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The reaction between the propargy! radicalig) and NO has been investigated as a function of temperature
(195-473 K) and pressure {3L00 Torr) by using color center laser infrared kinetic spectroscopy. At room
temperature and below, the reaction rate was found to depend strongly on the helium buffer gas pressure and,
at any fixed buffer gas density, to decrease with increasing temperature. This behavior is consistent with the
reaction occurring by termolecular addition to produceifBlO. Data collected over a wide pressure range

at 195 and 296 K were fitted to a semiempirical model developed by Troe for reactions of this type. The
structure and energetics of the adduct were explored by performing both B3LYP46+&@df,2pd) and

G2 calculations. The enthalpy changel, for addition of NO to the CH end of propargyl was determined
as—123 and—138 kJ/mol, respectively, by using these two methods. The calculations also showed that NO
can add at the CHend of propargyl but with a smaller binding energy. Estimates of the equilibrium constant

for adduct formation, made using data obtained from these calculations, revealed that the addition reaction
should shift from an equilibrium position strongly favoring the adduct to one strongly favoring free propargyl

as the temperature is raised from 550 to 650 K. This temperature regime is higher than any of the temperatures
reached experimentally.

Introduction systems. However, it is worth noting that Westmorelaiodnd
Reactions involving small hydrogen-deficient free radicals insufficient GHs to account for soot formation in 1,2-butadiene

such as @H, C;Hs, CaHs, and GH3 are thought to be responsible flames. Thereforg, propargyl recomb.inaltion i_s almost certainly
for the formation of the first aromatic compounds produced NOt theonly reaction creating aromatic rings in flames.
during the combustion of aliphatic fuels. Aromatic ring forma- ~ Despite the overall interest in propargyl by the combustion
tion is believed to occur as a result of these species reactingcommunity, relatively little is known about reactions oftG.
either with themselves or with various unsaturated hydrocarbons!n addition to recombination, only reactions with molecti&f
produced by pyrolysis, such astf; and GH,. Such reactions ~ and atomic oxyge#? with C3H3Clo% and GH3Br,,% and with
are extremely important because it is generally accepted thata number of stable hydrocarbon spe€iésve been investigated
the formation of the first benzene ring is a necessary preliminary directly. The reaction with @ exhibits82 quite interesting
to the formation of both polyaromatic hydrocarbons and soot behavior. A termolecular addition reaction occurs at low
in flamesl—5 temperatures (295350 K). As the temperature is raised (380
While the relative importance of various different mechanisms 430 K), equilibrium between the reactants and th#i4O.
for soot formation is constantly being debated, recent stéidies adduct is established. As a result, the overall reaction rate
have suggested that the propargy! radicaH plays a major decreases, and the propargyl radical is observed to decay to a
role in aromatic ring formation. Since propargyl is a resonantly quite measurable equilibrium concentration. However, when the
stabilized species, it forms very weak bonds with stable temperature isincreased above 500 K, the reaction rate increases,
molecules, and as a result, it reacts only slowly with molecular becomes pressure-independent, and exhibits a small, positive
oxygen. Consequently, it may attain relatively high concentra- activation energy. In this later regime;€0 was identified as
tions in flames. Indeed, in lightly sooting acetylermxygen a major reaction product. Slagle and Gutrfdnterpreted this
flames, it has been showithat propargyl is present at mole behavior as showing that a second irreversible decomposition
fractions as high as 16. Westmorelantihas estimated that ~ channel for the adduct opens at temperatures above 430 K. The
sufficient GHs is formed in such flames to account for aromatic  reaction of GHs with atomic oxygen has been shown to be
ring formation. very fast, occurring on almost every collisi8rbetween 295
Aromatic ring formation probably occurs as a result of the and 750 K. However, its mechanism is not well-known because
propargyl radical recombining with itself. This reaction is the primary products of the reaction have not been unambigu-
extremely fast, having a rate constabetween 0.5x 10710 ously identified. Propargyl reacts only slowly with saturated
and 1.2x 10710 ¢m3 molecules? st at 298 K. A number of hydrocarbons. At 296 K, it has been found to be almost totally
different GHs isomers have been observed experimentally as unreactive toward acetylerié,methané?® and a number of
stable products of the48l3 recombination reactiohand Melius photolytic precursors (§sCl and GH3Br).5
and Mille® have determined that the initial adduct formed by In this paper, an investigation of the reaction of propargyl
recombination can rearrange to form benzene. A number of with nitric oxide (NO) is reported. This reaction was chosen
investigator¥-17 have concluded that this is probably the single for study for two reasons. First, NO is a combustion species
most important reaction forming aromatic rings in combustion that is produced in low-temperature flames of almost all
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Figure 1. Infrared kinetic spectroscopy apparatus. The infrared probe
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apparatus needed to be heated or cooled. Therefore, it was not
necessary to seal the windows to the flow tube in a manner
that allowed them to withstand a wide variation in temperature.
To perform experiments at 195 K, the “overlap” region of
the flow tube was packed in dry ice. To conduct experiments
at elevated temperatures, an oven was placed over the flow cell,
as described previoush.The temperature was monitored by
two thermocouples (type K, Alumel Omega), one placed at the
center of the IR-UV overlap region between the ceramic heater
and the quartz flow cell and the other near the end of the IR
UV overlap region. In this study, the temperature gradient
between the center and the end of the overlap region was
minimized by differentially heating different sections of the
oven. This procedure reduced the measured temperature dif-
ference between the two thermocouples to less tha@.2
Calculations made by using standard heat transport theory

beam and the excimer photolysis laser overlap in the shaded region.indicated that the temperature of the gas within the flow cell

should have been almost the same as the temperature of the

nitrogen-containing fuels. In addition, it has been shown to react cell tube wall. To check that this was the case, the line width

with several hydrocarbon radicals with rate constants @D

of an isolated NHline, produced in the overlap region by the

times greater than those measured for similar reactions with flash photolysis of NH at 193 nm, was measured. The

molecular oxygeri!22 Therefore, NO was considered to be a
molecule that might play a practical role in retarding soot
formation in flames. Second, it was hoped that the study of

this reaction might shed some light on the manner in which the
smallest of the resonantly stabilized hydrocarbon radicals reacts.

Specifically, it was hoped that it might be possible to determine
which end of the gH3 radical is attacked by NO. Is the GH

end, which is normally assigned an unpaired electron when

temperature was estimated by assuming the line to be Doppler
broadened. For such a line, the line widtkwp, is related to
the temperaturel, by the equation

2kT |n(2))1/2 )

AVD = 21/0(—(:2
m

wherev is the peak frequency of the absorption line ands

propargyl is represented as the acetylenic resonance hybrid,[he mass of the molecule being observed

(*CH,C=CH), attacked, or does reaction occur at the opposite

end, which carries the unpaired electron when propargyl is
represented as the allenic hybrid,¢+=C=CH-)?

The titled reaction was studied by using infrared kinetic
spectroscopy. The basis for the work reported here had bee

of propargyl (ther; band) had been thoroughly investigatéd®
resulting in an unambiguous assignment of the propargyl
spectrum.

Experimental Section

High-resolution transient infrared absorption spectra of pro-

The measurements were made by observing atikéthsition
(F1 642 < 533) at 3428.8077 cmt.26 The total pressure in the
flow cell was adjusted to approximately 10 Torr with about 9
mTorr of this being NH while the rest was He carrier gas. A

Series of four measurements at room temperature gave an
established in several previous studies. The acetylenic CH stretcl’h P g

pparent average gas temperature of 3220 K. Presumably,

the neglect of residual pressure broadening resulted in a
systematically high temperature being estimated by using eq 1.
A similar set of four measurements made when the flow cell
was heated to a wall temperature of 473 K (determined by using
the thermocouple) gave an average gas temperature of-471
10 K. Considering the low precision of this type of measure-

pargyl and a number of possible reaction products were observedment, this degree of agreement was considered to be satisfactory,

by using a CW color center laser (Burleigh Instruments, FCI-
20, Li:RDbCI crystal, 2.6-3.2 um), pumped by a krypton ion

laser, as a tunable infrared light source. The computer scanning

especially since the relative effect of pressure broadening should
have been be significantly less at 473 K than at 296 K.
Initially, C3Hz was produced by 193 nm photolysis ofHzX

and control system of the FCL laser has been described (X being either Br or Cl). Both materials were obtained from

previously?* Propargyl radicals were prepared in the flow cell
by flash photolysis of a number of different precursors by using
193 nm pulses from an ArF excimer laser (Lambda-Physik
EMG-MSC-103), and the propargyl concentration was moni-
tored at 3314.703 cmt (P(12) ofv).20-22

An overview of the photolysis cell is shown Figure 1.
Although the flow cell § 2 m inlength, the IR and UV beams
only overlapped in the shaded region, which is approximately
40 cm long. The relatively short overlap region results from

Aldrich. C3H3Cl (98%) was used without further purification,
but GH3Br (80% in toluene) was purified by vacuum distilla-
tion. The concentration of propargy! was followed by monitoring
an absorption at 3314.703 ¢ (P(12) of v;%?). At room
temperature and below, the absorptidime traces obtained
when using these two precursors appeared to be entirely normal.
The absorption increased immediately following the flash and
then decreased smoothly agHz was removed by reaction,
asymptotically approaching the original baseline at longer

the fact that the UV photolysis beam was angled upward as it reaction times. However, at elevated temperatures, a different

traversed the flow cell, while the IR probe beam traveled back
and forth (in a multipass White configuration) in the horizontal
plane. Radicals generated by the excimer beanooimabsorb

behavior was observed. Instead of approaching the original
baseline, the absorption decayed to a new baseline that was
offset from the original one in the direction of decreased

light from the probe beam, and thus be detected, in the shadedabsorption. In an effort to understand this behavior, a number

intersection region. This configuration provided a very conven-
ient arrangement for carrying out kinetics experiments at low

of experiments were performed with the IR probe laser tuned
slightly away from the frequency at whichsds; absorbs. A

or elevated temperature because only the shaded region of theypical absorptiortime trace obtained from one of these
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0.001 being introduced into the flow cell. The flow rate of NO was
measured by using a MKS 200 sccm flow controller. The total
0 pressure of the flow cell was varied between 2 and 100 Torr,
with helium being the dominant species present.
g oot Observations
C
3 CsHs + NO Rate Constant In this study, NO was always
§ -0.002 added to the system in sufficient excess to maintain its
2 concentration at a value that was not sensibly diminished by
0.003 reaction with GHs. Under these conditions s83 was removed
primarily by the following reaction, which is effectively first
-0.004 order, with a rate constamts+ equal toky[NO].
N R S T ST S C;H; + NO — products (2
0 100 200 300 400 500 )
To a lesser extent, propargyl was also removed by radical
Time (psec) recombination:
Figure 2. Transient signal obtained at 473 K upon photolysis of
propargyl bromide with infrared laser tuned off any propargy! radical C;H; + C;H; — products 3)

absorption near propargyl P(12) line. There is a clear baseline offset,
believed to be caused by removal by photolysis of background |n these circumstances, the overall rate equation fbtzdoss
absorption by propargyl bromide. can be written as a sum of two terms, one first order and the

) ) o other second order, with respect tgHg.
experiments is shown in Figure 2. As can be seen, a sudden

shift in the baseline (in the direction of decreased absorption) d[C;H,] 5
occurred immediately following the UV flash. This baseline shift o —k.5[C3H3l — K[C3H4] 4)
was attributed to an underlying absorption of the precursor.

Since the flash removes some of the precursor, the underlying |5 most standard absorption experiments, the concentration

absorption logically should decrease, exactly as observed inqt c . would have been estimated directly from the measured
Figure 2. The shift occurred over a broad frequency range and, 51 e of the base e absorbanée which is related to [gH3]
appeared to affect much of thel; v, fundamental wavelength by the equation

region. The shift was more pronounced at higher temperatures
because of decreased absorption byHLas the result of A= 0zL[C;H,] (5)
decreased population in the lower state and because the

underlying background absorption increased. We believe thatherel is the absorption path length ang is the peak infrared
the background absorption increased because we were positionegpsorption cross section. Then thesffig/time profile would
near the edge of an underlying feature that further broadenedhaye been fitted to the integrated form of eq 4 to yield a value
as the temperature increased. _ _ ~ for the effective first-order rate constak.

Inan attempt to alleviate the pl’0b|em of baseline Sh|ft, which However, in these experimentS, the path |ength of the IR
introduced a significant element of uncertainty into all of our probe was not well-known because the exact geometry of the
higher temperature rate constant determinations, two otités C  overlap region was difficult to determine. Therefore, it turned
precursors, whlc_:h do not_absorb so strongly in the acetylenic oyt to be more convenient to recast eq 4 in terms of the
C—H S'[retCh I’eglon Of the Infl’ared, were eXpIOred. When a"ene measurable quantit& before integratinﬁ- to Obtain
was photolyzed at 193 nm, significant concentrations of

propargyl were produced. However, a baseline shift in the Ag exp(—Kgt)
opposite direction (more absorption) was observed. Since the = — = (6)
baseline shift gradually increased over a time period of 490 (2 (A/ker) (1 — exp(heql)) + 1

or so, this offset was attributed to the growth of one or more

absorbing reaction products. 1,5-Hexadiyne (synthesized by a
standard laboratory preparatidywas also used as a precursor.

Unfortunately, baseline shifts were not entirely eliminated by
using this compound. However, they were less severe than thos
experienced using 4E13X. Therefore, this precursor was used . . 4 .
in gll experimentsgperformed at 473 K. AE[) this higher temper- S was obtained by making an independent series of measure-

ature, two consecutive absorbandine traces were recorded ments in th(_aabsenceof NO. Thef" by use of this value,__
for each decay, one with the IR probe tuned to the peak absqrbancetlme traces measn_Jred in the presence_ofaspecmc
frequency of the gH3 absorption and the other with the probe partial pressure of NO were fitted to eq 6 to obtaip.

tuned away from the §H3 absorption. The latter trace was then 3 Igﬁg?ﬁgsﬁgﬂgg’fgrrr?qufrgtﬁgT;te;ngvegt%?,'efgrt;{,-rsegggg?] d
subtracted from the former before further data analysis was ™’ Integr quatl ' S
performed. order process is well-known. The equation can be readily

The gases used in the investigation were purchased fromtréa\r:_isform.ed |nt05Fhe following expression by substituting for
Trigas with purities as follows: He (99.999%), €(99.5%), [CaH4] using eq 5:
and Sk (99.8%). NO (99%) was purified by flowing it at A,
pressures slightly above 1 atm through a copper coil immersed A=————
in a dry ice/methanol bath. It was then premixed with He before 1+ (kA

In the above equatiois = orL andAy is the initial absorbance
of C3H3.

In the present study, the pseudo-first-order rate con&tant
éat particular values of [NO], total pressure, and temperature)
was determined in the following manner. First, a value faf (

(1)



Reaction of Propargyl Radical

0.04 -
0.03 -
ot Without NO
=
8 o002
o]
(72
Ke}
<«
0.01
0
) I SR TR GUUNE TR SN TG U TR RO TN AR TR TREE SR S TUE S 1
0 200 400 600 800 1000
Time (psec)

Figure 3. Decay of the propargyl signal without NO and in the
presence of 114 mTorr of NO at a total pressure of 6.2 Torr at 296 K.
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Figure 4. Typical second-order decay fit of the propargyl signal of
Figure 6 in the absence of NO. From this fit the quarkis is found
to be 30 440 s

In practice ks/S was determine prior to and after every series
of rate constant measurements by fitting absorbatioge traces
obtained in theabsenceof NO to eq 7. The average of these
two values ofks/S was then used as a fixed constant to fit
experimental data to eq 6.
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Figure 5. Fit of the decay of the propargyl signal in the presence of
NO of Figure 6 to a combined first- plus second-order fit. The value

of ks/Swas fixed to 30 44073, resulting in a first-order decay constant
of 13119 st.
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Figure 6. ket vs [NO] for the reaction €Hz + NO at 6.2 Torr total
pressure and 296 K. The linear fit correspond& te (3.5 + 0.2) x
102 cm? st

Pressure Dependence of the Reaction Rateigure 7 shows
the pressure dependence of the second-order rate cokstant
determined at 195, 296, and 473 K. The strong pressure

Absorbance-time traces for propargyl obtained at 296 Kand  gependence of the rate constant observed at the two lower
at a total pressure of 6.2 Torr are shown in Figure 3. The upper temperatures and its negative temperature dependence suggest
trace was recorded in the absence of NO, while the lower tracethat reaction in this temperature regime occurs primarily by
was recorded in the presence of 114 mTorr of NO. Under thesetermolecular addition. Such processes are frequently described
conditions, the decay of propargyl is-@ times faster in the  in terms of a LindemanaHinshelwood (I—H) mechanism.
presence of NO than in its absence. This situation was typical

for most of the measurements reported here. Figure 4 shows a C;H; + NO = C;H,NO* (8)
typical second-order fit of the decay of the propargyl signal
C;H;NO* + M = C,H,NO + M (9)

obtained with no NO present, while Figure 5 shows a fit of the
propargyl signal to eq 6 with NO present. Valueskgt were
determined from plots similar to that shown in Figure 4, and
values ofkesr were determined from plots similar to that shown
in Figure 5.

At any given temperature and pressure, the rate conkant
was determined by plottinges versus [NO]. Such a plot is
shown in Figure 6. Values df, estimated from the slope of
kest versus [NOJ, are listed in Table 1 for a number of different
pressures at three temperatures. Each individual measurement
listed in this table was obtained by analyzing B) different
decay curves, each recorded in the presence of a differentand the pressure-dependent second-order rate overall constant
concentration of NO. k can be written as

In this mechanism, M is any species that can remove energy
from the “hot” GH3NO* complex. At low temperatures, the
endothemic reaction«9) is extremely slow and can be ignored.
Then the rate of loss of 413 can be estimated by using the
steady-state approximation for J@sNO*] as

_ dCgHy _ kekg[C5HSIINOJM]
dt K g + k[M]

= K[C3H4][NO] (20)
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TABLE 1: Pressure Dependenceof the gHs; + NO Reaction TABLE 2: Parameters of the Troe Fit for the C3Hz; + NO
Rates at 195, 296, and 473 K Reaction at 195 and 296 K withF Fixed at 0.4 and 0.8 and
temp, K pressure, Torr rate, émolecule’* st x 10°1¢ N=1
temp, ke x 101 ko/[M] x 10%°
195 2.2 0.668+ 0.174 reaction K cm®moleculels™® cmfmolecule?2st FSCen
195 3.2 0.798t 0.044
195 4.5 0.98H 0.044 CsHz+NO 195 1.69+ 0.07 61.96+ 12.16 0.4
195 6.2 1.006+ 0.058 CsHz +NO 195 1.53+ 0.06 17.83+ 3.33 0.8
195 12 1.004 0.041 CaHz+NO 296 1.12+ 0.07 11.80k 1.68 0.4
195 18 1.232+ 0.057 CsHz3+NO 296 0.97+ 0.05 3.80+ 0.51 0.8
195 20 1.04% 0.039 CsHs+NO 296 1.35+ 0.03 4.0+ 1.7 a
195 26 1.053£ 0.176 aNot available.
195 32 1.325+ 0.046
195 32 1.51% 0.062 and room temperature to the following equation, suggested by
195 40 1.354+ 0.046 Troe28.29
195 44 1.298t 0.079 oe:
296 3 0.249- 0.033
296 3 0.275 0.021 Wk = ko/k., FeE F 1
296 6.2 0.345¢ 0.021 Ko =77 F=FLn 12)
LIk,
296 12 0.42°# 0.017
296 18 0.546t 0.019 . .
296 24 0.556+ 0.010 In this equation,ko = (keka/k-g)[M], k» = ks, the general
296 24 0.515k 0.011 broadening factoF is given by
296 50 0.712+ 0.024
296 75 0.880k 0.030 log F et
296 100 0.820+ 0.015 logF = ————— (13)
473 6.2 0.107 0.019 1+ [log(ky/k..)]
473 18 0.12% 0.010
473 30 0.133£ 0.009 and the expression in parentheses is associated with the classic
16 Lindemann-Hinshelwood termF_ .3 Equations 12 and 13
E I were suggested by Troe in order to approximate, with tolerable
. 14 F T=195 K precision, the falloff behavior actually found in experimental
K B E measurements of the pressure-dependent rate corstihe
§ general broadening factér was introduced by Troe to correct
= 1.0 |~ r % the original LindemanaHinshelwood expression both for
2 C = neglect of the energy dependence of the microcanonical dis-
x 0.8 " 7 .
= n To296 K sociation rate coefficients that contribute kog and for the
% 0.6 [ = occurrence of weak collisions, which affect reactions forming
§ o4 n = and removing the excited adduct.
8 L When we attempted to fit our data to eq 12, we found that

0.2 the parametersk., ko and Fcene Were poorly determined.
~ = T=473 K K . L.
T T However, since Troe found that valueskgn typically lie in
0.0 the range 0.4 1 for systems of the type studied here, we fitted
0.0 100 1.0 1018 2.0 1018 3.0 1018 the rate constants measured at 195 and 296 K to eq 12 with
Density (molecules/cm3) Fcentfixed at both 0.4 and 0.8. The best fits obtained vtk
Figure 7. Dependence on He buffer gas density of the rate constant fiXed at 0.8 are shown in Figure 7. A similar quality of fit was
of the GHz + NO reaction at three different temperatures: 125, ( obtained withFcen fixed at 0.4. The resulting values &f and

296 (), and 473 @) K. k. are listed in Table 2, together with parameters determined
by Tulloch et aP? for the reaction of the allyl radical ¢Els)
_ keko[M] 11 with NO. Since the experimental data were obtained relatively
- k_g + ko[M] (1) close to the high-pressure limkK, is quite well defined using

both values ofFcen; but the error inkg is substantial.

The rate constants displayed in Figure 7 vary with pressure  Structure and Energy of CgH3sNO. To determine the
in a manner that is consistent with eq 11. However, all of the structure and energy of thesl@NO adduct, quantum chemical
experimental measurements lie within the “falloff’ region. calculations were performed at several levels of theory d3ing
Unfortunately, it was not possible to make rate measurementsGaussian 94 on an IBM workstation. Two general computational
at higher or lower pressures. At higher pressures, pressuremethods were employed: B3LYP using the 6-31G(2df,2pd)
broadening of the infrared absorption lines dramatically reduced basis set, and the G2 method of Curtiss, Raghavachari, Trucks,
our sensitivity, while at lower pressures, diffusion out of the and Pople.
probe beam reduced the time during which reliable measure- As a result of the calculations, two different stable isomers
ments could be made. In addition, as the total pressure wasof C3H3NO were identified: one formed by addition of NO at
reduced, the mole fractions of both NO angHgCl necessarily the CH end of propargyl (heads) and the other by addition of
increased. This causes difficulties in interpreting data obtained NO at the CH end (tails). Both computational methods identified
at pressures below 3 Torr because both of these species are morhe latter isomer as the most stable one.
efficient than helium in removing energy from the excited The geometric structures of the two stable isomers from the

adduct. B3LYP calculation are shown in Figure 8 (the G2 calculation
In an effort to extrapolate our experimental rate data to obtain structures were optimized at the MP2 level). Both structures
the limiting high- and low-pressure rate coefficiekisandko, are planar except for the GHhydrogens; however, the

we attempted to fit the data obtained at dry ice temperature ONH,C3sH adduct has a gauche conformer 2.4 kJ/mol (G2)
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TABLE 3: Quantum Chemistry Calculation Results of C3H;
Adduct Formation with NO 2

AHorxn AS)I'Xn
reaction (kI mof?) (I moltK1)
CsHs + NO — H,C3HNO (B3LYP) —123.2 —158.9
C3H3 + NO— H2C3HNO (GZ) —138.5
CsHs + NO — ONHCsH(pl) (B3LYP)  —81.8 —153.6
CsH3 + NO — ONH,C3H(pl) (G2) —117.7
CsHs + NO — ONH,C3H(g) (B3LYP) —78.6 —144.F
CsHs + NO — ONH,C3H(g) (G2) —115.2
CsHs + O, — H2C3HO; (B3LYP) —76.8 —147.5
CsHs + O, — HyCsHO, (obsd -794+6 —131+12
CsHs + O, — O-H.C3H(g) (B3LYP) -50.4 —142.2

aThermodynamic quantities at 298 KReference 18R In 2 has
been added to take into account the fact that the gauche form consists
of two enantiomers.

10

T 08 F

e »

kel L

g 0.6 - ONH2C3H HsC3HNO

c N T

S o4 [ .

S £
Figure 8. Equilibrium structures of the two adducts of propargyl with L 02 :—
NO as calculated at the B3LYP 6-311G(2df,2pd) level. As noted in E
the text, the @C,C; bond angles are nearly 18@nd the GCzH3 bond 00 Dot b L1
angle of the ONHC;H adduct (lower figure) is also nearly 180 300 400 500 600 700 800

T(K)

above the planar form in which the NO group is twisted out of Figure 9. Ratio of the equilibrium concentration of proparglO

the NGC, plane by 131.9 (B3LYP), resulting in a double- adducts to initial GHs concentratiorassuming the other adduct is not
minimum torsional potential. For all structures the CCC angle presentplotted as a function of temperature. NO partial pressure is
was very close to 180(178.9 for the HLC3HNO adduct and 200 mTorr.

179.8 for the ONHC3H heavy atom planar adduct in B3LYP),

libri tants for the f ti f both the head d th
and the GC3H3 angle ofgaucheONH,C3H is 179.6 (B3LYP). forium constarys 1or te formation ot bo e heads an €

: . ] tails adducts. Then the fraction of each adduct at equilibrium
Table 3 lists the enthalpies and entropies of MO bond i, 16 resence of a fixed partial pressure of 200 mTorr of NO

formz?ltion for bth structures. As can be seen from this table, was calculate@ssuming that only that adduct form&he results
the discrepancy in the heat of reaction to form the more strongly ¢ ihase calculations are depicted in Figure 9. For the @H

bound adduct (with addition at the CH end of propargyl) ,qqgycts, the two gauche enantiomers and planar forms are
between the B3LYP and G2 estimates was 15.3 kJ/mol, avalue|umped together in Figure 9 and considered to be a single
that is significant but still acceptable. However, when the adduct species. As can be seen, the equilibrium position of both adducts

was formed by addition of NO at the Glénd, the discrepancy s projected to shift dramatically as the temperature is raised.
between the two calculations increased to 35.9 kJ/mol. This Below 600 K, the formation of the stronger adduct is over-

discrepancy is consistent with the knomability of B3LYP whelmingly favored, but as the temperature is increased above
(and other DFT methods) to describe the relative stability of 590 k more and more free propargyl should be found in the
allene (CG=C=C) vs propyne (€ C=C). equilibrium mixture. Unfortunately, at temperatures above 500

Possible barriers to adduct formation were explored in a seriesK, severe problems with a sloping unstable baseline and poor
of calculations made using the B3LYP 6-313G(2df,2pd) SN made kinetics measurements unreliable.
method. In these calculations, the-® bond distance was
allowed to systematically increase from that found in the stable Discussion
adduct configuration, and a search was made for structures
containing an imaginary frequency in the reaction coordinate.
No barrier was found in the formation path of either adduct.
However, it is unlikely that small barriers<@ kJ/mol) would
have been discerned using this technique. No effort was made
to find a reaction path leading from the adduct to any product been proposéd3 for the reaction of several other hydrogen-
channel. o deficient radicals with NO.

Adduct formation in the relateds€l; + O, system was also As is apparent from Figure 7, the termolecular addition
explored at the B3LYP 6-31-+G(2df,2pd) level. The heat of  reaction forming GH3NO is in the falloff region in the pressure
reaction for addition of @to the CH end of propargyl was  yange covered by this study. In view of this, a factorization
—76.8 kJ/mol. This value is consistent with that determined method Suggested by Troe was used to extrap0|ate the experi_
experimentally® (=79 £+ 6 kJ/mol). The heat of reaction  mental data to higher and lower pressures. The limiting high-
obtained for addition of @to the other end of the radical was  pressure rate constants that were obtained by using this method
—50.4 kJ/mol. are quite consistent with those reported by Tulloch &t &r

The G2 zero-point energies and B3LYP vibrational frequen- the related @Hs + NO system. However, the limiting third-
cies and rotational constants were used to calculate the equi-order low-pressure rate constants are poorly determined and

At room temperature and below the reaction between the
propargyl radical and NO occurs by a mechanism that involves
reversible addition. This can be inferred from the pressure
dependence of the second-order rate constant and from its
negative temperature dependence. Similar mechanisms have
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depend strongly on the value dfcent chosen to fit the E—E)\s? E 1!
experimental data. Ko(B) =v|—p—| =v E+E (14)
Theoretical calculations, performed using both B3LYP and T
G2 methods, identified at least two stable addition products. \ynere K(E) is the rate of dissociation at energyabove the
The most strongly bound of these two adducts is an allenic yinimum, v is vibrational frequency of the critical oscillator,
structure formed by adding NO to the CH end of the propargyl g s the dissociation threshold energyis the total number of
radical. The other, less stable, structure is formed by adding effective oscillators, anir is the available thermal energy (we
NO to the CH end of the radical. Generally, conjugated it the rotational energy of the colliding pair). This classical
hydrocarbon radicals can be attacked at more than one site. Intormya is only approximately correct but is sufficient to convey
this sense their behavior is quite different from that of alkyl or ¢ conceptEg(HCsHNO) = Do(HoCsHNO) andEo(ONH,CzH)
vinyl radicals, and this difference must be taken into account — Do(ONH,CzH), where theDy's are the bond dissociation
when calculating rates or considering reaction mechanisms thatenergiesET is the same for the two adducts so that assuming

involve these species. the critical oscillator frequencies are the same,
Equilibrium geometries, heats of formation, and standard
molar entropies were estimated for bothHgNO adducts. K_g [Do(H,CHNO) + Ef\st
! ; o : Cx 15
Calculations, made using equilibrium constants determined from K g Do(ONH,CH) + E; (15)

these estimates, suggest that equilibrium between the more stable

adduct and free propargy! should be observable at eMPETalues, y, 1 _ g7 17. The G2 results give about a factor

. of 13 at 473 K for the ratit&’ _g/k_g. The use of all the oscillators
Possible Effects of the CH End Adduct on the Rate.Both . : :
. o . robably overestimates this ratio, but the above argument clearl
the B3LYP and G2 calculations indicate that the bonding of P y oV \ I 19, U ve argu y

. shows thatk'_g is greater thark_s. In the low-pressure limit
NO to the CH end of propargyl is probably somewhat stronger 8159 8 P

than the bonding of o the CH end of propargyl. The reaction where

rate to form an adduct is clearly rapid for.Qn addition, as Keks

noted above, the B3LYP calculations found no barrier to adduct Keit = k_[M] (16)
formation for attack by NO at the GHend of propargyl. Does -8

adduct formation at the CHend contribute to the reaction rate?

Because the bond strength of the CH end adduct is much
greater than the bond strength of the &dduct, the equilibrium
concentration of the Ciend adduct is always small (at an NO
pressure of 0.2 Torr it reaches a maximum fraction of 0.05 near
550 K). However, this by itself does not mean that the
contribution of CH end adduct formation to the overall reaction
rate is also negligible. At low temperatures, both adducts might
form initially in nearly equal rates, and then the weaker adduct
could slowly dissociate back to reactants eventually being
converted to the strong adduct. In the absence of significant
propargytpropargyl recombination, such a kinetic mechanism

the weak adduct reaction rate should be substantially less than
the strong adduct reaction rate. Simulations indicate that it would
very hard to discern a biexponential component to the decay
for a ratio (15) as small as 5. In the high-pressure likig
disappears from the Hinshelwootlindemann rate constant, the
overall rate constant becomds (+ k's), and the weak adduct
may contribute to the reaction rate. The experiments reported
here are far from this high-pressure limit.

Thus, the question posed at the beginning of this paper
concerning whether both radical reaction reaction sites contribute
to the overall reaction has a partial theoretical answer. If the
reaction under consideration is strictly adduct formation, the

would result in a biexponential48i; decay profile. We did not - . . ?
observe any clearly biexponential time profiles at any of the weaker bmdmg site shpuld contrlpute little at low pressures but
could contribute significantly at high pressures.

three temperatures investigated. However, at low temperatures,
the slow component of the biexponential would have a very

low amplitude because the weak adduct equilibrium would be

strongly in the direction of adduct. At the highest temperature

we report, 473 K, we are at the low-temperature edge of the
temperature regime where the dissociation rate of the weaker
adduct is comparable_to and, t_aventually as the temperaturegoferences and Notes

increases, larger than its formation rate. Thus, at only slightly _ _
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