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Rate constant and reaction channels for the reaction of atomic nitrogen
with the ethyl radical

L. J. Stief, F. L. Nesbitt,? and W. A. Payne
Laboratory of Extraterrestrial Laboratory, NASA/Goddard Space Flight Center, Greenbelt, Maryland 20771

S. C. Kuo, W. Tao, and R. B. Klemm
Department of Applied Science, Brookhaven National Laboratory, Upton, New York 11973

(Received 14 November 1994; accepted 23 December)1994

The absolute rate constant and primary reaction products have been determiine2b8&tK for the
atom—radical reaction (4)+C,H; in a discharge flow system with collision-free sampling to a
mass spectrometer. The rate constant measurements employed low energy electron impact ionization
while the product study used dispersed synchrotron radiation as the photoionization source. The rate
constant was determined under pseudo-first-order conditions by monitoring the decaysasrC

C,Ds as a function of time in the presence of excess N atoms. The reket(ls1+0.3x10 1 cm?
molecule ! s™1. For the reaction product experiments using photoionization mass spectrometry,
products observed at 114 nfh0.9 eV} were CD;, D,CN and GD, for the N+C,Ds reaction. The
product identification is based on the unambiguous combination of produactalues, the shift of

the m/z peaks observed for the -NC,Ds reaction products with respect to theH&,Hs reaction
products and the photoionization threshold measured for the major products. The observed products
are consistent with the occurrence of the reaction channgBNB CD4(2a and GD,+ND(2¢).
Formation of GD, product via channel2c) accounts for approximately 65% of the[ll; reacted.

Most, if not all, of the remaining 35% is probably accounted for by cha(@&l These rate constant

and product results are compared with those for theORl; reaction as well as other atohC,Hs
reactions. The role of the NC,H; reaction in the formation of HCN in the atmospheres of Titan and
Neptune is briefly considered. In addition, the appearance energy for the formatigDHffom

C,Ds was determined from photoionization threshold measurementg(CAE; ,C,Ds)=239.5

kcal mol™. From this, values are derived for the zero Kelvin heats of formation £f;Q(266

kcal mol) and GD5 (71.6 kcal mor'). © 1995 American Institute of Physics.

I. INTRODUCTION the rate constants for reactions of ground state atomic nitro-

) ) gen with hydrocarbon molecules are immeasurably low. This
The reactions of ground state N atoms with hydrocarbory,ygests that the principal fate of N is reaction with a hydro-

radicals are significant in a wide variet'y of systems including.-hon free radical formed via reactions of A 3%) and/or
the chemistry of the atmospheres of Titdhand Neptunél® o ic hydrogen,both of which may be present in “active
nitrogen chemistry in hydrocarbon combustfotthe chem- nitrogen” flow discharge experiments. In such experiments,
istry of interstellar and circumstellar clofd§ and labora- CH, (and thus CH) has been rarely examined whereas larger
tory studies of the reactions of hydrocarbons with “active by qrocarbons form the bulk of the experiments. In particular,

nitrogen.””~*°In many of these systems a prominent reaction,” . mber of detailed studit® have involved GH, (and
of this type is that of N with the methyl radical: hence GHs) as a reactant.

N-+CHz—H,CN+H. ) The thermodynamically accessible channels for the

bsol M2 and pri ) hanndt N+C,Hs reaction are given below along with the corre-
Absolute rate consta and primary reaction channets spondingAH, in kcal mol *

have been determined as a function of temperature for this

reaction. The reaction is very rapid wittk; (298 N+C,Hs—H,CN+CH; [—56] (2a)
K)=8.5x10" cm®molecule*s™®. H,CN formation ac-
counts for 90% of the reaction with a minor chanf®0%) —H(CH)CN+H  [-55] (2b)

leading to HCN+H,. Despite the prominence of NCH; in

some of the above complex systems, it must be noted that C —CHytNH - [=39] (20
hydrocarbons in general and th@@ radical in. particular HCN+CHg+H [—23] (2d)
are of comparable or even greater importance in two of these
systems. Thus, in the lower stratosphere of Titan, calculated —CH;CN+2H [—19] (2¢)
altitude profiles show that[CH;] and [C,Hs] are
comparablé® This is probably true for both the upper and —CHCN+H, [—123] (2f)
lower stratosphere of Neptud®@. Concerning the “active

nitrogen”/hydrocarbon systems, Michd&lhas shown that —HCN+CH, [-124] (29

—CH;CHNH [—139] (2h

dAlso at Department of Natural Science, Coppin State College, Baltimore,

MD. —cyc-GH,NH  [—111]. (2i)
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5310 Stief et al.: Reaction channels for N+C,Hs

TABLE |. Mass-to-charge ratio, enthalpy of formation, ionization energy mass spectrometer housed in the second pumping stage. All
and photoionization threshold for reactants and potential products of thexperiments were performed at 298 K and approximately 1
N-+C,Hs reaction. Torr total pressurgHe). The linear flow velocity was ca.
2000 cm 5. Gas flows were measured and controlled by

a a
E;ZCJ?P Lor miz Angafz,ﬁgr*? IeEV ! th;?:hom electronic flow meter$ASM International, N.\.
Nitrogen atoms were generated by passingdiuted

’(\l:sz ;g 1;; 13.'5 123.? with He thr_ough a microwave dischqrge. Excited. N ‘_':de N
H,CN 28 5P ~108 1317 from the discharge were quenched in a recombination vol-
CH, 15 34 9.8 126.5 ume before the atomic N entered the back of the flow tube.
H(CH3)CN 42 34 ~9.8 131.9 As in previous studie§-'? nitrogen atom concentrations
H 1 52 13.6 91.2 were determined using NO titration and were in the range 1
EZHH“ ig ég 122 1;?; to 8x 10" molecule cm?. Nitric oxide entered the flow tube
HCN 27 32 13.6 912 through the movable injector and, during the titration, the
CH,CN 41 18 12.2 101.6 injector tip was always in the region of the flow tube where
H, 2 0 15.4 80.5 the rate measurements were made.
CH, 16 -15 125 99.2 Ethyl radicals, GHs or C,Ds, were generated by the
Ccy'iﬁ(é;NASH g’ 3(2) g:g’ ig?‘:; reaction of F atoms with a large excess gHgor C,Dg. The

radicals were monitored am/z=29 (C,Hs) or m/z=34
3Reference 15 except where noted. (C,Ds) with EIMS using low electron energi€dl to 12 eV
°Reference 16 and 24). to minimize interference caused by dissociative ionization of

‘Reference 8.

dReference 2. CoHg or GDg. F atoms were proc_Juced in a microwave dis-
*Estimated. charge of CE diluted in He. Species such as CEFR;, etc.

'Calculated from IE except where noted. were removed by allowing sufficient time to react in a re-
*Autoionization thresholdRef. 21(@). combination volume downstream of the discharge. Thg CF

discharge tube had an alumina lining and was coupled to the
These calculations are based &b, (298 K) for reactants Pyrex tubing via Teflon fittings. F atoms frqm the discharge
and products as summarized in Table | and given by Lia?mer?d the flow tube at the back enq yvh|lg—|g:or C2Ds
et al 1% with the exception of those for &N and HCH;)CN were introduced through the movable injector. The rate con-
which came from Cowlest al® and Safrany, respectively. it?:lt gol: tkfzrgait(i)qqucng 6_’TF+|C_21H 5_ils \'&ery Iargez,o
Processef2a) and(2b) are both analogous to the major pro- ( 2He) =2.3% ¢ molecule s ©. Assuming a
cess for NFCH,™® since(2a) yields H,CN as in(1) but in- comparable v;tlue fork(li+C2D6) and _‘S’V'th [C2H6] or
volves C—C bond rupture whil€2b) involves C—H bond [CZDG]:5X101 to 1x10" molecule cm?, formation  of

rupture as in(1) but yields a CH substituted HCN. Process .CZ.HS or C.;2D5 was essentially complete V\.'ithin 1 cm of the
(2a) has been proposed by Safrdrocesse€2c) and (2d) injector tip. F atom and hence_eth_yl radlca_l co.ncentratlons
have frequently been propogéd'’to account for formation V'€ determined by the-+C,Hj titration reaction in a man-
of NH and HCN. The process analogous(2a) for N+CH; ner S|m|I<'_:1r to that desqnbed for n_1ethy| radlcéllslnlltlal
yields CH+NH and is endothermic. The NCH; process ethyl rzad|cal conceggratlons were In the range 1™ to
analogous td2d) and (26 yields HCN+2H and was shown 2x 10 molecule cm and0 the mlnlmur_n3 detectgble level
to account for<5% of the reactiot® We are not aware of V&S estw_nated to be><3101_ molequle cm at a signal-to-
any reference to proces2f) or (2g) but we have listed them noise ratio of 1 and 10 s integration time.
by analogy with formation of HCNH, from N+CHjz which
accounts for 10% of the reaction products. Finally, processe
(2h) and (2i) represent formation of stable adducts; in the  All product measurements were performed in a dis-
N+CH; study, no adducts such as,EB=NH were charge flow-photoionization mass spectromég-PIMS)?:
observed? on beamline U-11 at the National Synchrotron Light Source
We report here the first experimental study of the rate(NSLS), Brookhaven National Laborator(BNL). All ex-
constant and reaction channels for the reaction of atomiperiments were conducted at room temperature-agdrorr

g. Product measurements

nitrogen with ethyl radical. total pressuréHe). Flow velocities were~1000 cm 5 and,
with the movable injector typically at 5 to 10 cm from the
1l. EXPERIMENT sampling pinhole, reaction times were of the order of 5 to 10

milliseconds. Two types of measurements were matiea
mass scan of the reactants and products at a fixed photon
The rate constant measurements were made using tlmergy and2) a wavelength scan at a fixed value rofz.
discharge flow—electron impact mass spectrom@&S)  The mass resolution was typicals0.1 mass unit and, with
at Goddard Space Flight CentgSFQ. This apparatus has 750 um slits on the monochromator, the wavelength resolu-
been described previousi§1°Basicall a 3 cmdiameter, 60 tion was 0.2 nm FWHM. A LiF window separated the mono-
cm long, Teflon lined Pyrex flow tube equipped with a mov-chromator from the DF-PIMS apparatus. This mode of op-
able injector was coupled to a two stage stainless stedaration avoids complications from second and higher order
collision-free sampling chamber with an on-axis quadropolecontributions and guarantees the integrity of the wavelength

A. Rate measurements

J. Chem. Phys., Vol. 102, Nec. 13, 1 April 1995
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and hence energy of the dispersed radiation. However, it lim- 7
its the detection to species whose ionization energy is less
than about 11.8 eV. The consequence of this limitation will &
be discussed in the results section.

Nitrogen atoms were produced in a microwave discharge
of N,/He. For the qualitative mass and wavelength scans,3
absolutd N] was not directly determined; however, based on
our experience with similar N atom systethd®??we esti-
mate[N]~5x 102 molecule cm?®. Ethyl radicals were gen-
erated by the reaction of F atoms with a large excess of 2
C,Hg, the F atoms being produced in a microwave discharge
of CFy/He or FE/He. A similar procedure was used withQ
to generate 6Ds. By analogy with experiments on the gen-
eration of CH via F+CH, in this same flow systerft? we % 0.005 0.01 0.015 0.02 0.025
estimate[ C,Hz] or [C,Ds]~10" molecule cm?. Time/ s

For the quantitative experiments in which we measured
theyield of G, relalive o the loss of @, we esimaled |61 Mol o ot e s oS sy el
[N] by modelling to fit t'he obser\{ed Igvel of,05 reacted [N]:%.96><1012; A [N]:L;.Osxlofz; * [N]=6.45¢10" all in ugnits mol-
and GD, produced at fixed reaction times. The result wasecyie cm?.

[N]=4.3x10* cm 2 which is quite similar to the estimated

value based on previous N atom studies. In these experi-

ments N and F were generated fromp &hd F, respectively, IN[CHs] = — kopd d/v) + IN[CoHs] o, 3)
in the rear of the flow tube in the same microwave discharge. . '
The discharge tube had an alumina lining to prevent attack qherekopsis the measured pseudo-first-order rate constant,
F atoms on Pyrex surfaces. The, 0§ was introduced is the distance from the tip of the movable injector to the

through a movable injector withC,Dg]=1.1 to 1.5<10" sampling pinhole and is the linear flow velocity. A plot of
26 In (signa) vs reaction time should yield a straight line with

molecule cm®. As in the case of the rate measurements, I | tde... Plots of the d f in th
formation of GDg was complete within 1 cm of the injector slope P}qtl;]a d‘?]EfS' c;s 0 et scay Of 5’\11:—'5;” € presr;
tip. Since F was quantitatively converted tgDig on this ence of three diiterent concentrations ot IV aloms are snown

short time scale[F]=[C,Ds] and we measurelF] by titra- iq Fig. 1. Least squares analysis of these and similar_plots
tion with isobutane. IsobutandE=10.6 eV/'® was used yield the rate constantk,,. In order to account for axial

s ; Py :
rather than Clj or C,Hg since photon energies were limited diffusion of the gthyl radlgal, a% 20./0 correctlonms'v.vas
to less than 11.8 ev. made as described previously® to give k.. In addition,

because of a depletion of N caused by reaction wiskl:C
measured N atom concentratidi|, were corrected to yield

C. Chemical reagents [N]eanusing the expression,

At GSFC, Helium(99.999%, Air Produciswas dried by [N]mear=[N]o—[CsHs]o/2. (4)
passage through a molecular sieve trap at 77 K before enter- . .
ing the flow tube. At BNL, heliun{99.9999%, M.G. Indus- e[fﬁ]e b'”t‘r?r'gﬁ”frtggt‘;forgzgomg is then related té,,r and
tries) was used directly from cylinders, without further puri- = -™mean 9 P '
fication. N, (99.999%, Scientific Gas ProduktsCF, Keorr= Kol N]mearit Kw » (5)
(99.99%,_Ma|:hesc)nand E (39'99:]/0’ M.G. _Ifr_1du§tr|es, 2% wherek,, is the first-order rate constant which accounts for
rggtggi/ ”R/I the wereDuse q WII:; Oggo/pu':'/lggt'lon't H loss of GH5 on the wall of the flow tube. Table Il summa-
( d ; COI—,| aggegg; %h‘?”‘.”m PC2 4I( o S(|)| Oﬁe)s rizes the results which comprise variations of several reac-
an II’I| aHi (99. q o 77' "(pSN e‘gg/eu,\r/ln Ch)owereca thor- tion parameters and conditions. Included are: variation of
oughly outgassed at . N@9%, Matheson C.Pwas [N]o/[CoHs], from 1.2 to 9.2; variation ofN]eanby @ factor

ts)

In(Sig/ arb u;

e
n

purified by vacuum distillation from 91 K to 77 K. of 8; variation of[C,Hs], by a factor of 2; and replacement
of C;H5 by C,D5. Within experimental uncertainty, none of
IIl. RESULTS these variations had any effect on the reaction kinetics. A
. possible exception is tha,,s values for the GD5 experi-
A. Reaction rate constant ments are somewhat lower than those for thélLexperi-

The reaction of N*S) with C,Hs has been studied under ments. The displacement is uniform suggesting the origin is a
pseudo-first-order conditions witfiN]>[C,Hs]. The study change ink,, (intercep} rather than a change i, (slope.
was carried out aT =298 K and the course of the reaction However, the displacement is within the scatter of the data
was followed by observing the ;85 concentration mass and does not justify a claim for any effect of isotopic substi-
spectrometrically as a function of reaction time. In addition,tution. Therefore, Fig. 2 shows a plot &f,,, vS [N]neanfor
several experiments were performed withDg substituted  all the data tabulated in Table Il. The bimolecular rate con-
for C,Hs. Under pseudo-first-order conditions, the decay ofstant is determined from the slope of the line in Fig. 2 using
the ethyl radical is given by linear least-squares analysis. The result ks (298

J. Chem. Phys., Vol. 102, Nec. 13, 1 April 1995
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TABLE Il. Rate data for the reaction NC,H5(C,Ds) at T=298 K.

[N]Ollolz [N]mear”-o12 [CZHS]O/:I-O12

molecule cm® molecule cm® molecule cm® 2 Keon!S t
1.60 0.96 1.29 124
2.20 1.83 0.74 306
2.40 1.85 1.10 256
3.09 2.24 1.70 410
3.30 2.66 1.29 262
3.36 2.99 0.74 472
3.45 3.08 0.74 432
4.22 3.67 1.10 471
431 3.46 1.70 525
4.52 3.88 1.29 410
4.75 4.38 0.74 600
4.92 455 0.74 634
5.14 4.29 1.70 699
5.54 4.99 1.10 607
5.55 5.18 0.74 664
5.83 5.19 1.29 511
5.89 5.25 1.29 519
5.92 5.55 0.74 664
6.71 6.34 0.74 821
6.82 6.45 0.74 589
7.42 6.57 1.70 998
8.07 7.43 1.29 809

aC,Hs experiment except where noted.
bC,D5 experiment.

K)=(1.1%x0.2)x10 2 cm® molecule * s™* where the quoted
uncertainty is statistical and is at ther Zonfidence level.
The intercept yield&,,=(80+90) s %, which is similar to the
value of 67 5 we observed for Cklwall loss!! Allowing

0.08
g ;. -CzDs
5 F
€ 0.06
5 i
&
S 0.04— Dz?N
o
m —
Z »
=} .
é CZDO
£ .
=
A
| LI I T 1T I LI I‘T‘Tl LI
15 20 25 30 35 40

m/z

FIG. 3. Photoionization mass spectrym/z=17-19, 28—3patA=114 nm
(10.9 eV} showing the increase in signal for the products;CD,CN, and
C,D, and the decrease in signal for theDg reactant. Photoionization effi-
ciency is the ratio of ion signal/light intensity in arbitrary units. Reaction
time=5 ms, P=2.06 Torr,[N,]=1.4X10"® molecule cm?, [F,]=2.4x10'?
molecule cm?, [C,D¢]=1.1x10** molecule cm®.

scans at fixed wavelength and wavelength scans at fixed
mass. For the mass scans;114 nm and thus only species
with an ionization energy I€10.9 eV were detected. In the
N+C,Hs system, products peaks at/z=15 and 28 were
observed; when 5 was replaced by £Ds, products peaks
appeared am/z=18, 30 and 33Fig. 3). This suggests that
the products formed in the NC,Hs system were Ck
H,CN and GH,. No other peaks were observed above back-

an additional 10% uncertainty for systematic errors duedround for the rangen/z=14 to 43; this eliminates any mea-
mainly to the N atom calibration, we arrive at the recom-Surable contribution(<5%) from the potential products

mended value

k,(298 K)=(1.1+0.3)x10 *° cm®molecule *s1. (6)

B. Reaction products

Information about the products of thet\NC,H5 (C,Ds)

H(CH;) CN atm/z=42 and adducts such as GEHNH or
cyc-GH/NH at m/z=43.

To verify the identification of HCN, CH; and GH, (and
their perdeuterated isotopomgras products, wavelength
scans were performed at specifitz values corresponding
to the observed products for both therl,Hs and N+C,D5

reaction was obtained in two types of experiments: maskeactions. This yields photoionization spectra and ionization

1200

o 1 2 3 4 5 & 7 8 8§
Nlpeqy / 10'2 em®

FIG. 2. Summary plot of corrected pseudo-first-order rate con&tgptvs

the mean nitrogen atom concentratidh.N+C,Hs, A N+C,Ds.

10

thresholds for the product species which can be compared
with literature results.

The most unambiguous identification comes from the
products of the N-C,D5 reaction and these photoionization
spectra are shown in Fig. 4, 5, and 6, respectively. Fog CD
(m/z=18), we observe a sharp threshold Xt126.3 nm
(Fig. 4 which yields IE=9.82 eV in reasonable agreement
with the literature value of 9.83 eV for the deuterated methyl
radical®® For the speciesn/z=30, presumed to be JCN,
we observe a peak at 118.8 nm and a very weak threshold at
aboutA=131.9 nm(Fig. 5). Both of these features agree well
with those observed previously in the-HCD; system3'®
(118.6 nm peak and 131.7 nm threshadahd identified with
the D,CN radical. However, part of the signal at/z=30,
for <120 nm, was from ¢D3 formed by dissociative ion-
ization of GDg,

C,Ds+hv—C,D3 +Ds. 7

In separate experiments, without nitrogenPgwas gener-
ated via F+C,Dg and the PIE spectrum for,03 formed via

J. Chem. Phys., Vol. 102, Nec. 13, 1 April 1995
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0.004 —

0.002—

PHOTOION EFFICIENCY (arb. units)

0.000

120

lIIIIIIIIIIIIIIIIIIIIIlllllI||I|I||l|||||ll||l||l

122 124 126 128 130
WAVELENGTH, nm

FIG. 4. Photoionization efficiency spectrum for g€Pproduct (m/z=18)

from the reaction N-C,Ds. The threshold is a step—function at 126.3 nm

(9.82 e\). Reaction time5 ms, P=2.11 Torr, [N,]=1.8x10"
molecule cm?®, [CF,]=6.2x10'2 molecule cm? [C,D¢]=6.5x10"

molecule cms.

reaction 7 was obtained, Fig(é. Data obtained in this way

were used to
to obtain the

correct the PIE spectrum oM™ [Fig. 5a)]
one shown in Fig(5. The corrected BCN™

spectrum agrees with that obtained previously in theQ\D;

study: e thresho or the appearance , forme
dy?X@ The threshold for the app oG, f d

0.012

PHOTOION EFFICIENCY (arb. units)
g
2
|

0.000

110

FIG. 5. (a) Photoionization efficiency spectrum for the@N product(m/z
=30) from the reaction N-C,D5 and of GD; cations(m/z=30) from the
dissociative ionization of €Ds. The arrow(|) indicates the threshold for
C,D3 formation at 120.12 nm(b) Photoionization efficiency spectrum for

D,CN corrected
Reaction time5

rrr T Tt [ rrr o r oot

115 120 125 130 135
WAVELENGTH, nm

for the contribution of signal a¥z=30 due to GD3 .
ms, P=2.11 Torr, [N,]=1.8x10"® molecule cm?,

[CF,]=6.2x10"2 molecule cm?, [C,Dg]=6.5x 10" molecule cm?.

0.006

0.004—

0.002—

PHOTOION EFFICIENCY (arb. units)
1

0.000 IR RN RN R R

112 114 116 118 120
WAVELENGTH, nm

FIG. 6. Photoionization efficiency spectrum fop0L product(m/z=32)
from the reaction N-C,D5. The threshold is a step—function at 118.0 nm
(10.51 eV. Reaction time5 ms, P=2.07 Torr, [N,]=1.7x10"
molecule cm®, [CF,]=6.1X10'> molecule cm®, [C,Dg]=7.4x10"
molecule cm?,

via reaction 7, was determined in repeated experiments and
the results are summarized in Table lll. Finally, for tinéz
=32 speciegC,D,) we observe a threshold at=118.0 nm
(Fig. 6) which corresponds to EE10.51 eV, which may be
compared with the literature value of 10.507 eV for
ethylene!® The combination ofn/z values observed for the
products of the N-C,Hg reaction, the isotopic shift observed
for the N+C,D5 reaction and the close correspondence be-
tween the observed and literature value for the photoioniza-
tion spectra and thresholds make the identification of the
reaction products CR D,CN and GD, quite unambiguous.

As mentioned in the experimental section, the use of a
LiF window to avoid second order contribution to the dis-
persed synchrotron radiation limits the detection of potential
products to those with [ €11.8 eV. It can be seen from Table
| that this includes several interesting species such as NH,
HCN, CH;,CN, H, and CH, which have ionization energies
between 12.2 and 15.4 eV. An attempt to perform mass scans

TABLE IIl. Wavelength threshold, appearance energy and enthalpy of for-
mation for GD3.

Threshold AEoP AfH(C,D3)°

nm eV kcal mol™*
120.12+0.20 10.322-0.018 265.41.9
120.10+0.20 10.32%0.018 266.6:1.9
120.27:0.20 10.309:0.018 265.6:1.9
120.03+0.20 10.33@:0.018 266.%+1.9
120.21£0.20 10.314:0.018 265.8:1.9
119.82+0.20 10.3480.018 266.31.9
120.17:0.20 10.31%0.018 265.81.9
120.17-0.20 10.31%0.018 265.81.9

aThe uncertainty is determined by the spectral resolution, 0.20 nm, at full
width/half maximum(FWHM).

bThe meanAE,q4(C,D5 ,C,D5))=10.33+0.02, eV, where the uncertainty is
2Xstd, dev.

“The enthalpy of formation of {D3 at zero Kelvin is derived from the AE

as discussed in the text. The uncertainty -is resolution plus+1.5

kcal mol™* to account for the uncertainty in the estimated values used in the
calculations. The meati\;Hq(C,D3))=265.9-2.0 kcal mol™*, where the
uncertainty is Xstd. dev. plust1.5 kcal mof ™.
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TABLE IV. Yield of C,D, product from the reaction INC,D5.2

[CDslo time % C,Ds AC,Ds [C.D,] [CD,
molecule cm® ms reacted molecule cm*® molecule cm® A[C,Ds]
4.26x10M" 4 66 2.80<10% 2.20x10" 0.79
4.26x10% 5 75 3.20<10M 2.46x10" 0.77
4.26x10%" 5 75 3.2k 104" 2.05x10" 0.64
4.26x10% 5 74 3.15<10M 1.60x10M" 0.51
3.31x10% 5 78 2.58<10% 1.35x 104 0.52

IN]y=4.3x10"2 cm™3, [C,Dg]=1.1-1.5< 10" cm ™3, pressure in flow tube2.06 Torr He;T=298 K.
bSignal minus background at/z=32 with background signdkbsence of Ncorrected for formation of §D,
via C,Dg disproportionation; see text.

‘Average valug[C,D,J/A[C,Ds])=0.65+0.13, where the uncertainty is one std. dev.

atA=85 nm with the LiF window removed was frustrated by N+C,Ds—D,CN+CDs (23)
large signals, probably due to dissociative ionization of reac-
tants and/or products at both=85 nm (14.6 eV} and —C,Dy+ND. (20

A=42.5 nm(29 eV) in first and second order, respectively. Quantitative determination of the yield of channgc),
The yield of GD, from the N+C,D5 reaction was deter- ['=0.65, confirms the suggestion of Herfdhat this channel
mined by Calibrating the Signal with known concentrations Ofis important_ Most, if not all, of the remaining 35% m|ght be
C,D4. We compared the £, yield to the amount of D5 accounted for by channé®a). This is based on the lack of
reacted at two different concentrations ofdg and two dif-  gbservation of the potential product§&Hs)CN, CH;CHNH
ferent reaction timesgcorresponding to 66 and 78% of the gng cyc-GH,NH from channels2b), (2h) and (2i) respec-
C,Ds reacted. The results are summarized in Table IV. A tively, as well as the low yields in the NCH; systent® of
potential complication in these experiments would be formathe processes forming HCARH (analogous to channels 2d
tion of C,D, via disproportionation of €Ds. This may occur  and 2¢ and HCN+H, [analogous to channe{&f) and(2g)].
in both the absence of rﬁhnd lead to an overestimation of Furthermore, reaction&d) through(2|) m|ght be expected
the background level an/z=32) and in the presence of N o have low probability due to considerations either of en-
(and lead to an overestimation of the,0y yield from  tropy[(2d) and (2€)] or of spin conservatiof(2f)—(2i)].

N+C;Ds). Obviously, the self reaction of D5 will be more The rate constant and product results for G,Hs may
important in the absence of excess atomic nitrogen. ASSUVTbe compared with those for the reaction of the ethyl radical
ing the same rate constants as for thgHe radical?  with other atoms. The results for the?#26 0¥ and CF8-3!

kdls 2.3X 10712 cm molecule *s™* and Kgomy=1.8X10"""  reactions are compared with those for the N reaction in Table
cm® molecule * s™*. Employing the concentrations and reac-v . |t is clear that most studies of these at6@,Hs reactions

tion times appropriate for the experiments summarized insuggest that they occur at comparable rates, with an average
Table IV and the above values fdts and Keomp, model  value k(298 K)=(2+1)x10 % cm® molecule * s™*. This is
calculations show that disproportionation o405 radicals  close to the collision rate and hence these reactions have
accounts for 11% of the background signal in the absence qfitle or no energy barrier. The absence of an energy barrier
N and less than 1% of the product signal observed in thgor the CHC,H; reaction has been established by Maricq
presence of N. The background signal was corrected accorét al3! A further similarity is that all four reactions have

ingly. A simple average of the D, yield from the experi- peen shown to occur via one or more addition/elimination
ments summarized in Table IV is 0.68.13 where the channels:

quoted uncertainty reflects statistical errors at thectnfi-
dence level. H+CyHs—CH3+CHa, (8)
0+C,H;—CH;CHO+H (939
IV. DISCUSSION

The rate constant determined here for the atom—radicairl't“hBlLE (\’/_- Clomtﬁarison of rate constants &t=298 K for reaction of the
reaction N+C,Hg (2) is very rapid as expected, (298 ~ S "27I°& WiTh &foms

K)=1.1x10"1° cm®moleculels™. It is only slightly k(298 K)
greater than that for MCH; (1), ie., k; (298 Atom cm® molecule* st Reference

_ 11 3 ;1 11112 i
K)=8.5x10"*"cm” molecule * s . Given the sm_all H 12%10 10 Silesenet al. (Ref, 25
temperature dependence observedkiptfactor of three in- 6.0x10° 1 Baulchet al. (Ref. 26
crease folT=200 to 423 K, only a small or negligible tem- o) 2.2x107%0 Slagleet al. (Ref. 27)
perature dependence would be expectedkfor Cl 2-4><10:i’ Kaiseret al. (Ref. 28

The unambiguous combinations of prodmatz values, é'gﬁg—m §°b|'f- a”? El‘er:i'(‘?f- 29

the shift observed im/z for the GDs experiments and the 5 ox10-10 MZ"’:iC'gS; ;'(;;'31?
features of the photoionization spectra for each product es- 11x10°10 This study

tablishes the following as major reaction channels:
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—H,CO+CH, (9b)  to be no energy barrier, beyond the reaction endothermicity,
for dissociative ionization of ¢H:>’ (and we assume the

— C,H,+OH, (99 same holds for gDy), the heat of formation of D3 may be

Cl+C,Hs—C,H,+HCl, (10) computed directly from the AE:
. o 4 .
N-+C,HqH,CN-+ CH, (2a) AtHo(CD3)=AE((C;D5 ,CoDs)+AH(C,Ds).  (15)
. . 8 o — 1 .
L CH+NH, 20 Estimating® A¢Hy(C,Ds)=26.5 kcal mol!, we obtain a

value forA;Hq(C,D3) of 266 kcal mol'! with an uncertainty
This seems self-evident for reactiof®, (9a), (9b) and(2a). of +2.0 kcal mol'! (see Table Il). This value may be com-
For reaction(9c), Slagle et al?’ argue that an addition/ pared with the value of about 268 kcal mbl for
elimination mechanism that proceeds through a four-centef:Hq(C,H3).3%=** To derive a value for\{Hy(C,D3), we se-
transition state by a 1,3—hydrogen atom migration would bdect the ionization energy for £l calculated by Curtiss and
too hindered to compete with the direct abstraction route. OfPoplé? because of reservations about experimental véfties.
the other hand, while the products of reacti@®) may look  Correcting the IEC,H;)=8.42 eV by 0.01 eV, we obtain
like those of an abstraction channel, Seakinsal*® have IE(C,D;)=8.43 eV and from Eq. 16,
obtained very convincing data on the initial HCI vibrational o _ 0 n
distribution that supports the occurrence of an addition/ AHo(CD) = ArHo(CD3) ~IE(CDy). (16)
elimination mechanism. Obviously, further experimental andA;Hq(C,D5) is calculated to be 71.6 kcal mdi with an es-
theoretical investigations of the reaction+iI,Hs, compa-  timated uncertainty of-2.0 kcal mol . This result for GD4
rable to those for the ®C,Hs and CHC,Hs reactions, will  implies thatA{HyC,H3) should be about 73 kcal mol. This
be required to answer the same question regarding reactidatter value, in turn, leads to a bond dissociation energy,
(20). Do(C,Hs—H), of about 110 kcal mal* which is in excellent

In the atmospheres of Titd# and Neptun¥® and in  agreement with that derived09.7 kcal mol?) in a recent
laboratory studies of reaction of,Gind G hydrocarbons study based on gas phase acidftithe present value is not
with “active nitrogen!~° formation of HCN is largely due consistent, however, with either the low values of about 103
to the reaction of N with ethyl and methyl radicals, kcal mol'! (Ref. 45 and 105 kcal mol! (Ref. 46 that are
derived from kinetics experiments or the high value of 116.7

N+CoHs—H,CN+CH; @3 | calmor? reported by Shiromaret al®*’
—C,H,+NH, (20
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