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Thermal Rate Constant for CN + H./D, — HCN/DCN + H/D Reaction from T = 293 to
380 K
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The reaction rate constant for the cyano (CN) radical with hydrogen and deuterium has been determined over
the temperature range 29380 K. The CN radical was detected by time-resolved near-infrared absorption
using the CN red system g — X2%) (2,0) band near 790 nm. These measurements were carried out at
low pressures of Ar or He as carrier gas. The diffusion rate of CN in these mixtures was inferred from the
diffusion rate of HCN(000) determined using time-resolved infrared absorption of HCN(000) aroyna 3.0
simultaneously with the detection of CN. These measurements provide accurate thermal rate constant data
that will enable a detailed comparison to be made between theoretical predictions and experimental

measurements for this prototypical reaction system.

I. Introduction
The reaction of the cyano radical (CN) withp H

ke

CN+ H,—>HCN + H (R1)
and its deuterated analogue
Kea

CN+D,—DCN+ D (R2)

are ideal systems to study the reaction dynamics of four-atom
systemd. Over the past decade or so there has been an
increasing effort both experimentally and theoretically to probe
this system from a variety of perspectives. An important
experimental aspect of this problem is the determination of
accurate thermal rate consténtsr reactions R1 and R2, and
from the theoretical point of view, it is important to develop a

global potential energy surface (PES). This PES should describe’

all the possible interactions that can occur in the four-atom
H—H—-C—N system, i.e., the intermediates®&N and HCNH
and both product channels, HCNH and HNC+ H. Such a
global PES has recently been developed for reaction R1 base
on accurate ab initio calculations of over 12 000 points in the
H—H—C—N configuration space. The temperature dependence
of the thermal rate constant was calculated using a quasiclassic
trajectory approach that completely accounted for the six degree
of internal motion of the four-atom system on this global PES.
The barrier height was adjusted from the ab initio value of 4.3
kcal mol~ to 3.2 kcal mott in order to obtain agreement with
the average rate constant data for reaction R1 at 300 K. The
value ofkg1 over the temperature range 268500 K was then
calculated and found to in good agreement with experiment.
This value for the barrier height for reaction R2 was also
suggested by Che and Eidfrom the determination of the
excitation function for reaction R2 in a molecular beam. In a
recent work Wang et &l.again compared very detailed
molecular beam experiments with predictions from quasiclas-
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sical trajectory calculations, again based on the recent global
surface. They also suggested that the surface could be modified
to obtain better agreement between theory and experiment.

Earlier theoretical analysis of reaction R1 by Wagner and
Bair® also used a comparison of theoretical rate constants for
reaction R1 and experimental values to refine the properties of
the transition state for the abstraction channel. These workers
carried out a detailed analysis of the saddle point properties for
reaction R1 using an ab initio generalized valence bond
configurational interaction (GVB-CI) and more refined calcula-
tions for the energetics of the reaction using a POL-CI
calculation. Using the theoretical predictions for the transition-
state structure, the temperature dependenkgofas calculated
using conventional transition-state theory. Good agreement with
experiment was obtained if the theoretically predicted barrier
height of 6.0 kcal mal was reduced to 4.1 kcal mdl

Although there are several recent studié%of reactions R1
and R2 over wide temperature ranges, there still appears to be
some uncertainty as to the value of (R1) around room
temperaturé-13 In light of the recent interest in adjusting the
new global PES according to the observed 300 K rate constant
atad it was felt that a new determination of the rate constant
r reactions R1 and R2 would be worthwhile. Furthermore,
most recent 1912 measurements okg: and/or kg, at low
jemperatures have been based on pulsed laser-induced fluores-
ence (LIF) of CN using the violet systemZB —X2=* (0—
0), transition around 380 nm. In these measurements, the time
evolution of the CN radical was followed by varying the time
delay of the probe LIF laser following the pulsed laser
production of the CN radical from a suitable precursor. This
method is quite sensitive but requires very careful normalization
of pulsed laser intensities. Balla and Pasterkaakonitored
the CN radical continuously using time-resolved infrared
absorption of the fundamental CN¢1;J') — (v=0;J") transition
near 5.2um using a tunable infrared lead salt laser spectrometer.
Although this is a direct method for detecting single rovibra-
tional levels of CN in a continuous fashion, the infrared
transition dipole moment of CN is small, and this method suffers
from a lack of sensitivity. Other approaches have been used to
detect the CN radical in a continuous time-resolved fashion,
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but they have not been applied to the determinatiokrgfor density of 2-10 mJ/cm at a repetition rate of 45 Hz. As in

kro. Durant and Tully* used a high-resolution continuous wave previous experiments,the rectangular shaped ArF laser beam
(CW) ultraviolet dye laser to excite LIF of CN using the CN propagated through the photolysis region with its long axis
B2X~ — X2=* (0—0) transition. Recently, Hall and Wu perpendicular to the nominal flow direction of the TFR and the
detected CN in a continuous fashion using time-resolved split White cell mirror axis.

absorption on the CN red system?IA— X?Z* (2—0) band, Single rotational states of the CN radical were detected
near 790 nm. This detection scheme was based on a high-ysing time-resolved near-infrared absorption spectroscopy on
resolution tunable CW Fisapphire laser spectrometer. North the CN(AIT — X 23+ ) (2,0) band near 790 nm. The room-
et all® have extended this technique to include time-resolved temperature external cavity diode laser was supplied by
FM-modulated absorption spectroscopy and applied this tech- Environmental Optical Sensors Inc. This laser reliably runs in
nique to a direct kinetic measurement of the reaction rate a single mode; nevertheless, the mode behavior was monitored

constant for CN+- CoHa. by a Burleigh 2 GHz free spectral range scanning FalBrgrot
In the present work, CN was detected in a continuous fashion Etalon. The laser can be continuously tuned over several
using direct absorption of CN on theZl — XZ*+ (2—0) nanometers without a mode hop. The laser bandwidth was less

transition at 790 nm. The laser source was a commercial than 5 MHz, much narrower than the thermal Doppler line width

external cavity diode laser which has the advantage of narrow of the CN radical. The laser wavelength was determined using
bandwidth and tunability combined with low-amplitude fluctua- an evacuated Burleigh model IR-210 wavemeter.

tion noise. The sensitivity of the direct absorption technique  \hite cell optics were used to multipass the probe laser
was improved by multipass optics to increase the absorption radiation through the photolysis region so that the nominal

path length. The CN radical was created by pulsed laser pho-apsorption path length was 14 m. Both the excimer and probe
tolysis of (CN} at 193 nm, and its time evolution was followed  |aser radiation were directly overlapped using a dichroic mirror

in low-pressure mixtures of +br D in inert gases to determine  set at Brewster's angle with respect to the probe laser polariza-

kr1 andkgo. tion. Another optic, Pyrex or ZnSe, also inserted directly in
) _ the optical path at Brewster's angle, was used to absorb the
Il. Experimental Section excimer laser radiation and prevent damage to the White cell
The basic experimental apparatus has been described irPPtCS-

previous workd718 Briefly, the transverse flow reactor (TFR) The photolysis laser introduced a small instantaneous baseline
consists of a stainless steel chamber which contains a Teflonshift, presumably from a refractive index change induced in one
box of dimensions 10& 100 x 5 cm. The TER was evacuated Of the optical elements. To account for this, a time-resolved
by a liquid nitrogen trapped 25 cfm mechanical pump to a absorption profile was obtained with the probe laser tuned to
pressure of a few milliTorr. The leak rate of the TFR was less the peak of an absorption feature, signal averaged for-100
than 1 mTorr/min. To reduce gas consumption and provide a 900 shots using a LeCroy model 9410 digital oscilloscope, and
constant pumping speed during an experiment, a small orifice then a background profile was recorded and signal averaged
was placed between the mechanical pump and the TFR. with the probe laser frequency detuned several line widths from

The temperature of the TFR was controlled by circulating the peak. These two curves, signalbackground and back-
hot silicone oil (a NestLab model HT-200 hot oil bath) through ground, were tlransferred to a laboratory computer and subtracted
copper tubing folded back and forth over the top and bottom 0 Produce a time-resolved C¢0;J) absorption profile. The
surface of the inner Teflon box. Five thermocouples, four of '€action rate constants for (R1) and (R2) are small, and the
which were inserted in wells in the Teflon box using silicone OPServed first-order exponential decay times ranged from 100
thermal grease and the fifth was suspended directly in the gasto 5000 s so that in order to avoid distortions of these profiles
stream, were used to monitor the gas temperature. About 5%(Tom low-frequency filtering they were collected in a dc mode.
of the optical path was in regions not directly heated by the As a result, the initialo was recorded simultaneously with the

circulating hot oil system. Heating tape was used to heat these@Psorption profile using the pretrigger feature of the digital
side-arm chambers containing the White cell optics to the ©scilloscope, and the absorbanceldt, vs time profiles could

temperature of the reaction region. be directly calculated. _ _
A separate high-vacuum system was used to control the flow ~ The laser intensity was detected using a New Focus Si PIN
of the various gases into the TFR. The Ar, He' arwmt'e phOtOdIOde. Care was taken so that the detector was not satu-

all supplied by AGA Gas and were research grade, 99.9995%rated by the probe laser power. The time response of the Si
pure. The B (research grade, 99.5% pure) and (€{@search diode was 100 MHz, but in most of the experiments, the
grade, 98.5% pure) were supplied by Matheson. The §CN) frequency response was limited to the range dc to 3 MHz using
was purified by pumping on at-78 °C. The gases were & Krohn-Hite model 3944 electronic filter.
continuously flowed through the TFR and their partial pressures  The laboratory PC computer that was used to generate the
determined from the known flow rates and total pressure in the absorbance profiles and data analysis was also used to provide
TFR, as determined by an Edwards model 600 pressureappropriate timing pulses for the data collection sequence and
transducer. All except the (Chflow meters were carefully necessary voltages to scan the diode laser.
calibrated. In early experiments, calibrated Gilmont rotometers  The apparatus and gas handling system were specifically
were used to measure the Ar or He and® flow rates, but at designed for a flowing gas setup. As a result, the appropriate
low flow rates of He or Hthe readings required a long time to  experimental pressure range was15 Torr; however, at the
stabilize. To overcome this problem, the rotometers were higher pressures the diffusion rate becomes very slow, and
replaced by M.K.S. model 0258 electronic mass flow meters, increasing the pumping speed results in rapid consumption of
which were again carefully calibrated. (CN), and D». Hence, most of the data reported in this work
The CN radical was produced by the photolysis of (&t) were obtained with a total gas pressure around 4 Torr. At this
193 nm using a Lumonics model 740 excimer laser. All the pressure, diffusion can contribute to the first-order decay rates.
experiments were carried out with the photolysis laser power To a first-order approximation, the diffusion constant for CN
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Figure 1. (a) Absorbance of CNE&0;J=9.5) as a function of time Figure 2. (a) Absorbance of CN&0;J=8.5) as a function of time
for a temperature of 328 Ky, = 3.046,Pa =1.803, andPcn), = for a temperature of 293 KPp, = 0.780,Py. = 3.178, andPcn), =
0.0083 Torr. The solid line is the single-exponential decay fit for the 0.0023 Torr. The solid line is the single-exponential decay fit for the
rate determined in Figure 1(b). (b) Determination lefy for the rate determined in Figure 2(b). (b) Determination lefy for the
absorbance profile in Figure 1(a). A linear least-squares fit giegs absorbance profile in Figure 2(a). A linear least-squares fit divgs
= (4.292+ 0.003)x 10°s°L. = (4.98+ 0.04) x 1@ sL.

and HCN in nonpolar environments should be similar. In this py the direct experimental measurements of diffusion using the
laboratory there is the capability to detect the time dependenceHcN(000) measurement&1?

of vibrational levels of HCN in the infrared region around 3.0
um. A Burleigh model FCL-20 single-mode color center laser
was used to monitor HCN(000) produced in reaction R1. Both
the CN reactant and HCN product could be detected simulta-
neously. These experiments will be described in detail in
another world? but for the present it should be noted that the
diffusion rate constants for HCN in mixtures of Hel, and
Ar—H, were measured directly.

A typical absorbance temporal profile for the removal of CN-
(#=0;J=9.5) in Hb—Ar mixtures at a temperature of 328 K is
shown in Figure 1a, and the determinationkgf, from these
data is shown in Figure 1b. A similar absorbance profile for
the removal of CN{¢=0;J=8.5) in D,—He mixtures is shown
in Figure 2a for a temperature of 293 K, and the determination
of ken from this absorbance trace is shown in Figure 2b. Asis
evident from Figures 1b and 2b, the data were well described
Ill. Results and Discussion by single-exponential decgy ra_tes. This was generally the case

_ _ o for all the data collected in this work, except for low partial

The bandwidth of the probe diode laser radiation was much pressyres of reactants when sometimes the decay curves could
narrower than the thermal Doppler width of the CN transitions pa gescribed by two decaying exponential terms. In these cases,
so that the BeerLambert law was obeyed, and a plot of he appearance of a second exponential term was likely due to
absorbanced = In(Iol_I), againsttime is a direct measure of the 1o appearance of multiple diffusion mod&sAlso, in some
temporal concentration profile of CN, [CN] (where the square .,qeg an induction period, due to rotational relaxation, persisted
brackets refer to concentration). At the low initial concelntra- for several microseconds but was of short enough duration as
tions of CN used in the present expenments?(x 10° not to influence the determination of the first-order decay rates.
molecules cm?3) secondary reactions can be ignored, and the e . .
first-order decay of CNkcn , represents the sum of all removal If the removal of CNiﬁby diffusion is described by a single
processes for the CN radicals, i.e., reaction with df Dy, first-order decay rateng, gt a.constant total pressure, then
reaction with any impurities such as,@r a hydrocarbon Blang‘s law relate® _the diffusion rate constant to a I|r_1ear
background, and removal by diffusion. To minimize the function of the partial pressures of the components in the
influence of these possibilities, the first-order removal rates for Mixture, 1.e.

CN were measured as a function of pressure o{f4,,) or D,

at a constant total pressure. Under these circumstances, the 1 Px, Py

second-order rate constant for reaction R1 or R2 can be obtained it D D 3)
from the slope of the first-order rates plotted agaistor Pp, ng X2 M

at constant total pressure. The intercept provides the influence

of impurity reactions and diffusion. This treatment assumes of where X is either b or D,, M is either Ar or He, an®x,u is
course that the change in reactant partial pressure changes onl$he corresponding diffusion coefficient of CN in the pure gas
the reaction rate; however, at low total pressures and especiallyXz or M at the pressur@yx,v. With the present geometry the
for Ar as the carrier gas, the diffusion rate constant also dependsdiffusion process was complicated, and at long tine$ (ns)

on gas composition so that the diffusion rate should be there were two measurable diffusion rate constants, describing
subtracted fronkcy before plotting the data. The estimates for five low-order diffusion mode%® However, the faster diffusion
the diffusion rate of CN in the various mixtures were provided rate (motion parallel to the short dimension of the rectangular
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shaped excimer laser beam) was about 9 times larger than the
smaller one (motion parallel to the long dimension). The faster
diffusion rate constant was assumed to dominate, and the smaller
one was neglected so that the diffusion process could be
described by a first-order rate process.

The diffusion process was studied by monitoring HCN(000)
at times from 1 to 80 ms following the photolysis laser pulse.
At these long times, vibrational relaxation of the whole HCN
vibrational manifold was complete as can be inferred from the
known vibrational relaxation rate constants of many highly
excited HCN levels by k! and also from experiments carried
out in this laboratory® Furthermore, the decay of HCN(001)
was observed to be complete before the time scale for diffusion
became important. Thus, at these long times the HCN(000)
level was proportional to the thermalized HCN product from
reaction R1, and its time behavior was not perturbed by
vibrational relaxation processes. The diffusion coefficients of 1
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CN and HCN should be similar. Virtually all the data for the £ 001 T 362.8496K E
measurement ddz, were obtained in HeD, mixtures for which E r - D ]
the diffusion rate for CN should be approximately constant E’ X ]
because of the constant effective mass for this gas combirfation. - ]
Simple temperature and mass dependencies predicted by ideal 0.001

gas kinetic theory were used to extend the determination of the
diffusion rate constants to temperatures greater than 294 K and
other gas compositions. The majority of the rate constant mea-
surements were made using He as the carrier gaskfﬁjﬂas

i\ o
almost constant. At mosbdgN varleq from 100 to 3008 fqr Figure 3. (a) Confirmation that the thermocouples gave the correct
the CN in the Ar-H, mixtures used in this work, and the direct  gas temperature. A wavelength scan over two pairs of high and low
correction for diffusion decreased the measured rate constantsotational states of CNEO) is shown. The measurements were carried
by up to 5% for some experiments. out at a total pressure of He of 3.86 Torr. The data were collected with

A possible complicating reaction could be the attack of H & boxcar delay of 1s, and gate width of 1.0s and averaged for 30

; shots per frequency interval. (b) A Boltzmann plot of the peaks in Figure
atoms on (CNy to regenerate CN radicals 3(a), fit to Gaussian profiles, to determine the rotational temperature

of the reacting CN radical. The data were normalized for fluctuations
in the excimer laser powef. The three thermocouples nearest the
reaction zone gave readings of 362.2, 363, and 365 K so there is good
agreement between the determinationTdby the thermocouple and
spectroscopic techniques.

0 100 200 300 400 500 600 700
Er(J")

H+ (CN)2 —
HCN+ CN (AH, = +41.4+ 5.0 kJ mol?) (R3)
where theAHp has been evaluated from recent d&t#: If

reaction R3 occurred by a single-step process, then even thouglused just to dissociate the (CN)molecule. The largest
the reaction is substantially endothermic, it could become perturbation to the gas temperature, at the maximum photolysis

important with increasing temperature if tihefactor for the
rate constant was large. Fortunately, Phiflfigsas studied this

laser energy and largest [(Cl{)can be estimated to be only
0.02 K. Much larger uncertainties in the gas temperature arise

reaction at 300 K and found that the rate constant for the from the thermal inertia of the inner Teflon box. The TFR

disappearance of H atoms was sméll= 1.5 x 10715 cm?

apparatus was not designed for very carefully temperature-

molecule’! s™1 at a pressure of 1 Torr. These experiments also controlled experiments so that the gas temperature could be
verified that the mechanism of H atom removal did not occur different from that recorded by the thermocouples. Five
through reaction R3 but by complicated multistep three-body calibrated thermocouples were arranged so that two monitored
processes originally proposed by Abers etlalFurthermore, the temperature of the box near the gas inlet and outlet, two
there was no detectable production of CN radicals at long times monitored the temperature directly over the photolysis region,
in the CN + H, system so that the influence of this reaction and one was suspended directly in the center of the gas stream
path was negligible. a few centimeters downstream from the photolysis region, well
An important experimental parameter in this reaction system isolated from the walls. The readings from the two thermo-
is the temperature. Small uncertainties in the determination of couples directly above the reaction zone and the one directly
the gas temperature can cause large variations in the observeih the gas stream were always within several kelvin of each
rate constants because of the relatively large activation barrierother at the highest temperatures, and this was taken as a
for reactions R1 and R2. In principle, the laser photolysis measure of the uncertainty in the temperature.
process itself could perturb the gas temperature by depositing To further verified that the gas temperature was correctly
energy into the internal degrees of freedom and/or the transla-given by these three thermocouples, the rotational temperature
tional motion of the photolysis products; however, in the present of the reacting CN was measured directly. The CRI1A—
experiments this effect was quite minor. The small absorption X2Z (2,0) is especially suited for this purpose because the R
cross section of (CN)at 193 nm (1.1x 1071° cn?)!3 and low bandhead is conveniently located near the peak of the Boltzmann
partial pressures of (CMYPcn), < 0.01 Torr) resulted in less  distribution for the temperatures of the experiment, and transi-
than 0.5% of the initial photolysis energy (a maximum of 50 tions for both high and low rotational states lie within a small
mJ) being absorbed. Furthermore, because of the large bondrequency range of each other. A typical scan over several low
dissociation enerdy of (CN),, about 90% of this energy was and high rotational transitions is shown in Figure 3a, and a
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6000 reaction chamber was not designed to be a high-vacuum
; ] apparatus so that a small concentration of impurity could
5000 | H,+ CN - HCON +H E contribute to the removal of CN radicals if the reaction rate
4000 b ] constant were large enough, e.g, o, = 2.5 x 1071 cm?
— [ ] molecules? s™*atT = 294 K26 The CN+ O, reaction could
© 3000 | . account for a large fraction of the observed intercepts in Figures
~ F ] 4 and 5 if there was a background pressure-dfmTorr of air
2000 F ] either due to a vacuum leak or from outgassing. In later
1000 F k.= 1324 £ 16 (s'Torr") ] experiments, when the diffusion rates of HCN were determined
)i ] using the infrared laser source, it was discovered that a
0 S background reaction produced predominately HCN. Thus, the
0 1 2 3 4 nature of the apparent background reaction is unclear, but it
H, Partial Pressure (Torr) does not influence the kinetic measurements reported on here.

. ) I Further discussions of these experiments will be presented in
Figure 4. First-order rate constants, as shown in Figure 1(b), are plotted P P

9
as a function oPy, for a temperature of 328 K. The diffusion rate of anot.he.r work: .

CN in H,—Ar mixtures was subtracted from each of the first-order It is interesting to note that the results reported here were
decay rates so that the intercept represents the influence of a backgrounéhdependent of which rotational state of the @NQ;J) was
reaction of CN. The uncertainty in each first-order rate constantis within monitored. This of course is to be expected because rotational
Bh(e)Ssym?gIslhThﬁﬁhne?r 'e?§§-59yafes fitto the data dives (4.5+ relaxation should proceed much more rapidly than reaction but

05) x (cm molecule* s°5). in many cases has not been verified experimentally.

——————————— There could be several possible complications from the pho-

- D,+CN —DCN +D 1 tolysis of (CN} at 193_ nm besides a rise in the gas temperature,
4 namely, the production of electronically and/or vibrationally

1000

800 |-
excited CN products. Fortunately, these effects have been
600 - i investigated previously. The lowest-lying excited electronic
N state of CN is the Al state, but it is not energetically accessible
= 400 | | by a one-photon process at 193 AmAbout 13% of the initial

| CN radicals are produced in the GIN£1) level27-28 However,
S k.= 249.9 8.0 (s'Torr") the presence of CME1L) will have little effect on the measure-

200 | i ment of the reaction rate constants determined by monitoring
CN(v=0). Assuming that the total removal rate for GiN{1)
0 U Y YR SN ST SR S NN SO A VAT S [N SO SR SR SR A S N T . . —
0.0 05 10 P 20 25 is larger than that for CNEO0), the production of CN(=0) by

} vibrational relaxation from CNE&E1) would appear as a small

D, Partial Pressure (Torr) rising exponential term in the complete time description of CN-
Figure 5. First-order rate constants as shown in Figure 2(b) are plotted (¥=0) with a preexponential factor at least 7 times smaller than
as a function oPp, for a temperature of 293 K. The diffusion rate of  the term describing CN¢0) decay. As is evident from Figures
CN in D, —He mixtures should be approximately independent of the 1a and 2a, no such term was detected. Furthermore, previous
mixture and was not subtracted out from the first-order rate constants workers:1° have monitored CNE1) decay in both the CN-
backaround reaction. The uncertainty in ach frst-order rate consiant 2 810 D2 systems and found the decay of Gi() slightly
is within the symbols. The linear least-squares fit to the data dives la_“ger_ than CNZ(_:O) and attrl_bu_ted this de_cay to reaction O.f
= (7.6 + 0.2) x 1075 (c® molecule™ s°9). vibrationally excited CN. A similar conclusion was reached in

recent theoretical investigations of reaction R1.

Boltzmann plot of these data is shown in Figure 3b. The slope  The results for the determination kef; andkg. are presented
of the least-squares fit gave a direct measurement of thein Figures 6 and 7 and summarized in Tables 1 and 2,
rotational temperature of the reacting CN radical and was in respectively. A motivating factor in carrying out these experi-
agreement with the average temperature of the three thermo-ments was to provide a reliable value f@s andkg, near room
couples closest to the reaction zone. Other direct measurementéemperature, and a detailed summary of the available data for
of the gas temperature were found to be in good agreement withkr: and kgz is given in Table 3. The average of the rate
the average temperature given by these three thermocoupleconstants determined in the present experiments=at293 K
measurements. It was concluded that the gas temperature wais given bykg: = (2.50+ 0.26) x 107** cm® molecule* s™*
well represented by the thermocouple readings with a maximum andkgz = (7.5+ 0.75) x 10~ cm® molecule* s.”* The error
uncertainty of+2 K. bars include one standard deviation from the average of several
The determination of the second-order rate constants by measurements at = 293 K and an estimate of a systematic
plotting the first-order decay rates as a function of reactant error of 5% error from determination of the various partial
partial pressure minimizes the influence of any impurity on the pressures. Near 300 K, the rate constants for thetGf and
rate constant determination. As long as an impurity is not D2 reactions determined in the present work are in good
introduced along with the variation in the gas flow rates, but agreement with several recent determinatioh¥!3and these
arises from a background contamination in the vacuum system,values are now well established.
its influence is accounted for by this measurement method. As is evident from Figures 1b and 2b, the uncertainty in the
Typical second-order plots for the data sets from which Figures determination of each first-order decay rate was quite small;
1 and 2 were taken are shown in Figures 4 and 5, respectively.however, the overall scatter in the data was larger than expected
The nonzero intercept in Figures 4 and 5 indicates that indeedconsidering the excellent signal-to-noise of the individual decay
there was a background reaction of CN becd&ﬁehas been curves. One contributing factor to this scatter is the uncertainty
subtracted from the first-order decays, as described. Thein the gas temperature. Using simple Arrhenius parameters for
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15 . . . . : . ; . . TABLE 1: Summary of the Reaction Rate Constant
CN+H,—> HCN+H ] Measurements for the CN+ H» Reaction
4 Ptot k x 1014
O This work T(K) carriergas (Torr) (cm®moleculets™) =1 std de#
Sun & Lin et al formula, ref. 10 A
Sims & Smith formula, ref. 8 ya 293 Ar 4.0 2.49 0.12
o $ Sumalinetal el 10 YR 293 He 4.0 2.38 0.21
‘T(D 10 | 24 B;IIa&Pas‘terHack., ref, 13 /"'/)f B 293 He 4.0 2.45 0.17
=1 ¥ Albers et al, ref. 11 A 293 He 4.0 2.63 0.11
g S MLl C ] 203 He 37 251 0.078
£ % 293.5 pure H 4.0 2.25 0.019
g ) 293.5 Ar 3.6 2.61 0.058
el 294 He 3.2 2.57 0.047
= i 294 He 5.7 2.48 0.039
T 57 e . 294 Ar 3.8 2.60 0.050
! 294 Ar 4.0 2.68 0.043
314.5 Ar 4.5 3.67 0.05
315 Ar 35 3.79 0.033
316 Ar 7.9 3.76 0.056
318 He 4.0 3.74 0.28
I 1 325 Ar 3.6 4.35 0.092
0 L . L . I . 1 . I 327.5 He 3.7 4.24 0.073
300 320 340 360 380 327.5 Ar 5.0 4.49 0.054
329 Ar 1.9 5.22 0.14
T (K) 338 Ar 3.9 6.14 0.44
) ) o 348 Ar 5.0 5.96 0.083
Figure 6. Summary of the available data for the determination of the 351 Ar 3.4 6.13 0.098
CN + H_ reaction rate constant as a function of temperature. The lines 354 Ar 7.6 7.61 0.40
are from the fits to the complete data set of Sun éf ahd Sims et 355 He 4.0 7.02 0.26
al® determined over a much wider temperature range. The error bars 355 He 4.0 6.85 0.26
are all+o for the slope to plots such as shown in Figure 4 except for 367 He 4.0 8.40 0.19
the work of Sims et &l.in which the error bars represefi2o and an 367 He 3.9 8.10 0.23
estimate of systematic errors. 367 He 4.0 8.14 0.44
369 He 4.1 8.54 0.19
5 — 380 He 4.0 10.7 0.33
CN+D,—» DCN+D A @ +10 uncertainty in the least-squares fit for the slop&gfvs Py,.
F E TABLE 2: Summary of the Reaction Rate Constant
—~ 4 T [ o Tris work »}/// ] Measurements for CN+ D-
o Sima & St formula o1 & RV _ Pt kx 10
o [ | ® sunslinetalref 10 S ] T(K) carriergas (Torr) (cmPmoleculels™) +1 std de?
3 M Sims &Smith, ref. 8 1
8 3 4 Balla & Pasternack, ref. 13 7 ?1< 7 293 He 4.2 0.749 0.028
° 5/ j 203 Ar 3.9 0.759 0.024
o A 320 He 4.0 1.53 0.22
5 ] 321 He 42 1.38 0.072
7 : 321 He 4.2 1.22 0.10
e 1 321 Ar 6.0 1.20 0.083
Jol 339 He 4.0 1.98 0.093
i 343 He 4.0 2.21 0.10
i 355 He 4.0 2.70 0.15
1 366 He 3.9 2.97 0.20
379 He 4.0 3.73 0.17
0 L . . ‘ . . . ‘ . a +10 uncertainty in the least-squares fit for the slopé&®fvs Pp,.

300 320 340 360 380 . . - L.
experiments this effect was eliminated by waiting for a

T (K) sufficiently long time for the gas to equilibrate. At a total flow

Figure 7. Same as Figure 6 except all the data for the determination rate of 400 sccm the TFR volume was replaced in about a

of the CN+ D, reaction rate constant are shown. minute. Data were generally collected after waiting at least five
pump-out decay times, ensuring that the gas mixture was evenly
this reactior?1%it can be shown that an uncertainty-sfl K at distributed throughout the TFR volume. No other systematic

300 K and+2 K at 380 K leads to an uncertainty in the rate trends were evident.

constant of 2% and 3%, respectively. One systematic trend that The results of this work and other dad®13should provide
was observed was a slight rise in the temperature of the gasa reliable database for a comparison with theoretical predictions
mixture with increasing mole fraction of #D,. Even at the of the rate constants for the CN H, and D» reactions. This
highest temperatures, this effect was small, about a degree, butn turn will allow for a better theoretical description of this
was unlikely to introduce a systematic error into the data reaction system both in terms of refinements to the PES and
reduction because this effect was within the temperature also with respect to refinements in the dynamical descriptions
uncertainty of £2 K. In preliminary experiments, it was leading to rate constant predictions.

observed that if sufficient time was not allowed for complete  The use of direct, long path, time-resolved absorption of CW
equilibration of the gas mixture throughout the TFR reaction laser diode radiation is a sensitive method to study the chemical
volume, erratic results were obtained. However, in later reactions of radicals. The narrow line width, tunability, and



CN + Hy/D, — HCN/DCN + H/D

TABLE 3: A Summary of the Measurements for the CN +
H,/D, Rate Constants near 300 K

kry x 1014 uncertainty
T(K) technique (cm®moleculels™)  (x10Y) ref
CN + H,
295 CW abs 1.2 0.2 11
(B—X")
300 LIF 1.6 0.3 12
295+ 4 LIF 2.45 0.9 7
298 IR abs 2.6 0.1 13
294.5 LIF 2.40 0.36 8
296.5 LIF 2.55 0.2 8
295 LIF 1.59 0.17 9
297 LIF 2.51 0.06 10
293+ 1 CW ab8 2.50 0.26 this work
(A—X)
CN + D,
296 LIF 0.85 0.06 8
298 IR abs 0.72 0.4 13
299 LIF 0.86 0.23 10
293+ 1 CW abs 0.75 0.078  this work
(A—X)

210 unless indicated otherwiseCN monitored by time-resolved
absorption spectroscopy on the violetBX system.© CN monitored
by LIF using the violet B— X system.? Uncertainty +2¢0. ¢CN

monitored by time-resolved infrared absorption spectroscopy on the

CN IR fundamental Uncertainty+20 and an estimate of systematic

errors.9 CN monitored by time-resolved absorption spectroscopy on

the red A— X system." Uncertainty+1c and an estimate of systematic
errors.
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