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Rate coefficients have been measured for the HC3N (cyanoacetylene) reaction at= 200, 250, and 298

K and atP = 0.5, 1.0, and 2.0 Torr He using a discharge-flow mass spectrometry apparatus. The reaction
was monitored under pseudo-first-order conditions with the H atom concentration in large excess over the
HC;sN concentration ([H]/[HG@N] = 100-665). H atoms were generated by the fast reactientf, — H +

HF or by microwave discharge inHFluorine atoms were produced by microwave discharge in an
approximately 5% mixture of An He. Low-energy (24 eV) electron-impact mass spectrometry was used to
monitor the HGN decay kinetics to obtain the bimolecular rate coefficientsT At 298 K the rate coefficients

were found to be pressure independent over the range of pressures studied with an averdge Yallie-

0.3) x 107 cm® molecule! s™*. This implies that the high-pressure limit is reached in these experiments
not only atT = 298 K but also at the two lower temperatures. The temperature dependence of the measured
high-pressure limiting rate coefficients is given by the following Arrhenius expresdion:(1.1 + 0.1) x

10 12 exp[—(500 + 14)K/T] cm® molecule® s™. A transition state theory model using G2M or CCSD(T)
energies and Eckart tunneling corrections has been employed to calculate high-pressure limiting rate coefficients
for this reaction. The reaction’s mechanism and implications to the atmospheric chemistry of Titan are discussed.

Introduction undertaken an experimental measurement of the rate coefficient
of H + HC3N. We report here the results of our measurements
and transition state theory calculations and compare them with
values of rate coefficients for the tt C,H, reaction. We find

that the reactivity of HGN and GH, with H atoms is
remarkably different.

Cyanoacetylene (H§M) is a trace species in the atmosphere
of Titan, a satellite of the planet Saturn. kiChas been observed
by the Voyager/IRIS instrumehtand from ground-based
observation&.It is believed that HEN plays a significant role
in the formation of the photochemical haze of Titan’s atmo-
spher(i. The major Iqss pr.oc_ess.es olN@re reaction with H Experimental Procedure and Theoretical Calculations
atoms$~® and photodissociatioh:

The discharge-flow mass spectrometry apparatus has been
H+HCN+M—HCN+M (R1) described in previous publicatioR4® The decay of HEN was
. monitored aim/z = 51 by low-energy (24 eV) electron-impact

HCN +hw = H + CN Athresholg= 244 8 nm mass spectrometry to obtain the bimolecular rate coefficients.
The experiments were performed in a Pyrex flow tube of about
100-cm length and 2.8-cm inner diameter. The inner surface of
the flow tube was lined with Teflon FEP. The flow tube was
conditions of Titan's atmosphefe® However, no rate coef- fitted with a Pyrex movable injector that was positioned between

ficient data exist for the reaction of HE with H atoms. Inthe ~ © @nd 44 cm from the sampling pinhole during kinetics

absence of such data, modelers have used the rate coefficienfXP€riments. The reaction was studied in He carrier gas at a
data for the well-studied reaction H CoH, + M — CoHg + linear flow velocity of approximately 1000 cnts Flow rates

M. The rationale is that, since both K€ and GH., contain an were _measured by _calibra_ted MKS flow controllers _for the
acetylene unit and the product of the §AC reaction is fo!lowmg gases: helium (Air Eroducts, 99'999.5.%)“@“”m
(presumably) the cyanovinyl radical, the reactivity of both Mixture (Spectra Gases, 5% mixture gfift He, initially 99.0%
molecules toward H atoms should be similar. However, model- PYr€ R and 99'_9995% pure He), Hil/helium mixture (0'.05%

ers have not been able to calculate the mixing ratio ofM{© H¢3N)’ Hz (AIr Prod_ucts, 99.9995% 4, and C/helium
Titan’s upper atmosphere satisfactorily. Yung et abmpute mixture (20% Ci Air Products, 99.998% @ Clz. was
values which are systematically higher than the observation of subjected to a freezepump—t_haw cycle at_ I|qU|d_ hitrogen
Voyager by an order of magnitude. Toublanc et atrive at temperature prior to preparation of thegmta_llum mixture.

values which are 2 orders of magnitude smaller than the Voyager The cyanoacetylene sample was pbtalned from Rrofegsor
observation. In a recent two-dimensional photochemical and JoShua Halpern, Department of Chemistry, Howard University,

transport modél discrepancies were observed for gCand Was_hington, DC. This_ ccg}nmercially obtained samplre7ﬁlwas
attributed to problems in the chemical scheme. Because of thePreviously used by Seki et &and by Titarchuk and Halper;

large level of uncertainty among the modeling studies, we have the Purification of this sample is described by Seki et'dihe
0.05% cyanoacetylene/He mixture was prepared in the following

* Corresponding author. Phone: 301-286-3782. Fax: 301-286-1683. Way. First, the cyanoacetylene sample was subjected to pumping
E-mail: Regina.J.Cody@nasa.gov. atT =77 K. It was then allowed to warm b= 178 K (ethanol
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Voyager measured H@ mixing ratios near 1 in the upper
atmosphere of Titan. Several groups of atmospheric modelers
have attempted to calculate mixing ratios of Minder various




Rate Coefficients for H- HC3N J. Phys. Chem. A, Vol. 108, No. 11, 2004939

slurry) and was subjected to further pumping. Next, 0.5 Torr for every H atom in reaction R2. Therefore, the reactivity of
of cyanoacetylene vapor was admitted to an evacuated bulb byHC3N with both F, and HF was tested. Separate experiments

allowing the sample to slowly warm above= 178 K. The
bulb was then filled with helium to a final pressure of 1000

were conducted to determine the dependence of the mass
spectrometer signal of HBl on the presence of either Br

Torr. A mass spectral scan on the resulting cyanoacetylene/HeHF. The flow tube pressure, linear gas velocity, temperature,

mixture revealed small impurities of,Nand HO.
The concentrations of the gases in the flow tube were

and concentration of H{Bl were the same as in the kinetics
experiments. The mass spectrometer signal ofNH@as found

calculated from the flow rates and the total pressure as measuredo be independent of the presence of (BB, 6, 11] x 103

with an MKS baratron manometer. The pressure in the flow
tube was controlled by varying the position of a throttling valve;

molecule cm?) and HF (12x 10" molecule cm?) under these
conditions even at the longest reaction time (44 ms). Again,

pressures ranged from 0.5 to 2.0 Torr. The flow tube was usedthis corresponds to a first-order loss rate<d.3 s* which is

at ambient temperature or cooled by circulating ethanol from a
cooled reservoir through the jacket that surrounded the flow
tube from 0 to 60 cm. AT = 200 K the temperature profile is
flat (+1 K) from 3 to 44 cm. Experiments were attempted at

negligible compared to the observed first-order loss rate at the
highest [F]. These results and the large ratios of [H]/[sN}
(100-665) indicate that the H+ HC3N reaction was well
isolated under the experimental conditions.

= 155 and 180 K but were not feasible because of condensation During rate constant measurements, s introduced into

of HC3N on the wall of the flow tube. The flow tube was
coupled via a two-stage collision-free sampling system to a
guadrupole mass spectrometer (ABB Extrel).

H atoms were generated by the fast readfion

F+H,—H+HF (R2)
wherek,(190-380 K) = 1.1 x 10710 exp[(—4504 100) K/T]
cm® molecule’! s71. F atoms were produced by microwave
discharge £60 W, 2450 MHz, Opthos Instruments) in a 5%
mixture of F, in He further diluted in helium. The discharge
region consisted of &g-in. ceramic tube coupled to a glass

the system in one of two ways: it entered the rear of the flow
tube 16 cm upstream of the microwave discharge port, or it
was introduced through the movable injector simultaneously
with HC3N. The results of rate coefficient measurements were
independent of the manner in which Entered the flow tube,
suggesting that loss of H atoms to the wall was negligible in
the region between their generationdat= 70 cm and their
mixing with HG3N at the tip of the movable injectod & 5—44

cm). The fact that the rate coefficient measurements were not
affected when KHlwas introduced simultaneously with HC
through the movable injector also means that there was
negligible reaction of F with HEN. In all experiments, the initial

discharge arm. The concentration of F was determined by concentration of K was 1.0x 10 molecule cm? and the

measuring the Glconsumption in the temperature-independent
fast titration reactiok?
F+ Cl,— FCl+ CI (R3)

whereks(180-360 K) = 6.0 x 10~ cm?® molecule’® s~1. With

Cl; in excess, the F atom concentration was determined by

measuring the decrease in the,Ckignal Wz = 70) at an
electron energy of 16.8 eV when the discharge was initiated.
The dilute C)/He mixture was admitted via the movable injector.
The position of the injectord(= 20 cm,t = 20 ms) was chosen

to ensure that R3 went to completion and that the position was

close to the middle of the decay range for thesNGeactant.

In separate experiments it was shown that [F] was invariant
(£4%) for injector positions of 544 cm from the sampling
pinhole. The absolute F concentration is given by

[F] = [Clz]Disch.Off_ [CIZ]Disch.OnE
(ACI, signal)[Ch]pigen or (1)

whereACl; signal is the fractional decrease in the Gignal,
(Sigpisch.off — Sigbisch.on/Sibisch.oft Because the gkignal varies
linearly with [CL], the fractional decrease in £kignal is
identical to the fractional decrease in,€bncentration.

The possibility of loss processes for giCother than reaction
with H was examined. In experiments with only gNCand He
present, it was observed that the #\Csignal showed<1%
decrease with injector positiod & 5—40 cm) in the absence
of H. This corresponds to a negligible first-order loss rate of
<0.3 s Reaction of HGN with F, and HF was also

concentration of HEN was held at a fixed value of (1-13.5)

x 10" molecule cm?3. Under these conditions, it can be readily
shown that FH+ HC3N is insignificant even ik(F + HC3N) is

as large as Z 10719 cm?® molecule’® s71.

Rate Coefficient Calculations.Quantum mechanical calcu-
lations were carried out using the Gaussian 98 software
packagés? Relative energies were obtained using the G2M(cc2)
composite methoé which uses a series of calculations with
B3LYP/6-311G(d,p) equilibrium structurés!’ to approximate
the CCSD(T)/6-313G(3df,2p) level of theory&-25 Zero-point
energies were evaluated at the B3LYP/6-311G(d,p) level of
theory and are incorporated into the final energies reported.
Additionally, all stationary points with exactly one imaginary
vibrational mode (transition structures) were optimized at the
QCISD/6-311G(d,p) levét and a vibrational analysis was
performed. The imaginary mode frequency at the QCISD level
was then used in the calculation of Eckart tunneling corrections
for rate coefficients.

Conventional transition state theé¥y(TST) was used to
calculate rate coefficients for the H HC3N and H+ CoH»
reactions in the high-pressure limit from= 200—298 K. The
rate coefficients k.(T), were computed with the following
expression:

B ka QTS
M =T S

e

—AE) @)

e

Here,I" is an Eckart tunneling correctio@'s, Q", andQR are
the transition state, H atom, and reactant total partition functions

considered. The concentration range of F, and hence H, usedat temperaturd (not including rotational symmetry numbers,

in the experiments was (1-4.2.6) x 10'® molecule cm?.
Typically, about 50% of the molecular fluorine was dissociated
to F atoms in the flow tube; so, concentrations efulp to 6.3

x 10' molecule cm® were present in the flow tube during
kinetics experiments. In addition, one molecule of HF is formed

but in the case of H- C;H, the final result was multiplied by

2 to account for the reaction statistical factoAE is the
computed barrier height including zero-point vibrational and
thermal corrections to the enerdy, is Boltzmann’s constant,
andh is Planck’s constant.
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Figure 1. Plot of the natural logarithm of the H signal vs time at
T =200 K andP = 1.0 Torr. [HGN] = 2.92 x 10'* molecule cm?,;
[H] = 1.01 x 10" molecule cm?; Keorr = 6.55 s%.

[H]/10™ molecules cm®

Figure 2. Plot of keor Vs [H] at T = 200 K andP = 1.0 Torr. The

Parker et al.

TABLE 1: Measured Rate Coefficients for the H+ HC3N
Reaction

range of [H]/ rate coefficient/ no. of
T/K P/Torr 10 molecule cm® 10-*3cm? molecule's™ expts
200 1.00 3.9115 0.93+ 0.18 10
250 1.00 3.412.2 1.5+ 0.2 11
298 0.50 3.610.3 2.0+ 0.3 3
298 1.00 1.411.9 2.2+0.3 13
298 2.00 3.412.6 1.8+ 0.4 5

slope gives the bimolecular rate coefficidat The intercept
(£20) is (—2.8 & 2.6) s}, consistent with an expected value
of zero since we showed in the previous section that there is no
observable loss of H{N in the absence of H. The open circle
represent&.or from Figure 1. The data point corresponding to
the open square represents an experiment where H atoms were
generated by microwave discharge in gHte mixture. In this
case, the concentration of H atoms was determined by direct
titration with Ch. The maximum [H] obtained from a microwave
discharge in Hwas 3.9x 10" molecule cm® and gave a value

of keorr €qual to 1.3 s, Because of the small magnitudekg

open circle represents the data of Figure 1; the open square representat this level of [H], we used the # H, — H + HF reaction as

data obtained where H was generated by direct discharge.in H

Results

Figure 1 shows a typical temporal profile of the §i\Csignal
measured atn/z = 51 with [H] = 1.01 x 10" molecule cm?,
T = 200 K, andP = 1.0 Torr. The reaction time was derived
from the measured distance between the tip of the movable
injector to the sampling pinhole and the linear velocity of the

a source of H in the rest of the experiments since we could
easily generate [H] in the 2®molecule cm? region.

Table 1 summarizes our rate coefficient measurements for
R1 atT = 200, 250, and 298 K. The experimental uncertainties
in the rate coefficients were estimated by adding in quadrature
the independent experimental errors (assumed to be 10% for
[H], 5% for the total gas flow rate, 2% for temperature, 2% for
pressure, and 2% for timing) and the statistical uncertainty<7%

gas, calculated from the measured pressure and gas flow ratesl6%) from the second-order plots.

In the majority of the experiments, the reaction time was varied
by moving the injector away from the sampling pinhote=
5—44 cm) thus progressively increasing the reaction time.

Because undissociated Was present in the flow tube in
concentrations up to 6.3« 10'® molecule cm?® (see the
Experimental Procedure and Theoretical Calculations), the

However, in several experiments at each temperature, we moveddossibility should be considered that the following chain reaction

the injector in toward the pinholed(= 44—5 cm) thus

might alter the concentration of the H atoms significantly and

progressively decreasing the reaction time. In all instances, thethe concentration of fito a much smaller extent.

results were independent of the direction in which the injector
was moved. The decay of HR is represented by
IN[HC;N]; = —kgpd + IN[HC,N], 3)

where [HGN] is proportional to the mass spectrometer signal.
The solid line in Figure 1 is a linear least-squares fit to the

data; the slope gives the observed pseudo-first-order rate

coefficient. A correction to account for axial diffusion along
the flow tube was applied to all observed pseudo-first-order rate
coefficients to givekeorr:

Keorr = Kopd1 + [DHcstobJUz]) 4)
In eq 4,Dncy is the diffusion coefficient of HEN in He and
v is the linear velocity of the gas in the flow tubBuc,n was
estimated to be 491 chs ! at T = 298 K using the method of
Lewis et al?® A T2 dependence was assumed to estirdaign
at T = 250 and 200 K. The diffusion correction was less than
2.5% of the observed pseudo-first-order rate coefficient in all

cases.
The corrected pseudo-first-order rate coefficient is given by

Keorr = Kq[H] (5)
wherek; is the second-order rate coefficient for R1. Figure 2

shows a plot ofkgor versus [H] forT = 200 K andP = 1.0
Torr. The solid line is a linear least-squares fit to the data. The

F+H,—H+HF (R2)

H+F,—F+HF (R4)
where k(298 K) = 1.38 x 10712 cm® molecule* st and
decreases with temperatife To test this possibility, the
Facsimile prograft was used to derive the rate constknfor
the H+ HC3N reaction by a one-parameter fitting of two rate
constant decay curves (&t= 298 K andP = 1 Torr) to a
numerical simulation of a reaction mechanism incorporating
reactions R1, R2, and R4. The simulation results indicated that
the [H] reached the level which had been experimentally
determined by titration and remained at this constant value from
~4 ms to 44 ms. More importantly, the graphical and the
simulated rate coefficientg differed by <0.5%. Therefore, the
chain reaction does not change the experimentally determined
[H] nor interfere with the graphical determination lof

The net result of the chain reaction is t F, — 2HF. Since
the maximum [] (before the discharge was initiated) was 1.26
x 10" molecule cm®, the chain reaction could lead to an upper
limit of [HF] < 2.5 x 10 molecule cm?® which is twice the
concentration of HF in the absence of the chain. As was
described in the Experimental Procedure and Theoretical
Calculations, the mass spectrometer signal ofR@as found
to be independent of the presence of HF at a concentration of
1.2 x 10" molecule cm?® even at the longest reaction time
(44 ms). This corresponds to a negligible first-order loss rate
of <0.3 s’ Even with up to twice this [HF], the first-order
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Figure 3. Arrhenius plot for the H+ HC3N reaction fromT = 200—
298 K; the least-squares fit yieltts = (1.14 0.1) x 10712 exp[—(500
=+ 14) K/T)] cm® molecule® s,

loss rate would be<0.6 s71, which is still negligible compared
with the observed first-order loss rate at the highesi.[F
Therefore, any increase in the [HF] generated by the chain
reaction did not affect the determination lqf

Discussion
The reaction H+ HCsN is an association reaction:

H+ HCN +M — H,CN + M (R1a)

Other reaction channels such as additidlecomposition

H+ HC;N—C,H,+ CN (R1b)
H+ HC;N— C,H + HCN (R1c)
or abstraction
H+ HC;N—H,+ C;N (R1d)
H+ HC,N —HC;+ NH (R1e)

are significantly endothermic by 22, 29, 14, and 127 kcalthol
respectively??

For an association reaction, the rate coefficient is expectedk
to be pressure dependent over a finite pressure range. Value

of rate coefficients were measuredPat= 0.5, 1.0, and 2.0 Torr
He atT = 298 K. The data in Table 1 demonstrate that there is

no change in the rate coefficient over this pressure range, within

experimental uncertainty. We conclude that the rate coefficient
is in the high-pressure limit (or very close to it) in this range of
pressure al = 298 K. Because it is in the high-pressure limit

for the highest temperature studied, it must also be in the high-

pressure limit at the two lower temperaturés=€ 1.0 Torr).

Because the order of the reaction is constant for all experimental
conditions, we can construct an Arrhenius plot using the data

of Table 1. The rate coefficient &t= 298 K is (2.1+ 0.3) x
10 cm® molecule! st that is a weighted average of the data
from Table 1. The resulting Arrhenius plot is presented in Figure
3. The fit of the data by the Arrhenius equation yields the
following expression:

k= (114 0.1) x
10 2exp[-(500+ 14 K)/T] cm® molecule*s* (6)

This corresponds to activation energy of 0-99.03 kcal mot™.

The uncertainties in the Arrhenius expression are statistical only.

We now compare the kinetics of the HH HC3N reaction
with the kinetics of the H- CoHs reaction. Reaction of H atoms

J. Phys. Chem. A, Vol. 108, No. 11, 2008941

TABLE 2: Comparison of the High-Pressure Limiting Rate
Coefficients for H + HC3N(R1)2 and H + C,H, (R5)°

K ol Ks cof
T/IK 108 cnP® moleculel st 103 cm® molecule! st
200 0.93 0.25
250 1.5 1.2
298 2.1 3.5

aThis work.® Knyazev and Slagle (ref 35a).

with acetylene is an association reaction and yields the vinyl
radical, as in equation R5.
H+CH,+M—CH;+ M (R5)
Reaction R5 is relevant because the reaction &f B,H; is a
prototype reaction for H atom addition to molecules containing
the alkyne functional group. As mentioned previously, rate
coefficients for the H+ C,H, reactiod® have been used by
atmospheric modelers to calculate mixing ratios ofsN®n
Titan in the absence of kinetic data for thetHHC;3N reaction.
There have been few experimental measurements of the kinetics
of R5 at low temperaturé®34 Knyazev and Slagle have
developed an empirical mode? which accurately reproduces
the available experimental data in the literature for R5 over the
temperature rang€ = 193—3000 K in the high-pressure limit.
One can derive from their model the following Arrhenius
expression for H+ C,H; in the high-pressure limit fronT =
200298 K (the range of the present experimentsy 7.8 x
1011 exp(—1613 K/T) cm® molecule* s™%. For T = 193—-400
K (the range of the Payne and Stf&fexperiments), Knyazev
and Slaglé® report an essentially identical expressidk:=
7.8 x 1071 exp(—1596 KIT) cm?® molecule! s™. The A-factor
and activation energy for H C,H, are much higher than those
for H + HC3N. This suggests that tunneling in thetHHC3N
reaction may be more important and/or multiple reaction
channels may be available. Table 2 lists rate coefficients from
the Knyazev and Slagle model for R5 &t= 200, 250, and
298K and compares them with our measured rate coefficients
of R1.
As can be seen from Table 2, the rate coefficidats and
differ only moderately aff = 298 and 250 K but the

%Ilfference becomes substantial at= 200 K, a relevant

temperature for modeling of the atmosphere of Titan. In a very
recent paper which appeared after this manuscript was submitted
for publication, Michael et al®® employ a higher level of
electronic structure theory to both thetbC,H, and H+ C;H>
reactions. The newer results f&. do not alter the above
qualitative observation about the differences betwegnand

In comparingk; andks at T = 200 K, the pressure dependence
of ks must be taken into account. &= 1.0 Torr, a relevant
pressure for the atmosphere of Tit&pjs in the high-pressure
limit but ks is not. Payne and Sti#ffound ks to be in the fall-
off regime for pressures of 240 Torr He atT = 193 K.

To reasonably extrapolate the value lef from the data of
Payne and Stief to 1 Torr, we have fit their data by the Troe
expressiorsé:37

ks = [ks [HE]/(1 + ks JHe)/ks .)]F ()

In eq 7,kso and ks, are the low-pressure and high-pressure
limiting rate coefficients, respectively, adis the broadening
correction factor. The value of 0.193 1013 cm® molecule®

s for ks(193 K) from the Knyazev and Slagle moéf@iwas
used as a constant in the fit. The falloff parametkss,andF,
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TABLE 3: Energies (kcal mol™%) at T = 0 K of Reactants,

r,w r J— Transition States, and Products Optimized at the B3LYP/

2 = 6-311G(d,p) Level

[&] [

2 ! g species B3LYP MP2 MP4 CCSD(T) G2M(cc2) QCISD

mE F H + HC3N 0.00 0.¢ 0.0¢ 0.C? 0.0 0.(¢

g I H.C3N —-46.5 —-6.0 —18.6 -—37.6 —38.0

= HCHCN —-35.3 —-11.9 —-20.3 -—-32.6 —-32.5

"9 [ HCsHN —23.6 77 —-3.6 —19.2 —20.0

- HCsNH —25.6 14.2 3.3 -—-14.7 —-17.9

& 01 2' ";'1'0 ""2'(')0 TS1 16 322 230 55 5.0 7.4
TS2 5.3 36.7 27.1 9.3 8.7 10.2

[He]/ Torr TS3 6.7 41.0 30.4 11.4 10.5 12.1

TS4 2.9 32.1 26.9 5.4 8.5 11.9

Figure 4. Solid line: rate coefficient datafor H + C,H (circles) at

T =193 K fitted by eq 7. Dotted line: rate coefficient data used in the
model$ of Titan’s atmosphere for H- C;H, and H4+ HC3N at T =
193 K.

aQOptimization and frequency analysis at QCISD/6-311G(d,Bum
of the electronic potential energy and zero-point vibrational energy in
atomic units= —170.095 438 aut Sum of the electronic potential
energy and zero-point vibrational energy in atomic uits 169.615 335
au. 9 Sum of the electronic potential energy and zero-point vibrational
energy in atomic unitss —169.658 568 awf Sum of the electronic
potential energy and zero-point vibrational energy in atomic units

- : . —169.651 681 au.Sum of the electronic potential energy and zero-
15 11
10°° cm?® molecule™ s~ from the resuilting Troe expression. point vibrational energy in atomic units —169.831 089 aw? Sum of

This value is a factor of 44 smaller th&n(200 K, 1.0 Torr). the electronic potential energy and zero-point vibrational energy in
In Figure 4 we also plot the pressure dependence of the rateatomic units= —169.624 905 au.
coefficient as estimated by atmospheric modeldiise modelers
estimateks o (andky o) by fitting the data of Payne and Stféf MP4 level, suggesting that higher levels of perturbation theory
betweenP = 10 and 700 Torr and further assumeTa? will approach the G2M relative energies. QCISD/6-311G(d,p)
temperature dependence. The pressure dependence is therlative energies (fully optimized at this level) of the transition
accounted for using the Lindemann moéfeThe result is the  states are all higher than the G2M energies, whereas the B3LYP
dotted line in Figure 4. The value d& (193K, 1.0 Torr) relative energies are all lower. These observations are also true
estimated in this way is 1.6« 10715 cm?® molecule! s, for the H+ C,H, reaction (see Table S2).
Clearly, the kinetics behavior of the H HC3N reaction is Upon examination of the barrier heights at the G2M level, it
greatly different from that of the H- C;H, reaction. The use is concluded that only reaction through TS1 will be important
of our experimental data for the rate coefficient offtHHC3N atT = 298-200 K. Reaction via TS1, hereafter called channel
is expected to have a large impact on the modeling ofNHiD 1, is analogous to the pathway that occurs in the-HC;H,
Titan’s atmosphere. For example, since the model of Yung et reaction. If this were the only pathway available in this
al.3 predicts higher values for the HE mixing ratio than the temperature range, then the kinetics of R1 would be expected
Voyager observationsthe use of our much higher rate for the to be similar to the kinetics of R5. This, however, is not the
loss of HGN via reaction with H should bring the model case; as mentioned in the preceding section, these two reactions
prediction into closer agreement with the observation. have very different preexponential factors and activation ener-
Calculation of Rate Coefficients.We have performed ab  gies (see Figures 3 and 7). We have noted that the general level
initio calculations at the G2M and CCSD(T)/6-311G(d,p) levels of correlation between the G2M and CCSD(T) relative energies
of theory to generate potential energy surfaces for the variousis remarkably good. However, the CCSD(T) relative energy of
reaction channels of the Ht HC3N association reaction. The  TS4 is 3.1 kcal moi® lower than the G2M relative energy. This
results of these calculations are used in calculating TST ratedifference of 3.1 kcal mol will have a large impact on the
coefficients, as described in a previous section. Figure 5 showskinetics of the H+ HCsN reaction.
the equilibrium structures of the reactants, transition states, and Before we discuss the calculated kinetics of the-HHC3N
products. The potential energy diagram obtained at the G2M reaction, we first present the results of G2M rate coefficient
level is presented in Figure 6; the total and relative energies calculations for the H- C,H; prototype reaction. We calculated
are compiled in Table 3, and the vibrational frequencies and rate coefficients for the H- C,H; reaction in order to gauge
rotational constants of all species used in TST calculations arethe accuracy of the theory as applied to a well-studied, analogous

are 5.98x 10732 cmf molecule? s~ and 0.799, respectively.
Figure 4 shows the pressure dependende eftimated in this
way. The value oks at T = 193 K andP = 1.0 Torr is 2.1x

summarized in Table 4. As illustrated in Figure 6, thetH
HCsN reaction can occur via four product channels.
The association reaction of H and gNCoccurs via a chemical

system. Figure 7 shows G2M/TST rate coefficients for reaction
R5 plotted in Arrhenius form and the corresponding rate
coefficients from the model of Knyazev and Slagfie The

barrier, as in Figure 6, and forms four distinctCG4N radical agreement between the two sets of data is excellent (G2M rate
isomers (Figure 5). There are no previously published ab initio coefficients are 8% lower than those of Knyazev and Slagle);
studies of HC3N radical species. The calculated geometry of on the basis of this, one would expect the G2M/TST rate
HC3N is in excellent agreement with the results of an SCF coefficients for H+ HC3N to be of similar quality when
calculatiord® and a microwave spectroscopy stdélirhe results compared with experimental results.

in Table 3 show that the G2M and CCSD(T)/6-311G(d,p) Figure 8 shows calculated rate coefficients for the-HIC3N
relative energies of the transition states and products correlatereaction compared with our experimental results. Table 5 lists
well with each other. Overall, the differences in B3LYP/6-311G- calculated values of rate coefficients and tunneling factors for
(d,p) energies and G2M energies are reasonably small (severakinetically important reaction channels. At= 298 K, the G2M
kcal moi™t) but significant for kinetic evaluation. MP2 and MP4  rate coefficient is about 45% lower than the experimental value;
relative energies are substantially higher than G2M energies forhowever, afl = 200 K the G2M rate coefficient is a factor of
all transition state and product species. There is a lowering of 14 smaller than the experimental value. The inability of the G2M
relative energies for all species on going from the MP2 to the level of theory to accurately reproduce rate coefficients for the
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TABLE 4: Frequencies (Unscaled) and Rotational Constants for Reactants, Transition States, and Products for the Geometries
Optimized?® at the B3LYP/6-311G(d,p) Level

species A, B, C/GHz vicm™?t
HC3N 4.581 39, 4.581 39, 0.000 00 243, 243, 561, 561, 707, 707, 905, 2172, 2377, 3470
H2C3N 244.006 55, 4.348 96, 4.272 80 91, 250, 433, 585, 882, 923, 964, 1427, 1822, 2108, 3067, 3142
HCHCN 66.959 06, 5.063 60, 4.707 60 241, 374, 560, 700, 783, 847, 1002, 1257, 1649, 2344, 3057, 3256
HCsHN 68.010 37, 5.042 84, 4.694 73 218, 315, 551, 696, 697, 858, 949, 1232, 1673, 2212, 2979, 3472
HC3NH 307.184 49, 4.422 51,4.359 74 190, 264, 411, 438, 691, 733, 902, 1063, 1870, 2069, 3406, 3467
TS1 121.038 65, 4.346 93, 4.196 23 [968(i)], 534(i), 195, 244, 343, 554, 561, 688, 762, 907, 2131, 2349, 3456
TS2 102.722 28, 4.611 49, 4.413 37 [1046(i)], 820(i), 268, 271, 454, 557, 568, 642, 709, 907, 2083, 2362, 3456
TS3 116.276 50, 4.583 98, 4.410 12 [1145(i)], 924(i), 254, 258, 516, 568, 586, 691, 711, 908, 2112, 2289, 3470
TS4 220.472 96, 4.295 19, 4.213 11 [1417(i)], 796(i), 208, 242, 381, 560, 565, 669, 714, 909, 2135, 2291, 3468

a Bracketed values of the imaginary mode frequencies of the transition states are from QCISD/6-311G(d,p) calculations and are used in place of
the B3LYP imaginary mode frequencies in computing the Eckart tunneling correction.

TABLE 5: Computed Tunneling Factors I' and Rate
Coefficientsk (1074 cm® molecule™® s7%) for H + HC3N?

CCSD(T) CCSD(T) CCSD(T) CCSD(T) G2M G2M

coefficients are in better agreement with the experimental data;
atT = 298 K the CCSD(T) rate coefficient is smaller than the
experimentally determined rate by 22%; however, at 200 K it

TK - T(1) k(1) I'(4) k(4) @1 k@ is a factor of 5 lower than the experimental value. Neither
200 142 0.296 82.9 155 9.47 0.677 computational method is able to accurately reproduceTthe
250 3.96 1.31 16.4 4.62 3.90 3.76 dependence of R1.

298 2.56 5.07 7.00 11.4 254 11.6

We suspect that the failure of these two methods to model

#Numbers in parentheses indicate reaction channel; i.e., TS1 or TS4.the T dependence of the rate coefficient of R1 is due to two
H 4+ HC:N reaction is surprising when one considers how well factors: a slight overestimation of barrier heights and the
it predicts rate coefficients for the # C,H. prototype reaction. difficulty in calculating reliable tunneling factors. Obviously,
At these relatively low temperatures the reaction proceeds only these are not problems for the G2M level in computiag.
through TS1. However, if one considers CCSD(T) relative The computed G2M barrier height for R5 is 4.8 kcal miahs
energies from Table 3, it is apparent (based on energetics alonefompared to Knyazev and Slagle’s recommended value of 4.0
that the reaction will proceed competitively through TS1 and kcal molt. (See the Supporting Information for geometries,
TS4. Indeed, the results in Table 5 show that the dominant pathrotational constants, vibrational frequencies, and Eckart tun-
at all three temperatures is through TS4. Figure 8 therefore neling factors for the R5 reaction.) For reaction RT at 200
shows CCSD(T) rate coefficients as well. The CCSD(T) rate K the influence of tunneling on any computed reaction channel
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tional frequencies and rotational constants for stationary points
on the B3LYP/6-311G(d,p) potential energy surface of the H
+ C;H; reaction are available in Table S1; equilibrium structures
for these stationary points are presented in Figure S1; relative
energies of these stationary points, at the levels of theory of
Table 3, are given in Table S2. This material is available free
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