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The reactions of H and D atoms with,&O (H + H,CO — H, + HCO (1.1), D+ H,CO — HD + HCO

(2.1), and D+ H,CO — H + HDCO (2.2)) have been studied in the temperature range 296TK< 780

K in an isothermal discharge flow reactor with EPR detection of D and H atoms and LIF detection of HCO.
Simultaneous measurements of the absolute concentrdtina profiles of the three species established the
occurrence of the D/H isotope exchange reaction (2.2) in addition to the H atom abstraction channel (2.1).
The rate constants for the three reactions could be represented by the Arrhenius expkegJiprs(8.7 &

1.9) x 10" exp[—(14.54 0.7) kI molYRT] cm® mol™t s7%, ko (T) = (1.2 4 0.5) x 10" exp[—(15.8+ 0.8)

kJ molFYRT] cm® mol s7%, andk AT) = (5.9 + 1.5) x 10* exp[—(14.7 & 1.0) kJ mof¥RT] cm® mol*

s 1. A mechanistic analysis of reaction 2.2 using the unimolecular rate theory gave these estimates for the
classical potential energy barrier heights in the addition of D and H atoms@®HAE(D + H,CO) =

1360+ 100 cnt and AEo(H + H,CO) = 1540+ 150 cm.

1. Introduction energy barriers calculated for the isomerization and dissociation
of the proposed intermediate;&O,* biradicaP and in light of
the results of other experiments complemented with modeling
calculations»1° An addition pathway has been verified only for
the reaction H@ + H,CO! but this reaction is very slow at
room temperature.

This paper reports on a direct investigation of the reaction
systems H+ H,CO and D+ H,CO and throws new light on
the topic.

The chemical and photochemical properties g€B as the
prototypical aldehyde molecule have long been of substantial
interest:—2 In the elementary reactions ob@O in the gas phase,
the molecule may be attacked by small radicals R in principle
either at one of the H atoms or at the GObond. The first
pathway is expected to lead to HRHCO via direct H atom
abstraction. This reaction is favored because of the relatively
weak C-H bond in HCO for radicals R which form strong

HR bonds. The second pathway is the addition of the attacking 1 aTrhee two possible product channels of thetHH,CO reaction

radical to the CO moiety, leading to vibrationally excited

H,RCO* and HCOR* radicals. The subsequent fate of these .

“chemically activated” species is determined by the competition H +H,CO—H, +HCO (1.1)

between unimolecular dissociation and collisional stabilization. H+H,CO+M— CH,O+ M 1.2)

However, rather little is known about the addition routes for

the different radicals. _ Reaction 1.1 may be rationalized as a direct H atom transfer
In earlier investigations of the elementary reactions g6 step. This reaction is normally assumed as the main channel.

pathways were usually considered as the important reactons. - high-pressure limit of the reaction.
suggested to explain the observed end product yields, butp 4+ H,cO reaction 2 are
unambiguous experimental evidence has been lacking. For

instance, an additiorelimination channel has been suggested D + H,CO— HD + HCO (2.1)
to explain a formation of C@in the reaction O+ H,COS$
Results for translationally hd#O + H,CO seemed to support D + H,CO—H+ HDCO (2.2)
the idea of an addition stepHowever, the existence of an
addition channel has been disputed in light of high potential D+ H,CO+M—CHDO+M (23)
t Part of the special issue “C. Bradley Moore Festschrift". Reactions 2.1 and 2.3 are analogous to 1.1 and 1.2. However,

* Corresponding authors. E-Mail for F. Temps: temps@phc.uni-kiel.de. different from the situation in the H H,CO system where the
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only dissociation pathway for the intermediate “vibrationally
hot” CHsO* radical from the addition route leads back totH
H,CO, the CHDO* complex from the D+ H,CO addition route
may also dissociate in the forward direction to givetHHDCO
(2.2). The effect of this additionelimination channel is a D/H
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applied for viscous pressure drop and back diffusion along the
reaction distance.

H, D, and F atoms were generated inside the movable injector
by microwave discharge dissociation of the parent molecules
diluted in a large excess of He. The #ischarge was burning

isotope exchange. This channel is thermodynamically favored jn 5 quartz tube with a protective alumina tube inside. The

by the change in zero-point energy in HDCO compared to that
in H,CO. Thus, the yields of HDr- HCO (2.1) versus Ht+
HDCO (2.2) reflect the branching between the H abstraction
and the addition pathways in the system.

Extending some of the initial work at room temperatifre,

dissociation yields were approximately-50% for H, and Dy
and close to 100% for &

The flow tube was connected to an X-band EPR spectrometer
for the H and D atom concentration measurements with@nlE
wide-bore cavity (Varian) located between the pole caps of a

we investigated the rate constants and product distributions of 1 3 electromagnet (Bruker ER 086C). The field sweep control

reactions 1 and 2 in the temperature range 236 K< 780 K
at pressures of a few millibars using the discharge flow method

with electron paramagnetic resonance (EPR) for the detection

of H and D atoms and laser-induced fluorescence (LIF) for the
measurement of HCO. The overall rate const&nendk, were
determined using the pseudo-first-order method withd@8]

> [H] and [H,CO] > [D]. The branching ratios of the two
channels of reaction 2 were determined by fitting the rate
constantsk, 1 and k», to the measured D, H, and HCO
concentratiortime profiles. The effects of side and consecutive
reactions were taken into account by numerical simulations of

and the EPR spectrometer were interfaced to a PC microcom-
puter for signal averaging over a preset number of scans. A
cooling jacket (6 cm length) just upstream of the EPR cavity
ensured constant detection conditions during the high-temper-
ature measurements. Small amounts o{I0~° mol cnT3) were
added through an inlet immediately above the cavity to avoid
the saturation of the H and D signafsNumerical simulations
showed that this ©did not disturb the measurements.

Absolute H and D concentrations were determined using the
well-known titration reactions H/B- NO,. The relative H and

the reaction systems and checked by sensitivity analyses. TheP detection sensitivities were checked using the reactiofis F

measured temperature-dependent rate constants encode inform&i2/D2 —

tion on the potential energy barriers in thetHH,CO = CH3;0
system, which is discussed using transition-state theory.

2. Experimental Section

The reactions were investigated in an isothermal flow reactor
consisting of a 100 cm long, 2.2 cm i.d. Suprasil quartz tube
equipped with a movable injector connected to the flow tube
via stainless steel bellowd.The system was thermostated to
AT = +3 K along the reaction distancAZ = 50 cm) using an
electrical heating jacket. A calibrated NiCrNi thermocouple
inside the injector served for the temperature determination. All

glass parts were cleaned with a 5% HF solution and rinsed with
distilled water before installation. Room-temperature measure-

ments were made with a thin film of halocarbon wax (Halo-

carbon Products, 15-00) applied to the reactor walls to reduce \
heterogeneous reactions; high-temperature experiments wer

carried out without wall coatings.

The He carrier gas was of the highest commercially available
purity (99.9999%; UCAR). K (99.9999%) and B (99.7%)

(both Messer Griesheim) were used as supplied or as 1%
mixtures with He. All gases passing a microwave discharge were

delivered through K) traps. F (99%, 1% premixed in He;

H/D + HF/DF by the conversion of the F atoms with
a large excess of #D, and by the theoretical ratij.All three
methods agreed to withi#t5%. When averaged over 30 scans
at a time constant of 0.1 s, the detection limits at a signal-to-
noise ratio of 1 were approximately2 10° cm3 for H and 3

x 10° cm~3 for D.

HCO radicals were observed by LIF via tRRy(6) line of
the B?A’(0,0,2)— X2A’(0,0,0) transitiort> The detection cell
was positioned directly above the EPR cavity for simultaneous
measurements with both techniques. The optical specifications
were determined by the available narrow space between the coils
of the electromagnet. The radicals were excited using a Nd:
YAG pump-pulsed dye laser (Quantel International, 661S-20
& Spectra-Physics PDL-3) equipped with a BBO frequency-
doubling crystal. The fluorescence was collected at right angles
through quartz lenses and a°9fhirror system using a'l
photomultiplier tube (Thorn-EMI B2F RFI 9235). Suitable filters
(Schott UG 11, WG 245) were inserted to reduce scattered laser

élght. The fluorescence signals were sent to a preamplifier and

recorded using a boxcar integrator (Stanford Research SR 250)
connected to another PC.

The absolute HCO concentrations were determined by
comparing the LIF signals of HCO from the reactiontHH-
CO and the H atom EPR signals from the reactiotr IFH, at
fixed initial F atom concentrations. These calibrations were

Messer Griesheim) was used for calibrations passed throughrepeated immediately after each experimental run to ensure

N2(l) and NaF traps to remove B and HF traces. N&=98%;
Messer Griesheim) was used without further purificatiop= H

precise £10—15%) relative concentration measurements. The
detection limit for HCO was<2 x 10® cm3. At the low

CO was generated on-line by the pyrolysis of paraformaldehyde Pressures used, the short radiative lifefiPraf the B2A’(0,0,2)

(99%; Fluka) afl ~ 110°C. The glass apparatus for this process

state of~22 ns eliminated the need to correct for collisional

was dried at elevated temperature under vacuum prior to use.duénching effects. The LIF cell was removed for the overall
The paraformaldehyde powder was thoroughly degassed beford@té constant measurements.

being heated to remove any air and(Hd The gaseous €O

product was purified by being passed through a series of cold 3. Results

traps at—78 °C before use. All major gas flows were regulated
with calibrated mass-flow controllers (Tylan). Trace gases were

The different elementary reactions in thetHH,CO and D

controlled with needle valves and determined from the pressuret H2CO reaction systems which have to be considered are
rise in calibrated volumes. The pressure in the reactor wascompiled in Table 1.

measured with a calibrated pressure transducer (MKS) at the The measured concentratiotime profiles are governed in
lower end of the reaction zone. The usual corrections were the first place by the title reactions 1.1, 2.1, and 2.2.
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TABLE 1: Elementary Reactions in the H/D + H,CO Reaction Systems

reaction no. k(296 K), cn® mol~ts7* k(600 K), cnf mol~t st ref

H + H,CO— H, + HCO 1 2.4x 10 4.8 x 101 this work
D + H,CO— HD + HCO 2.1 1.9x 10° 4.9 x 101t this work
D + H,CO—H + HDCO 2.2 1.5x 10t° 3.1x 10" this work
H+ HCO—H;+ CO 3 7.3x 1013 7.3x 108 16

D +HCO—HD + CO 4.1 6.5x 103 6.5 x 101 16

D +HCO—H+ DCO 4.1 1.4x 108 1.4x 108 16

D+ DCO—D,+ CO 5 7.3x 103 7.3x 101 estmated
H+ DCO—HD + CO 6 7.9x 1013 7.9x 108 estimated
HCO + HCO— products 7 2.5 10 2.7 x 1013 17
HCO + DCO— products 8 5.0« 10% 5.0 x 101 estimated
DCO + DCO— products 9 2.% 1013 2.7 x 108 estimated
HCO—H + CO 10 0 2.5x 10°8 18
DCO—D +CO 11 0 2.5x 10°8 estimated
HCO + wall — products 12 20 <4 this work
DCO + wall — products 13 20 <4 this work
H + wall — products 14 <22 <42 this work
D + wall — products 15 <22 <42 this work

aFirst-order rate constant in units ofls

TABLE 2: Experimental Results for the Overall Rate Constants for the Reaction H+ H,Co (1)
T, K p, mbar oy, ms? [H]o, mol cnm3 [H2COJo, mol cnT2 Kiexp [H2CO] 571 Kiexp? cm®mol~t st ki, cm® mol~t st

296 1.85 23.8 5.0% 101 6.19x 10710 24 3.81x 10% 3.14x 101
4.16 10.9 10.% 10 9.64x 10710 38 3.93x 10% 2.34x 101
2.14 28.3 3.3% 101 10.1x 1071 46 4.56x 100 2.13x 10%
3.60 16.7 4.8% 101 14.5x 10710 74 5.07x 10%° 2.53x 10%
2.58 32.4 4.80« 10t 15.9x 10°1© 76 4.79x 100 2.21x 10%
2.97 15.1 4421071 21.8x 107 97 4.44x 1010 2.20x 10%
2.19 20.8 8.54 1071 25.8x 1071 112 4.35x 10%° 2.24x 101
3.25 18.8 10.3« 1011 31.3x 10°% 141 4.50x 10%° 2.57x 10%
402 3.80 19.5 2.6& 101! 3.17x 107 58 18.2x 10%° 9.41x 10%
3.54 21.3 2.55¢ 1071 4.42x 1010 82 18.5x 10%° 10.1x 10%°
2.90 25.8 2.68 101 7.95x 10710 154 19.4x 100 9.76 x 101
251 29.7 343 101 8.18x 10710 136 16.7x 10t° 8.89x 1010
2.49 30.1 3.7% 1071 11.4x 10710 216 19.0x 10t° 10.5x 10%
603 4.06 28.6 1.6x% 10 0.96 x 10710 101 105.x 101 52.6x 101
5.81 34.7 1.70< 1011 1.08x 10710 91 84.3x 100 43.8x 101
6.17 40.8 1.26< 10711 1.56x 10°1° 156 100.x 100 52.7x 101
7.01 29.0 1.46< 10711 1.78x 10710 141 79.4x 100 44.3x 1010
6.81 34.4 1.78< 1071 1.83x 10710 146 79.8x 10t° 47.6x 1010
3.74 30.6 3.6 101 2.56x 10710 223 87.3x 10'° 54.4x 101

a Effective overallk; value obtained from the measured H atom decay prdfiRate constant valuk, obtained from the numerical simulation
of the reaction system.

Due to the HCO radicals which are formed, additional and, at high temperature, by the unimolecular dissociation
contributions to the H and D decay arise from the fast radical reactions
radical reactions

HCO—H+ CO (10)
H+ HCO—H,+ CO 3) DCO—D + CO (11)
D+ HCO—HD+ CO (4.2) N ) )
The additional “wall” reactions of the atoms and radicals<12
D+ HCO—H+DCO (4.2) 15) were measured in the absence of the other reactants. The

rate constants are collected in Table 1.

3.1. Rate Constants for the Reaction H- H,CO. Theoreti-
cal measurements for reaction 1 were carried out to obtain a
consistent set of data for this system.

3.1.1. Qerall Rate Constant Measuremeni&eaction 1 was
investigated to determine effective overall rate constants at three
temperatures in the range 296 X T < 603 K using the
H + DCO— products (5) cHonventicanaI “on/off;’_lpsepdo;}first—order tech?iqule by measuringf

atom decay profiles in the presence of a large excess o
D + DCO— products (6) H,CO. The engrimental condi?ions and results gre compiled
in Table 2. The reactant concentrations were varied in the ranges
1 x 109 mol cm23 < [H,CO] < 31 x 10719 mol cm3 and
1.2 x 10 mol cm2 < [H]p = 10.9 x 10" mol cn3,
corresponding to a ratio of & [H,CO]/[H]o < 50. H atom
HCO + HCO— products (7) decay profiles were monitored for a change of up to 1 order of

magnitude in concentration. The measured depletion could be
HCO + DCO— products () gescribed by the standard rate lawcds ([H] «+,co/[H] —.co)/
DCO + DCO— products (9) dt = —kiex{H2COJ. With error limits of 2, the experimental

The rate constants for both reactions and the product distribution
of reaction 4 have been determined previod§lynder the
conditions, the fast additional H/D atom consumption via
reactions 3 and 4 can be accounted for by effective stoichiometry
factorsn in the experimental H/D decay constants ¢fd®, n;

~ 2 andnp ~ 1 + koi/(ko1 + ko.2). The reactions

have been included for completeness.
The HCO concentrations are also affected slightly by the
mutual combination reactions
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Figure 1. Arrhenius plot of the experimental rate constakis, for
the reaction H+ H.CO.
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Figure 2. Concentratiortime profiles of the H atoms and HCO

radicals in the reaction system H H,CO (T = 296 K). Measured
concentrations® = H, oA = HCO. Fitted concentration profiles:-.

15 20

second-order rate constankse, (before correction by the
stoichiometry factor) were found to be described by the
expression

KioxdT) = (1.540.3) x 10*° x
exp[—(14.44 0.6) k mol /RT cm®*mol *s*

An Arrhenius plot of the data is shown in Figure 1.
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Figure 3. Arrhenius plot of the experimental rate constakys, for
the reaction D+ H,CO.

statistical weight factors of 0.1 and 1.0 were assigned to the H
and HCO concentrations, respectively, in jdigure-of-merit
function in the fitting routine to account for the different
magnitudes of the concentrations. The resulting best-fit value
for k; was

k (296 K)= (2.4+ 0.5) x 10°°cm®*mol *s™?

in excellent agreement with the value obtained from the above
expression of the H atom decay measurenig296 K) = (2.3
+ 0.4) x 10°°cm® mol-1s%

3.2. Rate Constants and Product Distribution for the
Reaction D+ H,CO. 3.2.1. Qerall Rate Constant Measure-
ments.Reaction 2 was investigated under conditions similar to
reaction 1 to determine effective overall rate constant values
by monitoring the D atom decay profiles in the presence and
absence of a large excess ofGD. The conditions and results
are summarized in Table 3. Data were collected at six temper-
atures in the range 296 k T =< 780 K. The reactant
concentrations varied in the ranges 0:84.0 1% mol cm 23 <
[H2CO] = 20 x 10 mol cm2 and 0.5x 10~ mol cm2 <
[D] = 16 x 10 mol cm 3, with an excess ratio for most
measurements in the range $ [H.COJ/[D]o = 22. An
Arrhenius plot is depicted in Figure 3.

A detailed analysis of the experiments was performed by The experimental rate constants could be described by the
numerical simulations of the reaction system (Table 1). The rate expression

constant values for reaction 1 were directly fitted to the

experimental H atom profiles by using a program suite based Koer(T) = (2.14 0.3) x 10" x

on the Gear algorithi#i for solving the coupled differential rate
equations and the Levenberlylarquardt nonlinear least-squares
fitting algorithm?2® From these simulations, an effective stoi-
chiometry factor was derived af ~ 1.85+ 0.05, depending

only slightly on the initial conditions used and close to the value

of np = 2 assumed above. The final derived Arrhenius
expression fok(T) in the range 296 K< T < 603 K is

ky(T) = (8.7 1.9) x 10" x
exp[—(14.5+ 0.7) k mol/RT] cm®* mol *s™*

exp[—(15.44 0.4) kI mol /RT cm®*mol *s™*

The effective stoichiometry factor contained in the expression
for kaer(T) under these conditions i® ~ 1 + ka.1/(ko.1 + k2.2),
depending on the initial [LCO]/[D] concentration ratio. A
detailed evaluation of the overall rate data was therefore
performed iteratively with the analysis of the product measure-
ments.

3.2.2. Product Measurement®roduct investigations for
reaction 2 were performed a& = 296 and 600 K. The
contributions of the H abstraction (2.1) and additi@imination

Including possible systematic errors, the uncertainty limits are (2.2) routes were determined by monitoring the formation of

estimated to be:20%.
3.1.2. Product Measurement&dditional work was carried

the HCO radicals (at 296 K) from reaction 2.1 simultaneously
with the D atom decay profiles and, in particular, by monitoring

out to detect the formation of the HCO radicals. Since HCO the formation of the H atoms (at 296 and 600 K) from reaction
and H were the only possible product species under the 2.2. The experimental conditions and results are collected in
experimental conditions, these measurements were made onlyTable 4.

at room temperature. The observed H and HCO concentration

time profiles from one experimental run are shown in Figure 2.

The measurements were made using low initigiCB
concentrations to resolve the initial rise of the products<(4

The product measurements were analyzed using the afore-10-2°mol cm 3 < [H,COJp < 9 x 10 mol cm3 at T = 296
mentioned program suite by least-squares-fitting the values of K and 0.6 x 1071% mol cnm3 < [H,COJp < 1 x 10719 mol
k; simultaneously to the measured HCO and H profiles. The cm2atT = 600 K). Low D atom concentrations were employed
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TABLE 3: Experimental Conditions for the Reaction D + H,CO (2) for Six Temperatures

T, K p, mbar v,ms? [D]o, mol cnt3 [H2COlo, mol cn12 Koexp [H2CO] 572 Koexp? CM® mol~t s71
296 2.25 23.7 15.% 101 5.46x 10710 24 4.47x 1010
3.54 15.0 15.3¢ 101 5.98x 10710 25 4.10x 10
3.14 17.0 15.8< 101 9.43x 10710 41 4.36x 100
2.75 18.5 12.6< 10712 14.0x 10710 54 3.86x 10
3.54 15.1 16.1x 1071 14.8x 10710 61 4.10x 100
2.25 24.1 14.3¢< 10712 19.1x 10710 86 4.50x 10
3.75 10.8 16.1x 1071 20.2x 10710 83 4.11x 104
360 2.77 20.2 3.8% 101t 4.36x 10710 42 9.54x 10
2.65 27.2 3.63« 1071t 5.22x 10710 54 10.3x 10w
2.77 22.0 10.1x 10712 7.81x 10710 90 11.5x 10w
3.22 22.4 3.5 1071t 8.69x 10710 105 12.1x 101
2.37 23.9 3.8 101 11.5x 10710 137 11.9x 101
3.15 19.4 10.3< 1071 14.2x 10710 161 11.3x 10
454 2.63 235 3.5% 101t 2.66x 10710 89 33.4x 10%
2.45 27.9 3.35¢ 1071t 451x 10710 159 35.4x 1010
2.77 24.7 462 1071t 4.64x 10710 159 34.2x 10w
3.26 23.8 3.1% 101t 6.68x 10710 224 33.6x 100
3.00 22.9 4.10¢ 1071t 8.00x 10710 283 35.3x 10w
601 3.87 255 2.0% 101t 1.20x 10710 115 95.8x 100
3.78 27.1 1.93 1012 1.40x 10710 145 104x 101
4.08 24.2 1.5% 10711 2.01x 10710 211 105x 101
3.64 27.2 1.43 101 2.67x 10710 294 110x 101
3.30 31.1 1.84¢ 101 2.94x 10710 323 110x 104
3.42 26.8 1.74< 10712 3.68x 10710 356 96.8x 10w
752 4.38 27.5 0.4% 10711 1.10x 10710 190 173x 101
4.03 29.8 0.96¢< 1071t 1.87x 10710 321 172x 101
780 3.99 28.9 3.04& 101t 0.94x 10710 176 187x 101
4.66 25.1 1.3 10711 1.47 x 10710 268 182x 101

a Effective overallk; value obtained from the measured D atom decay profile.

TABLE 4: Experimental Results of the Product Investigation of the D+ H,CO Reaction

T, K p, mbar v,ms1? [D], molcm™3 [H2CO], mol cn13 k[H.CO], st ko.1,2 cm® mol~ts? ko.2,2 cm® mol~1s?t

296 2.62 17.3 0.8% 10712 4,73 x 10710 19 2.05x 10 1.68x 10w
3.50 23.2 1.14< 10712 6.55x 10710 28 1.62x 10w 1.38x 10w
3.07 26.9 1.2% 10712 6.91x 10710 32 1.80x 10w 1.54x 10w
2.57 29.1 1.49% 10712 7.46x 10710 36 1.88x 10w 1.77 x 10w
2.00 24.9 2.92 10712 8.46x 10710 35 1.98x 10w 1.54x 10w
2.39 22.5 1.81x 10712 8.68x 10710 35 2.35x 10w 1.35x 10w

600 4.79 37.7 2.34 10712 577x 10711 58 41.1x 10 33.7x 101
4.24 38.3 0.92 10712 5.99x 1011 59 50.5x 10 32.3x 101
3.90 36.8 1.24< 10712 7.58x 10711 71 50.2x 10w 27.9x 101
3.78 43.1 0.7% 10712 8.00x 1011 82 57.5x 10 33.3x 101
3.54 40.0 1.38 10712 8.61x 10711 88 49.8x 100 33.4x 101
5.29 34.0 1.47% 10712 10.1x 1071 99 45.5x 101 28.2x 101

aValues fork, 1 andk, , obtained by least-squares-fitting the numerically simulated concentration profiles simultaneously to the experimental D,
H, and HCO profiles.

measured D, H, and HCO profiles (at 296 K) and the measured
D and H profiles (at 600 K). Small adjustmentst(< 1 ms) of

the absolute reaction times were applied to allow for the finite
mixing times of the reactants in the flow tube, determined from
the intersections of the straight lines in plots of InlR}-o and
In[D] —n,co versust. The statistical weights of the data for the
fitting were 0.1 for D and 1.0 for H and HCO.

The measured concentratietime profiles at the two tem- The results are given in Table 4. The average values for the
peratures are shown in Figures 4 and 5, respectively. From the,gie constants (with®limits) are

observed profiles, it is seen that both HCO and H are formed

to reduce the effect of secondary reactions (8.802 mol
cm=3 < [D]o = 2.9 x 102 mol cm3). Simulations showed
that in the first 16-20 ms of the reaction under these conditions
the system is governed by reaction 2 and that secondary
reactions of the products H and HCO do not play very important
roles.

as primary products of reaction 2 without induction times. At k, ,(296 K)= (1.9+ 0.5) x 10" cm’mol *s™*
short reaction times, the concentrations of both species are

roughly equal, indicating comparable contributions from reac- k, (296 K)= (1.5+ 0.4) x 10'°cm’mol™*s™
tions 2.1 and 2.2. At 296 K, the product concentrations reach 1 3 1
their maxima at reaction times longer than the observation times. k(600 K) = (4.9+ 0.9) x 10" cm’mol's

At 600 K, the H maxima are reached somewhat sooner because

_ 1.3 1.1
of the faster rate of reaction 2. Under all conditions, the H and k, (600 K)= (3.1+ 0.3) x 10" cm’mol*s

HCO decay reactions seem to be relatively slow. Thus, the additiorelimination route accounts for approximately
Using the numerical simulation-least-squares fitting procedure 40% of the D+ H,CO reaction. The fitted concentrations can
(reactions in Table 1), the values of the rate constkntsand be seen in Figures 4 and 5. The calculated and experimental

k2> could be determined by simultaneously fitting them to the profiles are in excellent agreement.
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Figure 4. Measured concentratiertime profiles of the D and H atoms and HCO radicals in the reaction systemH)CO atT = 296 K.
Experimental concentration® = D, @ = H, anda = HCO. Fitted concentration profiles:. The rate constant valués; andk, . from the fitting
are given in Table 4.

The results at the two temperatures translate to the respectivaneasured species (D, H, HCO) Rt= 296 and 600 K can be

Arrhenius expressions of found in panels a and b, respectively, of Figure 6. The sensitivity
coefficients are given at an intermediate reaction timaif
k, (T) = (1.2£ 0.5) x 10" x 10 ms. The influence of the possible secondary reactions,

exp[—(15.8+ 0.8) kJ moTllR'l] emimol st especially the wall loss of the products and their mutual
P ' ) combination reactions, increases with increasing reaction time.
k, T) = (5.94 1.5) x 10%2 % Also, the effects are generally somewhat larger at the higher
' 1 31 -1 temperature; Figure 6b gives almost the worst case scenario.
exp[—(14.7+ 1.0) kI mol"/RT] cm”mol ~s However, the diagrams show that the concentration profiles are

with estimated error limits including the systematic errors of MOSt strongly determined by the valuesloh andkz .o

the rate constants to within 25%.

3.2.3. Sensitity Analysis.The influence of the various side
reactions on the experimental results at the two temperatures Reaction 1 has previously been studied in a number of
was checked by sensitivity analyses. Histograms of the com- laboratories (see refs 4 and 5). The different measurements have
puted reduced sensitivity coefficienis(In ¢;)/0 (In k;) for the been evaluated in some detail by Irdam ethiyho modeled

4, Discussion
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TABLE 5: Molecular Parameters of the CH,DO, H—HDCO?*, and D—H,CO* Used For the Unimolecular Rate Calculations
(values in cnr?)

CHz0? H—CH,O™® H+ H.COF CH,DO¢ D—CH,0™ H—CHDO™ D + H.COF H+ HDCCO*
AHS —6920 +1540 0 —7470 +1360 +960 0 —590
A 5.210 3.925 9.405 3.910 2.710 3.280 9.405 6.148
B 0.932 1.007 1.295 0.838 0.929 0.905 1.295 1.027
C 0.932 0.962 1.134 0.797 0.808 0.881 1.134 0.894
Vi 2800 2798 2811 2840 2800 2800 2811 2844
1359 1593 1500 1360 1590 1450 1500 1400
1437 1173 1170 1430 1170 1075 1170 1060
1045 1414 1756 1040 1410 1410 1756 1723
1038 581 - 900 500 580 - -
2809 2892 2861 2800 2890 2150 2861 2121
1437 740 - 1090 600 650 - -
1038 1232 1251 900 1100 1150 1251 1030
2809 830 - 2300 740 900 - -
o 3 1 2 1 1 1 2 1
o 2 1 1 2 1 1 1 1
Os 2 2 2 2 2 2 2 2

aRef 29.P Scaled values according to ref ZRef 28.4 This work (estimated).

the rate constant for the H H,CO abstraction reaction in a + HDCO (2c¢)?2 According to ab initio calculation®27 the
wide temperature range using transition-state theory. The presentaddition of D to the O atom of the &0 molecule (2g) has a
result for the rate constaki(T) fits well with the available body  significantly higher energy barrier than the addition to the C
of data. It is important that the results fdg from the atom. Reaction 2h requires an isomerization according tg- CH
measurements of the H atom decay and the HCO production atOD == CHDOH or CHOD == CH,DO, again with high energy
room temperature were found to be in excellent agreement. barriers.

The overall rate constant for reaction 2 is somewhat higher  Thus, the reactions which have to be considered are 2a, 2b,
than for reaction 1 in the temperature range investigated. The —2b, and 2c. In this sequence, reaction 2c is favored compared
room-temperature value ig(296 K) = 3.4 x 10° cm?® mol~? to —2b because of the difference in the zero-point en@rgy
s™1 compared tk;(296 K) = 2.3 x 10 cm® mol~t s7L. This between HCO and HDCO AEz = —590 cnt?).
difference is explained for the most part by the additional  With these premises and with the usual steady-state assump-
contribution from the D/H isotope exchange process (2.2), which tion for CH,DO*, the experimental rate constaky, for the
accounts for~40% of the overall reaction. On the other hand, D/H isotope exchange is found to be
the H atom abstraction channel is slightly slower for the D atom
reaction compared to that for the H atom reaction. As shown K; » = Koo (K_op T Koo
by the present temperature-dependent measurements, the activa-
tion energy for H abstraction by D seems to be somewhat higherThus, the experimental results flar, can be used to determine
than for the analogous abstraction reaction by the H atoms. Thisthe value of the D H,CO association rate constaat, which
may hint at a contribution to the reaction from tunneling through should give the rate constant for the formation of the addition
the potential energy barrier, which would be favored for the H product CHDO in the high-pressure limit. The molecular

atom reaction. parameters of these calculations are listed in Table 5. The ratio
The observed two product channels can be rationalized by kyd/(k-2n + kao) was estimated from the specific rate constants
the scheme k(E,J) of the respective CHDO* dissociation channels at energy
E and angular momenturd using unimolecular rate theo#).
D+ HZCO—a> HD + HCO (2a) Becauseky: > k-2, the correction to the experimental, was

expected to be rather small. Thig/(k-2, + ko) was calculated
2 * S _ for simplicity by adopting average values f&randJ of the
D+ H,CO=5 CH,DO* = H + HDCO  (2b:~2b,2¢) intermediate CHDO* complex from step 2b, givindtod (K-
d + kao) = 0.83 and 0.8 at 296 and 600 K, respectively. With the
—HD+HCO (2d) correction, the expression of the rate constant for the B,-

£ H,+ DCO (2e) CO association reaction as a function of temperature becomes
= 2
+—fM> CH,DO (2f) kop(T) = (7.8 2.0) x 10" x

: exp[—(14.9+ 0.8) kI mol/RT] cm®* mol *s*
9. LY _
D+ HCO=2 CHOD™ = H +HDCO (29i-29,2h) This experimental rate expression can be compared with
predictions on the basis of the unimolecular rate theory. Using
the standard transition-state theory expression for the high-
pressure thermal association rate constatfite pre-exponential
Not all of these channels are expected to play a role. As factors were calculated #= 9.2 x 102cm® mol~ts™1 (T =
mentioned, the collisional stabilization channels (2f and 2i) 296 K) and 1.1x 10 cm® mol~t s (T = 600 K), almost
require high pressure. Furthermore, the energy barrier for theindependent off in the range of interest. The resulting small
dissociation of the CEDO* complex to HD+ HCO (2d) or curvature in the corresponding Arrhenius plot from the small
H, + DCO (2e) is assumed to be significantly higher than that temperature dependence of theralue would be described by
for the dissociation of the complex to B H,CO (—2b) or H aT%22term. This calculated factor is slightly larger than the

i .
—-- CH,0D (2i)
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Figure 5. Measured concentratieriime profiles of the D and H atoms in the reaction systentDH,CO at T = 600 K. Experimental
concentrations:® = D, B = H. Simulated concentration profiles=. The rate constant valués, andk,, from the fitting are given in Table 4.

experimental one. However, the rate constants are expected td,y,, the classical potential barrier heighEg of the D+ H,CO

be affected by tunneling. Tunneling has been shown to be addition reaction should be

important from the measurements of the state-specifigGCH

unimolecular decay rate constants we reported eafli#he = 1

respective contributions for the B H,CO addition step could AB(D + H,CO)= 1360+ 100 cm

be estimated for the purpose of the present study as propose

by Troe*2 by assuming a simple parabolic potential barrier shape.

The calculated tunneling factors wefgnne= 1.48 atT = 296

K and Funnel= 1.17 atT = 600 K. With this correction, the

expression foky, without tunneling contribution derived from

the experimental data igy(T) = (8.2 + 2.0) x 10'2 exp[— AE(H + H,CO) = 1540+ 150 cm *

(16.0+ 0.8) kJ molY/RT] cm?® mol~1 s~1. Within the experi-

mental error, thisA factor is in very good agreement with the  Both values are considered as upper limits because of the higher

result from the transition-state theory calculation above. theoretical A factor used for their estimation. The lower
When the theoretical value &= 9.2 x 102 cm® mol~ts™? experimentalA factor of 8.2x 102 cm® mol~t s~! would give

is combined with the room-temperature experimental result for barriers lower by 20 cm. This uncertainty is small, however,

%ith the change in zero-point energy at the transition-state
configuration, the resulting value for the H H,CO addition
reaction would be
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(a) Reaction D H HCO
H+HCO — H,+CO
D+H,CO — HD+HCO 1
D+H,CO — H+HDCO
H+HCO — H,+CO
D+HCO — HD+CO l
D+HCO — H+DCO i
D+DCO — D,+CO
H+DCO — HD + CO
HCO + HCO —  products
HCO +DCO —  products
DCO +DCO —  products
HCO —  products
DCO —  products
HCO +wall —  products |
DCO +wall —  products
H+wal — products
D+wal — products
05-04-0302-0100 0200 02 04 0.6 -0.4-0.20.0 0.2 0.4 0.6 0.8
Sensitivity Coefficient
(b) Reaction D H HCO
H+H,CO — H,+CO
D+H,CO — HD+HCO
D+H,CO - H+HDCO
H+HCO - H,+CO
D+HCO - HD+CO
D+HCO — H+DCO | |
D+DCO —» D,+CO
H+DCO — HD+CO
HCO+HCO —  products |
HCO +DCO — products
DCO +DCO —  products
HCO —  products
DCO -—  products
HCO +wall —  products |
DCO +wall —  products
H+wal —  products
D+wall —  products #—_

05-04-03-02-0100 0200 02 04 0.6 -04-0200 0.2 0.4 0.6 0.8
Sensitivity Coefficient

Figure 6. Results of the sensitivity analysis for the reaction system B,CO at (a)T = 296 K, [D]o = 1.29 x 1072 mol cn3, [H,COJ, = 6.91
x 10719 mol cn3, andt = 10 ms and at (b} = 600 K, [D]o = 1.24 x 102 mol cn73, [H,COJp = 7.58 x 107 mol cnT3, andt = 10 ms.

considering the larger uncertainty of the zero-point energy These results also have considerable bearing for the unimo-
correction between the D and the H atom reactions because oflecular dissociation of the GJ@ radical. The heat of formatiéh
the high-frequency vibrations of the-BH,CO* transition state, of CHsO and the classical potential barrier height for the reaction
which had to be estimated. CH3O — H + H,CO have long been controversial. Under the
The estimates for the classical barrier heights based on theexperimental conditions used to measure the thermal rate
present experimental rate constants can be compared with dat@onstant$*~37 the CHO dissociation reaction is in the low-
from several ab initio studies; 2" which gave results in the  pressure regime so that significant corrections have to be applied
range 1600 cmt < AEq(H + H,CO) < 4300 cntl. Clearly to determine the dissociation threshold energy. The resulting
the theoretical values are, in general, on the high side. AEg values for CHO — H + H,CO are in the range 8300 cth
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