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The elementary reaction of the propargyl radical with the oxygen molecule was experimentally and theoretically
investigated. The §H; radical was produced by laser photolysis gHgBr at 248 nm. Nascent vibrationally
excited products HCO, CQand CO were recorded by time-resolved Fourier transform infrared spectroscopy.
The reaction channels of,8,0 + HCO (1), CHCO + CO (2), and GH3 + CO, (4) were identified. For the
nascent product CO molecules, a vibrational temperature of 4300 K was measured. For the g@roduct,

an inverse vibrational population at= 2 was found. The reaction mechanisms were theoretically investigated

by ab initio calculations at the UB3LYP/6-31G(d,p) level. The calculated results are in agreement with the
experimental observations. The highest energy barriers in both channels 1 and 2 are 11.5 kcal/mol, so that the
two channels occur at moderate temperature. The energy barrier in channel 4 is 49.3 kcal/mol, restricting the
formation of CQ to high temperature. These predictions were verified by the quenching effect of argon gas.

1. Introduction CO, and CQ have been observed for the first time by time-
Unsaturated alkyne radicals play key roles in the formation resolved Fourier transform infrared (TR-FTIR) emission spec-

of aromatic compounds, polycyclic aromatic hydrocarbons troscopy. New product channels of the reaction were found.

(PAHSs), and soot in combustion procés$.Several experi- Spectral simulations provide relative excited vibrational popula-

mental and theoretical studies have been carried out on thetions of the products CO and GOThe entire reaction
reaction of ethynyl (gH) radical with Q.58 The measured =~ mechanism was also investigated by theoretical calculations at

constants are between & 101 and 4.2 x 10 cmB the B3LYP/6-31-G(d,p) levels. The results explain the experi-
moleculel s™1. The products CO and Gave been observéd. ~ mental observations very well.

Propargyl radical is considered a resonantly stabilized free . ]

radical. Because of its stability, it can accumulate in relatively 2. Experimental and Theoretical Methods

high concentrations in flamé&sThe recombination of two The experimental apparatus and techniques have been de-
propargyl radicals is a major source of compounds with a single scriped in detail elsewhe?é Briefly, the apparatus consists of
aromatic ring such as benzene or pheffiyt? The reaction of 5 kyF Laser (150 mJ, Lambda Physik-305i), a reaction chamber,
propargyl radical with oxygen is the most important competing anq a TR-FTIR spectroscope (Nicolet 800). The infrared
reaction with the “ring-forming” process. In contrast witstC  emjssjon is collected by a pair of gold-coated spherical mirrors
radical, few studies have been performed on the reaction of 5 s recorded by an InSb (77 K) detector, which is sensitive
propargyl (GHs) radical with Q. in the region 18063600 cnTX. The detector response was taken

Hudgens and co-worketS measured the decay rate oftG into account in the simulations. The transient IR emissions of
radical, obtaining the high-pressure limiting rate coeff_|0|le>nt the reaction products were detectedssafter laser triggering.
as 2.3 £ 0.5) x 107 cm™® molecule™ s~ for the reaction of  1p¢ time resolution of the transient recorder i€ and the
propargyl with oxygen using cavity ring-down spectroscopy. spectral resolution is set at 16 chn
Slagle and Gutmdf measured the overall rate constant as 5 .
10" exp(~12 kI moFYRT) cm~2 molecule’! s~ with a tubular A gas mixture of GH3Br (0.3 Torr) and @ (0.2 Torr) flows
reactor coupled with a photoionization mass spectrometer. Lhurlosl:a%hlg]see:e;?r?g?c:}g;:rgieer. ;Pi?zrig'zaﬁ?g p(rfggcg& by

. - 3 -0 02 (299.9%,

H>C,0 was the only product observed. Because many collisions Beijing AP Beifen Gases Industry Company, Ltd.) anggBr

had taken place prior to detection, the specie€J® might : ) ) o
not be a narfscent%roduct pecie€0 mig (80% in toluene, Sigma) were used without further purification.
' The cross section of 813Br at 248 nm is about kX 10718 cm?

Recently, Hahn et df performed a theoretical analysis of k :
the energetics and pathways of the title reaction at the QCIST molecule1,18 whereas the cross section of toluene is more than

(T, full)/6-311++G (3df, 2pd) level. They suggested that the 2N Order of magnitude smaller (about>8 10 2% e mol-
reaction is dominated by the two pathwaysHg + O, — CH,- ecule ). The photolysis of toluene thus does not interfere with
CO + HCO and GHs + O, — HCCO + H,CO at high the study of the gHs + O, reaction. We have not observed any

temperatures. Some energetically accessible product channeldR @mission in laser photolysis of a mixture of toluene and O

such as gHz + CO; (117 kcal/mol) and CECO + CO (109 The detailed reaction mechanism was theoretically investi-
kcal/mol) were not studied in detail, although similar reaction gated with the Gaussian 98 program pack&dehe geometric
pathways have been found in theHC+ O, reaction® structures and vibrational frequencies for all stationary points

In this paper, we report experimental and theoretical studies were obtained via density functional theory (DFT) B3LYP using
of the reaction @Hs + O». The nascent excited products HCO, the 6-31H#+G(d,p) basis set. Intrinsic reaction coordinate
o . )
* Corresponding author. Fax-+86-10-6256-3167. E-mail. kong@ (IRC)__ calculations were furt_her pqrf_ormed to confirm that the
mrdlab.icas.ac.cn. transition states connect the right minima at the same level. More
 Graduate student, Graduate Division, Chinese Academy of Sciences. reliable energies were determined by single-point DFT//B3LYP/
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Figure 1. Time-resolved IR emission spectra for thgHg + O

reaction at a 5es delay time after a KrF laser pulse: (a) mixture of

C3H3Br (0.3 Torr) and @ (0.2 Torr), (b) addition of 2 Torr Ar into the

above mixture. Note that the G@eak disappears in spectrum b.

6-31H--+g(d,p) calculatior® with inclusion of the B3LYP zero-
point vibrational energies (ZPVES).

3. Results and Discussions

3.1. Reaction Products and Channelsin a reference
experiment, only the €3Br gas (0.2 Torr) was let into the
reaction chamber and was irradiated by the KrF laser. No IR
emission was observed in this case. However, when the KrF
laser irradiated the gaseous mixture gHgBr and Q, many

IR emission bands appeared in the spectrum. Figure 1a shows

the time-resolved IR emission spectra recorded &fter laser
triggering. At the partial pressure of 0.2 Torr,,Conly six
collisions between gHz and Q species take place within/s.

The observed species are thus considered to be the primary

products of the reaction.

An emission between 1800 and 1960¢rin the IR spectrum
is attributed to the transition of vibrationally excited HC@®,(
the fundamental vibrational frequency being 1868-&m3
Another emission between 2230 and 2360 tis assigned to
CO; (v3, 2341 cnh). A strong emission between 2020 and 2200
cm1is assigned to vibratinally excited C@ {> v — 1) transi-
tions (2143 cm?). The wide spectral band indicates that the
CO products are highly vibrationaly excited. A small hump
appears at 2030 crf possibly the, band of HCCO (fundament-
al vibrational frequency being 2023 c#). This feature can

clearly be seen when 2 Torr argon gas is added (Figure 1b).

The hump might also due to the contribution:of= 4 of CO.
The thermodynamically allowed product channels of the
reaction are as follows

C,H; + O,—~ H,CCO+ HCO AH = —91 kcal/mol (1)

—CH,CO+CO  AH = —109 kcal/mol

—H,CO+HCCO AH=—71kcal/mol (3)
— C,H; + CO, AH = —117 kcal/mol (4)
— CH,CHO+ CO  AH = —104 kcal/mol (5)
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Figure 2. Simulation of the C@+ CO spectrum. The spectrum records

the emissions of the 4£i; + O, reaction after a %s delay. The dotted

curves denote the contributions of the individuat- v — 1 transitions.

The dashed contour is the simulated overall spectrum, and the

experimental spectrum is shown by the solid line.
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Figure 3. Vibrational distribution of CO ) 5 us after the GHz + O

reaction. The solid line shows a Boltzmann distribution with a
vibrational temperature of, = 4300+ 200 K.

channels 1, 2, and 4 occur, as one of the products for each
channel was identified. Channel 3 might also occur.

The strong IR radiation emitted from the very “hot” CO
should be directly produced in the highly exothermic reaction
2, although some CO might be produced indirectly via further
decomposition of HCO or C}CO, which are the primary
products of channels 1 and 2, respectively. These primary
products possess excess energy to overcome their dissociation
barriers, 23.5 or 17.8 kcal/mol, for reaction 6 or 7, respec-
tively?4.25

AH = 416 kcal/mol
AH = +11 kcal/mol

HCO—H +CO
CH,CO— CH, + CO

(6)
()
3.2. Spectral Simulations of CO and CQ. The spectrum

of both the CQ (v3) and CO ) emissions after a pbs delay
has been simulated. Figure 2 shows the recorded emission

The products generated from these highly exothermic processespectrum of CO and COand its simulation. The best-fit
must be in vibrationally excited states, and nascent vibrationally rotational temperature was found to be 38020 K in the

excited products HCO, CQand CO were explicitly observed
in our TR-FTIR spectrum. This fact indicates that reaction

simulation. this result is reasonable if we consider that, within
a delay time of 5us, the rotational excitation of the nascent
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Figure 4. Energy surface of the 481; + O, reaction. The energies of the intermediates and transition states in channels 2 and 4 (dotted line)
calculated at the UB3LYP/6-31G(d,p) levels and those in channels 1 and 2 (solid line) are adapted from ref 15.

TABLE 1: Simulated Vibrational Populations of CO (») and CO; (v3)

v 1 2 3 4 5 6 total
Cco 16.840.5 3.940.3 2.0+£0.2 0.440.1 23.5
CO, 0.194 0.05 0.56+ 0.03 0.12+0.02 0.10+ 0.01 0.06+ 0.05 0.04+ 0.05 1.0

products has almost been quenched. However, vibrationaltwo channels is also shown with dotted line connections in
quenching of these small molecules is not expected to be Figure 4. The B3LYP-optimized geometries for the possible

significant during this period. Table 1 lists the simulated
vibrational populations of CO and GQus). The population of
CO (v) was found to follow a Boltzmanm distribution (Figure
3). The vibrational temperature was estimated as 48(D0

K. Itis not likely that all of such CO products yield solely from
the dissociation of extremely hot HCO speaks (channel 6).
Actually, the moderately excited HCO species still remain in
this case. The COmolecule is highly excited in itsz mode,
with observable population up te = 6 and an inverse
distribution atyv = 2. Because the populations are normalized
by EinsteinA(v,j) coefficients, the yields of the products can

intermediates and the transient states are shown in Figure 5. In
comparison with QCIST the methdeéiHahn et al. pointed out
that the B3LYP well depths were underestimated by ap-
proximately 10 kcal/mol.

Both of the resonant structures acetylenic hybrid {€8=
CH) and allenic hybrid (HC=C=CH) of Cs;H3 radical were
taken into consideration. The “resonance energy” is ap-
proximately 8-9 kcal/mol!®> The available energy of 68 kcal/
mol in the photolysis of gH3Br at 248 nm is very high. The
reaction pathways for channels-4 were found to be the
following

be compared. The yield of CO is estimated to be 23 times greater

than the yield of CQ@

3.3. Reaction MechanismRecently, Hahn et &f performed
a theoretical analysis of the reactiogHz + O,. The stationary
points on the potential energy surface were found with B3LYP
density functional theory. Approximate QCIST (T, full)/6-

311++G (3df, 2pd) energies were obtained at these stationary

points. Two possible reaction pathways, namely, HEGH,-
CO (1) and HCCO* H,CO (3), were proposed and are shown
in Figure 4 with solid line connections. The energies of the

(1) R— tsR/1— IM1— ts1/2—
IM2 — ts2/3— IM3 — ts3/p— HCO + H,CCO

(2) R— tsR/1— IM1 — ts1/2—
IM2 — ts2/3— IM3 — ts3/4— IM4 — ts4/5—
IM5 — ts5/6— IM6 — ts6/p— CO + CH,CO

(IM3 — TS3/3 —IM3'—TS3/6 — IM6)

intermediates (IMs) and the transition states (ts’s) in channels (3) R— tsR/9— IM9 — ts9/10— IM10 —

1 and 3 are adapted from ref 15. Hahn et al. calculated the rate ts10/11—IM11 —ts11/p— H,CO + HCCO
constants of channels 1 and 3. They concluded that channel 3

is as low as 1% compared with channel 1. However, they did (4) R—tsR/1— IM1 — ts1/2— IM2 — ts2/7—

not study two other feasible pathways producing CO and CO IM7 — ts7/8—IM8 — CO, + C,H4
in detail.

To understand the reaction mechanism of channels 2 and 4, The first three steps in channels 1 and 2, from reactant R to
which lead to the products CO and gQespectively, we intermediatd M3, are the same. Having overcome a very low
performed a theoretical calculation at the DFT/ B3LYP//6- barrier of 3.0 kcal/mol, the oxygen molecule attacks the CH
311+G(d,p) level. The potential energy surface (PES) of the side of HC=C=CH, forming the adductM1 (—17.4 kcal/
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Figure 5. Geometries calculated at the UB3LYP/643tG(d,p) level.

mol). Subsequently, a three-membered COO ring forms in the CH3;COCO (M6 ) takes placelM3 can also isomerize 3’
intermediatdM2 (0.4 kcal/mol) via a transition statel/2 The and lead tdM6 by H-atom migration. The €C bond ofIM6
O—0 bond softens inM2, and then ruptures. The process breaks, leading to the products CO and4CB. The splitting
releases a large amount of energy, yielding the low-energy of channels 1 and 2 occurs in intermedid3 . The barrier
intermediatdM3 (—100.1 kcal/mol), CHCOCHO. In channel heights of ts3/4 and ts3/p are 45.5 and 23.7 kcal/mol,
1, IM3 straightforwardly decomposes to the products HEO  respectively, higher than that dM3, although the entropy
CH,CO with a barrier of 23.5 kcal/mol. This channel is assumed changesASf, are almost same, being0.12 and—1.34 cal/
to be the main pathway of the reaction. The emission of HCO (mol K), respectively, referred ttM3 . According to transition
was recorded by the IR spectrometer. state theory, the product channel branching ratio is determined
In channel 2, a sequential H-atom migration from th@HO by both the preexponential factor and the barrier height. The
group of CHCOCHO (M3) via CH,CHOCO (M4, IM5) to difference between preexponentials is not large, asABe
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values are comparable. thus, the branching ratio depends mainla high-temperature reaction. These observations agree with our
on the barrier heights. We conclude that channel 2 is the lesspredictions very well.

favored reaction channel. The overall reactioHE+ O, —

CO + CHsCO is exothermic, releasing an energy of 106.2 kcal/ 4. Concluding Remarks

mol. The exothermic energy might cause part of the weakly  1he glementary reaction of:85 radical with @ was initiated
bound CHCO radicals to decompose further to €&hd CO. by laser photolysis of §4sBr at 248 nm, and the reaction

The oxygen molecule can also attack the,Gidle of CH— products were detected by TR-FTIR emission spectroscopy. The
C=CH, yielding the adduct HCCCIO (M9). Aring-closure  vibrationally excited species HCO, CO, and £re observed
process ifM9 forms a four-membered ring intermediafé,10. for the first time. The product channels o, 4O + HCO,

Cracking of the G-O bond inIM10 leads to the productsH C.,H3;0 + CO, and GH3 + CO, were identified.
CO and HCCO. Channel 3 is a high-temperature reaction; the The vibrational populations of CQv(= 1—4) were deter-
product HCCO can be observed in our experiment. mined. The vibrational temperature was estimated as 4300

We also found the product of another high-temperature 200 K. Thevs mode of CQ is highly excited up to 6, and its
reaction (channel 4), COIntermediatdM2 overcomes a high  Vibrational population was inverted at= 2.
barrier of 49.3 kcal/mol, isomerizing 17 . We believe that The reaction mechanisms were calculated at the B3LYP/6-
this is a concerted reaction involving ring opening and a H-atom 31+G(d,p) level and compared with the results reported in ref

shifting. Finally, IM7 can feasibly dissociate to the final 17. The Q molecule attacks £Hs radicals, forming ring-
products CQ and GHs via IM8. The barrier ofts2/7 (49.3 structured adducts in which the-@ bond softens. The favored

kcal/mol) is much higher than that @$2/3 (11.5 kcal/mol). reaction pathways involving low-energy barriers are the channels
Meanwhile, the corresponding entropy changes, of the two 1 and 2, whereas channed)(is a high-temperature reaction.
transient states are comparabiel[7 cal/(mol K) forts2/7and ~ The above preference was verified by the cooling effect of argon

—0.20 cal/(mol K) forts2/3 referred toIM2]. Thus, reaction  9@s.

channel 4 is the minor one. We could not find any transient .
states forming CLCHO + CO. Acknowledgment. The project was supported by NSFC and

. . N . NKBRSF projects. The authors also appreciate helpful discus-
3.4. Reactions in Ar Gas.The contribution of the various sions with Dr. Baoshan Wang.

reaction channels depends strongly on their activation energies
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