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Cavity ring-down absorption spectroscopy was used to medgH€0 + O,) = (5.9 £ 0.5) x 10713
kK(HCO + NO) = (1.9 + 0.2) x 1074 andk(HCO + Clp) = (7.6 & 0.7) x 1072 cm® molecule* st in

4—10 Torr of N, diluent at 295 K. FTIR/smog-chamber techniques were used to measure the following rate
constant ratios in 15750 Torr of N diluent at 295K: k(HCO + O,)/k(HCO + Cl,) = 0.85 + 0.02,
k(HCO + NO)/k(HCO + Cly) = 2.80+ 0.10, andk(HCO + NO,)/k(HCO +Cl;) = 8.45+ 0.38. Consistent
results were obtained from the two different techniques. 7@ Torr of N diluent at 295 K the reaction

of HCO with CkL proceeds via a single channel giving HC(O)EICI, reaction of HCO with NO gives CO

in a yield indistinguishable from 100%, and reaction of HCO with N@es a 70% yield of CO and a 30%
yield of CO,. Ab initio calculations show that the reaction of HCO radicals withpgEbceeds via the formation

of the HC(O)C} complex, which decomposes, rapidly to HC(O)CI and a Cl atom.

1. Introduction toward HCO radicals. There are considerable uncertainties in
the absolute rate kinetic data for individual HCO reactions and

The formyl radical is an important intermediate in the . L . .
oxidation of organic compounds. Accurate kinetic and mecha- relative reactivities of @ NO, and NQ derived from ratios of
the absolute rate constant measurements carry substantial

nistic data concerning HCO radicals are necessary to model the

atmospheric and combustion chemistry of fossil fuels. Recogni- E'r;%etrézlgtgld t-(l;oesct?tr)llf'}s/hotlﬁ:a ;ler}gte_rset?gg(lzrt]_g . tﬂstgorZiﬁlon
tion of the importance of HCO radicals has led to numerous inet ' v Ivities @ ’

experimental and theoretical studies of its reactions with @ NO., we have conducted kinetic studies of reactiongl Lising

NOZ47-9.11 NO, 101218 gnd Cp.10 a combination of cavity ring.-down spectroscopy (CRBaNd
' ’ FTIR/smog chamber techniques.
HCO+ 0,—~ HO, + CO (1) CRDS is a new absorption technique based on measurement
of the decay of a laser pulse confined within a cavity between
HCO+ NO— HNO + CO 2) two highly reflecting mirrors. Spectroscopic and kinetic data
are derived by measuring the increased rate of decay of the laser
HCO + NO, — products (3) pulse caused by absorption in the cad#ihe CRDS technique
has been used in kinetic studies of pheffyinoxy,?® ethyl 24
HCO + Cl,— HC(O)CI+ ClI 4) 10,25 propargyl?® and BrO radicald’” The CRDS technique

employs very long optical path lengths<20 km) and has
As aresult of these studies, the gross features of the kineticsgreater sensitivity than conventional absorption techniques. The
and mechanisms of the above reactions are now clear. Howeversensitivity of CRDS enables very low radical concentrations to
significant uncertainties persist in our understanding of the be used, thus avoiding potential complications caused by
details of the above reactions. Reaction 1 is the most importantradical-radical reactions. The initial HCO concentrations
fate of HCO radicals in the atmosphere and in combustion employed in the present study were) x 10'2cm™3; a factor
systems, and has been the subject of numerous kinetic studiespf 10—100 times lower than previous experiments employing

The NASA data evaluation pard@lrecommends use df, = conventional absorption techniques?

5.5 x 1072 cm® molecule® s at 298 K in atmospheric The present work had two aims. First, to improve our
models. However, recent measurements by Nesbitt &t al understanding of the kinetics and mechanisms of reactiows 1
suggest that a significantly lower valug,= 4.0 x 10°2 cm? under atmospheric conditions. Second, to extend the use of

molecule* s™* at 298 K, is more appropriate. In the modeling CRDS to the study of HCO radicals. As part of this work ab
and interpretation of smog chamber data, accurate rate constaninitio quantum mechanical calculations were performed to study
ratios for competing reactions are often more important inputs the mechanism of the reaction of HCO radicals with. Cl

than the absolute rate constants themselves. There have beeg . .

no measurements of the relative reactivites gfiiD, and NQ - Experimental Section

The experimental systems used in this study are described in
* E-mail: mkawasa7@ip.media.kyoto-u.ac.jp. Fak81-75-753-5526. detail elsewheré’28 Uncertainties reported herein are two
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standard deviations unless otherwise stated. Standard error
propagation methods were used to combine uncertainties where
appropriate.

2.1 The Cavity Ring-Down Spectroscopy System at Kyoto
University. The CRDS apparatus is described in detail else-
where?” A dye laser (Spectra Physics model PDL-3; fwkm
0.1 cnt?, sulforhodamine 640 dye) was pumped by the 532
nm output of a Nd:YAG laser (Quanta-Ray DCR-2) and injected
into the ring-down cavity through one of the cavity end mirrors
typically under 2 Hz operation. The mirrors (Research Electro
Optics) had a diameter of 7.8 mra 1 mradius of curvature,
and were mounted 1.04 m apart in PTFE disks connected to
the glass flow tube by stainless steel bellows. Fine control of
the mirror position was achieved using micrometer screws
located alongside the bellows. The optical cavity had a ring
down time of 5Qus at 613.5 nm. This ring-down time multiplied ™
by the speed of light (3 10° m s'1) gives an effective path - Wavelength (nm)
length of 15 km. Light escaping from the ring-down cavity was o0l b———o o :
detected by a photomultiplier tube (Hamamatsu R212UH) 0 ! 2 3 4
mounted behind one of the mirrors. Decay traces were recorded Time (ms)
using a digital oscilloscope (Tektronix TDS430A) and trans- Figure 1. HCO decay following laser flash photolysis of mixtures
ferred to a personal computer to calculate ring-down rates.  containing 1.3x 10% cm™3 CH;CHO in 4 Torr total pressure of N

The ring-down cavity consisted of a glass tube (25 mm diluent with [O] = 0 (O), 1.5 x 10" (@), or 6.9 x 10" cm 2 (#).

diameter) which was evacuated by a rotary pump and a The lines are first-order fits. The inset shows the absorption spectrum
mechanical booster pump with a liquid nitrogen trap. The of HCO. On- and off-resonance monitoring wavelengths are indicated

: . by arrows.
pressure in the cell was monitored by an absolute pressure gaugey

(Baratron). The flows of sample gases were measured and
regulated by mass flow controllers. A slow flow of nitrogen
diluent was introduced at both ends of the ring-down cavity
close to the mirrors to protect them from deposition of reaction
products and reactants. Acetaldehy&ed@%) was purified by
freeze-pump—thaw cycling. Ultrahigh purity B O,, NO, and
Cl, were used without further purification. Reaction mixtures
consisted of 0.330.60 Torr (1.11.9 x 10 cm™3) CH;CHO
and 0-34 mTorr (0-1.1 x 10 cm™3) reactants (@ NO, or
Clp) in 4—10 Torr total pressure of Ndiluent at 295+ 2 K.
The samples in the cavity tube were completely refreshed for
< 2 Hz laser operation.

HCO radicals were produced by 266 nm pulsed laser
photolysis of CHCHO:

¢ R-head
HCO AZA"(090)-X2A'(000) band

[HCO] (10" em®)
T

with Cl,. The loss of HCHO and formation of products were
monitored by Fourier transform infrared spectroscopy using an
infrared path length of 27.7 m, and a resolution of 0.25tm
Infrared spectra were derived from 32 co-added interferograms.
Relative rate techniques were used to determine the rate
constant ratioki/ks, ko/ks, andks/ks. Initial concentrations of
the gas mixtures for the relative rate experiments were-7.1
13.2 mTorr HCHO, 0.351.12 Torr C}, and either 8-21.2 Torr
0O,, 0—3.48 Torr NO or 6-1.72 Torr NQ in 15—700 Torr N»
diluent. NO and Glwere obtained from commercial sources at
purities >99% and used without further purification. Ultrahigh
purity O, and N, were used as received. HCHO was prepared
by heating paraformaldehyde powder and trapping the resulting
HCHO vapor in a glass bulb using liquid nitrogen. N®as
prepared by mixing NO with excessQvaiting at leas1 h for
the reaction of NO with @to go to completion, freezing the
mixture with liquid N, and pumping off the excess,O
In smog-chamber experiments, unwanted loss of reactants and

CH,CHO + hv (1 = 266 nm)— CH, + HCO  (5)

HCO radicals were monitored by tuning the dye-laser on and

off resonance with the head of R-branch in th&AA(090) — ; : : .

S . S products via photolysis, dark chemistry, and wall reactions have
2N 9

XhA (OOO)I bagg at 6135619 n (seizthe 'n%%t in Iilsgurﬁ D). to be considered. Control experiments were performed to check

;I' € 'Tt'a H d_colnce_ntratlon_ was {2) Xdl cmf iIT ed oy for such unwanted losses of HC(O)CI in 700 and 15 Torr of N

oss of HCO radicals via reactions 1, 2, and 4 was followed by i ent. A slow, presumably heterogeneous, decomposition of

variation of the delay ime between the photolysis and probe HC(O)CI into HCI and CO was observed with first-order loss

laser pulses. rates of 2.3x 102 and 3.6x 103 min~1in 700 and 15 Torr

2.2 IIEZTIR/_Smog-Chamberf SyStsz‘ at 151%“?' Mo;or Com- ot N, diluent, respectively. On the time scale of the HCO kinetic
pany. Experiments were performed in a 140-liter Pyrex reactor o, seriments (515 min), heterogeneous loss of HC(O)Cl was

interfaced to a Mattsgndski)ruszéog FTIR Spe(l‘;tlrorrlf‘ieThe G negligible. Control experiments were performed to check for
reactor was surrounded by uorescen'g ackiamps (GE heterogeneous and/or photolytic loss of HCHO. Mixtures of
F15T8-BL) which were used to photochemically initiate the HCHO in air diluent were left in the dark for 30 min then

experiments. HCO radicals were produced by reaction of Cl irradiated using all 22 blacklamps for 5 min; there was no
atoms with HCHO. Cl atoms were generated by the photolysis observable €2%) loss of HCHO.

of molecular chlorine in 15700 Torr total pressure of N

diluent at 295+ 2 K: 3. Results
Cl,+ hv — 2Cl (6) 3.1 Kinetics of the Reactions of HCO with Q, NO, and
Cl, Investigated at Kyoto University. To study the kinetics
Cl + HCHO— HCO + HCI @) of reactions 1, 2, and 4, the probe laser pulse was injected into

the cavity at various delay times<® ms) following the 266
Cl atoms were also formed via the reaction of HCO radicals nm photolysis of CHCHO in the presence of a reactant,(O
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Figure 2. Plots ofkist versus the partial pressure of @ircles), NO (D)
(squares), and gltriangles). Data were obtained using the laser flash

photolysis CRDS system. 0a L

NO, or Ch). In the presence of HCO radicals, the ring-down M
rate increased substantially reflecting absorption of the resonance 0.0

dye laser radiation by HCO radicals in the cavity. The ring down ! ' '

rates,, on and off resonance with the HCO absorption were 1650 1700 1750 1;‘00 1850
recorded in back-to-back experiments at various delay times Wavenumber (Cl’l’l_ )
and the following formula was used to calculate the HCO radical

Figure 3. Infrared spectra acquired before (A) and afte) €4 s

concentrations: irradiation (2 fluorescent lamps) of a mixture of 12 mTorr of HCHO
and 1.05 Torr of Glin 700 Torr of N.. Panels C and D show spectra
(Bon — Bom)L acquired before (C) and after (D) a 21 s irradiation (2 fluorescent lamps)

(Uon - Uoff) [HCO]| (l) of a mixture containing 7.7 mTorr HCHO, 1.05 Torr,Chnd 4.60

¢ Torr O; in 700 Torr of N.

wherel is the cavity length (1.04 mY; is the speed of light,
oon and oo are the absorption coefficients of HCO at the on

and off resonance wavelengths, atti$ the length of overlap } . .
between probe and photolysis laser pulses. 3.2 Relative Rate Study of the Reactions of HCO with

Results obtained using mixtures of 3106 cm-3 of CHa- Oz_, NO, NO,, and Cl, at Ford. Experiments were performed
CHO in 4 Torr total pressure of Ndiluent with [0;] = 0 (O), using the FTIR system at Ford to measure the rate constant
1.5 x 10% (@), or 6.9x 101 cm 3 (#) are shown in Figure 1. _rat|osk_1/k4, ko/ka, andks/Ka. Thg techniques used are descrlt_)ed
As seen from Figure 1, the decay of HCO radicals followed in detail elsewheré! HCO radicals were gene_rated by reaction
first-order kinetics with rates which increased with increasing of Cl atoms (produced by photolysis of £ith HCHO and
[02]. Linear least-squares analysis of the data in Figure 1 gives &/lowed to react with either glor one of the following: @
pseudo first-order loss ratdést for the loss of HCO radicals. NO, or NG,

Values ofk!stin the absence of added,@ere 406-800 st The reaction of HCO radicals with £proceeds via one
and are atttributed to diffusion and flow of HCO out of the channel giving HC(O)CL. The rate constant ratidg/ks, ko/ks,
viewing zone and loss of HCO via reaction with trace impurities andks/ks were measured by monitoring the suppression of the
of O,. The recombination reaction of HCO radicals was HC(O)CI yield following addition of known amounts of either
considered to be negligible because the concentration of initially O2, NO, or NG, to HCHO/CL/N, mixtures. Figure 3 shows
generated HCO radicals was low. typical spectra acquired before (A) and after) @4 s UV

Figure 2 shows plots of the observed pseudo first-order loss irradiation (using 2 fluorescent lamps) of a mixture of 12 mTorr
rate of HCO radicals following photolysis of GBHO/O,/N,, HCHO and 1.05 Torr Glin 700 Torr of N. The IR features in
CH3CHO/NO/N,, or CHsCHO/CL/N, mixtures versus the partial ~ panel A are attributable to HCHO. The prominent product
pressure of @ NO, or Ch in 4—10 Torr of N; diluent at 295 feature centered at 1763 ctnin panel B is caused by the
K. There was no observable effect of total pressure, over the formation of HC(O)CI. Panels C and D show the results of an
range studied, on the kinetics of reactions 1, 2, and 4. analogous experimentin whichp@sas present. In the presence
Independent variation of the photolysis laser power {525 of O, there is a competition between reactions 1 and 4 for the
mJ/pulse), the repetition rate {10 Hz), and the initial available HCO radicals. From a comparison of panels B and D
concentration of HCO radicals had no discernible effect on the it is clear that the addition of £reduces the yield of HC(O)CI.
results. Linear least-squares analysis of the data in Figure 2 givedn a similar fashion it was observed that the presence of NO or
k(HCO+ 0O,) = (5.9£ 0.5) x 10712 k(HCO+ NO) = (1.9+ NO: also reduced the HC(O)Cl yield.

0.2) x 1071, andk(HCO + Cl,) = (7.6 + 0.7) x 10~2 cnm®
molecule’® s71.
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Figure 4. Plots of 1jucoc versus [Q)/[Cl] (circles) and [NOJ/[C}] Figure 6. Plots of CO formation in the reaction of HCO radicals with

(squares) for experiments conducted in 15 (open), 50 (grey), or 700 NO determined u_sing the FTIR smogjchamber technique. E_xperiments
Torr (filled symbols) of N diluent. Data were obtained using the FTIR ~ Were performed in either 15 (open circles) or 700 Torr efdiuent

smog-chamber system. (filled circles). The inset shows the absorption spectrum of HNO in
the region of the AA""(100)— X*A'(000)RR3(J') detected as a product
8 of the HCO+ NO reaction by CRD spectroscopy.

y-axis intercepts of unity. The slopes of such plots give the rate
constant ratic/ks. Inspection of Figures 4 and 5 shows that
there was no observable effect of total pressure over the range
15-700 Torr. Linear least-squares analysis of the data in Figures
3 and 4 givesi/ks = 0.85+ 0.02,ko/ks = 2.80+ 0.10, and
ks/ks = 8.45+ 0.38.

3.3 Products of the Reactions of HCO with NO, N@, and
Cl,. The spectra acquired in the FTIR experiments described
in the previous section contain information regarding the
products of reactions (24). HC(O)CI was the only carbon
containing product observed following the UV irradiation of
HCHO/CL/N, mixtures at low €40%) HCHO consumptions.
For large HCHO consumptions we observe small amounts of

0 . | ! CO produced by secondary reactions of Cl atoms with HC(O)-
0.0 02 04 0.6 038 Cl. These observations are entirely consistent with the previous
[NO,]/[CL] determination by Niki et at? that reaction 4 proceeds via one

Figure 5. Plot of 14ncociversus [NQJ/[CI;] for experiments conducted reaction channel, gIYI_ng HC(O)CI. )
in 15 (open) or 700 (filled) Torr of Mdiluent. Two carbon containing products were observed following the

UV irradiation of HCHO/CH/NO/N, mixtures; HC(O)CI and
The yield of HCOCl,yncocy is related to the rate constant  CO. The HC(O)CI product is attributable to reaction 4, CO is

ratio ky/ks by the expression (%= Oz, NO, or NQy): a product of reaction 2. Figure 6 shows the observed CO
formation versus HCHO loss (corrected for the fraction of the

1 ke [X]o .. HCHO loss leading to HC(O)CI formation) following UV

Yicoc =1+ k_4 [Cl.], (ii) irradiation of HCHO/CH/NO/N, mixtures. Linear least-squares

analysis gives a CO yield from the reaction of HCO radicals
where [Xpb and [Ch]o are the initial concentrations of the ~With NO of 103+ 8%. The FTIR spectra were examined for
reactants. Figures 4 and 5 show plots of the reciprocal of the evidence of HNO formation, but none was found. In the absence
HC(O)Cl yield versus the [X]/[G] concentration ratio. In the ~ ©Of & calibrated IR reference spectrum of HNO we are unable to
presence of @ small amounts of formic acid product were deduce a product yield for this species from the FTIR experi-
observed. The formation of formic acid in such systems is well Ments.
documented and originates from the slow reaction of,HO CRD spectroscopy experiments were performed to search for
radicals with HCHO. In the calculation oficoci small (1— the formation of HNO. The characteristic visible absorption of
5%) corrections were made to the observed HCHO loss to HNO at 615-619 nm was observed following the laser flash
account for loss via reaction with HQadicals. Experiments  photolysis of mixtures of 3.9 Torr G4€HO and 15 mTorr NO
were conducted in 15 (open symbols), 50 (grey symbols), or in 7.9 Torr N> diluent. The inset in Figure 6 shows the observed
700 Torr (filled symbols) of Mdiluent. As expected from the  HNO spectrum which is assigned to théAX (100) — XA’
expression above, the plots in Figures 4 and 5 are linear with (000) transitior® While the CRD spectrum shown in the inset
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TABLE 1: Kinetic Data for Reactions of HCO Radicals with O,, NO, NO,, and Cl, at 295 K

Ninomiya et al.

k(HCO+ O,) k(HCO + NO) k(HCO + Cl,) k(HCO + NOy)
(107 2cm? (10 cmd (10 2cm? (10 cmd total pressure
molecule*s™) molecule* s71) molecule*s™) moleculets™) (Torr) technique refs
57+1.2 4 (He) DF-PIMS 1
5.6+0.9 0.85+ 0.10 20-530 (He) FP-VA 2
4.0+0.8 1.4+0.2 10 (HCHO) LFP-IDLS 3
3.8+1.0 1.2+ 0.4 3-100 (Ny) FP-IDLS 4
42+0.7 4.2 (Ar) FP-IDLS 5
51+1.0 1-4 (He) DF-LMR 6
46+ 0.6 1.3+ 0.2 3-1000 (N, LFP-LRA 7
56+1.2 1.2+ 0.2 45-500 (Np) FP-LRA 9
2.7+£09 3-58 () LFP—PIMS 12
6.2+ 1.2 71+1.4 5.2 0.5-1.5 (He) DFPIMS 10
57+0.9 6700 (Sk) LFP-LRA 15
4.0+£0.6 1.3+ 0.2 1 (He) DFPIMS 11
59+ 0.5 1.9+ 0.2 7.6+ 0.7 4-10 (Np) LFP—CRDS this work-Kyoto
6.3+ 1.5 2.1+ 05 (7.4+ 1.7p 6.3+ 1.5 15-700 (Ny) FTIR-RR this work-Ford

aDF = discharge flow, PIMS= photoionization mass spectrometry, EFflash photolysis, VA= visible absorption, IDLS= intracavity dye
laser spectroscopy, LMR laser magnetic resonance, LRAlaser resonance absorption, CRBSavity ring down spectroscopy, FTHRR =
Fourier transform infrared spectroscopy relative r&t¢alue used to scale relative rate data.

12 TABLE 2: Reported Branching Ratios for Reaction 3
(3a) (3b) (3c) (3d) ref
ol ~1 12
0.66 0 0 0.34 13
0.79 0 0 0.21 14
’E 0.48+0.14 0 0.52£ 0.14:3c< 0.10 15
ﬁ <0.05 0.63+ 0.05 0.05 0.3& 0.05 16
= 0.62 0 0.38 17
— 0.66+ 0.10 0 0.34+0.10 18
g’ 0.70+ 0.08 0.30+ 0.05 this work
=
3
g (Ksa + Kab + Kac + kag) = 0.30 0.05 in 15-700 Torr of N
= diluent at 295 K:
<
AH;QB
(kcal moi)
HCO+ NO, — CO+ HONO —63.3 (3a)
— CO+ OH+ NO —-135 (3b)
— CO; + HNO —86.4 (3c)
—CO;+H+NO —38.3 (3d)

A[HCHO] - A[HC(O)CI] (mTorr)

Figure 7. Plots of CO (triangles) and GQdiamonds) formation in
the reaction of HCO with N@ Experiments were performed in either
15 (open symbols) or 700 Torr of Nliluent (filled symbols). Data
were obtained using the FTIR smog-chamber system.

As indicated above, it is expected that HONO and/or NO will
be formed as products in reaction 3. HONO and NO were indeed
detected in the FTIR experiments. However, the formation of
these species via processes unrelated to reaction 3, i.e., reaction
with H,O on the chamber walls and photolysis of N@recludes
in Figure 6 demonstrates that HNO is formed in the system, a reliable estimate of their product yields from reaction 3. As
quantification of the HNO yield is not possible at this time. seen from Table 2, with the exception of the results from Guo
There are two possible sources of HNO that need to be et al.}®> our measured CO and G@ields are consistent with
considered: direct formation from HC® NO and indirect the mechanistic findings of previous workers. In the absence
formation via the H+ NO reaction. Under our experimental of product data for HONO, HNO, or NO from the FTIR
conditions, the contribution of the latter process is negligibly experiments, it is not possible to distinguish between channels
small, since H atoms generated by 266 nm photolysis ofCH 3a and 3b, or between 3c and 3d.
CHO are efficiently scavenged by reaction with £LHHO and 3.4 Ab Initio Study of the Mechanism of the HCO + Cl,
not with NO. The observed HNO is a product of reaction 2. Reaction.Rate constants for the reaction of HGOCI, at 295
Three carbon containing products were observed following K were calculated. Reactant, transition state, intermediate, and
UV irradiation of HCHO/CH/NO,/N, mixtures: HC(O)CI, CO, product geometries were optimized at the density functional
and CQ. The triangles and diamonds in Figure 7 show the theory (DFT) using the unrestricted Beékehree-parameter
observed CO and CQormation versus HCHO loss following  hybrid method with the Lee, Yang, and PArcorrelation
the UV irradiation of HCHO/GYNO,/N, mixtures. The HCHO functional and the 6-311G(d,p) basis®détienoted as B3LYP/
loss is corrected for the fraction of HCHO loss that leads to 6-311G(d,p)). Vibrational frequency analyses were also carried
HC(O)CI formation. Linear least-squares analysis of the data out at the same level of theory. To confirm the reliability of
in Figure 7 gives a 74t 9% CO yield and a 32 6% CO the DFT calculations, single-point energy calculations were
yield. Normalizing the combined CO and ¢@elds from the performed at the QCISD(T) level with the 6-311G(d,p) basis
present work to 100% we arrive at branching ratioslkaf, ¢ set using the B3LYP optimized geometries. As shown in Figure
kap)/(Ksa + kap + kac + kag) = 0.70 & 0.08 and Kzc + kag)/ 8, the computed energy values at the B3LYP level are in good
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TS4

complex

(nonplanar) (-37.61)
s (3o / CLH + CO
el S0 -31.73
3730) (-45.56)

k (anti)
-38.27
(-37.03)

Figure 8. Potential energy surface at the B3LYP/6-311G(d,p) level
of theory (without ZPE correction). The values in parentheses cor-
respond to the QCISD(T)/6-311G(d,p) level. Relative values are in kcal
mol™%.

agreement with those at the QCISD(T) level. Therefore, we are

J. Phys. Chem. A, Vol. 104, No. 32, 2001661

to facilitate a connection with minima along the reaction
pathways” Our IRC analyses identified the true local minimum
points. All ab initio calculations were performed with the
Gaussian 94 program packatje.

Three possible pathways were found for the reaction
HCO + Cl,. The optimized geometries of various reaction
species involved in these pathways are shown in Figure 9. The
profile of the potential energy surface at the B3LYP/6-311G-
(d,p) level is shown in Figure 8. In the first pathway, the reaction
starts with the attachment of b the carbon atom of HCO to
form the HC(O)C} complex, in which the C+Cl bond is almost
cleaved. Three local minimum points for the HC(Q)Gbmplex
with the syn-, anti-, and nonplanar structures were found, but
there is little energy difference<(2 kcal molt) among these
stereoisomers at both B3LYP and QCISD(T) levels of theory.
Therefore, among these thermodynamically equivalent struc-
tures, we employed the antistructure that has the lowest potential
energy at the B3LYP level of theory. This complex dissociates
into HC(O)CI + CI via TS2 located on the potential energy
surface along the reaction coordinate, the-Cll distance.
Because of the absence of van der Waals interaction between
the Cl radical and the HC(O)CI species, the products are 3.91
kcal mol! less stable than the complex at the B3LYP level.

able to derive reasonable results from the energies and theThe CF--Cl bond of the complex has a length of 2.846 A and

vibrational frequencies computed at the B3LYP level of theory
for the entire rate calculations shown below. Transition states
were subjected to intrinsic reaction coordinate (IRC) calculations

is almost cleaved. The HC(O)tomplex has an excess internal
energy resulting from the large binding energy of formyl radical
and molecular chlorine, and hence, it can easily decompose to

Cl Cl L1
C 0o
1.127
2.056 /1240
Cl,, Doy HCO, Cs, %A’
a Cl
2.846 1042 y
4 c1/ ci
91.4 102.6 99.1
2.881" 1.849 1.831 1.838
NJO7IC ) es 1077¢ 1810
) 5\’ ~95 \J.170 1.169
H o \\0 H(® \ N
(6}
complex (anti), Cs, AN complex (syn), Cs, ZAN complex (nonplanar), C; A
2232 C1 Cl
Cl
“\ 7458 1.807
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Figure 9. B3LYP/6-311G(d,p) optimized geometries of the reactants,
HCO reaction.

products, various intermediates, and transition states (TS).fér the ClI



7562 J. Phys. Chem. A, Vol. 104, No. 32, 2000 Ninomiya et al.

HC(O)CI and a Cl atom. In the second pathway, the complex various products can be evaluated on the basis of the RRKM
dissociates into GH + CO via TS4. In this pathway, €l theoryt!
abstracts the H atom of the formyl group via the four-centered

transition state, TS4, to form &. This pathway gives products, ke T Qtichi T cx,ki(E)zPa(Eai)e’Eai’RT dE;
CloH + CO, that are slightly more stable than €IHC(O)CI. k= I"‘T— “Jo RT
The high activation barrier (12.92 kcal mélat the B3LYP QuedQu, Zki(E) To

level and 19.87 kcal mot at the QCISD(T) level) implies, V)

however, that the second pathway is unlikely to occur compared o EfRT 4 #
with the first one. In the third pathway, the Cl atom of molecular k= E QtiQr:L —EJRT WWEPa(Ea )e dE, (vi)
chlorine is abstracted via TS3. In the course of this reaction, &h Qricolui, 0 zki(E) +w RT
the molecular chlorine attacks the formyl radical withi3
symmetry, giving a nonplanar complex. This stereochemical

— ¥ ..

feature is different from the first and the second pathways, in k(E) = C;) P(E")/hNE) (vi)
which the whole reaction proceeds keepidgsymmetry. _
Simple transition state theory (TST) was used to calculate w = pZ,;[M] (viii)

the rate constants for the entrance channel of the first and third ) ) )

pathways. In the first and second pathways, which are identical Wherei = b, ¢, andd, andl, is the reaction path degeneracy for
with respect to the first half of the reaction, the formation of the formation of (HC(O)G)* via step (a).Qxco and Qci, are

the complex from the reactants passes through TS1 with almostth total partition functions of HCO and £respectively Qi*

no cost of energy because of the high reactivity of the radical and Q* are the translatlonalland rotational partition functions
species. Therefore, we used the “loose transition state” n#del, Of TS1 for step (a), respectively. That transition state has an
which is widely used to model the kinetics for many barrierless €Nergy barrie, at 0 K. However, as mentioned abo&, is
reactions to determine the rate constant for this process.Practically zerok(E) is the energy-specific rate constant for

According to this simple but useful method, the rate constant St€P (), andCi is the product of the statistical factor and the

expressed in chimolecule’® s! takes the form ratio of overall rotational partition function of thg transition state
for step {) to the complex, HC(O)G! ZP4(E4}) is the sum of
g* n\[ ABCI, mt |23 states of the transition state for step (a) with excess ergfgy
k(T) =« tl\aser Quip (iii) andN(E) is the density of states of (HC(O)§}t having a total
Yrcodel, ke cl,/\MhcoMel, energy E, o is the effective collision frequency for the

deactivation of (HC(O)G)* via step (e), angb. is the collision
whereg, gero, andgey, are the electronic multiplicities of the  efficiency, which is calculated by Troe’s weak-collision ap-
loose transition state and of the reactants, respecti@ly.is proximation?2 Z, ; is the Lennard-Jones collision frequency. In
the I‘atIO Of V|brat|0na.| part|t|0n funC“OnS Of the tl'anSItIOI‘l state thlS Calculation' we used the fo"owing parameters: the tem-
and the reactants\, B, and C are the moments of inertia (g perature-dependent collisional efficiengy= 0.48— 0.60, the
sz) Of the transition Stat%’, B', andC’ are the moments Of energy dependent factor Of the dens“:y Of SEE: :I_7 the

inertia of HCO.lIcy, is the moment of inertia of Gl andlp is Lennard-Jones potential collisional diameter 0.445 nm and
the reduced moment of inertia for rotation around the @ the Lennard-Jones well deptfikg = 144 K43

bond. Also,m* andm are the masses of the transition state and  The experimentally observed rate constant of HEQC,
the reactants, in grams, andincludes the reaction symmetry (i) is reproduced as follows:
number and the numerical coefficient, resulting from the

approximation of the harmonic oscillator to the internal free k, = k. + kg + ki, (ix)
rotor. The geometric structure of such a transition state can be
described with the Gorin mod#l,assuming that the ©Cl The calculated temperature and pressure dependence of the total

distance in TS is 3.5 times larger than the-Cl distance in rate constant werky (T, P =4 Torr of N;) = 1.0 x 1071 to
the complex and holding constant the structural parameters for8.8 x 10712 cm® molecule® s71 for T = 340-200 K andk,
Cl, and HCO. The calculated rate constant of the first and (T = 295 K, P) = 1.0 x 10! cm? molecule’® s for P =
second pathways is 1.0 10711 cm?® molecule* st at 295 K. 1-760 Torr of No. Our calculations show that the total rate
On the other hand, the rate constant for the third pathway thatconstantk, is independent of pressure. The calculated rate
passes through TS3 is 2:3 10716 cm?® molecule st at 295 constant was entirely consistent with the experimental findings.
K. This small rate constant compared with those of the first In this temperature and pressure rargayas much larger than
and second pathways shows that the third pathway can bek,, k., andk.. The results show that step (d) is the majer (
neglected. 99.56%) channel of this reaction.

RRKM calculations using the following mechanism were The ab initio study showed that reaction of HCO radicals
conducted to evaluate the total rate constant for the first and proceeds via the formation of the HC(O)Qlomplex, which

second pathways: possesses significant internal excitation and decomposes es-
sentially immediately to give HC(O)CI and Cl. Hsu et*al
HCO + Cl, = (HCO(O)Ch)* —~CLH + CO calculatedks at the same level of theory. Comparing their value
b with ours givesky/ks = 0.68, which is consistent, within the
da HC(0)Cl+ ClI accuracy of the calculations, with our experimental determina-

tion of ki/ks = 0.85+ 0.02.
e .
— HC(O)CL(+M [\
(O)CL(HM) ) 4. Discussion
In this reaction, (HC(O)G)* represents the vibrationally The results from the present work are compared to the
excited intermediate, and step (e) is a collisional relaxation previous data in Table 1. The valuelaf= (7.6 £ 0.7) x 10712
process. The rate constants for the disappearance of HCO intacm® mol™* s™! measured using the CRDS technique in the
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