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The absolute rate constant of the reactiohl G NH; — products has been experimentally determined over
the temperature range 29365 K at a pressure of 10 Torr (He) and over the pressure ran@® Jorr at

295 K. The concentration of &£ radicals was monitored in real time using the CH chemiluminescence method
following their production by pulsed laser photolysis aHz at 193 nm in a slow-flow reaction vessel. The
pressure-independent rate constant is large and exhibits a pronounced negative temperature degfijlence:
= (1.24 0.2) x 10 * exp[(370=+ 40) K/T] cm® s7%, both unusual for reaction of a radical with a saturated
molecule. This may be rationalized by strong dipedigpole and dipole- quadrupole interactions, as have
been put forward for the isoelectronic CNNH; reaction. The gH + NH; reaction is somewhat faster than

CN + NHs, even though ab initio calculations predict the CCH dipole moment to be smaller than that for
CN. However the opposite sign of the dipole moment gfl@mplies an initial HCC- - -HNH alignment,
favorable for subsequent H-abstraction. The (extrapolated) high rate constant both at combustion temperatures
and at interstellar temperatures should make this reaction very important in those environments.

I. Introduction predictedT dependence is much too weak. These deficiencies
in relation to the CNt+ NHg3 reaction have been pointed out by
Faure et af* They have shown that inclusion of (NH)
qguadrupole- (CN) dipole interaction significantly increases the
attraction potential at large to midrange internuclear distances
but that the temperature dependence is reproduced only by

Most gas-phase reactions of radicals with closed-shell mol-
ecules face sizable energy barriers, and thus have negligible
rate constants at the very low temperatures (18 K < 100
K) found in interstellar clouds where the chemistry is dominated
by barrier-less reactions governed by long-range attractive inclusion of rotational selection, in which the reaction is

forces. Some radical-molecule reactions though do have large . )
. . favorable when low-energy rotations are involved. Such theo-
rate constants at low temperatures; a notable example being the

reaction of the cyano radical with ammonia, GNNHg, with Fetical t.reatments Fhough are siill in development. )

k(100 K) ~ 1 x 10710 cn® s 1.1 This large rate constant and The _|soelectron|c counterpart of C_:N, the e_thynyl radical

its unexpectedly sharp decrease with increasing temperature ha§C2H), is also found in interstellar regioh® and in planetary

been of recent interest to experimentalist and theoretidighs, ~atmosphere&:* Thus, its low-temperature kinetics too have
Capture theoriésthat assume the reaction dynamics are received attentiofti™1' though the reaction

controlled by long-range forces and that reaction is guaranteed

once over the centrifugal barrier have attempted to reproduce C,H + NH; — products 1)

the rate constants of such reactions. For €NNH; there has

been limited success: capture theory roughly reproduces thehas not previously been studied either theoretically or experi-

magnitude of the rate constant at low temperatures but the mentally.
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At higher temperatures, 8 is found as an intermediate in 1
hydrocarbon combustidh!® where it is linked to acetylene
oxidation and to the formation of polycyclic aromatic hydro-
carbons, the precursors of s@8t2* C;H is also known to be
responsible for the intense CH{AX) chemiluminescence in
flames via GH + O — CH(A) + CO and GH + O, — CH(A)

+ C0O,.2526 Finally, GH radicals may take paf’ in “NOy
reburning”, in which small hydrocarbon radicals, generated from
fuel injected above the main combustion zone, reducg NO
emissions by rapid reactions with NO and N© yield HCN

or NCO, thus initiating a series of reactions leading tovik 0.0014 <
NH>, NH, N, and other intermediaté%.32 This “NOx reburning” " i T y

can be enhanced by injecting NEadvanced reburning® into o s 10 <15 0023033
the combustion zone thus generating larger concentrations of time/ps

NH; intermediates. Besides, fuel-bound nitrogen will also give Fi@}UfZ 1-h Ty;()ji_cal time PfOff“gS of [l%g] f0||9WiR9 its pdeUCtiggezy
; ; ; ; pulsed photodissociation of,8, at nm in the presence o

rise to NH; in combustion environments. 17 x 105 cm 2, [0)] = 15 x 105 cm 3, temperature of 450 K,
and a total pressure of 10 Torr (He): (a) [§JH= 0.0 cnt3; (b) [NH3]
=1.1x 10%cm3; (c) [NH3] = 3 x 10 cm2. Each decay is fitted
by the expressiol’ = A exp(—kitat)-

<
—_
1

Relative [C,H]

0.01 A

Il. Experimental Section

The pulsed-laser photolysis/chemiluminescence experimental,ith
apparatus used in this study is described elsewtéPelThe
principal features are given here;HCradicals were generated K = K[NH4] + K,[O,] + k,[C,H,]
by pulsed laser photolysis of,8, at 193 nm in a heatable,
blackened, stainless steel reaction cell equipped with windows The CH(A—X) chemiluminescence from the irradiated reac-
for passage of the photolysis beam and for chemiluminescencetion volume chamber was imaged onto an optically filtered (430
detection at right angles to it. A homogeneous mixture of the + 10 mn) photomultiplier tube (PMT). The transient signal was
excess reactant (N§j carrier gas (He), and &8 precursor digitized and stored on computer. Typically 15 intensity-vs-
(C,Hy) was flowed through the cell at a sufficient rate to refresh time profiles were averaged for eakhmeasurement. At each
the gas between successive photolysis pulses. The gas puritiesingle temperatures’ values were measured for seven to nine
were as follows: He, 99.999%;.8, (acetone free), 99.6%; different [NHs] ranging from 0 to ca. & 103295 K/T) cm3,
NH3, 99.96%. NH was diluted in high-purity He to a fraction  but at a fixed [GH;] of 2.5 x 10 (295 K/T) cm~2 and fixed
of about 0.1 before use. For most experiments the total gas[O;] of 2.3 x 10 (295 K/T) cm~3. On the basis of a 193 nm
pressure was 10 Torr. absorption cross-section forpl, of 1.4 x 101°cm—24%and a
Any [CoH(A)] formed with [CH(X)] by photolysis of ~ quantum yield for GH production of unity}"*?[C,H]o was
C,H2 3637 will be quenched rapidly by (10 Torr) helium, at a  calculated to be 3.5 10'2 (295 K/T) cm™3, sufficiently small
rate of about 1.3« 106 s71,37 such that only a fraction of less  to ensure a negligible influences %) of any secondary or side

than 1.5x 1073 survives after s, at the inception of the £ (CzH-radical) reactions. The absence of any effects from H

decay measurements. atoms and Nklgenerated by NEkIphotolysis is discussed below.
Contrary to some earlier suggestidi4?it has been firmly The first-order decay ratek, are determined by a weighted

established recentiy2 that GH is the only primary photo- least-squares fit tdop{t), each time after subtraction of an

product of the 193 nm £, dissociation. The low 193 nm laser ~€mission transient taken in the absence eft® correct for
fluence of ca. 1.0x 10 photons cm? per pulse precludes Scattered laser light and window fluorescence.
possible two-photon products. Sinceky' andks' are constants for a fixed [Pand [GH2],

The real-time decay of [i] was monitored by measuring ~ "€SPectively, the ternk;[O;] + ks[CoHo] appears only as an
the intensity of the 431 nm CH#X) chemiluminescence ordinate Intercept in a_plotdo' VS [NHg],whereas the slope of
resulting from the reaction of & with O, added in large the resulting straight line equals the bimolecular rate constant
excess® Thus, GH radicals undergo reactions with the co- ka.

reactant NH, its precursor ,and Q, all in large excess . .
K, its p eH, Q 9 Ill. Results and Discussion

C,H + NH;— products Q) Figure 1 shows threl,{t) Co,H-decay profiles at 450 K: (a)
in the absence of Nilwhere GH is removed solely by @and
C,H + O,— other products (28)  C,Hy; (b and c) in the presence of (increasing amounts ofy,NH
. resulting in an increase of the decay rate. Rl{t) profiles
CH(A)+CO (2b) exhibit single-exponential behavior over about 2 orders of
CH(A) — CH(X) + hv 3) magnitude. The smaller [€l] att — O for increasing [NH] is
C,H + C,H, — products (4) due to 193 nm absorption by NHFigure 2 shows plots df

as a function of [NH] for three temperatureB. Linear fits yield
ki as slope andt;[O;] + kq[CoH2] as intercept.

As the CH(A) lifetime, of~ 0.5us3%is less than the chemical At the 193 nm NH absorption cross section of 5:4 1018
!ifetimg of CH _in our ex.periments, th? CH%AX,) emission cm?, % and at our typical 193 nm laser fluences cf 8L mJ
intensity,lopdt), is proportional to [GH], since [Q] is constant, cm2 pulse® a fraction ca. 0.05 of the NHshould be

such that photolyzed, generating H and Nidlt near-unity quantum yieft.

) As the rate constants of the combinations of H and, Mlith
lopdt) O [C,H](t) O [C,H], exp(=K't) 0] C;H at 10 Torr of He may be estimated to be of the order 5
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Figure 2. Second-order plots df vs [NH;] at three representative
temperatures.

TABLE 1: Derived Experimental Rate Constants for the
C,H + NH3 Reaction

TIK P/Torr kKicm*st
295 30 4.3:0.6
295 5.0 4.2£0.8
295 10.0 4.4-0.8
333 10.0 3.5:0.6
350 10.0 3.6:0.5
450 10.0 2.6:04
500 10.0 2.2+:04
650 10.0 2.2:0.2
765 10.0 1901

10" cmP s, i.e., close td(CoH + NH3), thek; values from
the slopes oK' vs theinput[NH3] plots might be systematically
5-10% too high. To test thik;(295 K) was measured at laser
fluences of 4.3 and 11.8 mJ cper pulse, under the same
chemical conditions, yielding; values differing less than 3%.
Thus, the combined influence of NHbhotolysis with H and
NH, generation on the derivek] is small and lies within the
uncertainty of our determinations. A rationalization is fast
recombination of H and Niat the higher [NH]; also, H and/
or NH, may react slower than NHwith C,H. Nonetheless, an
additional systematic error @f8% was imposed on the derived
A factors on the fits tdk(T) vs T. All k; values with their &
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Figure 3. Arrhenius plot of the gH + NHjs rate constants. The best
fit Arrhenius expression (solid line) ik(T) = (1.2 + 0.2) x 10°1*
exp[(370+ 40) K/T]. The dotted line is a fit to the data of the form
ky(T) = A(T/295 K, with A= (3.9+ 0.4) x 10 **andn= —0.75+
0.10.
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Figure 4. Plot of the experimental rate constants feHC+ NH3 (open
circles) encompassing the low-temperature range over which data for
the isoelectronic, CN- NHg, reaction exists (also plotted). The dotted
line shows a fit to the low-temperature experimental data of Sims et
al! for CN + NH; (open diamonds) and the dashed line shows the fit
to the high-temperature experimental data of Sims ét fr CN +

NHs (filled triangles).

statistical uncertainties are listed in Table 1. Measurements overmostly to slowly rotating reactants as these are more sensitive

the pressure range-880 Torr of He, also in Table 1, shoky-
(295 K) to be independent of pressure.

Our ky(T) results show that §H + NHs is unusually fast for
a radical+ closed-shell-molecule reaction, wika(295 K) =
(4.24 0.6) x 102 cm? s71, though it slows down markedly
at higherT. The Arrhenius fit of Figure 3 yieldk(T) = (1.2 +
0.2) x 10711 exp[(370 =+ 40) K/T] cm® s 1. A more useful
expression for extrapolation to lowaris ky(T) = (3.9 + 0.4)
x 10711 (T/295 K)~0.75£0.10 Both expressions include statistical
(20) and likely systematic errors. Clearly, reaction 1 proceeds
without a barrier, similar to CNF NH3.144 The plot ofk vs T
in Figure 4 shows the similak(T) behavior of the two
isoelectronic reactions, thought€+ NHs is faster at the lower
end of theT-range of overlap. Most likely, dipotedipole and
dipole—quadrupole interactions, as invoked to reproduce the
low-T behavior ofk(CN + NHy3),* are also involved in the fast
capture of GH by NHs. An important difference, however, is
that the dipole momenu(C—N) = +1.70 D' whereas
u(C—CH) = —0.77 D* The lower u(C—CH) is likely
(over-)compensated by its opposite sign which results in an
initial HCC- - -H3N alignment favorable for an H-abstraction
transition structure HCC--HNH,; — contrary to the CN
counterpart. Note that the low-rate constant should be due

to the anisotropy of the long-range potenfialhe product
channel in line with the above is;B + NH3z — CyHz + NHa,
AH(298 K) = —21.7 kcal/mol** However, more exothermal
channels{- CN + CH;; — HCN + CHs; — CH3CN + H; —
CH.CN + Hy; ...), although requiring more extensive rearrange-
ments, cannot be excluded. The dominant influence of long-
range dipole-dipole and dipole-quadrupole effects oky(C,H
+ NHs) is underscored by the fact tha(295 K) is a factor ca.
450 higher than expected from an Evai®lanyi correlation
between the rate constant of H-abstraction fromHRby C,H
and the R-H bond energy fononpolarR—H compounds, &Hs,
CHg, and H.46

The high rate constant of the title reaction should make it an
important process in the interstellar medium, in planetary
atmospheres, and in combustion environments. It therefore
deserves further experimental and theoretical investigation,
aimed, among others, at determinikigat lower temperatures,
where capture theory is more applicable, and establishing the
product distribution.
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