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ABSTRACT: Allyl radical reactions with NO and NO, were studied in direct,
time-resolved experiments in a temperature controlled tubular flow reactor 0
connected to a laser photolysis/photoionization mass spectrometer (LP-PIMS). .
In the C;H; + NO reaction 1, a dependence on the bath gas density was
observed in the determined rate coefficients and pressure falloff param- £
etrizations were performed. The obtained rate coefficients vary between 0.30—

L

I (K, / by

142 X 1072 ecm® s7" (T = 188—363 K, p = 0.39—23.78 Torr He) and possess

a negative temperature dependence. The rate coeflicients of the C;H; + T i

NO, reaction 2 did not show a dependence on the bath gas density in {He] 1107 e S .f_j, A6
the range used (p = 0.47—3.38 Torr, T = 201-363 K), and they can be | ¢ i1+ N0 [+He] Lo Products T, Y
expressed as a function of temperature with k(C3;Hg + NO,) = (3.97 = |~ 0 y
0.84) x 10711 x (T/300 K) ~"5%095 3 s=1. In the C;H, + NO reaction, 1. L B

above 410 K the observed C;Hj; radical signal did not decay to the signal
background, indicating equilibrium between C;Hg + NO and C;HNO.
This allowed the C;Hy + NO 2 C;H;NO equilibrium to be studied and the equilibrium constants of the reaction
between 414 and 500 K to be determined. With the standard second- and third-law analysis, the enthalpy and entropy
of the C;H; + NO 2 C3HNO reaction were obtained. Combined with the calculated standard entropy of reaction (AS®,g5 =
137.2 J mol™'K™"), the third-law analysis resulted in AH®,5 = 102.4 + 3.2 kJ] mol™" for the C;H;—NO bond dissociation
enthalpy.

B INTRODUCTION radicals with resonance-stabilized structures are thermodynami-
cally more stable than similar saturated radicals lacking resonance
stabilization. Consequently, they reach higher concentrations
under combustion conditions and play a role in the molecular
weight growth chemistry. They are identified as precursors for
polycyclic aromatic hydrocarbons (PAHs) and, subsequently,

Reactive hydrocarbon free radicals and nitrogen oxides (NO,, =
NO + NO,) are produced in several common environments.
Energy released by burning of hydrocarbons creates a variety of
reactive intermediates, including unsaturated alkenyl radicals,
and combustion under atmospheric conditions leads to the for soot formation.8~ 10

formation of nitrogen oxides.”” Oxides of nitrogen are primary In the present work, two reactions of allyl radical with nitro-
anthropogenic pollutants but also have natural sources in the gen oxides were investigated:

atmosphere.>* The principles governing mutual reactions of

alkenyl radicals and NO, are important for the understanding C3H; + NO — products 1
of hydrocarbon oxidation mechanisms and optimization of C,H, + NO, — products @)
combustion processes.

Allyl radical (C3H;) is the simplest conjugated, resonance- Both reactions have been studied previously. However, the
stabilized alkenyl radical. Alkenyl radicals are formed in hydro- covered experimental conditions were significantly extended in
gen abstraction reactions by reactive species (e.g,, OH or other
radicals) from carbon atoms at the f-position to the double Received: August 30, 2012
bond in alkenes and by pyrolysis of larger hydrocarbons at Revised:  January 10, 2013
elevated temperatures.””’ Small unsaturated hydrocarbon Published: January 11, 2013
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Table 1. Results and Conditions of the Experiments Used To Measure the Rate Coeflicients of the Reaction C;H; + NO —

Products”
T/K [He]/10" cm™ [NO]/10" em™ ks
CH,CHCH, + NO — Products
188¢ 2.00 3.14-11.0 89.4—308.6
188 8.94 0.27-1.05 232-79.1
1884 29.5 0.96—2.34 1182-254.1
1887 62.0 0.76—1.93 98.8—287.7
201¢ 1.97 2.77-11.1 66.1-236.7
201 9.18 0.64—1.48 44.7-919
2014 30.1 0.89—2.48 96.7—219.7
2014 62.4 0.52—2.08 76.3-232.5
221°¢ 2.10 4.85-9.27 97.6—1734
221 8.13 0.63—2.32 20.9—84.0
2214 299 1.43—4.85 135.6-311.9
2214 62.1 1.39-3.47 147.5-289.5
241%¢ 2.00 9.87-22.6 121.5-306.0
241 7.89 0.71-2.91 24.7-88.3
2419 30.3 1.16—4.18 113.6-258.7
2414 62.7 1.05—4.08 106.5—256.6
267¢ 1.99 7.68—15.7 75.5—160.6
267 7.96 1.41-7.06 53.2—1744
267 7.99 1.19-622 17.4—145.6
267%¢ 30.5 2.08—6.85 126.8—313.2
2674 63.0 122-426 93.5-224.1
298 1.98 7.67—30.6 52.4-204.8
298 6.10 0.53—10.5 10.7-263.2
2987 30.8 2.03-6.02 75.0—199.2
2987 634 2.05-6.84 135.1-313.1
336° 1.93 6.80—30.0 30.5-129.2
336° 1.95 6.67—26.3 28.1-114.3
336° 8.08 4.12-13.0 47.5—138.5
336%¢ 307 2.82-838 93.2—196.9
336%¢ 632 2.15-5.72 85.9-179.8
363° 1.97 12.0-57.3 41.5-176.9
363¢ 8.09 445-17.1 35.7—130.9
363%¢ 30.7 2.14—10.7 54.8—186.6
363%¢ 63.3 2.02-822 85.3—198.7

Kyan/s™" k(R+NO)/10™"2 cm® s7! Ak(R+NO)/107'% cm? s71°
S 2.69 0.09
4 6.66 0.83
9 10.4 022
9 14.2 0.65
S 2.15 0.07
S 5.76 0.21
10 8.11 0.38
9 10.9 0.75
3 1.85 0.03
2 3.90 0.28
11 6.16 0.34
11 8.00 0.42
3 1.30 0.04
2 3.03 0.16
11 5.96 0.35
8 6.36 0.66
3 0.99 0.02
3 1.98 0.17
2 2.35 0.07
11 4.18 0.29
7 5.37 0.49
4 0.67 0.02
2 1.50 0.05
9 3.20 0.09
9 4.50 0.32
2 0.42 0.02
3 0.41 0.01
S 0.98 0.03
12 224 0.13
8 2.84 0.26
6 0.30 0.01
6 0.75 0.02
9 1.62 0.07
7 225 0.19

“Range of precursor (1,5-hexadiene) concentrations used: (0.20—1.88) X 10"* ecm™, bStatistical uncertainties shown are 16. “Uncoated 16.5 mm i.d.
Pyrex reactor. 96 mm i.d. and coated with PDMS, otherwise 17 mm and coated with Halocarbon Wax. “Estimated initial radical concentration was
less than 7 X 10'® cm™, otherwise less than 6 X 10" cm™. Estimated overall uncertainty in the determined bimolecular rate coefficients is about +10%.

the present work, and the C;H; + NO reaction was further
characterized with quantum chemical computations.

Tulloch et al."' have measured the allyl radical reaction with
nitric oxide (NO) at temperatures between 295 and 404 K and
from 51 to 501 Torr pressure of argon (1 Torr = 133.3 N m™2).
Allyl radicals were produced by 193 nm laser photolysis of
1,5-hexadiene and detected with an UV absorption spectroscopy
at 223 nm, employing a high-pressure xenon lamp as a light
source. Boyd et al."* researched the C;H; + NO equilibrium
reaction also by means of UV-absorption spectroscopy but using
flash photolysis of 1,5-hexadiene for C;H; radical production. A
deuterium lamp was used to generate 220 nm radiation for
monitoring radical concentrations. Experiments were conducted
over a temperature range of 403 to 473 K and at atmospheric
pressure of nitrogen (N,). In addition, the rate coefficient of the
C;H; + NO reaction was determined at 403 K.

The C;H; + NO reaction has also been a subject of a
computational investigation. Zhang et al.'®> performed a
mechanistic study of the reaction in the singlet potential
energy surface using quantum chemical calculations at the
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CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p) level. The experi-
mentally observed pressure dependence was rationalized by relatively
stable adduct formation in the entrance channel that cannot isomer-
ize or dissociate further to other products than the original reactants.

The C;H; + NO, reaction has only been explored by Slagle
et al'"* at 1 Torr pressure (He) and 300 K temperature.
Infrared multiphoton dissociation of allyl bromide was used
for C;H; production, and a similar photoionization mass spec-
trometer as in the current work was employed for real-time
monitoring of the decaying radical concentrations.

The aim of the present investigation was to extend the tem-
perature and pressure dependences of the rate coefficients of
reactions 1 and 2 studied so far and to characterize the C;Hg +
NO reaction potential energy surface as well as to provide an
accurate measure of the C—N bond energy in C;H;—NO.

B EXPERIMENTAL SECTION

The flow reactor with laser photolysis coupled to the resonance
gas lamp photoionization mass spectrometer (LP-RPIMS) used
in this work has been described previously,">'® and only a brief

dx.doi.org/10.1021/jp308621f | J. Phys. Chem. A 2013, 117, 793—805
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summary of the apparatus and procedures are given here. Reac-
tions were studied in a temperature controlled tubular flow reactor
[6 or 17 mm i.d. stainless steel tube coated with Halocarbon wax
(HW) or polydimethylsiloxane (PDMS) or a 16.5 mm i.d.
uncoated Pyrex tube] coupled to an unfocused ArF exciplex
laser photolysis (193 nm) along the reactor. The laser was
operated at 3 to 5 Hz repetition depending on the velocity of
the gas flow to ensure complete replenishment of the gas mix-
ture between the laser pulses.

Two different photolytic sources were used to generate allyl
radicals (C4H), allyl bromide (CH,CHCH,Br), and 1,5-hexadiene
(CH,CHCH,CH,CHCH,, C¢H,j). For allyl bromide, the pho-
tolysis products observed (193 nm) were CyH; radicals and Br
atoms:

CH,CHCH,Br + hv (193 nm) - CH,CHCH, + Br
(©)

For 1,5-hexadiene there are several possible dissociation chan-
nels open at 193 nm, and they have been previously charac-
terized by Morgan et al,'” Tulloch et al,'" and most recently by
Selby et al.'® The main photolysis channel leads to C3—C4
bond fission, but in addition other products are formed:

CH,CHCH,CH,CHCH, + hv (193 nm)

— 2CH,CHCH, (4a)

(4b)

The photolysis channel 4b also produces'®'" allene (C;H,),
propene (C3Hj), propane (C3Hy), cyclopropenylidene (C3H,),
ethylene (C,H,), ethane (C,Hy), 1,3-butadiene (C,Hy), butene
(C,Hy), vinylacetylene (C,H,), 1,5-hexadiene (C¢H,,), CsH,,
C,H,, vinyl (C,H;), and methyl (CH,) radicals. However, allyl
radical accounts for more than 80% of all the radical products at
this wavelength.'® As the sensitivity of the apparatus to C;Hj is
excellent,"® low precursor concentrations were used (Tables 1,
3, and S), and photolytical-production of species other than
allyl radicals is negligible in comparison with the NO and NO,
concentrations used. The initial radical concentrations were
estimated from the gas flow rates, 1,5-hexadiene concentration,
the laser fluences, and the absorption cross section at 193 nm
(6193 am (1,5-hexadiene) = (4.1 + 0.5) X 107'® cm® mole-
cule™)."”” For C;HBr precursor these parameters were not
available, and the initial allyl concentrations were estimated
from the precursor photodecomposition signal. Initial radical
concentrations were estimated to be close to 2 X 10" cm™ in
most of the measurements and in the range 3 X 10" cm™ <
[C3Hs]p < 1 X 10" cm™ in all measurements. Using photolysis
of allyl bromide as a C3H; radical source leads to higher back-
ground signals, and, hence, 1,5-hexadiene was used in most of
the measurements. Nevertheless, allyl bromide was used in some
of the equilibrium measurements for comparison.

Selective ionization of the radicals and products was achieved
using resonance gas discharge lamps by combining a specific
lamp gas with a suitable window filter material. In the study of
the kinetics and equilibrium of the C;H; + NO reaction, the
C;H; decay signals were measured using a Xe-lamp with a
sapphire window producing photons with energy of 8.44 eV. In
seeking the products, also Cl- (9.1 eV), H- (10.2 €V), and Ne-
lamps (16.9 eV) with CaF,, MgF,, and CHS (collimated hole
structure plate) filters, respectively, were applied. In the study
of the C;Hg + NO, reaction, the C;Hj radical decays were mea-
sured with a Cl-lamp using a CaF, window (9.1 eV).

—other products
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At the beginning and at the end of each set of experiments,
the C;H; loss rate in the reactor was measured without added
reactant (NO or NO,). The C;H; loss rate (k,,;;) obtained this
way corresponds to all the other loss processes of the radical in
the system, except of the C;H; + X (X = NO or NO,) reaction
under investigation. The k,,; is the background C;Hj loss rate;
the starting point ([Reactant] = 0) for the bimolecular plot (see
Figures 1 and S). In the equilibrium measurements, slightly
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Figure 1. Plot of the pseudo-first-order rate coefficients (k') as a
function of NO concentration used to determine the bimolecular rate
coeflicient of the C;Hy + NO reaction at 188 K and 5.75 Torr He
([He] =295 X 10" cm™). An unweighted fit through the data resulted
in the following: k(C;H; + NO) = (1.04 + 0.22) X 107" cm® 57!, with a
wall loss rate of k,,; = 102 + 2.9 s™\. Shown in the inset are samples of
C;H radical signal profiles observed at different temperatures.

higher initial allyl radical concentrations (~ § X 10" cm™)
were used to improve the quality of the observed radical signals
which resulted in slightly higher measured “wall loss rates”, as
allyl radical recombination becomes detectable. Nevertheless,
the total allyl radical reaction rate in the reactor without added
reactant (NO or NO,) was never larger than 20 s (Tables 1, 3
and S). After a wall rate measurement, a reactant was added in
controlled amounts and the corresponding allyl radical loss
rates were measured under the pseudo-first-order conditions
([R]p < [NO or NO,]).

‘When bimolecular kinetics were observed, the radical signals
recorded could be described by a single exponential function
[R], = [R]y X exp(—K't) + ao, where [R], is the radical signal at
time ¢, k' is the pseudo-first-order rate coefficient describing the
time dependence of the decaying radical concentration and g, is
the prephotolysis background signal. The bimolecular rate
coefficients k(R + NO) and k(R + NO,) were obtained from
the observed pseudo-first-order rate coefficients (k') according
to a linear equation k' = k(R + X) X [X] + k,,; by plotting
them against corresponding reactant concentrations [X] (X =
NO or NO,) (Figure 1 and 5). In this equation, k,,; is the loss
rate of the radicals in the reactor without added reactant X, k' is
the rate coefficient obtained from the single exponential fitting,
[X] is the reactant (NO or NO,) concentration and k(R + X),
the slope of the plot is the bimolecular rate coefficient of the
studied reaction.

An expression k = kyooc(T/ 300 K)™ was fit to the tem-
perature dependence observed in the C;Hg + NO, reaction rate

dx.doi.org/10.1021/jp308621f | J. Phys. Chem. A 2013, 117, 793—805
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Table 2. The C;H; + NO Falloff Fit Parameters Determined with Different Fitting Approachesf

ky/107% cm® molecule™ s71¢ ko/107'2 cm® molecule™ s7'¢ n® m*
NASA/_]PLb 6.03 + 1.32 5.86 + 0.66 298 + 0.57 2.65 + 0.30
(246 + 027) (139 + 0.63) (4.64 + 0.43) (0.82 + 023)
TUPAC® 10.5 + 2.82 748 + 1.10 3.03 £ 0.70 2.62 + 0.39
(4.56 + 0.55) (169 + 0.88) (447 + 051) (0.97 + 0.28)
free ch 749 + 4.05 6.52 + 1.62 3.00 + 0.63 2.64 + 0.34
(4.59 + 2.49) (169 + 2.75) (448 + 0.51) (0.98 + 0.32)
Tulloch at 296 K¢ 40 + 1.7 13.5 + 0.30 - -
Tulloch at 350 K¢ 25 +1.0 11.2 + 0.40
Tulloch at 404 K* 1.6 + 0.6 9.30 + 0.30

“Uncertainties correspond to statistical 16. “F, = 0.6 and denominator in eq E2 is set equal to unity. °F, = 0.4. “Obtained with floating F,; including
Tulloch et al.'" values at 296 K resulted in F, = (0.40 + 0.13) and without them the fit returned F, = (0.51 = 0.18). “Previous results of Tulloch
et al.'! *Values in parentheses include the results of Tulloch et al.'* at 296 K.

coefficients. In addition to the temperature dependence, also a
dependence on pressure was observed in the C;H; + NO
reaction and the pressure falloff parametrizations of the rate
coefficients®”*' were performed using eqs E1 and E2:

ko x ()

k= —= X Ef
1+ [k‘]x(ﬁ)_m [M]]
ke (555¢) (E1)
( ko x (s ) a0 ) ’
ko ()
=1 |
§ s (0.75 — 1.27 X log E)
(E2)

where k; and k,, are the limiting low and high pressure rate co-
efficients, n and m are their temperature dependences, respec-
tively, and F, is the center broadening factor that was introduced
by Troe™ to account for the transition regime between the two
limiting cases.

At higher temperatures (414 to 500 K), the observed C;H;
decay signals did not return to the prephotolysis baseline in the
course of reaction, indicating an equilibrium mechanism, and,
hence, a different fitting routine was applied. The equilibrium
constants (K. = k,/k_,) were obtained directly from the ob-
served nonsingle-exponential C;H decays with a numerical
simulation of a chemical reaction model (5—7), and the deter-
mined K, values were then converted to K, (in bar™'). The
model used accounted for the wall loss rate (S), the recom-
bination of allyl radicals (6) (ks + k¢ = k,,.;; measured separately
as explained above), and the reversible reaction with NO (7, —7):

C;Hg — wall (5)
C3Hs + C;Hg = CH,, (6)
C,H, + NO 2 C;H,NO 7, -7)

The thermochemical parameters for the C;Hg + NO reaction were
determined using the second- and third-law analyses, by plot-
ting the natural logarithm of the obtained equilibrium constants
[In(K,) + f(T)] against reciprocal temperature (1/T) in a
modified van’t Hoff plot. From the slope (AH/R) and the
intercept (AS/R) of the plot, the enthalpy and entropy of the
reaction were determined.”> The correction to ln(KP) by AT)
originates from the temperature dependences of AH° and
AS° and was calculated as described below. For the third-law
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treatment, the entropy of the reaction (y-axis intercept at
1/ T = 0) and the molar heat capacity of the reaction (AC, for
the correction term, f(T)) were calculated from the thermo-
chemical parameters of the reactants and products. Calculations
were performed using density functional theory at B3LYP/
6-311G(d,p) using tight optimization criteria and the ultrafine
integration grid and employing the Gaussian09 program suite.”®

The use of NO and NO, as reactants in the measurements
needs care as potential impurities and/or side reactions can
interfere with the measurements of the R + X (X = NO or
NO,) rate coefficients. NO, photolysis is a source of singlet
oxygen atoms O('D) (55% yield at 193 nm, 6,93 (NO,) = 2.9 X
107 cm™)** and addition of NO, to the reaction system while
neglecting its dimerization to N,O, in the preparation of the
source bulb gas mixture results in lower calculated reactant
concentrations. The independence of the measured rate
coefficients on the dimerization and }z)hotolysis of NO, have
been discussed at length previously” > for investigations
conducted with the same methods under similar conditions and
hence are not repeated here. NO, was used as an 8.5% or 17.0%
mixture in He (corresponding to about 45% and 57% of the
NO, as N, 0, in the source bulb, respectively”®) and was stored
in and used from a blackened Pyrex bulb.

Nitric oxide (NO) is converted to higher nitrogen oxides in
the presence of O,. The NO source bulb (100%) was prepared
by transferring 99.5% purity NO gas to a Pyrex bulb through a
heated copper chip catalyst,”® in order to convert a potential
impurity NO, to NO. Afterward the purified NO was still
further cold distilled in the source bulb’s side arm, and in the
measurements, NO gas flow was taken from the bulb placed in
an acetone ice slush bath (Ty,, < 210 K) prepared to trap the
possible more reactive higher oxides in the source bulb. All the
reactant concentrations in the experiments were determined by
measuring the rate of pressure increase in a calibrated volume.

The radical precursors, allyl bromide (C;H;Br, Fluka, 99%)
and 1,5-hexadiene (C¢H,,, Aldrich, 99%), were purified prior to
use by several freeze—pump—thaw cycles. Nitric oxide (NO,
Linde, 99.5%) was used as a pure 100% gas, nitrogen dioxide
(NO,, Merck, 98%) was diluted in helium to produce an 8.5%
or 17.0% mixture, and helium bath gas (He, Messer-Griesheim,
99.9996%) was used as supplied.

B RESULTS AND DISCUSSION

The results of the kinetic measurements of the C;H; + NO —
products (T = 188—363 K, p = 0.39—23.78 Torr He) and C;H; +
NO, — products (T = 201—-363 K, p = 0.47—3.38 Torr He)
reactions and the experimental conditions of the measurements

dx.doi.org/10.1021/jp308621f | J. Phys. Chem. A 2013, 117, 793—805
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Figure 2. Pressure dependence observed for the rate coeflicient of the C;H; + NO reaction presented in logarithmic and linear scales. Shown are the
falloff fits obtained with a floating F.. Fits displayed with dotted lines include the results of Tulloch et al. at 296 K" which resulted in F, = (0.40 +
0.13); without them the fit returned F, = (0.51 + 0.18). The rest of the falloff fit parameters are summarized in Table 2. The thick lines correspond

to data at room temperature.

are presented in Tables 1 and S. The results of the equilibrium
measurements of the C;Hs + NO 2 C;HNO reaction (T =
414—-500 K, p = 1.15—2.53 Torr He) are presented in Table 3
together with the conditions of the experiments. The three
different sets of experiments are discussed separately.

Possible sources of error in the determination of the rate co-
efficients and equilibrium constants include reactant concen-
tration over- or underestimation, applicability of the pseudo-
first-order approximation, loss of C;H; through competing
reactions with photolysis side products, and the possible photo-
chemistry of the used reactants (i.e., photolysis of NO,) and
their influence. In addition, statistical uncertainties of fitting to
temporal radical signals affect the overall uncertainty of the
determined values.

In general, the determination of the equilibrium constants
requires higher quality signals than the determination of bimo-
lecular reaction rate coefficients, if similar accuracy is desired.
Hence higher initial radical concentrations were used in the
C;H; + NO 2 C;H;NO equilibrium experiments, and the re-
combination of allyl radicals (6) was included in the mecha-
nism used to fit the nonsingle-exponential C;Hy signals. In the
C;H; + NO and C;H; + NO, kinetic investigations, lower initial
radical concentrations were used. However, even with the higher
radical concentrations used the observed “wall loss rates” were in
the order of 10—20 s~ (Table 3) and confirm the calculated low
initial allyl radical concentrations produced for the experiments
(k(C3Hy + C;H;) = 2.61 x 107" cm™ s7! by Boyd et al.'?).

The uncertainty factors, apart from those associated with the
measurement routines, are different for each set of experiments:
C;H; + NO, C;H; + NO,, and C;Hg + NO 2 C;HNO. The
largest portion of the estimated overall uncertainty in the
determined C;H; + NO, rate coefficients (about +£20%) comes
from uncertainties in calculated reactant concentrations, whereas,
in contrast, the biggest part of the estimated uncertainties in the
C,H; + NO 2 C,HNO equilibrium constants (about +20%)
results from statistical uncertainties in fitting the temporal radical
signals. The determined C;Hg + NO rate coeflicients do not
suffer as much from these uncertainties, as 100% NO was used
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together with rather low C;H; concentrations, and, hence, the
uncertainty is lower, estimated to be about +10%.

In the study of the kinetics and equilibrium of the C;Hy +
NO reaction, the C;H; decay signals were measured using an
8.44 eV ionization energy produced by a Xe-lamp with a sap-
phire window. When a Cl-lamp with a CaF, window combination
(9.1 eV) was used to ionize C;H, a signal resembling equilibrium
was observed even at low temperatures (T < 400 K). When a
lower energy Xe-lamp with a sapphire filter was used instead,
no problem with the signal profile was observed, i.e., the signal
returned to the prephotolysis background level during the time
the reaction was followed (>80 ms). In the C;H; + NO, inves-
tigation, higher ionization energies were used with no apparent
problems in the observed radical signals, and the decays mea-
sured using a Xe-lamp with sapphire and CaF, filters (8.44 and
9.57 eV, respectively) or a Cl-lamp with a CaF, gave similar
reaction rates; only the background and the signal intensity
increased when higher ionization energies were used.

Potential products of the studied reactions were sought with
different ionization energies (8.44, 9.1, 10.2, and 16.9 eV), by
recording signals at mass numbers of possible products in the
absence and presence of excess NO or NO,. In the C;H; + NO
reaction, only a C;Hj signal from reaction —7 was observed. In
the C;Hg + NO, reaction, signals of C;H;O and C;H,O were
identified and are discussed below.

C,H, + NO

The bimolecular rate coefficient obtained for the C;Hg + NO
reaction exhibits a strong negative temperature dependence and
a typical pressure dependence of an R + NO association reac-
tion. Below 370 K the measured C;H; signals displayed single
exponential decay profiles, and the radical signals were ob-
served to decay back to the level of the prephotolysis back-
ground. In this temperature range (188 to 363 K), bimolecular
kinetics were observed, and the decay signals could be fitted
with a single exponential function ([R], = [R], X exp(—k't) + ap).
Above 414 K the C;H; radical signals displayed a nonsingle-
exponential decay profiles and did not decay to the signal
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Table 3. Results and Conditions of the Experiments Used To Measure the Equilibrium Constant of the reaction C;H; + NO 2

C,H,NO*
[He] /1016 [NO]/ 101“ [C 3H5]0/10
T/K  p/ Torr® cm” cm” cm Kyparr/s ™"
414 2.06 4.80 1075 4.06 14
416 2.06 478 5.047 4.08 14
424 215 4.90 3972 3.51 13
424 215 4.90 7.880 3.51 13
434 222 4.94 5432 2.87 17
434 222 4.94 10.40 2.87 17
447° 115 248 6.826 4.00 15
447° 115 248 11.18 4.00 15
47 116 2.51 6.143 3.0 20
47 116 2.51 11.95 3.0 20
4475 231 4.99 5.598 621 12
4478 231 4.99 10.78 621 12
47 232 5.01 5.184 LS 20
47 232 5.01 10.15 LS 20
465 2.53 525 12.24 297 15
473 247 5.04 2.855 5.33 19
473 247 5.04 5.039 5.33 19
473 247 5.04 9.739 5.33 19
486 247 491 11.40 265 14
500 2.52 4.87 11.11 1.90 15

/1071 K./107" correction
cm’® 57! k_,/s7" cm® ln(KP/bar’l)C f(T)d
2.16 8.5 25.6 13.011 0.034
291 12.5 234 12916 0.034
241 14.8 16.4 12.541 0.037
2.61 16.3 16.0 12.518 0.037
225 31.7 7.09 11.680 0.039
2.29 284 8.06 11.810 0.039
1.19 26.6 4.46 11.189 0.043
1.38 26.1 5.28 11.357 0.043
1.15 40.5 2.85 10.741 0.043
1.49 37.2 4.01 11.082 0.043
1.83 42.3 4.33 11.159 0.043
1.99 41.5 4.81 11.263 0.043
245 81.9 3.00 10.790 0.043
2.44 65.2 3.73 11.010 0.043
1.55 119.6 1.29 9911 0.048
2.30 236.5 0.97 9.611 0.051
0.86 90.9 0.95 9.583 0.051
0.49 60.4 0.82 9.434 0.051
2.02 424.0 0.48 8.866 0.055
1.55 887.4 0.17 7.834 0.059

“Range of precursor concentrations used: (0.94—2.23) X 10" cm™ for C¢H,, and (0.95—1 0) % 10" em™ for CH,CHCH,Br. ®1 Torr = 133.3 N m™

“Estimated overall uncertainty in the determined equlhbnurn constants is about +20%.

4Correction to measured In(K,) values as explamed in

the text. “High precursor concentration and low laser power. fPrecursor CH,CHCH,Br. Low precursor concentration and high laser power. Reactor

i.d. Seventeen mm and coated with PDMS.

background level. This behavior indicates an equilibrium
mechanism in the C;Hy + NO reaction above 414 K and is
dealt with separately below.

The observed pressure dependence in the rate coefficients
can be expressed with pressure falloff curves as described by
Troe.””*" There are different approaches for fitting falloff
curves; either follow expert panel recommendations (NASA/
JPL,*° TUPAC?") or perform an unconstrained fit to the experi-
mental data for all the five parameters (ky, k, 1, m, and F.) in
egs E1 and E2. TUPAC®' generally uses this latter approach,
requiring that the fitted F. does not deviate too much from the
theoretically derived value given by Troe.”"** The theoretical
F. value for the present case is 0.4, and it is determined based
on the rotational degrees of freedom®' of the C;H; + NO
system. The NASA/JPL panel® chooses F, = 0.6 regardless of
the degrees of freedom of the system under study and sets the
denominator in eq E2, [0.75 — 1.27 X log(F.)], equal to unity.
All of these parametrizations were fitted to the current experi-
mental C;H + NO reaction rate coefficients, and the resulting
parameters are summarized in Table 2.

The C;H; + NO kinetics have been studied previously by
Tulloch et al.'' and Boyd et al.'? Tulloch et al.' investigated
the reaction at 296 to 404 K temperatures and between 50 to
501 Torr pressure of argon (Ar). They used 193 nm photolysis
of 1,5-hexadiene to produce allyl radicals for the measurements
and UV-absorption at 223 nm generated by a high pressure
Xe-lamp for detection. End product analysis was carried out
by gas chromatography with flame ionization detection. Tulloch
et al.'" reported a strong pressure dependence with a negative
temperature dependence in the obtained bimolecular rate
coefficients, which are well reproduced in the current study.
Both dependences are also extended in the current investiga-
tion with the exception that the bath gas used is He, which is a
little more inefficient third body than Ar used by Tulloch. The
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results obtained here agree well with the rate coefficients of
Tulloch et al.'' (see Figure 2). The temperature dependence
determined in this study seems to be shghtly stronger than that
determined by Tulloch and co-workers,"" but it is difficult to
quantify because of the observed pressure dependence and
different third body efficiencies of the bath gases used, and,
in addition, because the experimental conditions of the two
investigations do not overlap. It is worth noting that the
differences between the two results are small and the overall
agreement is good.

The current determined C3;Hg; + NO rate coefficients at
298 K extend the results of Tulloch et al.'" to lower pressures.
To exploit this, two different fits were made for each different
parametrization: one with the present data only and one that
includes the rate coefficients of Tulloch et al.'' at 296 K. The
values obtained for the falloff parameters change significantly
when Tulloch et al.'' results are included in the falloff fits
(Table 2 and Figure 2). The fitted low-pressure limiting rate
coefficient (k,) decreases and the power parameter of its
temperature dependence (1) increases roughly 50%, while the
high-pressure limiting rate coefficient (k) increases and its
temperature dependence decreases to about one-third of the
value fitted with the current low pressure data only. This
indicates a wider falloff range than the current results suggest. It
would have been interesting to determine the C;H; + NO rate
coeflicients at still higher pressures, closer to the experimental
conditions used by Tulloch and co-workers."" Unfortunately
the current experimental setup did not allow pressures much
higher than 20 Torr, and hence this goal could not be achieved.

The high- and low-pressure limiting rate coeflicients deter-
mined by Tulloch et al.'" are included in Table 2. The agree-
ment between the independently determined values is
acceptable. We note that the full data set results in a fitted
center broadening factor of F, = (0.40 = 0.13), in accordance

dx.doi.org/10.1021/jp308621f | J. Phys. Chem. A 2013, 117, 793—805



The Journal of Physical Chemistry A

T/K

500 476 455 435 417 400

| 5,
= 1
+
o R R e |
é ]] i TR KT |
o [
B 101 L
E o 1
34 & H
? T T 2 T T A T v T
20 21 22 23 24 25
1000 K/ T

Figure 3. Modified van’t Hoff plot of In(K,/ bar™") + f(T) against 1/T
used to determine the thermochemistry of the C;H; + NO 2
C;HNO reaction. Shown is a linear least-squares fit to the data cor-
responding to a thermodynamic second-law determination. In the
inset the corresponding third-law plot is displayed with a calculated
intercept (—137.2 J mol™ K7'/8.31447 J mol™" K™' = —16.50).
Current data are indicated by solid symbols. Included are the previous
results by Boyd et al.'> shown with hollow stars.

with the theoretical prediction.”' Considering only the present
results, the fit returned: F. = (0.51 + 0.18). It must be
emphasized still that the bath gases used in these two studies
were different, and so the agreement of the values can be a little
fortuitous. Nevertheless, the values determined agree well, and
even the rate coefficients at higher temperatures (i.e., 336 to
363 K in the current study and 350 to 404 K in the Tulloch
study), experiments that do not have a common temperature
between the two studies, seem to concur.

Boyd et al.'? investigated the C;Hs + NO kinetics with the
flash photolysis/UV-absorption method at atmospheric pres-
sure of N, and at 403 K using 1,5-hexadiene as a photolytic pre-
cursor. They determined the rate coefficient k(C;H; + NO) =
7.1 + 04 X 1072 cm® s! which agrees well with the rate co-
efficients determined in this study, albeit the experimental con-
ditions and the bath gases used are different in the two deter-
minations. The rate coefficient of Boyd et al.'* is in accordance

with the high pressure limit rate coefficients determined in this
investigation (Table 2); only the NASA/JPL*® parametrized fit
results in k., that is outside of the combined 1o uncertainty
limits.

The C;H; + NO reaction has also been studied computa-
tionally by Zhang et al."® at the CCSD(T)/6-311G(d,p)//
B3LYP/6-311G(d,p) level. The calculations were stated to
reproduce the experimentally observed strong pressure depend-
ence, rationalized by relatively stable adduct formation in the
entrance channel that cannot isomerize or dissociate further to
other products than the original reactants. The reaction was
studied only in its singlet potential energy surface, and no
reason was given as to why the reactions triplet surface was not
investigated.

The qualitative behavior of the C;Hg + NO reaction may be
compared to that of the smallest resonantly stabilized hydro-
carbon radicals’ reaction with nitric oxide; C;H; + NO was
investigated by DeSain et al.** The C;H; + NO rate coefficients
were measured at three temperatures, 195 K, 296 K, and 473 K,
and at 2 to 100 Torr pressure of He using a color center laser
infrared kinetic spectroscopy. The rate coeflicients were ob-
served to vary between 1.1 X 107> and 1.5 X 107" ¢m® s7, in
comparison with 3.0 X 107 to 1.4 X 107! cm® s™! determined
for the C;Hs + NO rate coefficients in the present study (p =
0.47—3.38 Torr, T = 201—363 K). DeSain et al.>* observed
a strong dependence on bath gas pressure at 195 and 296 K
and a negative temperature dependence of the rate coefficients
through the temperature range used. According to their calcula-
tions, equilibrium between C;H; + NO and C;H;NO should
be reached at about 500 to 650 K range, which was stated
inaccessible due to experimental difficulties. The two closely re-
lated reactions, C;H; + NO and C;H; + NO, have very similar
dependences on experimental conditions.

C,H, + NO 2 C,H,NO

Above 414 K, the recorded C;Hg decays did not return to
the prephotolysis background level of the signal (Figure 1), and
the decays observed had nonsingle-exponential profiles. This
indicates equilibrium mechanism in the C;Hg + NO reaction
above 414 K, and the analysis of the signals was carried out
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Figure 4. Independence of the determined equilibrium constants of the experimental conditions used: a) ln(KP/bar_l) + f(T) as a function of
reactant NO concentrations at T = 447 K (filled stars) and at T = 473 K (hollow stars). b) ln(Kp/bar_l) + f(T) as a function of total bath gas

densities of the experiments at 447 K.
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differently than for the kinetic studies; the signals were fitted
with numerical simulations of the reaction mechanism (5—7)
described above in the experimental part. The obtained equilib-
rium constants K. = k;/k_; (from which K,/bar™" is derived)
are presented in Table 3 and Figure 3, and their independence
of the experimental conditions (NO concentrations and total
densities used) is shown in Figure 4.

Thermochemical parameters of the C;Hy + NO 2 C;HNO
reaction were obtained by usual second- and third-law methods
by plotting the natural logarithms of the determined equilib-
rium constants [In(K,) + f(T)] against reciprocal temperature
in a modified van’t Hoff plot. Here f(T) is a small correction to
In(K,) (see below) due to the temperature dependences of AH
and AS and equal to the following: AC,/R[(T — 298 K)/T +
In(298 K/T)].* AC, was calculated and assumed to be inde-
pendent of temperature between 414 and 500 K, ie., in the
range the equilibrium measurements were made. The second-
law determination, a linear least-squares fit to the data (see
Figure 3 and Table 4), resulted in the following: AH®,5 =
—100.8 + 3.0 kJ mol ™" for the enthalpy and AS%,5 = —133.6 +
6.6 J mol™" K' for the entropy of the reaction, with
uncertainties given as 1o of the fit. The third-law determina-
tion with the calculated intercept (—137.2 J mol™' K™'/8.31447
Jmol™ K™! = —16.50; see below) gave AH®,4 = —102.4 + 3.2
kJ mol™" with the error limits given by propagation of errors
method when the uncertainties in ln(Kp) (£20%), estimated
uncertainty in AS® (+7 J mol™'K™"), and T (£3 K) were taken
into account. Accurate estimation of the uncertainty in the
calculated entropy of the adduct, C;H;NO, at this point, is not
teasible. The main contribution comes from the uncertainty of
the low frequency vibrations as well as from the rigid rotor -
harmonic oscillator approximations used for the six isomers.
Simultaneous reduction of all vibrational frequencies by 5%

(i.e., multiplication by 0.95) increases the entropy by 2.77
J mol™ K! In addition, the maximum entropy difference
between the isomers is 3.06 J mol™ K™, This reflects the scale
of the coupling of the moments of inertia. Therefore, it is
believed that +7 J mol™" K™' provides a conservative upper
estimate for the uncertainty of the calculated entropy.

The only previous investigation of the C;H; + NO 2
C;HNO equilibrium reaction was made by Boyd et al.' at
atmospheric pressure of N, and between 403 to 473 K. They
determined AH® = —112 + 5 kJ mol™" and AS® = —158 + 11
J mol™ K™! with a second-law treatment. For the third-law
determination, the vibrational frequencies of the allyl radical and
allyl + NO adduct were estimated using a semiempirical PM3
method, and from these the entropy of the reaction was calculated
(AS° = =150 + 7 J mol ™ K™") giving AH® = —108 =+ 5 kJ mol ™
for the reaction enthalpy. The correction f(T) to In(K,) was
neglected, but it was noted that it has only a minor influence on
the entropy and enthalpy values obtained.

The agreement between the equilibrium constants deter-
mined in this study and those determined by Boyd et al.'* is
good. Hence the thermochemistry of the reaction was analyzed
together with the results of Boyd and co-workers'> but also
according to current results only (Table 4). Combining data
from both determinations and using the calculated entropy
value (—137.2 + 7.0 ] mol™" K™') as a fixed point in the fit
gave AH%gs = —102.4 + 3.2 kJ] mol™ for the third-law
enthalpy, with error limits obtained by the propagation of
errors method.

C,H; + NO,

The rate coeflicients obtained for the C;Hg + NO, reaction
possess a negative temperature dependence (T = 201—-363 K)
and do not depend on the bath gas He pressure within the

Table 4. Current and Previous Values Determined for the Thermochemistry of the Reaction C;H; + NO 2 C;H,NO

study 2nd law AH®/k] mol™! 2nd law AS°/J K™! mol™! 3rd law AH®/kJ mol™" cale. AS°/J K™ mol™!
Boyd et al."> -112+5 —158 + 11 —108 + 5 —150 + 74
this study AH,qs° —100.8 + 3.0° —133.6 + 6.6 —102.4 + 3.2° -1372 £ 7.0
combined? -104.9 + 3.0° —142.6 + 6.7° —102.4 + 3.2° —-1372 + 7.0

“Entropy calculated for the third-law plot. "Statistical uncertainties shown are one standard error. “Uncertainty obtained with the propagation of
errors method. “Values obtained by fitting the line simultaneously to the current and previous data.'?

Table S. Results and Conditions of the Experiments Used To Measure the Rate Coeflicients of the Reaction C;H; + NO, —

Products®

T/K [He]/10" cm™

CH,CHCH, + NO, — Products
Y k(C3Hs + NO,) = (3.97 + 0.05) X 107! X (T/300 K)~"55%005 ¢y 7!

[NO,]/10" cm™3 k'e/s!

201¢ 6.92 1.03-2.73 95.0-215.3
221¢ 7.0 1.06—2.81 55.3-173.3
241 6.85 1.65-2.76 73.1-156.2
266° 6.93 127-373 72.3-1762
29854 1.52 2.98—6.21 136.0-270.2
298 6.90 1.47-3.82 66.8—161.3
2987 7.78 2.17-5.39 92.7-210.4
298¢ 1095 1.37-2.96 58.9—126.0
336 721 1.54—4.10 60.9—134.7
363 721 1.83-3.85 60.3—120.4

Kypart/s ™" k(R+NO,)/10™" cm? s~ Ak(R+NO,)/10™" cm? s71¢
7 7.59 0.25
1 6.11 0.23
2 5.56 0.11
2 4.80 027
s 4.00 0.20
6 4.00 0.05
7 3.84 0.13
6 4.26 033
4 328 0.13
5 3.04 0.09

“Precursor (1,5-hexadiene) concentrations used: (0.79—3.20) X 10'2 cm™>. Statistical uncertainties shown are 1lo. “Estimated initial radical
concentration was less than 6 X 10" cm™, otherwise less than 1.4 X 10" cm™. 9Uncoated 16.5 mm Pyrex reactor, otherwise 17 mm and coated
with Halocarbon Wax. Estimated overall uncertainty in the determined bimolecular rate coeflicients is about +20%.
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Figure 5. Plot of the pseudo-first-order rate coefficients (k') as a
function of reactant concentrations used to obtain the bimolecular rate
coefficient of the C;Hy + NO, reaction at 298 K and 2.13 Torr
([He] = 690 X 10'° cm™). Shown in insets are the C;H; radical decay
signal and the C;H;O and C;H,O product formation signals observed
in the measurements. The signals were measured under the conditions
of the hollow square in the plot, where [NO,] = 1.88 X 10'* cm™>. The
fits through the signals correspond to the first-order decay and for-
mation coefficients: k'y (C;Hs) = (81 + 3) s™' and k¢ (C;H,0) =
(68 + 2) s7" and the decay fit displayed in the C;H;O signal was drawn
according to the observed C;H,O formation kinetics: k'q (C;H;O) = ks
(C;H,0) = 68 s™*. The uncertainties are one standard deviation.
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Figure 6. The bimolecular rate coefficients determined for the C;H; +
NO, reaction shown as a function of temperature. The line through
the data corresponds to a fit: k(C;Hy + NO,) = (3.97 + 0.05) X 107! x
(T/300 K)~155#005 3 71 with uncertainties given as lo only.
Included in the figure is the previous value k(C;Hs +NO,) = (3.9 +
0.8) x 107 cm® 57! determined by Slagle et al.'* at 300 K and 1 Torr
pressure of He shown with an open square.

covered pressure range: p = 0.47—3.38 Torr (Table S and
Figure 6). The only previous determination of the rate co-
efficient was made by Slagle et al.'* at 300 K and 1 Torr pres-
sure of He with infrared multiphoton-induced decomposition
of allyl bromide for C;H; production and similar detection
method as in the current work. The agreement between the
value determined by Slagle et al.'* (k;x(CsHs + NO,) =
(3.9 +0.8) x 107 cm® s7!) and the current result (kg0 (C5Hs +
NO,) = (4.0 + 0.8) x 107! cm® s7!) is excellent (Figure 6).
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Products at mass-to-charge ratios (m/z) of 56 and 57 were
observed in the CyHy + NO, investigation. Slagle et al.'* also
observed formation of products at these mass numbers and
identified them as C;H,O (m/z = 56) and C;H;O (m/z = 57).
The kinetics observed for the C;H,O formation'* was stated as
too slow to originate from the studied C;Hs + NO, reaction,
indicating secondary chemistry, possibly decomposition or a
bimolecular reaction of an allyloxy (C;H;O) radical.

The C;H;O formation and decay (Figure 5) observed in this
study were measured with a H-lamp for ionization (10.2 V).
Slagle et al.'* were able to ionize this product using a Cl-lamp,
which produces considerably lower energy radiation (9.1 eV).
When a Cl-lamp was used in the present experiments, only a
small signal at a m/z(C3H;O) = 57 was detected, too small to
deduce the kinetic parameters. When a H-lamp was used
instead, a profile corresponding to a radical product was re-
corded. The radical profile is similar to that recorded by Slagle
et al."* with the exception that the signal measured in this study
does not decay to the prephotolysis background level but
instead stays at a constant height above the prephotolysis
background (Figure S). This indicates that either another
slower formation channel for a product at m/z = 57 and at a
lower ionization energy than 10.2 eV is operating or, maybe
more likely, that a photodissociation of some formed prod-
uct (caused by the ionizing light) creates a fragment signal
at m/z = 57.

Also the C;H,O formation observed in the present study,
compared to that observed by Slagle et al,'* is different. The
formation rate measured here almost matches the C;H; radical
decay rate observed in concomitant measurements (Figure S),
while that recorded by Slagle et al.'* is much too slow to match
their measured allyl decay kinetics. In addition, their product
signal (C3H,0, m/z = 56) has a delayed formation profile. The
lamp used in both experiments was a H-lamp. The differences
between the two studies are the methods for generating radicals
and their precursors: Slagle et al.'"* used multiphoton induced
decomposition of allyl bromide for C;Hg production, whereas a
193 nm photolysis of 1,5-hexadiene is employed in the current
study. The discrepancies between the two product studies are
not clear.

The origin of the late product signal observed at m/z = 57 in
the current study remains unclear, and the evidence could point
to its formation in secondary chemistry. However, low radical
concentration (1.5 X 10" cm™) was used in this measurement,
and furthermore, 1,5-hexadiene photolysis produces only low
amounts of other radical species than allyl radicals, and they
do not interfere with the C;Hg + NO, reaction. Based on the
signals observed in the current and previous studies, it seems

Figure 7. Structure of an example conformation of the allyl + NO
adduct.
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Table 6. Geometries and the Parameters of the C;H;NO Rotamers (Al, B1, and C1) and the Corresponding Optical Isomers

(A2, B2, and C2), Allyl Radical, and NO

C;H3NO isomer

Al A2 Bl B2
Dihedral Angles D 9—1-2—4 and D 10-9—1-2
56.4 —56.8 $3.7 —53.7
130.0 —129.8 =37 3.7
Frequencies at B3LYP/6-311G(d,p) Scaled by 0.99
63.0 63.8 69.0 69.0
124.1 125.4 1454 145.4
297.1 298.2 252.6 252.6
416.7 416.6 387.6 387.6
548.8 548.8 542.2 S42.2
610.8 611.4 741.6 741.6
819.5 819.3 7724 7724
925.2 925.4 842.6 842.6
942.8 942.8 955.3 955.3
952.5 953.3 962.2 962.2
1019.0 1019.5 1012.7 1012.7
1145.2 1145.5 1103.5 1103.6
1180.8 1181.2 1202.5 1202.5
1276.4 1277.0 1277.2 1277.2
1310.8 1310.8 1314.6 1314.6
1428.0 1428.3 1412.0 1412.0
1446.9 1447.1 1450.2 1450.2
1652.3 1652.5 1655.3 1655.3
1692.2 1692.4 1692.6 1692.6
29704 2971.6 2975.2 2975.2
3052.6 30S83.0 3032.8 3032.8
3099.8 3100.9 3095.7 3095.7
3118.1 3119.6 3126.7 3126.7
3184.8 3185.9 3180.3 3180.3
Rotational Constants, GHz
17.227 17.155 13.693 13.694
2.676 2.681 3.192 3.191
2.581 2.584 2.800 2.800
DFT Energy, atomic units
247.256800 247.256807 247.256295 247.256295
ZPE in kJ mol™
199.00 199.08 198.55 198.55
Relative Enthalpy at 0 K in k] mol™*
0 0.06 0.88 0.88

C1 c2 C, y allyl NO
—70.6 70.6
104.8 —104.8
60.3 60.3 425.6 1968.9
85.6 85.6 526.4
333.6 333.6 545.8
394.3 3944 777.5
552.1 5S2.1 802.4
6313 631.3 927.2
807.1 807.1 1002.8
916.7 916.7 1026.6
956.4 956.4 1195.5
976.7 976.7 1257.5
1019.9 1019.9 1409.2
1127.7 1127.8 1496.1
1219.0 1219.0 1502.1
1265.6 1265.5 3095.6
1312.0 1312.0 3102.2
1431.2 1431.2 3108.5
1452.8 1452.8 3199.3
1642.2 1642.2 3202.1
1686.9 1686.9
3001.7 3001.7
3072.2 3072.2
3100.2 3100.2
3113.1 3113.1
3185.5 3185.5
19.291 19.288 55.089 51.332
2.663 2.663 10.334 51.332
2.613 2.613 8.702 0
247.256218 247.256218
199.40 199.40
1.92 1.92

most likely that C;HO is produced in the C;H; + NO,
reaction (possibly from C;H;—ONO adduct decomposition)
and dissociates by f-scission to give C;H,O (acrolein) and
H-atom, the reaction C;H; + NO, being the rate limiting step.
The late signal at m/z = 57 is probably a fragment signal from a
formed product, possibly from a C;H;—NO, or a C;H;—ONO
adduct, due to photolysis by photoionizing light. Other
potential products of the reaction were sought too, but not
detected, including the following: C;H,, C;H;NO,, HONO,
and HNO.

In addition, it is of interest to qualitatively compare the re-
sults of the two smallest resonantly stabilized hydrocarbon
radicals in their reactions with NO,; C;H; + NO, studied in
this work and C;H; + NO, researched by Geppert et al.>* at
220 to 336 K and at a few Torr bath gas pressure range using
the same apparatus and procedures as in the current study.
Geppert et al.>* determined k(C;H; + NO,) = (2.55 + 0.05) X
107" x (T/ 300 K) 196010 ¢my3 571 for the rate coefficients of
the reaction, slightly lower than what is found here for the rate
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coefficient of the similar C;Hj reaction, with also a weaker
dependence on temperature (k(Cy;H + NO,) = (3.97 + 0.84) X
107" X (T/ 300 K)~'55005 ¢m3 s71). Geppert et al.>* observed
no pressure dependence of the determined rate coeflicients in
accordance with the results of this study.

B COMPUTATIONS

In addition to the experimental investigation, the behavior of
the C;H; + NO reaction was probed also by quantum chemical
calculations. The potential energy surface (PES) for the con-
formations of the C;H{NO adduct was explored using density
functional theory. B3LYP/6-311G(d,p) calculations were made
with the Gaussian09 program,* using tight optimization criteria
and ultrafine grids for the integrations. A drawing of the allyl +
NO adduct is shown in Figure 7, to define the two torsion or
dihedral angles d1 = N9—C1—-C2—H4, which corresponds to
rotation about the C—C bond, and d2 = 010—-N9-C1-C2,
which corresponds to rotation around the N—C bond. The
difference from prior theoretical work'? is that we account for
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different conformations of the C;H;NO adduct. Initially a
relaxed scan of the PES was conducted as a function of the two
torsion angles. This scan revealed 6 minima (3 pairs of optical
isomers), which were then optimized separately. Vibrational
frequencies for these minima were scaled by a standard factor of
0.99. The geometries are given in the Supporting Information,
and the frequencies, moments of inertia, and energies are given
in Table 6. A contour map of the hindrance potential for the
two internal rotors is shown in Figure 8.

180

19.80
17.50
120 m—15.00
- 12,50
&0 10.00
7.500
5.000
d2 © 3.000
1.000
-60
-120
-180
-18l -120 -60

Figure 8. A contour map of the hindrance potential of C;H;NO as a
function of the dihedral angles d1 (N9—C1—C2—H4) and d2 (O10—
N9—C1—C2) in degrees. The energy is in kJ mol™.

Exact thermochemical calculations for the adduct, allyl
nitrosyl, currently are not feasible. There is significant kinematic
coupling of the internal rotations with the external rotations via
the moments of inertia modulation, as evident from the
variation of the rotational constants for external rotations of the
rotamers (Table 6). Similar coupling exists also for the two
internal rotors. Fortunately, the barriers for the internal
rotations (6—12 kJ mol™') several times exceed the mean
thermal energy (RT = 3.3 k] mol™" at 400 K); therefore, the
following approximation is considered to be reasonable. The
adduct is treated as an equilibrium mixture of six isomers,
three rotamers with corresponding optical isomers (Table 6).
The thermodynamic functions for the isomers were calculated
using the rigid rotor — harmonic oscillator approximation (with

corresponding different rotational constants and vibrational
frequencies). The enthalpy and entropy of the equilibrium
mixture of the isomers (i.e., of the mixture where equilibrium
mole fractions of the isomers were calculated based on their
thermochemical parameters) were calculated at different
temperatures. The results are listed in Tables 6 and 7.

The calculated entropy of the adduct at 298 K, 331.6 J mol " K™,
differs significantly from that calculated by Boyd et al.
(319 J mol™ K™"),"* mainly due to the entropy of mixing of the
six isomers. The entropy of the allyl radical, 258 J mol™ K7, is in
excellent agreement with the value from Boyd et al.'> (258 J mol™
K™). The calculated standard entropy of reaction 7 at 298 K is

AS®ys = —137.2Jmol ' K™' (8)

which was used as the computed intercept (—16.50) in the
modified van’t Hoff plot, corresponding to the third-law deter-
mination (Figure 3).

Calculated entropies and enthalpies were used to calculate
the correction f(T) for ln(KP) in the modified van’t Hoff plot.22

ln(Kp) + f(T) = —AH®,5s/RT + AS®,5/R )

f(T) = (AH; — AH®)55)/RT — (AS° — AS®,55) /R

The correction is listed in the last column of Table 7. The
correction does not exceed 0.06 in the temperature range of
interest, 298 to 500 K, and in this range (and only in this range)
it can be represented as

F(T) =29 x 1074(T/K — 298) (10)

Bl CONCLUSIONS

Free radical reactions of allyl with NO and NO, were studied in
direct measurements and, apart from negative temperature
dependence, were observed to display different dependences on
the experimental conditions. The C;H; + NO reaction rate
coefficient exhibits a strong dependence on pressure for which
Troe falloff parametrizations according to different panel
recommendations were performed. The fit obtained with a
floating center broadening factor and including results from a
previous study resulted in F. = (0.40 = 0.13), identical to the
theory prediction: F, = 0.4. In contrast, the C;Hg + NO,
reaction rate coefficients showed no dependence on the bath
gas density at 298 K and at 0.5 to 3.4 Torr pressure of He.
When the temperature was raised to 414 K, an equilibrium was

Table 7. Thermodynamic Functions of the Adduct, C;H;NO, and Allyl Radical, C;H;, Calculated in This Work?

T/K S°(C;H,NO)“ H°(C3H5N0)b S°(NO)
298.150 331.604 18.283 210.700
300.000 332.140 18.444 210.900
350.000 346.279 23.036
400.000 359.824 28.113 219.500
450.000 372.861 33.652
500.000 385.429 39.620 226.300
550.000 397.549 45.981
600.000 409.240 52.702 231.900
650.000 420.519 59.749
700.000 431.404 67.095 236.800
750.000 441.917 74.718
800.000 452.076 82.587 241.100

H°(NO)-H®,s(NO) S°(C3H;y) H°(C,H;) correction®
0.000 257.994 12.572 0.000
0.060 258.379 12.687 0.000
268.638 16.020

3.040 278.603 19.755 0.025
288.273 23.864

6.060 297.641 28.313 0.059
306.702 33.068

9.150 315.457 38.101 0.071
323915 43.386

12.310 332.087 48.901 0.077
339.988 54.629

15.550 347.633 60.552 0.064

“Entropies in ] mol™' K., “Enthalpies in kJ mol ™. “Correction f(T) to the In(K,), see text. “The thermodynamic functions of nitric oxide, NO, are

taken from the literature.>®
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observed between C;H; + NO and C;HNO. Equilibrium
constants were determined between 414 and 500 K, and the
third-law enthalpy of the reaction was obtained: —102.4 + 3.2
kJ mol ™!, when current and previous determinations were taken
into account. Quantum chemical calculations were made to
characterize the isomers of the C;H,NO adduct.

B ASSOCIATED CONTENT

© Supporting Information

C;H;—NO atomic numbers and Cartesian coordinates in 107 m,
derived via B3LYP/6-311G(d,p) theory. This material is available
free of charge via the Internet at http://pubs.acs.org.
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