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Rotational and Vibrational State Distributions of HNC(0 v% 0) from the Hot H Atom
Reaction: H + (CN), — HNC + CNT
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The reaction dynamics of the five-atom system;tHCN),, was investigated by probing the minor product
channel producing the transient HNC molecule. The complete initial energy disposition, translation, rotation,
and vibration was determined for the HNC(b@), v;= 0°1%, product. The reaction was studied under bulk
conditions and was initiated by energetic H atoms with a mean translational energy of 92 kJThelHNC
molecule was monitored by time- and frequency-resolved absorption spectroscopy with sub-Doppler resolution.
The initial rotational state distribution of each HNC@GA vibrational level was measured and found to be
well-described by a Boltzmann distribution. Only two vibrational levels were detected so that the initial HNC
product vibrational level distribution was determined as well. The absolute reaction cross section for the title
reaction was measured to bex210~*€ cn? for H atoms with a nominal translational energy of 113 kJ niol.

I. Introduction Much of our understanding of the energy disposition into the

. . . polyatomic product comes from theoretical studies of four atom
The details of the energy disposal in three atom systems havesystems, using both quasiclassical trajectory calculdtfoms

greatly added to our understanding of reaction dynamics. 'ndeed'approximate quantum scattering meth&@ The problem of

the interaction between theoretical predictions and experimentalde‘.i"ng with nine internal degrees of freedom from first
observations ha\z/e resulted in the emergence of some very usefulyinciples is still an intractable computational problem for exact
global concept$? The current status of atorh diatom systems quantum scattering calculations, but progress is rapidly being

is such that it now almost possible to completely determine the 1,,4e3 A recent review summarizes the details of the compari-
reaction dynamics between atoms and molecules composed oy, petween theory and experiment for four atom systéms.

first row elements using first principles, i.e., using the calculation ap, example of the complexity of a global PES involving four
of an ab initio potential energy surface (PES) and a complete 4ioms is provided by the HCICN system, for which Harding
guantum mechanical treatment of the scattering dynafnics. calculated 9 transition states and 14 minitha.

Naturally, there has been a significant trend over the past  ap excellent example of the interplay between theory and
few years to extend the detailed study of reaction dynamics into experiment to elucidate the reaction dynamics in a polyatomic

systems involving more than three atoms. For those StUdieSsystem is provided by the OH HBr — H,O + Br reaction
interested in probing reaction dynamics by investigating the anq its istopomer The vibrational energy distributions of the
energy disposal into the reaction products, with a few exceptions,  aripys possible b isotopomers were determined by infrared
the studies have concentrated on probing the diatomic productchemiluminescence measurements. Quasiclassical trajectory
in a state-specific manner. Efforts to probe the internal state .5/cu1ationd® were carried out on a model PES and were used
distribution of the polyatomic reaction product are hampered 5 g|ycidate the mechanism for vibrational energy disposition
by the large number of internal states, rotational and vibrational, jiq the HO product. The calculations suggested several

that are accessible to a polyatomic molecule and a generalmethods for producing the large bending excitation observed
difficulty in applying state-specific laser techniques to poly- gyperimentally, and further illustrated that kinematic effects for
atomic species. To circumvent these difficulties, most investiga- ; 4 + | — H (whereH andL are heavy and light masses
tors probing the energy disposition into a PO|YaF0m'9 reaction yagpectively) mass combination expected for triatomic systems
product have concentrated on determining the vibrational level \yare valid in the tetratomic case as well.

distribution only and not the determination of the initial
rotational state distribution. All polyatomic molecules have

active infrared absorptions so either infrared absorption or . . R
chemiluminescence have been the experimental method Ofexplored by determining the rotational state distribution of the

choice to detect the vibrational level distribution of the l';\';‘;’ pTrr?g%?é:gt:fngﬁo?dug:%grgits%gﬁfg dblaegt(\j/\l/gger\\”t?]r:;?t]v?llc)
polyatomic product:56.78910The CN+ O, — NCO + O is : pop L o
levels was also determined. No other rovibrational transitions
were detected, so these measurements likely determine the
vibrational level distribution in the HNC product. As a further
probe into the reaction dynamics of this system, the center of
— - mass (COM) translational energy disposition was also measured.
T Part of the special issue “C. Bradley Moore Festschrift”. . L .
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In the present work, the reaction dynamics of the pentatomic
reaction system H+ (CN); — HNC(0 v; 0) + CN were

the only four-atom system in which the vibratioHal? and
rovibrational state distributio%in the polyatomic product have
been probed by laser-induced fluorescence.
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pressures under bulk conditions. The HNC rovibrational popula- the photolysis laser pulse, and the other three recorded absorp-
tion was probed by time- and frequency-resolved infrared tions at observation times of 0.3, 0.6, and/Z0following the
absorption spectroscopy with sub-Doppler frequency resolution. initiation of the reaction. The gates of the boxcars monitoring
The experiments reported here are closely related to other studieshe transient absorptions were Q% wide, centered on the

of H + XCN — HX + CN, where X= Br, Cl, or CN, from nominal observation time. After 2@s, the HNC was in thermal

this laboratory?® In these experiments, the COM translation equilibrium with the reagent gases, and the transient absorption
energy release and rotation state distribution of the CN(0, J) signals slowly decreased due to diffusion and flow. The

product were determined. experiment was controlled by a laboratory PC that provided
the necessary timing pulses to initiate the experiment and control
Il. Experimental Section voltages to scan the frequency of the color center laser.

The HNC molecule is a moderately light, linear hydride so
at the spacing between rovibrational levels is several wave-
numbers compared to a 293 K Doppler width of only 0.008
wavenumbers. This large spacing between absorption features
precluded long frequency scans and only individual absorption
features were scanned. The laser frequency was incremented
in about 10 to 20 MHz steps. At each step, the excimer laser

. was fired for 20 to 50 pulses, and the signal from each boxcar
Equal flow rates of (CNjand CHSH (both gases supplied by d’ecorded and averaged. The color center laser cavity was

Matheson) were delivered from separate vacuum systems an adjusted from line-to-line so that the calibration factor relating
continuously flowed through the apparatus. The partial pressures,

of the reagents were calculated from their known flow rates the scan voltage to the absolute frequency of the laser also

. aried. The probe laser frequency scale was calibrated by
_?_r;(rjrtotal chamber pressure, which was between 0.090 and 0.10 imultaneously monitoring the output from the high resolution

The bhotolvsis | Lambda Phvsik C 205 CF-500 Etalon. A scan consisted of about 8 to 10 Etalon fringes.
he photolysis laser was a Lambda Physik Compex As noted, the probe laser was scanned in discrete frequency
excimer laser operating at 248 nm. A portion of the excimer

| diation t itted th hth ¢ it dincrements, and the occasional Etalon fringe would be missed.
aser radiation transmitted through the apparatus was monitoredq, yeyer, this situation was readily apparent over a complete
by a Molectron J-50 power meter. This measurement was used

. . ] . >~“scan. The calibration factor relating control voltage to laser
to correct the data for variations in the photolysis laser intensity frequency was determined from a linear least-squares fit to the

paused by pulse-to-pylse fluctuations and agradual dgcrease Yecumulated Etalon frequency measurement and control voltage
intensity due to a build-up of a UV absorbing deposit on the with an uncertainty of about 1%

oplt '%a.ll .Zurf?ces.,bexposeldl to tlhe fUHVNré‘d'atmG' dbvii For each vibrational state, a single transition near the peak
ndividual rovibrational levels o were detected by ime- i, the rotational state distribution was used to normalize the

and frequency-resolved infrared absorption spectroscopy. The,i agter 3 to 5 rotational states were scanned, the normaliza-

continuous wave infrared laser source was a Burleigh Model 4, j6\e] was rescanned. This procedure allowed scans recorded

20 s;pgle mode tc?(lor (;enterBIaskehr : l-:;he Htlzléfl: ro dwgr?tlofnal line on separate days to be related to each other and corrected for
positions were taken from burkholder et“aland data from possible drifts in experimental parameters.

this laboratory?® The absolute frequency of the infrared laser

was determined by a Burleigh Model WA-20IR wavemeter to IIl. Results

an accuracy of about 200 MHz, and a Model CF-500 high

finesse Etalon with a free spectral range of 150 MHz. A. Analysis. The reaction sequence initiated by the transla-
As described previousRt the infrared probe laser was tionally energetic H atoms is given by:

multipassed through the photolysis zone using White cell optics.

The basic experimental apparatus has been described "}h
previous worké! but for completeness, a brief description is
given here. The reaction chamber consisted of a vacuum-tight
stainless steel chamber containing a Teflon box of interior
dimensions of 106« 100 x 5 cm. The chamber was evacuated
by a liquid nitrogen trapped mechanical pump to a pressure of
a few mTorr with a leak rate of less than 0.5 mTorr per minute.

Both the probe and photolysis laser beams were aligned _2480m

collinearly using a UW-IR dichroic mirror mounted on the CH,SH CHS+H, @
optical axis of the White cell at Brewster’s angle, with respect H + (CN), — HCN + CN, (2a)
to the IR laser beam.

The transmitted intensity of the infrared probe laser was — HNC+CN, (2b)
monitored by a liquid nitrogen cooled InSb detector. The CN + CH;SH— HCN + CH,S/CH,SH, (3a)
frequency response of the detector and associated electronics
was better than 7 MHz. The largest source of noise in the — HNC + CH;S/CH,SH (3b)

experiment was caused by low-frequency fluctuations of the
probe laser intensity. To suppress this noise source, a portionAll species were lost by diffusion, but over the observation time
of the probe laser intensity was monitored by a second liquid of several ten’s ofxs, the diffusion was not important. The
nitrogen cooled InSb detector. The output of this detector was branching fractions into the HCN and HNC channels for
used as the reference for a Cambridge Research opticalreactions 2 and 3 are currently under investigaiidereliminary
modulator that controlled the optical power from the Krypton data indicate that the thermal rate constant for reaction 3 is
ion laser used to pump the color center laser. This closed-loopnearly gas kinetic, and that the branching fractikg/(kia +
feedback system resulted in reduced fluctuations of the probek;,) ~ 0.1, for both reactions 2 and 3, whekeis the thermal
laser intensity. To further suppress low-frequency noise, the rate constant for reaction i.
transient absorption signal was passed through an electronic high The H atom translational distribution from reaction 1 was
pass filter. calculated from the measured distribufiofrom the 243.1 nm
Four Stanford model SR-250 boxcar integrators were used photolysis of CHSH and the known photochemistfyand
to record the transient absorption signal. One boxcar was usedphotodynamic¥ occurring at 248 nm. The H atoms produced
to record the initial laser intensits, measured at 10@s before in reaction 1 have a Gaussian distribution with a mean
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translational energyEs, of 92 kJ mot? and a fwhm of 38 kJ
mol~1. The H atom distribution is initially orientated with/
parameter near-1; however, Park et & have measured the
relaxation of a similarly orientated H atom distribution produced
from the photolysis of K5 at 193 nm. As previously arguéd,
elastic reorientation collisions have a much larger cross section
than inelastic collisions, and at the relatively long delay time
of 0.3 us, the H atom distribution should be isotropic.

Even though the photolysis laser was unpolarized, the
collinear propagation of the probe and photolysis lasers elimi-
nated the possibility of experimentally detecting any anisotropy
in the HNC speed distributions. Furthermore, even if the COM
differential cross section for the HNC product were highly
directional, the nearly isotropic and broad H atom speed
distribution, multiple correlated CN(0,J) product states, and
initial thermal (CN) speed distribution, would all contribute to
blur the observation of any anisotropy. Hence, it was assumed
that the HNC product speed distribution was isotropic, and the
area of an absorption feature determined the population in the
absorbing level.

For an absorption between two states-ji, the absorption
coefficient at frequency, o(v), is related to the integrated line
strength,S;, for the transition by the normalized line shape

function, g¢), aso(v) = S g(v). The absorbance at A(v), is
given by the BeerLambert law a¥
_ [,(v) _ 9%
A(y) = ln(I (V)) = Lo(v) ([Ni] gj[Nj]) (4)

where lo(v) and I(v) are the incident and transmitted light
intensities av, | is the path length,;ds the degeneracy of level

i, and [ NJ is the total concentration of absorbers in level i.
Provided that the population in the upper level, j, is zero,
integration of eq 4 over frequency relates the concentratiah, [N
to the area under an absorption line and the integrated line
strength,S;, by

_ [Aw
1 [ o(v)dv

where the integral in the denominator is given 3y

Only two HNC vibrational levels were detected in the present
experiments, the ground-state HNC{OPand the first excited
bending state HNC(CGD). Both levels were probed using the
fundamental H-NC Av, = 1 vibrational transition as the active
chromophore. The transition moment for the HNC 90—
(00°0) fundamental transition has recently been meastisd
that theS; for the rovibrational transitions probed in the present
experiment can be calculated frém

[N]

®)

3 )
S = %ﬂi @W“@zi HW

2+1 (©)

wherec andh have their usual meanings;, is the wavenumber

of the transition]] | x| idlis the vibrational transition moment,
A;i is the appropriate Hd—London factor, and HW is the
Herman-Wallis factor, accounting for the interaction between
rotation and vibration. The HW factor can be expressed as (1
+ Aim + A;n?)2 wherem s J + 1 for an R branch and-J for

a P branch. For the HNC(%0) — (00°0) transition, the HW
have been determinéd?® however, they have not been
measured for the HNC(1Q) < (0110) transition. The optical
path length was defined by the distance between the-IR/
dichroic mirror and the UV beam absorber and the number of
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Figure 1. Absorption line profiles forR(11) of the HNC(100) —
HNC(0(°0) transition obtained at various observation times following
the initiation of reaction 2b. The solid lines are Gaussian frequency
profiles fit to the data, and the residues are indicated by the crosses.
At a delay time of 2Qus, Panel (c), the HNC product had equilibrated
to the temperature of the reaction chamber, 293 K. The conditions of
the experiment wer®cnyssy = 0.050 andPcny, = 0.050 Torr for a

KrF laser energy of 300 mJ/pulse. At 293 K, the Doppler width for
the R(11) transition is 262 MHz.

passes the probe laser made through the photolysis zone; hence,
the absorption measurements provided an absolute determination
of the HNC concentration produced in reaction 2b.

B. Rotational State Distributions of HNC(0(°0) and
HNC(010). Typical absorbance profiles for the three observa-
tion times are shown in Figure 1 for the HNCP0p— (00°0)
R(11) transition and for the HNC(1Q) — (01'0) R¢(11)
transition in Figure 2. The solid line in each figure is a Gaussian
frequency profile fit to the data, i.eA(v) = Apexp(-(—vo)/

a)?). The three parameters describing the Gaussian profile were
determined by a nonlinear least squares procedure based on
Mardquart's method® and the area under each absorbance
feature was determined from the nonlinear least squares
parameters ag” A(v)dv = Apkax/:_r. The crosses in Figures 1
and 2 indicate the difference between the experimental absorb-
ance and the calculated profile. Note that the distribution of
the residuals is uniform across the profile indicating that the
Gaussian functional form adequately described the data. As will
be discussed in Section D, the fwhm of the absorbance profiles
for the first two boxcar delays are broader than the Doppler
width describing a thermal (293 K) distribution so that the HNC
products in the (0®) and (010) vibrational states are initially
produced with excess translational energy.
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Figure 3. The rotational state distributions for HNC{@) produced

in reaction 2b measured at three different times following the initiation

of the reaction. The initial rotational state distribution was that given
As noted earlier, pulse-to-pulse variations in the excimer laser at the shortest observation time panel (a). The distributions were

power were monitored by recording a portion of the photolysis measured relative to HNC(@) R(9) att = 0.3us assigned a value of

laser that was transmitted through the appara®usAs well,

the gradual attenuation of the photolysis laser power by a deposit ] o ) N

formed on the optical surfaces exposed to the UV laser radiation tions qbtalned under.S|ml|Iar experimental conditions. The scale

was accounted for by normalizing the absorbance data according@ctor in each panel in Figure 3 relates the [HNC@Q = 9)]

to an experimentally determined power lai(y) O P26, as at the different times to each other with this average population

described previousl? The rotational state distributions in the @t 0.3us given a value of 1. The error bars in Figure 3 indicate

HNC (0 \é 0) vibrational levels were determined by scanning 2" uncertainty of one standard deviatiabnl@) in the average
over the R-branch of the HNC(140) — (0 v 0) transitions of at least 4 independent measurements. For some rotational
5 .

Only a few rotational levels were obscured by atmospheric states, the uncertainty is smaller than the symbol size plotted

absorptions. The use of P-branch transitions resulted in poorerIn the figure.
signal-to-noise because the sensitivity of the apparatus decreased The rotational state distributions shown in Figure 3 are plotted
at longer wavelengths due to an increase in infrared absorption@s Boltzmann plots in Figure 4. If the distribution can be
by the UV—IR dichroic mirror. One or two transitions for each ~described by a rotational temperatufey, the Boltzmann plot
vibrational level,R(9) for HNC(000) andRe (9) or Rej (10) is linear with slope equal te-1/kT,o: and the intercept equal to
for (01!0), were chosen to normalize the data collected over IN([N(»)lof/Qro), where the brackst] ] indicate concentration,
different time periods for each vibrational level. Also, some of [N(¥)]wtis the total concentration in the probed vibrational level
these measurements, which were taken under identical ex-V:i-€., [N®)]r= 3 N(v; J)], and Qu is the rotational partition
perimenta| ConditionS, were used to determine the vibrational function. As is evident from Figure 4, the rotational distributions
state distribution and will be discussed further in the next Were well-described by a temperature. The results of a linear
section. least-squares analysis to determihg and [N@)]«: are sum-
The rotational state distributions for the HNCP0pground marized in Table 1.
state measured at the three observation times of 0.3, 0.6, and The T, measured at an observation time of 28 was in
20usec are shown in Figure 3. The rotational state distributions good agreement with 293 K temperature of the reaction
shown in Figure 3 are the average of several distributions chamber. For an HNC molecule at a total pressure of 0.090
obtained under a variety of different experimental configurations Torr, a time of 0.3«s corresponds to about one-quarter of the
such as photolysis laser power and optical path length. The hard sphere collision rate. As is evident from Table 1, some
different distributions were normalized to the population rotational relaxation has occurred from a reaction time of 0.3
calculated for the [HNC(OW; J = 9)] state at each observation to 0.6us; however, the relaxation was not extensive, implying
time using the measured rotational temperature for two distribu- that theT,: determined at the initial observation time provided

Figure 2. Same as Figure 1 except tRg11) absorption line for the
HNC(11*0) — HNC(01:0) transition.
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Figure 4. Boltzmann plot of the rotational state distributions shown odl——1 I ! L L T ! !
in Figure 3. The linear least squares parameters are summarized in Table 0 2 4 6 8§ 10 12 14 16 18 20

1.

TABLE 1: Summary of the Linear Least Squares
Parameters Obtained from the Boltzmann Plots Shown in
Figure 4 for the Rotational State Distribution for HNC(00°0)
and in Figure 6 for the Rotational State Distribution for
HNC(01'0) Produced in the H+ (CN), Reactiort

HNC vibrational  boxcar delay [HNC(O v% OJot
state (us) Trot (K) (arb units)
HNC(000) 0.3 506+ 26 18.9+ 2.00
0.6 428+ 22 22.0£ 2.6
20.0 298+ 6 454+ 2.6
HNC(01:0) 0.3 446+ 77 34.44+ 7.6
0.6 393+ 38 35.4+ 4.6
20.0 271+ 20 28.2+ 1.9

Figure 5. Similar to Figure 3 except the rotational state distributions
for the HNC(020) vibrational state at three observation times. The
initial rotational state distribution is given in panel (a). The distributions
were measured relative to HNC(@) Re (9) att = 0.3 us assigned a
value of 1.

relate to the other times. A comparison of the absorbance profiles
in Figures 1 and 2 shows that the signal-to-noise was less for
the HNC(010) level and resulted in the increased scatter for
the HNC(010) rotational state distributions. Note that the
populations in HNC(0®) and HNC(010) were not directly
related to each other by these measurements.

The doubly degenerate bending vibration of HNC has a

aThe initial rotational state distribution was taken as that measured fundamental frequenéy of v, = 464.2 cm; ! and at 293 K,

at the earliest observation time of Q:8. The uncertainties forgk are
+10 from the least squares fit and for [HNC@W®]ro.. They include
both thet10 from the least squares fit and the calcula@gy. ° The
[HNC(000;J = 9)] measured at a delay of Qi3 was assigned a value
of 1 au ¢ The [HNC(020, J = 9,e or f] measured at a delay of Q.3
was assigned a value of 1 &liThe data were analyzed using the room
temperature, 293 K.

a good description of the initial rotational state distribution in
HNC(0(P0) produced in reaction 2b.

The rotational state distributions for the first bending vibration
HNC(01'0) are shown in Figure 5 for each observation time,

16.5% of the HNC population is in the = 1. This is reflected
in the measurement of the [HNC@)] at 20 us, as will be
discussed further in Section Il C.

The dependence off,t on the reaction times for the
HNC(0120) vibrational level was similar to that found for
HNC(00°0), (see Table 1). Th&. measured at an observation
time of 0.3us. was only slightly higher than that measured at
0.6 us, and the increase in [HNC(@D]i,: was small. Again,
this indicates that th&,, measured at a reaction time of 0.3
us. was a good measure of the initial rotational state distribution

and are presented as Boltzmann plots in Figure 6. The of HNC(01'0) produced in reaction 2b. The fact that both

determinations off,,; and [HNC(020)}t from a linear least-

vibrational levels increased by nearly the same fraction is strong

squares analysis are also summarized in Table 1. Similar to theevidence that both vibrational levels are produced in the same

presentation of the rotational state distribution for HNC®0
the rotational state distributions for HNC{@) were normalized
to the [HNC(020; J = 9] population calculated from the

reaction.
C. Vibrational Level Distribution for HNC. The enthalpies,
AH?, for reaction 2a and 2b are summarized in Table 2. A large

measured rotational temperature of two experiments recordedsource of uncertainty comes from theH, for the CN radical.

under identical conditions. The calculated [HNC{@1) = 9]
for the T, obtained at an observation time of Qu3 was

From the work of North and Hait on the photodissociation
dynamics of (CNy, a value ofAsH, equal to 431.9 4.2 kJ

assigned a value of 1, and the arbitrary unit factors in Figure 5 mol~! was calculated. The value fdH, for HCN was taken
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-1.5 TABLE 3: Determination of the HNC Vibrational State
1 Distribution from the H + (CN), — HNC + CN Reaction
1 O t=20pus [HNC(000J=19)] [HNC(000)}ot [HNCliot
21 B 0 1206 x 1079 x 10710 x 10710
t=00ps boxcar (molecule (molecule  (molecule [HNC(000)}o/
delay cm3d) cm3) cm3) [HNCliot
2.5 0.3 1.8 3.3 5.9 0.44
’ 0.6 2.5 4.1 6.9 0.41
20.0 6.7 9.3 11. 0.16
5 [HNC(010,J = 9,e)] [HNC(010)}ot
—_ x 1078 x 10710
E (molecule cm?3) (molecule cm?)
S 0.3 6.7 2.6
= -3.57 0.6 8.2 2.8
% 20.0 6.2 1.8
=
— aThe initial vibrational level distribution of HNC was given by the

'
N
1

distribution determined at the observation time of Q8. The
uncertainty in the average of three measurements for [HNAD(Ov=
9)] populations was about10%.

4.5
indicated that only the most energetic H atoms react to form
HNC.

Only the transitions originating from HNC(000) and
HNC(01}0) were detected in the present work. The exact
frequencies for other rovibrational transitions have been recorded
in this laboratory?® but scans over the wavelength regions

55 : — ————
0 100 200 300 400 500 600 corresponding to several lowtransitions originating from the
E;or (cm-1) HNC(02220) and HNC(001) vibrational levels were unsuccess-
Figure 6. Boltzmann plot of the rotational state distributions shown ful.
in Figure 5. As noted previously, the [HNC(G0; J = 9)] and [HNC-
) . (01'0; J = 9, 10] populations were used to normalize the
L’é‘ﬂ;ﬁ,&é iug'r\lneggacgﬁ?r? Energetics for the H + (CN), — population data obtained at various times and experimental
- conditions. Furthermore, the absorption technique results in an
. AH" reaction Eavil3 absolute determination of the population in each HNC rovibra-
reaction (kJ mol?) (kJ mol?) . PR . . .
tional state. The initial vibrational population can be determined
H+ (CN)b — HCN°+CN 41.0+10.2 +54.5 from the initial rotational state distribution for each vibrational
— HNC+CN 101+ 14 —6 level combined with the measurement of the population in a
aCalculated forE{E= 92 kJ mot? in eq 7.° AH® (CN), = 307.2 single rotational state for the various vibrational levels obtained
+ 4 kJ mol. Ref: Chase, M. W., JINIST-JANF Thermochemical  under the same experimental conditions. The initial rotational
Tables AIP; New York, 19985 AH° HCN = 132.3+ 4.2 kJ mot, state distributions for HNC((0) and (010) were taken as that

ref 35.9 AH® HNC = 192.6+ 8.2 kJ mot™. ref 36. measured at an observation time of @8, Figures 3 and 5,

and were described by tho given in Table 1.

The results for the determination of [HNC@],: and
[HNC(0110)]iot are summarized in Table 3. As is evident from
the last column in Table 3, the fraction of the observed HNC
produced in reaction 2b that was found in the HNG@1evel
was constant as the observation time increased from 0.3 to 0.6
us, indicating that vibrational relaxation was negligible over
o _ this time interval. After 20us, the HNC vibrations had
where [Er[is the average COM translational energy of the equilibrated to the temperature of the reaction chamber as
reacting H atomsRTaccounts for the reactant rotation energy, indicated by the measured fraction of HNC that was in the
and [E*"Daccounts for the thermal excitation in the two HNC(0110) bending vibration. Even though the uncertainty in
degenerate low-frequency bending modes of (CIEj™™ = the determination of the population in an individual rotational
1.1 kJ mot?). The relative collision energy between the H atom  state was estimated to be abetk0%, the excellent agreement
and (CN} is essentially given by the initial translational energy with the expected thermal value provides confidence in the initial
of the H atoms because of the small mass of an H atom. Forvibrational distribution measurement.
this mass combination, the contribution of reactant thermal  The total concentrations of HNC, [HNg] observed in the
motion to (E/Tcan be ignored’ As summarized in the last  experiment at the various observation times are given in the
column of Table 2, the HNG- CN product channel is calculated  second last column of Table 3. The [HN&Jncreased by a
to be 6 kJ mot* endothermic; however, the uncertaintyAi° factor of 1.9 from the initial to the final observation time,
and the broad distribution of the initial translational energy of whereas it only increased by a factor of 1.17 for a factor of 2
the H atoms E?) = 92, and fwhm= 38 kJ mof?) leads to a increase in reaction time. The same trend is evident in the data
relatively large uncertainty in the actual threshold energy for presented in Table 1 for each vibrational level. As noted earlier,
the reaction. However, the fact that the products were observedreaction 3b produces HNC, and the observed increase in [HNC]
to be produced almost entirely during the first @s3(Table 1) at an observation time of 20s was due to this channel. The

from the recent work of Berkowitz et &f,and the value for
AsH° for HNC was taken from the theoretical calculation by
Lee and Rendefl® The most probable energy available to the
HNC + CN product channelEayaiis given by

[E,,,0= —AH° + [E{H RT+ [E"™] @)
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Figure 7. Summary of the determination of the laboratory translational Figure 8. Similar to Figure 7 except for the HNC(8) vibrational
temperatures at three observation times for the rotational states in thelevel.

HNC(000) vibrational manifold using the measured Doppler widths,

according to Equation 8. The dashed line is a linear least-squares fit to TABLE 4: Summary of the Determination of [E}[for
the data, showing that there was no measurable correlation betweerHNC(0 v; 0) Measured at Different Observation Times

Tirans and J.

fact that preliminary dafdindicate that the branching fractions

for the production of HNC in both reactions 2 and 3 are nearly
equal implies that the final concentration of HNC, after reaction
3b has gone to completion, should be twice the initial

concentration of HNC, as observed in Table 3.

D. Translational Energy Release for H+ (CN), — HNC
-+ CN. Inspection of the absorbance profiles shown in Figures

vibrational observation
level time(us) Tirans(K) [E(kJ mot?)
HNC(0C0) 0.3 473+ 68 11+14
0.6 4294 57
20.0 2974+ 23
HNC(01:0) 0.3 4494 89 10+ 2
0.6 4154 85
20.0 308+ 49

aThew'’s were obtained by non-linear least squares fits to the A(v)

1 and 2 shows that the HNC product from reaction 2b was pofiles for each rotational state in the HNC{OP and HNC(010)
formed with excess translational energy. It was argued in Sectionvibrational levels, an@yansdetermined from eq & The uncertainty is

III' A that the HNC speed distribution should be isotropic or
nearly so. This, coupled with the fact that the absorbance profiles
exhibited a Gaussian dependence on frequency,
the laboratory speed distribution of HNC was described by a
Maxwell—Boltzmann distributiorf® The laboratory translational
temperatureTyans IS related to the fwhm of the absorbance

profile, vp (cm™1), by

M &
Ttrans= 8RIn 2 1_/2 b
ji

whereM (grams) is the mass of the probed molecule, Brisl

+10 in the average s plotted in Figures 7 and 8.

indicates thairhe results are summarized in Table 4 as simple averages over

all the rotational states of th&;ans at each observation time.
The dashed lines in Figures 7 and 8 are linear least-squares fits
to the data. As is clear from these figures, the data were too
scattered to exhibit any trends in the translational energy released
as a function of the HNC rotational state. The error bars result
from the repeated measurementigffor the same rotational
state. At the final observation time of 28, the measuretans
corresponded to the measured temperature of the reaction
chamber, 293 K, within experimental scatter, indicating that the
frequency scale was accurately calibrated by the Etalon fringe

the gas constant (ergs/degree). The average translational energymeasurements. Thgansdetermined at the observation time of

for the probed molecule in vibrational leve] (E;[] was taken

as 1.5RTyans

Plots of the measuretp’'s for the rotational states of the

0.3us was taken as a measure of the translational energy release
in reaction 2b. The small change Tans ON going from an
observation time of 0.3 to 0.fs indicated that translational

HNC(0P0) vibrational level at the three observation times are relaxation was small under the conditions of the experiment,

shown in Figure 7, and for the HNC(@) level in Figure 8.

and the initialTyansfor reaction 2b must be close to that observed
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at 0.3us. A comparison of Tables 1 and 3 also reveals That of products, [HNC}:. The kinetic rate equation describing the
andTyanswere equilibrated with each other, within experimental loss of H atoms can be rearranged to gixeas
scatter.
For a discussion of the dynamics of reaction 2b, the desired [HNC],o:

guantity is the mean translational energy released in the COM Or= )

n ; @ H] [(CN)J AL
collision frame B[] The conversion from the laboratory frame
to the COM frame requires knowledge of the differential cross ) ) ) )
section, which is unknown. However, some idea of the com WhereAt is the observation time at which the [HNgJwas
translational energy release can be obtained by taking advantagd&n€asured. Equation 9 implies a linear relationship between the
of the near isotropic H atom distribution to relate the laboratory ©Pservation time and the accumulation of product; i.e., the

and COM speed distributions of HNC. The laboratory velocity measurement of the number density is equivalent to the reactive
of an HNC product moleculexc, produced in a single reactive flux. Previously, this equivalence was demonstrated for reaction

collision is the vector sum of the COM velocitgom and the 2 usi_ng _the same experimental apparatus and co_nditions, except
COM velocity of HNC,Unnc, i.€., zine = zcom + Usne. The monitoring the CN¢ =0 J) product?® For reaction 2b3 the_
differential cross section determines the final angle between [HNClotwas found to increase by 17% as the observation time

vcom andupne. Even though the most probable inig&aH atom increased by a factor of 2; however, this is not due to a violation
speed is high, 1.4 1 cm s1, its mass is only 1.9% of the

of the equivalence between reactive flux and number density
mass of (CN), andzcow is only slightly deviated from the initial ~ PUt rather to the relaxation of the H atom translational energy
(CN)2 velocity; thus, the approximatiomcom =~ vcny2 iS

distribution. Only a small shift in the H atom energy distribution
reasonable. Furthermorecyy, has an isotropic Maxweh to lower energies is needed to quench reaction 2b.

Boltzmann distribution. The velocity of HNC in the COM _The cross section for absorption of €8H and the quantum
system can be approximated byinc ~ zinc — zcnye Where yield for H atom production at 248 nm have been measured to
both zune and zcny2 are given by isotropic MaxwelBoltz- be 3.0 x 107 cn? molecule'and 1, respectiveli? The

mann distributions. To determine the COM translational energy Photolysis laser energy was measured directly in front of the

This is obtained from two MaxweHlBoltzmann distributions energy that traversed the apparatus was nc_)t measured directly.
related byuine2 = vinec2 + e — 2 UHNG Ven)2C09), where Estimates of the loses on the entrance window and-UR/

0 is the angle betweesnc andcnyz. This situation is identical d|chr0|c_ were _made to determme the ac_tual photolysis laser
to that described by Dagdigian et8These workers determined ~ €nergy irradiating the photolysis zone. Using the measurement
the relative speed-squared distributions for collisions of gasesOf the [HNC]q at an observation time of 0,s provided in

at two temperatures and found that the most probable speedlable 3 and eq 9, ther for reaction 2b was calculated to be
squared was given by the sum of the most probable speeds?-0 x 10718 cn? for an (Ey'Cof 113 kJ mof™. The uncertainty
squared for each gas, i'GaNC — Dﬁwc + @(ZCN)Z’ where the bar |n.detgrm|n|ngoR was estlmated.to pe about .a.factor of 2
indicates the most probable speed afd= ,/2kT/m,, for primarily because of the uncertainty in determining theg[H]

molecule X. The conservation of linear momentum in the COM atoms.
frame allows the most probable relative translational energy in

the COM frame[E+[]to be given byEr[= 1/2 mync/Men(Munc IV. Discussion

+ men) UﬁNc- The measurements of the present work provide a compre-
The last column in Table 4 gives the measur&dl]as hensive look at the complete energy disposition into the HNC

determined after 0.8s. Even though the HNC(6Q) vibrational product from reaction 2b by detailing how the reaction energy

level is 5.55 kJ higher in energy than the ground state the was shared among all the degrees of freedom: translation,
translational energy release is similar within experimental error rotation, and vibration. Unfortunately, the energetics were not
for each vibrational level. well-defined because of the initial broad H atom translational
E. Absolute Reaction Cross Section for H+ (CN), — energy distribution. Assumin@EﬂDto be 113 kJ moil(see
HNC + CN. As summarized in Table 3, the measurements Section Il D), [EavsiJcan be calculated to be 18.5 kJ mbl
reported in this work provide a determination of the absolute Another estimate fofE,,jJcan be made using the measure-
concentration of the HNC product and can be used to determinements of the HNC product state distribution and the COM
an estimate of the reaction cross sectiop, for reaction 2b translational energy release. The most energetic rotational state
provided some estimate of the concentration and speed of theobserved for each vibrational level can be identified from Figure
reacting H atoms can be made. This was done by making the3 for HNC(0®0) and Figure 5 for HNC(0'D) to beJ = 22 and
following approximations. Above the reaction threshalglvas J = 18, respectively. Using theE{[for each vibrational level
assumed to be independent of the H atom collision energy, and(Table 4), the maximum energies available to the HNEIDO
the reaction threshold was taken to occur for H atoms with and (010) product states are 20.1 and 21.7 kJ Thotespec-
translational energy greater than the reaction endothermicity,tive|y_ Of course, this is a crude estimate &, 4 Cinsofar as
i.e., 98 kJ mof! (Table 2). The concentration of H atoms with  more energetic states were not detected because of signal-to-
translational energy greater than the reaction thresholg, [H] noise limitations, and the CN(= 0, J) coproduct must be
corresponds to 0.23 of the total number of atoms created in theassumed to be id = 0. Nevertheless, the estimatesBf,qi_
photolysis of CHSH. The reaction rate constamb, can be  using the two methods are in reasonable agreement. Because
estimated fromkz, = orl2nl) whereliLis the average speed  the product state distribution estimate relied on a valuggi)

of the H atoms that can react, and was calculated fr= that is clearly an overestimate of the translational energy of the
Jen vP()dv = 1.5 x 10° cm s°4, whereP(v) is the normalized  most thermodynamically allowed product state, a valu@EgfiC]
Gaussian speed distribution of the H atoms. = 19 kJ mot? was taken as a reasonable estimate. With this

Under near single collision conditions, such as the case herevalue of [Eayail] HNC bending vibrations up te, = 3 could
the H atoms lost by reaction are equal to the total production have been excited.
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TABLE 5: Summary of the Estimates for the Complete
Energy Disposition into Vibration, Rotation, and Translation
for the H + (CN), — HNC + CN Reaction

Macdonald

TABLE 6: Summary of the Global Fraction of [Eayq)Othat
Appeared as Product Translation, Rotation, and Vibration
for Reaction 2bl

vibrational level reaction {0 {0 &0
(000) (010) H +(CN);—~HNC + CN 0.56 0.32 0.13
[Eavail 1 E, (kJ mol?) 19 13.4 (Eavai™ 19 kJ mot™)
fy 0.57 0.75 H+ Fo—HF+ P 0.39 0.03 0.58
FHNCE) 0.22 0.27 (Eavaim427 kJ mott)
f gCN(O) 0.20 ~0 H + Cl,—HCI + Cl¢ 0.54 0.09 0.37

2 The [Eavaiwas estimated to be 19 KJ mél Only HNC(0v' 0)
for v, = 0° and I were detected experimentally.

The rotational energy content of the CN fragment, produced
along with HNC in reaction 2b is unknown; however, the
combined average rotational energy for CN produced in both
reactions 2a and 2b has been meas@redbe 7.4 kJ mol®.
Reaction 2a is 60 kJ mol more exothermic than reaction 2b
and accounts for about 90% of the total reaction rate. The
rotational excitation of CN produced in reaction 2b should not
be more than that of the HNC(@@) and (010), products, 4.2
and 3.7 kJ mol?, respectively. The average rotational energy
content of the CN coproduct can be estimated from the
conservation of energy equation:

[E, = [E.CH ERNCU EPNG + (ERNCUD (10)
Where[E;XDz RT. is the average rotational energy content

of species X in vibrational levet, and E""® is the vibrational
energy of level.

The results are summarized in Table 5 expressed as the

fraction of the available energy in vibrational level v that

appeared as COM translational energy and rotational energy of

HNC or CN. The [ER"““Owas determined from th&o
measured at the earliest observation time listed in Table 1, and
(E;0is given in Table 4. It has been argued previotfsthat

on purely kinematic grounds, tH&L"““should be similar to
EL“NOfor reaction 2. This is approximately true for the CN
produced along with the HNC(00) level, but not so for CN
produced along with HNC(GD). The difference is attributed

to the large uncertainty in the estimate [&,,,Jand experi-
mental scatter in the determination @[] It is more likely

that (E4 MO0~ EEN@for all HNC vibrations.

An interesting aspect of the results in Table 5 is the increased
partitioning of the available energy into the translational energy
of the separating fragments on going froprv0 to v, = 1. As
noted above, there is considerable uncertainty in the determi-
nation of the translational energy (Table 4); however, this may
be a real trend as evelf'¥"“ is larger for v = 1 than for y =
0.

Using the estimates for the energy partitioning summarized
in Table 5 and the observed vibrational state distribution, the
global energy disposition for each degree of freedom was
calculated, expressed as a fraction of g, that appears in
a particular degree of freedom summed over the vibrational
population. The results are summarized in Table 6 along with
similar results for related triatomic reaction systems:+Hr,

— HF + F*%and H+ Cl, — HCI + CI.4

Both the mass and electron affimtyof the CN radical lie
between those of the F and Cl| atom; however, the global
dynamical features appear to be quite similar to the-Kl,
reaction system (Table 6). It appears that the global features of
energy partitioning for a polyatomic reaction system can be
rationalized from the observations of triatomic systems of similar
mass combinations,.e., L + H—H reaction systems. One

(Eavai=203 kJ mot?)

aFor comparison, the energy disposition for the related-H,
reactions are included, where X is F or 'QRef 40.¢ Ref 41.

difference between the polyatomic and the triatomic case is the
linear or nearly linear nature of the reactive configurations in
the triatomic situation. The PESs for both-HHCN#*3 and H

+ CICN!8 were found to be highly repulsive for linear-HN
configurations, and it is presumed that reaction 2 proceeds
through bent configurations.

The PES describing the HNCCN system has not been
explored in as much detail as that available for the HCICN
system; however, Yang et#lhave described several stationary
points on the HNCCN surface at the BAC-MP4 level of theory.
These workers found that an NC(H)CN adduct was bound by
about 130 kJ mot! with respect to the H- (CN), asymptote.

It is clear from the average energy disposition, Table 6, that
the product state distribution is highly nonstatistical so that the
formation of a long-lived complex, in which the energy in the
internal degrees of freedom are completely randomized, appears
unlikely. The presence of a deep potential minimum on the
HNCCN surface could facilitate the occurrence of secondary
encounters, however.

One major difference between the polyatomic and triatomic
reaction systems (Table 6) is the large fraction of the internal
energy that appears as product rotation compared to vibration
in the polyatomic case. To excite rotational motion in a
molecule, a torque must be applied about its COM. For the
triatomic systems, this is difficult because the reaction exother-
micity is released repulsively between the diatomic fragment
in linear or near linear configurations. Furthermore, the COM
of the diatomic product lies close to the halogen atom, making
rotational excitation again unfavorable. However, for the-H
(CN), system, near-linear configurations are highly repulsive,
and the reaction must proceed through bent configurations.
Under such circumstances, the COM of the new HNC product
molecule is not collinear with the direction of the repulsive
energy release between the two C atoms, and a large torque
can be applied to the departing fragments, HNC and CN. Also,
the anisotropy of the PES between a diatomic and linear
triatomic molecule should be greater than that between an atom
and a diatomic hydride molecule. Both of these factors favor
rotational excitation in the polyatomic product case.

Another difference between reaction 2b and theé Halogen
reactions is the small amount of energy available to the products
for the former reaction (Table 6). For reaction 2b, this small
value of (g results in the rather small value for the relative
velocity between the diatom and triatom fragments so that there
is a high likely hood that secondary encounters can occur. In
fact, for an HNC(O §O) molecule, withJ at the peak of the
rotational state distribution, the CN and HNC fragments only
separate 0.3 A before HNC completes one rotational period.
Such trajectories might be responsible for the conversion of
initial bending vibrational motion into product rotation.

The reaction of energetic H atoms with XCN compounds,
where X is Br, Cl, or CN, has been recently studfeby
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