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The reaction rate constant for the cyano (CN) radical with deuterium hydride (HD) has been determined over
the temperature range from 293 to 375 K. As well, the branching ratio for the partitioning into-HON

or DCN+ H has also been measured. The CN radical was detected by time-resolved near-infrared absorption
spectroscopy using the CN {H — X2%) (2,0) band near 789.5 nm while the HCN molecule was monitored

by time-resolved infrared absorption spectroscopy using the HCN®0@00) v; fundamental band near
3.0um. Both species were monitored following the same photolysis laser pulse used to generate the CN
radical. The measurements were carried out in low pressures of Ar or He as carrier gas. The frequencies
and structure of the transition states for all four isotopomers for4€MN, were calculated using ab initio
quantum chemistry methods and a normal-mode analysis. Reasonable agreement was found between the
experimental results and the rate constants predicted by conventional transition state theory using the theoretical
transition state properties. These measurements should provide for an interesting test for theoretical predictions
of thermal rate constants for this prototypical four-atom reaction system.

I. Introduction deal of dynamical information on the CN H; reaction system
has been obtained primarily by Liu and co-work&r® These

The reaction of the cyano radical (CN) with,H ! .
y (CN) witt workers have studied the deuterated analogue, reaction RD2,

ki, using crossed molecular beams and have determined the double
CN+H,—HCN+H; AH;= —21.6 kcal mol* differential cross sections, velocity- and angular-resolved, as a
(RH2) function of collision energy, almost at the vibrationally resolved

. . . level of detail. Che and LAY measured the excitation function
has become an excellent candidate for detailed comparisons,. oaction RD2 and found significant D atom product at
between theoretical predictions and experimental observations.icion energies~1.0 kcal mot? below the barrier height

for a variety of properties relating to the kinetics and dynamics derived from an earlier analvsis of Waaner and Baind the
of this system. Much of this impetus has arisen from the recent best ab initio predictions 03; ter Horstget talMany of the
development of a global potential energy surface (PES) by terfindings determined by Che and Liu were in good agreement

Horst et al These workers fit a large number of high-quality . L . L .
ab initio points based on a multireference configuration interac- with theoretical predictions based on either full six-dimensional
guasiclassical trajectory calculatidf®r reduced four-dimen-

tion (MR-CI) quantum chemistry calculation to describe the ™ | : leulatiohsusing the TSH3 surf W
global interaction between CN andyHncluding the reactive ~ S'0Na guantum caiculalionsusing the 1 < surtace. wvang
et al1?2 compared more refined differential cross-section mea-

HCN + H channel, and the various possible bound intermediate - )
surements at a collision energy of 5.8 kcal moWwith full-

configurations, HCN and HNCH. This potential energy surface =} i h . ; )
will be referred to as the TSH3 surface. dimensional quasiclassical trajectory calculations on the global
There have been a number of studies on the experimental TSH3 surface. Although the agreement between theory and

determination of the thermal rate constant for reaction RH2 and experiment was good, these workers s_uggestgd that impr.o.ve-
its deuterated analogue ments in the PES, such as a lower barrier and tighter transition

state, would make the agreement even better.

Other workers have looked at the HCN vibrational product
state distribution from reaction RH2 by either infrared chemi-
luminescenc¥ or time-resolved infrared absorption spectros-
copyl” As deduced from the molecular beam experiments,
considerable vibrational excitation in the HCN product was
found in these experiments. Bethardy et’ainferred that a
large fraction of the initial HCN molecules were excited in the
bending degree of freedom even though the transition state
calculated by ab initio methotl$® was linear. Both full-
dimensional quasiclassical trajectory calculatiérend four-
dimensional quantum calculatidfisfor the HCN vibrational

* Department of Chemistry, Niigita University, Faculty of Science, State distribution were in good agreement with the available
Niigata 950-21, Japan. experimental measurements.
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ko
CN+D,—DCN+D (RD2)

The early work has been summarized recently by Yang and
Lin.2 However, there was still some uncertainty as to the value
of ky, near 300 K. Recent measurements, over a limited
temperature range, from this laboratofgr ky, andkp, were

in close agreement with measurements of Sun étidlla and
Pasternack Juan and Smithand Sims and Smith.New high-
temperature shock tube measurementskfgrhave also been
reported by Wooldrige et &l. Over the past few years a great
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Kinetic isotope effects have long been used to gain informa- TABLE 1. Mass Spectral Determination of the Composition
tion on the shape of potential energy barriers for elementary of the HD Used in the Experiment

chemical reactions involving the transfer of the light H atom.  species vol % specie® vol %

This was a primar_y motivation for the present experiments. The H, 0.624% 0.062 N <0.0P

study of the reaction of GP) atoms with H, HD, and B and HD 98.6+ 0.3 GHe <0.007

the determination of the intramolecular kinetic isotopic branch-  He 0.063+ 0.006 Q <0.008

ing ratio by Gordon and co-workers are prime examples of the 8,24 8-88‘15: 0.062 é\(rjz <8-88'2P5 0.0020
. . . . . 4 <0. . -+ 0.

usefulness of kinetic isotope effects in elucidating the features .0 <0.05 GHe ~0.0%

on a PES that may need to be adjusted to bring experiment and HDO
theory into better agreemekit.2°

A reaction related to (RH2) is the reaction ofF) atoms 2No hydrocarbons greater than'z of 44 noted on scan of entire

\ S great

with H,. This reaction has played a central role in the field of 92S-”Method detection limit.
chemical dynamics, and there have been numerous experimental . o .
and theoretical studies on this system. The intramolecular 1h€ reaction was initiated by pulsed-laser photolysis of (€CN)
kinetic isotope effect has also been investigated for both (© create the CN radical in a slowly flowing mixture of HD,
therma?* and hot F atom& The rationalization of the observed ~ Nertgas, and (CN) Both CN and HCN were detected by time-
preference for production of the HF product for thermal F atoms €S0lved absorption spectroscopy following the same photolysis
can be viewed from many different perspectives: transition state 12S€r pulse. The %’f‘[ rad|(:2al was detected using the (2,0) band
theory, information theory, kinematic effects, etc. A recent ©f the red system AT X=X electronic transition near 789.5
quasiclassical trajectory calculation, using a new high-quality "™ Using a commercial, continuous wave, external cavity, diode
ab initio PES? looked at the intramolecular kinetic isotope laser. The utility of using this detection scheme for CN was
effect in this system from a dynamical point of viétv.Aoiz suggested by Halpern and Huang several years®agiie HCN

et al. addressed the differential cross section measurements of1°lecule was detected using infrared absorption spectroscopy
Neumark et afs for the HF and DF channels, and as pointed ©n the fundamentals band near 2.gim.
out by Levine?® they found that the orientating nature of the
PES played a major role in the dynamics. Thus, the rotational Il. Experimental Section
motion of the HD reactant greatly influenced the reactivity at
the H end of the molecule.

Another four-atom system that has recently been studied
experimentally is the OHII) + H, and its isotopomers.
Talukdar et af” measured the reaction rate constants, the kinetic

:’?&%ﬂﬁ:{figt{eﬂldetrgfu'rrgrf?(;nrslgggl?cr) lzggt'é 'S_?;%F;i %gﬁﬁtefss pressure of a few milliTorr. The leak rate of the TFR was less
P ) than 0.5 mTorr/min.

used a variety of experimental techniques to probe the reactant :
y p d p A separate, high-vacuum system was used to control the flow

and/or product OH/OD and product H/D atoms in real time. . -
Interestingly, the measured rate constants for ©HD were of gases into the TFR. The partial pressure of each component
close to the average of the;Hind D; isotopes: i.e., the OH was determined frpm the known flow rate, as measured by
abstracted an H atom independent of the isotopic nature of thecallbrated electronic mass flow mete_rs, and the total pressure.
uninvolved atom. These results were interpreted to imply that The H, He, and Ar gases were supplied by AGA gas and_were
tunneling was the dominant reaction mechanism at the temper-aII Re;earch grade (99.9995% pure). Th.e. HD was supplied by
atures of the experiment. Cambridge Isotopes quoratory and certified to be better thgn
In the present work, the thermal rate constant measurements?/ 70 HD. _The HD was independently ana_llyzed by the Analyti-
for the CN + H; reaction system are further extended by cal Chemistry Laboratory_at Argonne using a VG 30(.)1 mass
measuring the thermal rate constant for the mixed isotope, HD, spectrometer. The phem|cal composition of .the HD is given
ie. in Table 1 and was in excellent agreement with the supplier's
' specifications. The CN radical was generated by the 193 nm
Kup photolysis of (CN) (Matheson Research grade, 98.5% pure).
CN + HD — HCN/DCN + D/H (RHD) The photolysis laser was a Lumonics model 740 excimer laser,
and determining the branching ratiBycy (or intramolecular and the majority of experimen_ts were carried out at a repetition
kinetic isotope effect), defined here as the fraction of the total 'ate of 5 Hz and power density of-20 mJ/cn?:
rate constant that produces HCN, i Bucn = knen/kip, over The temperature of the TFR was varied over a modest range
the temperature range 29375 K. The frequencies and Uusing a Nestlab model EX-251HT bath by circulating hot
structure of the saddle points for all four hydrogenic isotopomers Silicone oil through copper coils embedded in the top and bottom
were determined from a normal-mode analysis of the4€EN, of the Teflon box. Part of the potential reaction zone was in
transition state calculated at the multireference configuration sidearm chambers housing the White cell optics. The chambers
interaction (MR-CI), complete active space (CAS) three- were heated separately by heating tape to the same temperature
electron, three-orbital reference space level of theory. Using as the TFR. The gas temperature was determined using five
these properties for the transition staies, ko,, kup, andlhen thermocouples, arranged as described previcusly.
were calculated using conventional transition state theory The CN reactant was detected using time-resolved absorption
(CTST) with Wigner tunneling® The CTST rate constants were  of the 12C1*N(v=0) Ry(8.5) line of the CN red system,2N —
found to be in good agreement with the experimental measure-X2< (2,0) transition near 789.6 nm. The near-infrared laser was
ments for all three isotopomers ot Iif the barrier height was ~ an Environmental Optical Sensors Inc. tunable, external cavity,
increased slightly to 4.2 kcal modl from the ab initio value of diode laser. To ensure single-frequency operation, the diode
3.8 kcal mot?, calculated at the 3e-30-CAB1+2/pvtz level laser output was continuously monitored usia 2 GHz free
of theory. spectral range Etalon.

<0.05

The basic experimental apparatus has been described previ-
ously330 Briefly, the transverse flow reactor (TFR) consists
of a stainless steel chamber that contains a Teflon box of
dimensions 1006« 100 x 5 cm. The TFR was evacuated by a
liquid nitrogen-trapped 25 cfm mechanical pump to an ultimate
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The HCN product was detected using time-resolved absorp-  With no HD present, a flow of @was added to the system
tion of the vz fundamental FPC“N(000) P(8) transition near ~ while both CN and the impurity-generated HCN were moni-
3.05um. The tunable infrared laser was a single-mode Burleigh tored. The rapid reactidhof CN + O,, k= 2.5 x 10"t cm?

FCL-20 color center laser described previouSly. molecule® s, removed the CN radicals with a simultaneous
Both probe laser beams were overlapped and combined withdecrease in HCN. This experiment demonstrated that the HCN
the 193 nm photolysis laser beam using an-UR dichroic was not produced by direct photolyis but resulted from the

mirror mounted on the White cell optic axis near Brewster's reaction of CN with a background impurity. The impurity could
angle for both horizontally polarized probe lasers. A ZnS optic, have been introduced by one of the added gases; however, trap-
also set at Brewster's angle, was placed in front of the other to-trap vacuum distillations of the (Chjrom —85 to —196
White cell mirror to completely attenuate the 193 nm laser °C and the use of different cylinders of the He or Ar carrier
radiation. The White cell optical arrangement enabled both laser gases had no effect. It was concluded that the impurity was a
beams to pass directly through the photolysis zone 14 timescontaminant of the vacuum system, and its influence was
for a path length of 14 m. considered in the data analysis.

Two types of data were collected: time-resolved absorption The following reaction sequence describes the reaction of CN
traces to determine the kinetics of the GNHD reaction system  With HD in the presence of an impurity X which produces HCN
and frequency-resolved scans over absorption features of CNas a product:
and HCN to determine the yield of HCN from the initial 103 nm
concentration of CN, [CN] where the square brackets indicate (CN), —— 2CN (2)
concentration. The time-resolved absorption data for each

species were recorded simultaneously by tuning the narrow- Kren

band laser radiation close to the peak of the appropriate CN+HD HCN+D (2a)
absorption feature and signal averaging using both channels of Koen

a LeCroy 9410 digital oscilloscope. The lasers were then CN+HD——DCN+H (2b)
detuned several line widths, and background traces were .

recorded. Both signal plus background and background traces CN+ X =>HCN+Y (3)
were transferred to a laboratory computer and subtracted to give

the unperturbed absorption temporal profiles. The initial laser KSi

intensity, lo, was either determined directly from the dc acquired CN— (4)
trace or from a boxcar module, which samplgdust before HON

the photolysis laser was fired. The absorbancéy/Ij(temporal HCNﬂ» (5)

profiles were calculated for further analysis. All the electronic
amplifiers were set to dc so that at long decay times the tracesThe kinetic equations describing this reaction sequence can be
would not be distorted by the truncation of low frequenéies. solved straightforwardly to give the time dependence of the CN
The infrared laser could be manually tuned back and forth and HCN concentrations, [CH[ and [HCN()], respectively:
over an HCN absorption feature so that the frequency could be ,
reliably positioned cF))n the line center. On the c(1)ther )i/1and, the [CN(®)] = [CN]o exp(—kent) (6)
diode laser could only be scanned in one direction, and it was
not possible to reliably determine the line center for the CN [HCN(D)] =
transition. To remove the uncertainty of tuning the laser Kyen[HD] + ky[X]
frequencies to the peaks of the spectral lines, the peak absorption Koy — HCN
signals were determined by scanning the laser frequencies over N it
each line at selected delay times following the initiatin _ CN
photolysis laser pulse. This );equired the usegof four Stanfo%d ken= KuenHD] + Kpen[HD] + Ke[X] + kg~ (8)
model 250 boxcar modules: two for each detected species, one
to determinely before the photolysis laser was fired, and one
to record the signalAl, at the preselected delay times. Each
frequency-resolved scan was acquired in a point-by-point fashion
by stepping either laser so that approximately 20 equally spaced
frequency points defined a spectral line. The nominal shot-to-
shot laser power from the excimer laser was also recorded, an
the data were normalized for slight power variations of the
excimer laser.

_x....HCN v
[CN]{ e "diff CN_ gvany (7

To a first-order approximation, because of their similar
masses, the diffusion rates of CN and HCN should be similar
in inert gases. Furthermore, the diffusion process has a
complicated geometric dependerféayith four low-order dif-
fusion modes described by two diffusion rate constahtén

dthe above reaction sequence the loss of CN and HCN by
diffusion has been approximated by a single rate constant, and
kS will be assumed to be approximately equalk;". In
previous work from this laboratory, this has been shown to be

a reasonable approximation, and the diffusion process can be
Ill. Results

considered to be a simple first-order proc&ssThe ki< was
A. Thermal Rate Constant Measurement. A complicating determined by monitoring HCN(000) for long times, after

aspect of the measurements in this work was the presence ofvibrational relaxation was complete, and fitting the absorbance
an unknown impurity in the vacuum system that gave rise to profiles to a series of exponential terms, as described previ-
an HCN absorption signal in the absence of HD. There were ously!”

two possible mechanisms for this HCN background; it could  Figure 1shows typical concentration profiles for HCN and
have been produced by direct reaction, €K — HCN + Y, CN when no HD was present. In Figure 1a the long time profile
or it could have been produced by photodissociatior; KICN for HCN is shown. Note that the peak absorbance occurs almost
+ Y. In either case, the mechanism for the background HCN 20 ms after the photolysis pulse and that the prelaser baseline
production was important in order to account for its influence is not quite flat, indicating that all the HCN produced in the
on the data analysis. previous laser pulse had not diffused from the photolysis zone,
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Figure 1. (a) Absorbance of background HCN(000) P(8) transition Figure 2. (a) Absorbance of HCN(000) P(8) for the same experimental

produced from CN reacting with an unidentified impurity in the TFR. fun as in Figure 1, but with thB,p = 1.511 Torr and th®y = 2.42
The carrier gas was Ar witRx = 3.92 Torr, andPcny, = 0.005 Torr Torr. The loss of HCN by diffusion is described by two exponential
andT = 293 K. The 193 nm photolysis laser had a2r10minal energy of rate constants as discussed in the text. The HCN diffusion rate constants

40 mJ/pulse and a repetition rate of 5 Hz. (b) Absorbance ofER) were determined to be 237and 31.6 s." (b) Absorbance of CN(0)
for the R(8.5) transition recorded simultaneously with the HCN Ru(8.5) for Pup = 1.511 Torr simultaneously recorded with the HCN
absorbance trace shown in (a). trace in (a). The single-exponential declyy, was determined to be

1.28x 108 s

even at the laser repetition rate of 5 Hz. However, the presence
of the HCN background had no influence on the measurements
of the reaction rate constant or branching ratio. At a photolysis
laser repetition rate of 5 Hz, about 1% of the HCN remained in
the photolysis region to be exposed to the next laser pulse. The
absorption cross section of HCN at 193 nm is quite small, but
even if completely photolyzed, the perturbation to the HCN
probe laser intensity would be less than 0.01%. (Variation of
the laser repetition rate from 1 to 10 Hz had no detectable de
influence on any measurements in the present work.) In Figure be
1b the long time profile for CN(=0) is shown, collected

approximately equal t CIQ Typical results of such an

analysis are shown in Figure 3 for a total pressure of 3.9 Torr

for the same experimental run from which Figures 1 and 2 were

obtained. A summary of the data for the determinatiokypf

as a function of temperature is presented in Table 2. Also

included in the table are the values of the intercdpBy, from

the various runs.

B. Determination of the Branching Ratio, T'ycn. TO

terminel e, the concentrations of both CN and HCN must
measured so that the amount of CN converted into HCN

i . ; I can be evaluated. This was accomplished by scanning over

simultaneously V\.”th the HCN time profile in F|gure 1a. Note spectral lines of each molecule at known delay times following

that the CN profile reaches the prelaser baseline after 30 mS,ie photolysis laser pulse. Equations 6 and 7 described the time

indicating that the major loss channel for the CN radical is . .
reaction with the background impurity, X. As well, the first- gjgtirrll:jence of the [CB] and the [HCNO] in the reaction

order decay of CN was larger than the faster diffusion rate The measured absorbanos = In(ly/l), of species B is

constant for HCN in Flgure.lla. . related to the concentration of B by the Beeéambert law
The procedure for determining the total reaction rate constant

for CN with HD, kyp = knen + Kocen, was the same as described In(ly/1) = o(v)I[B] 9)

previously? Typical absorbance profiles for HCN and CN are

shown in Figure 2, parts a and b, respectively. The absorbanceherel is the path length and(v) is the absorption cross section
profiles for CN and/or HCN were fit to single- and multiple- 5t frequencyv. If the frequency distribution of the radiation

exponential functions using a nonlinear least-squares procedureggrce is much narrower than the absorption feature, dfen
At a constant total pressure, the fast diffusion rate constant for j5 yg|ated to the line strength of the transiti&, by

HCN, K", was determined and subtracted from the first-

order decay rates for CNkcn (eq 8). The second-order rate o(v) = §9(v) (10)
constantkup, was determined from the slope kin — Kis"

plotted as a function of the partial pressure of H®p, at a whereg(v) is the line shape function, either a thermal Doppler
constant total pressure of 4 Torr. The intercept of such a plot profile or Voigt profile for the low pressures used in the present

gave the contributiorkxPx (or kx[X]) as long askg'iﬁN was experiments. The line strength is the fundamental quantity for
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Figure 3. First-order rate constant®] plotted as a function oPyp

for the experimental run in which Figures 1 and 2 were recorded. The
diffusion rate constant for CNJ) was taken from the larger decay
rate of HCN and subtracted frokan. The slope oken — kairr VS Php
giveskyp and the interceptxPx. The least-squares estimates for these
parameters werkyp = 6424 41 Torr® st andkxPx = 178 + 38

s 1, where the uncertainty i1 standard deviation.
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TABLE 2: Summary of the Data for the Determination of
kup as a Function of T2

carrier  Pal kup x 101 kxPx

T (K) gas (Torr) (cm®moleculets™ 4o (sY) =0

293 Ar 2.0 1.88 0.16 271 40
293 Ar 4.0 1.96 0.12 178 38
293 He 4.0 2.15 0.21 250 47
301 He 4.0 2.05 0.13 330 42
318 He 4.0 2.58 0.18 351 67
320 He 4.0 2.86 0.20 372 26
340 He 4.0 4.54 0.11 400 12
362 He 4.0 6.23 0.55 735 65
367 He 4.0 6.15 0.72 725 192
367 He 4.0 5.94 0.27 306 121
374 He 4.0 7.46 0.43 670 38
375 He 4.0 7.50 0.79 703 79

aThe uncertainties#o) are the standard error values returned in
the least-squares fitting of the data.
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Figure 4. (a) Scan over the HCN(000) P(8) absorption feature for the
same experimental run as in Figures 1 and 2. The profile was recorded
with tiN = 2,25 ms at the peak of the temporal absorbance profile in
Figure 2a. The solid line is a nonlinear least-squares fit to a Gaussian
profile with a fwhm width of 0.007 89 cm! The x’s are the difference

of the fit from the experimental points. (b) Same as in (a) except a
scan over the CN(0) #8.5) absorption line collected simultaneously
with the HCN(000) P(8) profile in (a). In (b)SY = 10 us, and the
fwhm width was 0.0305 cnt.

onen(vo), where vg is the peak frequency of the probed
transition, was needed for the determinationIgicn. The
calibration factor was evaluated under identical conditions but
in separate experiments on the GNH, reaction, for which
there is a direct correspondence between the initial CN
concentration and the final HCN concentration. The use of the
calibration factor accounted for the production of @N() in

the photolysis of (CN) The calibration factor was found to
be 5.9+ 0.8, independent of temperature, within the scatter of
the data, because of the similarity of rotational constants for
CN and HCN and the limited temperature range of the
measurements.

The experiment probed state-specific populations so that care
must be taken to ensure that the frequency-scanned measure-
ments were representative of the total population for each
molecule. To monitor CN, th®C*N(0) Ry(8.5) transition was

. CN
the probed spectroscopic transition and is directly related to theProbed at a delay timel;, of 5-10 us, and for HCN, the

transition moment. The infrared vibrational transition moment
for the v3 HCN(001) — (000) transition has been accurately
measured in several laboratorf$? For CN, the situation is

H12C14N(000) P(8) transition was probed at a delay tinj&",
of 1—3 ms, depending on the reaction time scale.
Typical scans over the absorption lines for HCN(000) P(8)

not so straightforward because of the transient nature of theand CN(0) R(8.5), recorded under the same experimental

CN radical. Currently, the best estimate of the electrenic

conditions as the temporal absorbance profiles shown in Figure

vibrational transition moment for the CN red system comes from 2, are presented in Figure 4. The single-line absorption profiles

high-quality ab initio calculation® In the course of the present
experiments, the electrontwibrational transition moment for

were fit to a Gaussian form using a nonlinear least-squares fitting
procedure based on Marquardt's meti6dAs is evident, the

the (2,0) band of the CN red system was measured and foundspectral lines were well-described by a Gaussian line shape with
to be in good agreement with the theoretical predictions. The a width nearly equal to the expected Doppler value.

details of these experiments will be given elsewérés will

The frequency-scanned measurements, recorded at different

be shown in the following, only the ratio of the peak absorption times for CN and HCN, were related to each other using the

coefficients, given by a calibration factor, ca ocn(vo)/

following procedure to give an expression involvikgn[HD].
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The initial concentration of CN, [CN] can be eliminated from 1
eq 7 using eq 6 to give
0.9
[HCN@M)] (Ken — ki ) — ko JHD] + @
CN _|HCN, HCN cN.  "HCN g
[CN(t;)] e‘éNt&N{e K BN gent B } 0.8 (19) -
ke[X] (11)
The peak absorbances for HCN and CAcn(the™) and ®
Acn(tSY), as shown in Figure 4, were used to determine the 0.6+ l
ratio [HCN(HS™)/[CN(tSN)] according to eq 9 as &
HCN HCN T 053 B CIST
[HON(te™] _ Aven(the™) ocn(vo =
Chy CN (12) 0.4
[CN(tyc)] Acn(td) Fren(vo) 4]
Only the ratio of effective absorption cross sections given by 0.3
the calibration factor, cal, was needed in the data analysis. All
the rate constants used to evaluate eq 11 were determined in g2
the same experimental run, including the determination of the ]
kX[X] 0.1
Two methods were used to evaluate kQfX] term in eq 11. ]
The most reliable was to use the intercept provide by plotting
ken — Ki as a function ofPyp, as shown in Figure 3. The P o AR N
second procedure was to use the background generated tempora Temperature (K)

absorbance profile of HCN, i.e., fétyp = 0.0, combined with

scans over the CN and HCN absorption features with no HD Figure 5. Summary of the determination of the branching ralligen,

as a function of temperature. The error bars are the standard deviation

reactant in the system and to evaluatekki&] term according  in the determination offcy from the number of measurements
to eq 11. Generally, these two measurements were within indicated in the brackets. The solid curve is the predictiom\@fy
+30% of each other. The determination of #§X] term from using the properties of the activated complex from ab initio calculations

the background absorption signals was considered the leasg@nd CTST.

reliable because of the long delay time at which the measure-

ment of the background [HCN] was made. To further reduce €nce on the determination dfycn would likely arise from
the influence of the background reaction on the results, dataVvibrationally excited CN radicals. The photolysis of (GMN}
for which thekpcn[HD] term was less thanki[X], i.e., Pup < 193 nm produces 13% of the initial CN radicals in GR{(l).38

0.8 Torr, were not considered in the reported results. The tuning range of the diode laser was not sufficient to reach
The determination of the branching ratibycy, was made  the spectral region for the CN2N — X?%* (3—1) band so

by subtracting the measured value for #¢X] term from the that the [CN¢=1)] could not be monitored. Vibrationally

left-hand side of eq 11 and dividing the calculated valuieef- excited CN could influence the experimental results in two ways,

[HD] by the value ofkyp[HD] obtained in the time-resolved  through reaction and vibrational relaxation; however, both
experiments under the same conditions as the frequency-resolve@ffects were expected to be small. The loss of GNK) with
measurements. H, and D» has been investigated by several workers and has

The simultaneous scanning of the CN reactant and HCN been attributed to reaction with only a slightly larger rate
product absorption features on each photolysis laser pulseconstant than for CNE0).”39 As well, theoretical predictions
minimized the experimental uncertainty that would occur in the for the thermal rate constant for C¢1) + Hp, based on the
normalization of separate experiments to monitor each speciesT SH3 surface, show that the reactivity of GRN(1) with H is
and removed any uncertainty in tuning the laser frequencies to€ven less than for CNE0).1 Thus, the presence of CN-
the appropriate line centers. The data for the experimental (v=1) should not influence the thermal rate constant determi-
measurements for thBucn as a function of temperature are  nation, as argued previouslyand likely the intramolecular
shown in Figure 5along with the calculated value based on kinetic isotope effect should be similar for Ci0) and CN-
CTST that will be discussed later. (v=1) as well.

The absolute error bars for the determinatiol’@én = Kucn/ The calibration factor, cal, was determined under identical
kup are considerably larger than those due to experimental experimental conditions as for the determinatiofi'igén, except
scatter alone. It was estimated that the absolute uncertainty waghat H was used instead of HD; however, the vibrational
+15%, resulting from the uncertainty in the calibration factor relaxation of CN¢=1) by H, is not identical to that by HD. If
in relating the peak absorption cross section for CN to that for the vibrational relaxation of CNE1) over the shortgcN delay
HCN and the uncertainty in the determination lgfp. To time were substantially different in the two cases, then the
circumvent some of these difficulties, the data were analyzed population in the CN¢=0) level would be perturbed and an
with all the parameters determined from a single experimental inappropriate cal value used in the data analysis. There was
run. This procedure should suppress some systematic variationsro evidence for such a process. The @NQ) absorbance
from run to run and produce more reliable results. profiles were well-described by a single-exponential decay rate

C. Influence of Excess Rotational and Vibrational Energy constant. Furthermore, the most efficient vibrational relaxation
in CN and HCN. As already noted, measurements were made partner for CN¢=1) in the system was (CH)and at 300 K,
on only a single quantum state of each species so that the effectd.i et al.>® have measured the vibrational relaxation rate constant
of internal excitation should be considered. The largest influ- at to be 1.1x 10713 cmPmolecule® s~1 Estimates of the
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TABLE 3: A Summary of the Vibrational Frequencies of the Reactants and Properties of the Transition States for All the
Isotopomers for the CN + H, Reaction System, at the Same Level of Theory, MR-CI, 3e,30-CASL+2/pvtz Wave Function

isotopomer
reactant vib freq (cmt) property H—HCN D—HCN H—DCN D—DCN

CN 2210 Wst 3333 2753 3010 2375
H, 4393 Wst 2240 2237 2239 2225
HD 3805 Whend 496 463 398 355
D, 3107 Whend 106 95 104 95

Wreaction 644i 562i 514i 472i

B 0.7473 0.5491 0.6268 0.4866

Ru_n 0.783

Ri-—c 1.685

Rc-n 1.156

ZPCAP 4.44 4.33 4.54 4.46

aFrequencyw in cm™L, Bin cm 2, bond lengthRin A, and zero-point corrected activation energy (ZPCAE) in kcalthéiBarrier height 4.2
kcal mol2.

expected vibrational relaxation rate constants for &) height influence. These arguments can be applied to reactions
relaxation with He or H can be made by a comparison with described by low activation barriers such astFH,.22 The
CO(y=1) relaxation. At 300 K, the vibrational relaxation rate small moment of inertia of the reactants,, /,, and HD, and
constants for CO by He andfhave been measured to be<3 the ortho/para nature oft&nd Dy results in a large fraction of
1071 and 3 x 10716 cm?® molecule® s, respectively’® and the reactants in only the first few rotational states even at 300
relaxation by HD is expected to be of similar magnitude. None K; for example, the fraction of the population in= 0 and 1
of these relaxation processes were sufficiently rapid to perturb are 0.13 and 0.67 for 10.21 and 0.27 for HD, and 0.19 and
the initial CN@=1)/CN(@=0) population ratio over the short 0.21 for D,, respectively. If the reaction cross section has a
measurement time af.' and, hence, influence the value of the monotonic dependence on the rotational quantum number of
calibration factor, cal. hydrogenic reactant, then it is difficult to rationalize the observed
The rotational energy transfer of CN¢2;J) has been studied  rate constants and branching ratios because of the similar thermal
in collisions with both He and Ar and found to be near gas population in the]J = 0 and 1 levels for HD and  Full-
kinetic#! The rotational energy transfer for Ch¥0) should dimensional, quasiclassical trajectory calculations carried out
be similar, and at a pressure near 4 Torr thermalization was by ter Horst et al.and Bethardy et df* using the TSH3 potential
rapid. energy surface show that the reaction cross section increases
The determination of the HCN concentration was made after for increasing Hrotation. Clearly, the fact that there is a modest
long delay timest{'™", and the vibrational manifolds of HCN  potential energy barrier must introduce other considerations in
were relaxed, as verified experimentally by monitoring the order to explain the observed isotope effects; either zero-point
HCN(001) level in some experiments. Vibrational relaxation energy effects, tunneling, or saddle point frequency variation
rate constants of various HCN levels have been measured byon isotopic substitution must play a large role.
Smith and co-workef843 for He, Ar, and H, and the time A straightforward consideration is to apply CTST to the CN
dependence of several more has been monitored in this+ H, reaction system. Wagner and Bdirobtained good
laboratoryt” These measurements show that the HCN vibra- agreement with the available experimental values for the
tional manifold was completely relaxed at the long boxcar delay temperature dependence lgf, calculated by CTST using the
times used in the present work. The vibrational frequency of frequencies and structure of the transition state predicted by ab

HD is in closer resonance with the high-frequengymode of initio theoretical methods. Balla and Pasterrfamd Sims and
HCN than H and should be a more efficient collision partner SmittY used these transition state properties and CTST to extend
for vibrational relaxation of HCN than 4 these calculations to the CM D, system. Sims and Smith
. . found reasonable agreement for the temperature dependence for

IV. Discussion the rate constants and the kinetic isotope effect. In these cases,

The results of this work for the determination of the, and the theoretically predicted barrier height was adjusted to obtain
the Ty as a function of temperature provide new information agreement with experiment fég,, at 295 K.
about the isotope effects in the CN H, system. The new A similar philosophy was adopted in the present work. The

data for the determination of the CNH, and D, reaction rate transition state properties for CIN H, were calculated by ab
constants obtained in this laboratdmyere in excellent agree-  initio methods, and the properties of all the other transition state
ment with measurements by Sun et @nd Sims and Smith isotopomers were calculated by a normal-mode analysis with
over the overlapping temperature ranges. The excellent agreeno adjustments from the theoretical predictions. The transition
ment among several different laboratories using a variety of state for the CNt- H, reaction was predicted to be linear, and
different techniques over the common temperature region the harmonic frequencies and rotational constants for all the
provides strong evidence that thg, and thekp, are well isotopomers are summarized in Table 3. The theoretical
characterized experimentally. Thus, this is an excellent reactioncalculations have been discussed in detail by ter Horst ¥t al.
system to compare experimental measurements with theoreticalThe transition state properties in Table 3 are based on a MR-
predictions for thermal rate constants and isotope effects as aCl wave function using a 3e-30-CAS reference wave function.
function of temperature. The calculations employed the Dunning, correlation consistent,
There are several possible ways to interpret the isotope effectspolarized triple€ (cc-pvtz) basis set. With this level of theory
observed in the CNF H, system. One of the simplest is to the calculated barrier height was 3.77 kcal mol Note that
view the reactivity of each isotopomer as arising from the the highest level of theory reported in ref 1 yielded a predicted,
reactivity of different rotational levels while ignoring any barrier classical barrier height of 4.3 kcal mél The saddle point
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Figure 6. Summary of the determination of the thermal rate constants Figure 7. Comparison of selected rate constant datakfgrand kp,
for CN + H,, HD, and B measured in this laboratory using time- with CTST calculations based on the saddle point properties derived
resolved absorption spectroscopy to follow CN. The lines are the from ab initio calculations (Table 3) as a function off 1/
predictions of CTS_T after the class!cal barrier h_elght was adjusted to Usually kinetic isotope effects are dominated by the differ-
4.2 kcal mot? to give agreement with the experimental valuekof - . . . .
around 300 K. The error bars are the uncertainty in the Ieast-squaresences in zero-point energy when the light H atom is SUbSt,'IUted
determination of the slopes of plots similar to Figure 3. for the heavy D atom; however, for the CNH; system this
is not the case, and the zero-point corrected activation barriers
properties in Table 3 are similar to those on the TSH3 surface. are quite similar for both the CN- H, and CN+ D, reaction
The harmonic vibrational frequencies of the reactants, calculatedsystems, as indicated in Table 3. For these two isotopic pairs
at the same level of theory, are also listed in Table 3. These the difference in reactivity is largely due to the small rotational
were used in the CTST calculations in order to obtain a self- partition function of B compared to that of P(almost a factor
consistent zero-point energy corrected barrier height becauseof 2) and the higher tunneling rate for the light H atom (15%
the transition state frequencies were calculated at the harmonicfaster at 300 K). On the other hand, for the branching ratio,
level only. the CTST rate constants are determined by the properties of
The best agreement between the CTST rate constants andhe activated complex with the difference between the zero-
the experiment for CNt- H, over the temperature range 300 point corrected activation energies and the influence of tunneling
K— 400 K was found for a classical barrier height of £2.1 dominating.
kcal mol*®. The rate constants for the complete isotopomeric It is interesting to extend these calculations to cover a much
set along with the branching ratio for the CNHD reaction wider temperature range. Thermal rate constants measurements
were calculated as a function of temperature. Quantum me-by Sun et alt and Sims and Smithextend the data for CN-
chanical tunneling was accounted for using a Wigner correc- H,/D, from 200 to 800 K, and shock tube experiments by
tion.28 Interestingly, the classical barrier height determined in Szelekey et al*4 Natarajan and Rotf?,and Wooldridge et &l.
the CTST calculations was in agreement with the best estimateprovide rate constant data for the GNH, system to over 3500
of the barrier height at the highest level of theory (4.3 kcal K. A comparison of the these selected data sets with the CTST
mol~1).1 If the CTST rate constants were calculated using calculated rate constants is shown in Figure 7, covering the
spectroscopic reactant vibrational frequencies, then the CTSTtemperature range 26500 K. It is remarkable that this
calculated classical barrier height would be reduced to 3.9 kcal simple theory, using the frequencies and structure of the
mol~L, theoretically calculated transition state, with only a slight
A comparison of the calculated and experimental rate adjustment for the barrier height, is in such good agreement
constants determined in this laboratory, using time-resolved with experiment. At 200 K the CTST rate constant for GN
absorption spectroscopy, for the CNHy/HD/D; systems is H, is a factor of 2 low, and at 3500 K it is a factor of 2 high.
shown as a function of temperature in Figure 6, and the The CTST predicted rate constant for the deuterated analogue
calculated branching ratio is included in Figure 5. Over this appears to be in even better agreement with experiment, but
small temperature range, both theory and experiment are in goodover a smaller temperature range.
agreement for the magnitudes of all the rate constants and the Che and Lid® have measured the excitation function for the
branching ratio. CN + D, reaction under molecular beam conditions, i.e.,
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thermally cold reagents, and found that the reaction cross section ((9§ Cp‘e. D.-C.; Liu, K-Cﬂem- PEyS- Lett1995,243,290.

; i 10) Che, D.-C.; Liu, K.Chem. Phys1996,207, 367.
started to rise at a collision energy of about 2.5 kcal Thol (11) Lai L-H. Wang, J-H. Che. D.-C.: Liu, KL Chem. Phys1996,
significantly below the zero-point corrected barrier height 105 3332,
calculated for the CN- D, reaction of 4.46 kcal motl (Table (12) Wang, J.-H.; Liu, K.; Schatz, G. C.; ter Horst, 1.Chem. Phys.
3). At low collision energies, the instrumental resolution was 1997,107,7869.

1 Ai (13) Wagner, A. F.; Bair, R. Alnt. J. Chem. Kinet1986,18, 473.
0.4 kcal mot? so that these workers suggest that the zero-point (14) Bethardy, G. A.; Wagner, A. F.: Schatz, G. C.. ter Horst, MJA.

corrected barrier height should be around 3.0 kcal ™ol  chem. Phys1997 106 6001.
Tunneling effects would be expected to be small for the heavy  (15) Takayanagi, T.; Schatz, G. @. Chem. Phys1997 106, 3227.

; ; ; ; (16) Coepland, L. R.; Mohammad, F.; Zahedi, M.; Volman, D. V.;
D atom. If this barrier height is used to calculate CTST rate Jackson, W. MJ. Chem. Phys1992 96, 5817.

cons'gants, then it.is necessary.to substantially increa;e the low (17) Bethardy, G. A.: Northrup, F. J.; He, G.: Tokue, I.; Macdonald, R.
bending frequencies of the activated complex, to obtain agree-G. J. Chem. Physaccepted for publication.
ment with the thermal rate constant at 300 K. However, this gg; Ege;ZerN'c; Qgrfggglv”R-sJ-- ggifgérpf&yél}g?goggh ﬁ)2591T-  Gordon
adversely affects the agreement between the calculated and; 5 Chem. phys. Let1987,134,579. T ’
experimental rate constants for the other isotopic combinations. (20) zhu, Y.-F.; Arepalli, S.; Gordon, R. J. Chem. Phys1989, 90,
Nevertheless, the tightening up of the transition state frequencieslB?él) Persky, AJ. Chem. Physl973 59, 5578

: ersky, AJ. Chem. Phy , .
was exactly what was SL_JggeSte(_i by Wgng é%m'Obta_m better (22) Johnston, G. W.; Kornweitz, H.; Schechter, I.; Persky, A.; Katz,
agreement between their new differential cross section measures ; Bersohn, R.; Levine, R. DI. Chem. Phys1991, 94, 2749.
ments and full-dimensional quasiclassical trajectory calculations  (23) Stark. K.; Werner, H.-J. Chem. Phys1996,104, 6515.
on the global TSH3 surface. Recently, Manthe and Matzkies . (24) Aoiz, F. J.; Banares, L., Herrero, V. J.; Rabanos, V. S.; Stark, K.;

d the TSH3 surface to carry out a five-dimensional uantumwemer’ H-JJ. Chem. Physl995,102 9248.

use y q (25) Neumark, D. M.; Wodtke, A. M.; Robinson, G. N.; Hayden, C.

calculation forky, as a function of temperature and found good C.; Lee, Y. T.J. Chem. Phys1985,82, 3045.

agreement with experimefft. Their results were consistent with g% _'I—_e‘lf"l‘(zv R-RD«}](- ngs. Chlfnjrlgggl %‘]{v 8;375- Rudich. Y - Rao. B
_ . . . 1 alukdar, R. K.; Glerczak, I.; Goldfarp, L.; Rudicn, Y.; rRao, b.

a low-frequency bending mode slightly higherS0 cni) than ¢ 4"z Vishankara, A. Rl Phys. Chemi1996,100, 3037.

that defined by a single point on the PES. (28) Johnston, H. SGas-Phase Reaction Rate TheoRonald Press:

It would be highly desirable to have more refined theoretical NeEN \gork,|1966- Hich |
; ; ; ; 29) Halpern, J. B.; Huang, YResearch in Chemical KineticSompton,
calcullat|o'ns fqr the rate constants for the various isotopic R. G. Hancock. G.. Eds.. Elsevier Science: Amsterdam, 1993: Vol 1.
combinations in the CNt H, system based on the TSH3 (30) Bethardy, G. A.; Northrup, F. J.; Macdonald, R.JGChem. Phys
surface. The thermal rate constant data for€M,, HD, and 1995 102 7966. _ _ o
D, and the wide temperature range over which these data are (31) Smith, I. W. M. InThe Chemical Dynamics and Kinetics of Small

. . . . . . Radicals;Liu, K., Wagner, A. F., Eds.; World Scientific: Singapore, 1996;
available provide a solid reliable database in which to compare p_ 1, Chapter. 6.

theoretical predictions and experiment. (32) McDaniel, E. W.Collision Phenomena in lonized Gasekhn
Wiley and Sons: New York, 1964; Chapter 10.
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