaction,58 which also proceeds by an addition-elimination
mechanism withλv ) 9.0 and〈fv〉 ) 0.049 as calculated from
the P(v) of Donaldson and Sloan. These results closely resemble
the energy disposal for reactions 4 and 5. The calculated
entropy deficiency values are also rather close for all three
reactions,∆S(cal mol-1 K-1) ) 0.70 for reaction 4, 1.12 for
reaction 5, and 0.98 for F+ HCO.

4.4. Reactions of NO2 and NO with HCO. NO2 + HCO.
The mechanism for reaction 2 is thought to be recombination
with formation of either N(O)C-NO2 or H(O)C-ONO9,10

(Figure 12).

reaction has been studied by Guo et al.9 by laser flash-kinetic
spectroscopy and modeled with RRKM theory using frequencies
and threshold energies from ab initio calculations. The CO2

product was measured, and its yield was determined to be 52
( 14%; the HONO product was detected, and some vibrationally
excited CO2 was also observed by monitoring the R(16) line in
the (111)-(010) band. Rim and Hershberger10 have used
infrared diode-laser spectroscopy to measure CO, CO2, and NO
from reaction 2, and they conclude that (2a′) accounts for 63(
5%, (2b) for 37( 5%, and (2a) or (2c) for less than 10% around
1 Torr pressure. Our data give a CO(V)0-4):CO2(P3(1))
concentration ratio of 4:1. With CO2(P3(0)) ≈ 60% the ratio
would decline to 4:2.5, and our data are in accord with the upper
limit for (2a + 2a′):(2b) branching ratio of Guo et al. and with
the lower limit of Rim and Hershberger. The above estimation
of P3(0) is consistent with the CO2 statistical distributionP°3(0-
4) ) 71.9:21.8:5.3:0.9:0.1; six translational and four rotational
degrees of freedom with direct summation of states for NO and
CO2 vibrations were used for the prior of (2b). Our only
reservation is the importance of (2a) vs (2a′). Since formation
of CO(Vg3) can occur only for (2a), the observed CO vibrational
distribution proves that the HONO+ CO channel has some
importance. Channel 2a′ represents HONO molecules that were
formed above the dissociation limit, which is open for CO(Ve2).

In order to obtain an idea about the possible fraction of CO
molecules withV ) 0-2 from (2a), we examined the statistical
distribution withEav ) 66.7. The prior (Table 6) was calculated
by direct summation over the vibrational levels of HONO (with
the vibrational frequencies of the trans isomer) and rotation
levels of CO and integration over the HONO rotational energy.
The surprisal plot presented in Figure 11 is linear; the intercept,
λ0 ) 1.56 ( 0.12, allows estimation of thePV(0) component
and the full CO vibrational distribution isPV(0-3) ) (64 (
3):25:8:3:1 (Table 6). The slope of the surprisal plot,λv ) 2.7
( 0.4, is small and positive, indicating that the experimental
CO distribution is slightly colder than the statistical distribution.
Since CO retains less than the statistical fraction of energy, a
large fraction of the HONO molecules could retain enough
energy for subsequent decomposition, providing that the rear-
rangement step is not repulsive in nature; i.e., negligible
translational energy is released to the products. Additional
experimental or theoretical characterization of the H(O)C-NO2

rearrangement is needed to confirm Rim and Hershberger’s
claim that (2a′) is more important than (2a).

The decomposition of H(O)C-ONO proceeds stepwise by
rupture of the O-N bond followed by the decomposition of
H-CO2.59 The last step has a net change in potential energy
of 13 kcal mol-1,59 which is mainly associated with the change
in geometry as the CO2 bending coordinate relaxes to 180°. In
spite of the small potential energy release, CO2 still acquires
considerable bending vibrational energy in the sum of the two
steps. Since the observed CO2 distribution corresponds to 2ν2-
ν1 mode equilibration inV3 ) 1, the prior also was calculated
for complete 2ν2-ν1 equilibration. TheP°1,2 prior distribution
and the surprisal are shown in Figure 7; the surprisal is
approximately linear withλv2 ) 3.8, which means that the
bending excitation is less than statistical. Assuming that all
molecules are inV3 ) 1 state, the experimentalP1,2 distribution
gives Ev(CO2) ) 13.0 kcal mol-1 and 〈fv〉 ) 0.31, which are
essentially the same as the statistical values, Evo(CO2))13.8
kcal mol-1 and 〈fv0〉 ) 0.33, as might be expected for two
consecutive dissociative processes.

NO + HCO. Reaction 3 proceeds through the HC(O)NO
intermediate with formation of HNO by unimolecular rear-
rangement rather than by a direct hydrogen abstraction.11 Since
this reaction is thermoneutral,E0 is equal toEP (see Figure 12).
The complete absence of the energetically allowedV1 ) 3 (22.3
kcal mol-1) or V1 ) 1, V2 ) 2 (16.4 kcal mol-1) states serves
as confirmation of the unimolecular mechanism, since direct
abstraction reactions tend to give vibrational energy in the new
bond that extends to the thermochemical limit. Comparing the
measured ratio of HNO populations inV1 ) 1 and 2 with the
total statistical population in theν1 mode,P10(0-3) ) 65:24:
8:2 and, assuming a linear dependence of the surprisal upon
〈fv〉, a noninverted N-H stretch distribution,P1(0-3) ) 40:
35:25:0, can be estimated. The energy released to HNO was
estimated with the assumption that theV2 ) 0, 1, and 2 bending
states ofV1 ) 0 are equally populated. Thus,〈Ev〉 ) 9.0 kcal
mol-1, which gives〈fv〉 ) 0.26. This estimate is consistent with
other elimination processes, e.g.,〈fv〉 ≈ 0.2 for elimination of
H2O from CH3C(O)OH or C2H5OH.30,35

5. Conclusions

Infrared chemiluminescence of the H2O and HOD product
molecules from the OH(OD)+ H2CO reaction has been used
to measure their nascent vibrational energy distributions. The
overall fractions for vibrational excitation were〈fv(H2O〉 ) 0.56
and 〈fv(HOD)〉 ) 0.54 with a stretch-to-bend excitation ratio

NO2 + HCO f H(O)C-NO2 f HONO + CO (2a)

f HO + NO + CO (2a′)

f H(O)C-ONO f H + CO2 + NO (2b)
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of 1.9. The H2O and HOD vibrational distributions closely
resemble those from the HBr reaction. The room temperature
reaction of OH with H2CO has a 2-fold larger rate constant
and a 5.7 kcal mol-1 larger exothermicity than for the (CH3)2S
reaction. However, the〈fv(H2O or HOD)〉 and the stretch-to-
bend excitation ratios are nearly the same. The vibrational
distributions of water from H2CO (and (CH3)2S or HBr) do differ
from those of saturated alkanes, liken-C4H10 or cyclo-C6H12,
which have much more inverted stretching distributions and
2-fold less bending excitation. These OH radical abstraction
reactions release the expected energy to the newly formed bond,
but the degree of bending excitation of H2O or HOD depends
on the molecular reagent. All evidence indicates that OH reacts
with H2CO by a direct abstraction mechanism in which the
electron located in a p-orbital on the O atom attacks one of the
H atoms of formaldehyde. The extremely weak emission (Cd
O stretch) observed from HCO demonstrates that the HCO
product does not receive enough energy to cause dissociation.
This low internal excitation of HCO is consistent with many
other polyatomic reactions in which an H atom is directly
abstracted.

In contrast to the OH+ H2CO reaction, the HCO radical
reacts with OH radical by recombination to give vibrationally
excited formic acid. The latter undergoes three-centered uni-
molecular elimination of H2O before collisional stabilization at
our pressures. The CO and H2O vibrational distributions from
the unimolecular decomposition of formic acid both decline with
increasing vibrational energy.

The reactions of NO, NO2, and H atoms with HCO at room
temperature and 1 Torr pressure proceed mainly by recombina-
tion followed by unimolecular decomposition. The CO vibra-
tional distribution from the H+ HCO reaction is similar to
those from the unimolecular decomposition of H2CO that have
been extensively studied by photoexcitation. This implies that
the main pathway for H+ HCO is recombination rather than
abstraction.

The NO2 + HCO reaction produces CO2 molecules with
bending excitation up toV2 ) 13 in H + NO + CO2 channel
plus strong CO emission from the HONO+ CO channel.
Comparison of the observed CO and CO2 intensities shows that
these two channels have approximately equal importance. A
large fraction of the HONO molecules may undergo further
dissociation to OH+ NO, providing that the translational and
rotational energy released to CO and HONO is negligible.

The HCO+ NO reaction provides a strong source of HNO
emission from the (200), (101), (110), and (100) bands. The
experimental anharmonicity constants arex11 ) -116 cm-1,
which is 3 cm-1 higher than calculated value, andx12 ) -69
andx13 ) -27 cm-1, which are 25% lower than the calculated
values.33 The vibrational distribution with〈fv(HNO)〉 ≈ 0.26
is consistent with three-centered unimolecular elimination from
H(O)C-NO.
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