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Vibrational state control of bimolecular reactions
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The influence of rotation and vibration on the reactivity and the dynamics of the reaction
X+HCN(vq,v,,v3,J)—HX+CN(v,J) with X=H, CI has been studied. The HCN molecule is
prepared in a specific rovibrational level by IR/VIS overtone excitation in the wavelength region
6500—18 000 cm'. The H atoms are generated by laser photolysis ofSEHat 266 nm, the Cl
atoms are formed in the photodissociation of & 355 nm. The CN products are probed quantum
state specifically by laser-induced fluorescerité). For low rotational states of HCN, the
reactivity of Cl and H is independent of the initial rotational state. However, an enhancement in
reactivity of the CH-HCN reaction is observed when the time of rotation becomes comparable to the
passing time of the Cl atom. The reaction of Cl as well as of the H atom with HCN shows strong
mode specific behavior, implying a simple direct reaction mechanism, which is also supported from
Rice—Ramsperger—Kassel-Marc(RRKM) calculations. An increase in CH stretch vibration
increases both the reaction rate and the CN product vibration. Channeling energy in CN stretch
vibration has only a minor effect on the reactivity and the CN product vibration even decreases.
Trajectory calculations of the HHCN system agree with the experimental results. The dependence
of reaction rates on reactant approach geometry is investigated by preparing aligned reactants using
linear polarized light. The CN signal is markedly influenced by the prepared alignr(wats

effec). The experimental results suggest that the reaction of hydrogen and chlorine atoms with
vibrationally excited HCN proceeds mainly via a collinear transition state, but the cone of
acceptance is larger for chlorine atoms. 1©98 American Institute of Physics.
[S0021-960628)00507-9

. INTRODUCTION H+HCN(vy,v5,v3,d)— H,+CN. )

Sl e e of o o 230y g iciscn_ceackon 1 34 il
p 9 y ' pie app endothermid® has a total barrier of 113 kJ/mbl,and has

the control of motion of one reactant, which is directed alongbeen studied experimenta"li‘ylz as well as theoreticall%”

the reaction coordinate of the bimolecular reaction. This mo-Ab iniio calculations by Hardin’@ show that  the

tion along the reaction coordinate corresponds to the mouo%HHCN%HCIJrCN reaction proceeds through a linear

of the nuclei which carries the system from the reactants t?rfansition state. They predict a simple, direct collinear ab-

the products. There are several experiments of how reactan raction mechanism without complex formatié@IHCN).

LT - )
vibration affects reactivity and product energy release of theSims and Smith? have reported experimental studies of the
reverse reactiofll), CN+HCI—products, by exciting either

desired bimolecular reactidnin particular, the preparation
of HOD in two different distinct vibrational states of pure CN or HCI vibration. While there is a negligible enhance-

OH or OD sretches leads to different photodissociatibn ment of the reaction rate when exciting CN by one quantum

and reaction channets~’ Crim and co-workef investi- Lo )
: L o of vibration, the rate increases by more than two orders of
gated the photodissociation of HNCO, where vibrational ex- . . . . : o
o magnitude when HCI is excited into the first vibrational
citation of the second overtone of the NH stretch leads to Riate. Thev concluded that CN behaves like a spectator with
break of the NH bond at energies below the threshold for the y P

high energy NH-CO channel. At higher energies both chan-OUt participation in the reaction.

nels compete. Rosenwaks and co-workenave demon- The reaction of HHCN—H,+CN is endothermic by
pete. e o 90 kJ/mot® with a total barrier of 1123 kJ/mol*® Ab initio
strated a rotational state selectivity in bond fission gfiB,

where the production of H and D atoms depends on the ro(_:alcullatlons by Bair and _Dunn_n’@predmt _that the H-ato_m .
. reaction also proceeds via a linear transition state, which is
tational state of the b, mode.

. o nsistent with the experimental results of Lambetral’
The present investigation extends the approach of con(—:O sistent with the experimental results of Lamtira

. . ; . . nd Johnstoret al!® who observed rotationally unexcited
trolling chemical reactions to the endothermic reactions o . : .
: . CN from the reaction of HCN with translationally hot H
hydrogen and chlorine with HCN:

atoms. Experimental studies of the reverse-E&N reaction
Cl+HCN(vq,v5,v3,J)—HCI+CN, (1) report that the reaction rate is unaffected by vibrationally
0021-9606/98/108(8)/3154/14/$15.00 3154 © 1998 American Institute of Physics
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TABLE |. Band origins v, (cm™), wavelengths(nm), absolute intensitieg\ (cm mol™), and excitation
conditions for different overtone bands of HCN.

Overtone volomt Nnm Alcm mol™t Pulse energy dye
(002)— (000) 6519.61 1533.4  8.499(54% 10% 15 mJ DCM
(004)— (000) 12635.89 79118 15713 1542)° 40 mJ LDS 765
(302)—(000) 12 657.88 789.81 9.11250, 9.7(2)b 40 mJ LDS 765
(402)—(000) 1465366  682.24  8.38L0)7 90 mJ Pyridin 1
(104)— (000) 1467045  681.46  9.4p9) 90 mJ Pyridin 1
(005)— (000) 15551.9%  642.83 17.84)° 100 mJ DCM
(502)—(000) 16 640.31 600.79 0.4()° 50 mJ DCM/Rhodamin 6G
(204)—(000) 16 674.29 599.57 1.711)° 50 mJ DCM/Rhodamin 6 G
(105)— (000) 17550.42  569.63  3.5117)°, 13.94) 120 mJ R6G
(006)— (000) 18377.04 54401  2.6113)°, 2.42) 90 mJ Fluorescein

2Reference 30.
PReference 32.
‘Reference 34.
YReference 35.
*Reference 36.
fFrequency mixing with 1.064m.

excited CN'® On the other hand, vibrational excitation of H geometry. This was performed by preparing aligned reac-
should increase the reaction rate according to theoreticd@nts using linearly polarized laser light. Such experiments
studies?® Both the experimental and theoretical results suggive detailed insight into the stereochemistry of the desired
gest, comparable to the Cl atom reaction, that in thebimolecular reaction.
H-+HCN reaction the CN bond is unaffected during the re-
active encounter. . Il EXPERIMENT
There have been several experiments on the reactions
with high vibrationally excited HCN*~24Crim et al2>%*ex- The experimental apparatus has been described in detail
amined the reaction dynamics of two vibrational states ofreviously?! Briefly, the HCN is synthesized by heating a
HCN, the(004) state in which four quanta of CH stretch are mixture of KCN and stearic acid under vacuunt+d.00 °C.
excited and thg302 state in which three quanta of CN Translationally excited chlorine atoms were generated from
stretch and two quanta of CH stretch are excited. Their con€l, in a pulsed laser photolysis with 20—40 mJ of 355 nm
clusions are that the H atom reaction forms CN primarily bylight (Quanta Ray DCR1A The photolysis leads to 98% of
a direct abstraction reaction and the Cl atom reaction formghe chlorine atoms in théPg, ground spin—orbit state with
CN by an addition—elimination mechanism in addition to thean anisotropy of3=—1+0.12°> Only minor amounts of Cl
direct abstraction. We have previously reported the reactivitptoms are generated in the uppg#,,, state and, thus, no
of several different vibrational states of HCN with Cl and reliable estimation of the role of different Cl spin—orbit
H.2! HCN was excited to the overtone level302), (004), states can be obtained. The mean collision energy of the
(302), (105, and (115) with energies up to 18000 cth  CI+HCN system isE ;=25 kJ/mol. The precursor of H at-
We excluded the pure spectator model for both the reactiooms is methanethiol, dissociated at 266 nm light generated
of CI+HCN and of H+-HCN, because some memory of the from the fourth harmonic of a Nd:YAG las€il5 mJ. The
reactant initial state is retained in the product. photodissociation yields exclusively H atoms with a mean
The present paper now represents a continuation of thatanslational energy of 80 kJ/mol. The anisotropy at 266 nm
study in terms of its mode specific behavior with new in-is not known, but results at 248 nn8€ —1)?® and 274 nm
sights in the reaction dynamics. While in all former studies a(8= —0.86=0.05f' suggest that the value is close tol.
long living intermediate complex could not be excluded theThe reactant$CH;SH/CL and HCN were mixed in the re-
present experiment in conjunction with trajectory studies in-action chamber by separate nozzles. The partial pressures
dicates a rather direct reaction where only a few vibrationalvere P(Cl,)=8 Pa andP(CH;SH)=P(HCN)=16 Pa.
motions within the intermediate take place before it breaks A Nd:YAG laser pumped dye laséContinuum YG 680,
apart. TDL 60, IRP) with a pulse width of typically 7 ns at a band-
We have been able to excite several more HCN overtonaidth (FWHM) of 0.07—0.09 cm* excites the vibrational
bands and report the state-to-state dynamics of the preparstates of HCN. All wavelengths in the near infrared and vis-
HCN(v¢,v,,v3,J) with hydrogen and chlorine atoms. In ible (IR/VIS) region were obtained using different laser dyes
particular, we prepared the HCN molecule in tf&02), (Table ). Probing the (002)-(000) overtone band of HCN
(004), (302, (402, (104, (005, (502, (204, (1095, and in the infrared region near 1.58m was performed via dif-
(006 states. In addition, we analyzed the effect of reactanference frequency mixing of a dye laser and a 1.Q64
rotational excitation on the reaction rate as well as on theNd:YAG laser beam.
rotational distribution of the CN product. We also investi- Nascent CN products were detected applying the laser-
gated the dependence of reaction rates on reactant approacduced fluorescence (LIF) technique via the
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B23"—X?23% (Av=0) band. The required radiation A RS AR T

around 388 nm was supplied by a dye ladesmbda Physik Simulation
FL2002, QU) pumped by a XeCl excimer laséLambda

1L

)

Physik EMG 101 MSQ All LIF spectra were detected with
2-5 mJ of laser light under saturated conditions. A photo-
multiplier (THORN-EMI 9781B monitored the LIF signal
perpendicular to the probe beam throuighh optics and an
interference filter (38¢ 10 nm). All lasers were operated at LIF - Spectru
a repetition rate of 10 Hz. The time delay between the pho- T T ARRAALLS T TeRTr
. . .. . . . . 789 790 791 792 793 794
tolysis laser, which is in time with the IR/VIS excitation
laser, and the LIF-probe laser was set between 50 and 150 '\I'\'Ief\"f’,ﬁn'gth/"m
ns. I (004) « (000)
The overlap of the laser beams was optimized by the CN R
signal. The spectral range of the dyes was sufficient to excite
different (v1,v,,v3) vibrational modes. Thus the CN prod-
uct intensities originating from different HCM(, v, v3) re-
actants can be easily compared. No “beam walk” effects
were observed.

Intensity

Intensity

WMWWW"\\

Koos / Kagz =

7912 7914 7916 7918 7920
Ill. RESULTS AND DISCUSSION Wavelength / nm

A. Vibrational state control of the reaction rate FIG. 1. Comparison of an action and a simulation spectrum for the
CI+HCN reaction. The HCN excitation laser is tuned over the (004)

In order to study the influence of the initial vibrational —(000) and (302)-(000) bands. The observed intensities of transitions

state of HCN on the reaction rate with chlorine atoms, theoriginating from the(302 vibrational state are lower than those of the

yield of CN (v=0, J=8) products was monitored while the Simulation.

HCN excitation laser light was tuned to separated rotational

transitions in the different vibrational bands. The CN was

detected at a fixed wavelength via tR€8) line. Using the  selectivity was found in the reaction of HGNH—H,+CN.

absorption cross sectigh*®for vibrational overtone excita- We previously reported a lower limit of the ratio of rate

tion A and the power density of the HCN excitation laser  constants ok(004)/k(302)>42

we convert the CN signalS to relative ratek. In case of a This result agrees with theoretical results obtained by
small time delay the ratio of rate constamts/k, between  Bair and Dunning® They found that the endothermic reac-
two vibrational states of HCN is given by tion has a collinear saddle point with a CH distance of 1.55
A, compared to the equilibrium bond distance of 1.06 A in
ki S 12 Py A the HCN moleculglate barriey. The CN distance is essen-
k, S, 1, P; A’ ®) tially constant being 1.16 A in HCN, 1.18 Acalo at the

saddle point, and 1.17 A in free CN. This implies that the
whereP;=P;(»,J) is the CN product state population in the reaction will only be substantially accelerated if the CH
(v,J)-rovibrational state. In case that the excitation energiestretch is vibrationally excited. Similar theoretical results
between the desired vibrational states are close together, it igere found for the GFHCN reaction by Harding® At the
relatively easy to obtain the ratio of rate constants by meaeollinear saddle point, the CH bond distance is 1.58 A and
suring an action spectrum of HCN. Figure 1 shows the CNthe CN bond distance is 1.17 A. Again, the CH bond is
signal (lower par} from the reaction HCN-CI-HCI+CN  greatly extended at the barrier and excitation of the CH
as a function of the excitation wavelength and a simulatiorstretch will efficiently promote the reaction rate.
(upper part using the known HCN Franck—Condon and As in the HCNO04)/HCN(302) case we measure the ra-
Honl—London factor$? The main peaks in the wavelength tio of rate constants of the pairs (106402) near 682 nm
region near 792 nm are due to rotational transitions from thend (204)/(502) near 600 nm. Surprisingly tfE04) and
vibrational ground state to tH@04) vibrational state. Several (402 states of HCN react at a similar rate with chlorine
less intense rotational lines are transitions t8@2) vibra- atoms: a ratio ofk(104)/k(402)=1.05+0.05 is observed.
tional state of HCN, containing two quanta of CH stretch andThis finding can be explained by the 3:2 anharmonic reso-
three quanta of CN stretch. By comparing the intensities imance (Fermi resonange between the v, and v;
the action spectra with the corresponding intensities from thenodes’?3*=3" The (104) and (402 states undergo quite
simulation, we find a ratio of rate constants betweenstrong anharmonic interactidh3* Assuming that most of
HCN(004) and HCN302 of k(004)k(302)=2.8+0.62" the (402)—(000) transition intensity is due to the mixing,
The reaction rate of Cl with HCN is enhanced when thefrom the intensity ratio we obtain the mixing amplitudes 0.73
energy is located in the reaction coordinéttee CH stretch  and 0.69 for th&104) and (402 states, respectiveff. Thus
instead of locating the same amount of energy in threehe vibrational wave functions and thereby the reactivity of
guanta of CN and two quanta of CH stretch. A similar modeHCN in these vibrational states are very similar. To a certain
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TABLE II. Ratio of rate constants of the reactionHCN(vy,v;,v3). HCN. This is not surprising, because the CH bond is the one
which has to break. The reaction rate offEICN(006) is
already close to the gas kinetic limit which was roughly es-
Kooa/ K104 1.25+0.4 LDS765/Pyridin 1 timated by comparing the intensity of the signal with the

Ratio of rate constants Dye mixing

Koos/Ki04 51*05 DCM/Pyridin 1 sensitivity of the apparatus known from various dissociation
Koos/K1os 1.05+0.2 R6G/DCM ; .

Kooa/K1os 0.4 0.1 R6G/DCM experiments” o

Koos K108 20 +03 Eluorescein 27/R6G An additional excitation of the CN stretch does not

change this behavior. The reaction of chlorine atoms with
HCN is five times faster when HCN is excited to t{05)
state instead of th€l04) state. The reaction of HCN mol-
extent this is also the case for the (204602) pair, where ecules excited to nearly isoenergetic states that correspond to
the (204) level of HCN is in Fermi resonance with tl{g02) different nuclear motions provides further evidence that the
level. However, the anharmonic mixing is weaker, and theunreacting bond is a spectator in the reaction. Channeling
mixing amplitudes are calculated to be 0.9 and 0.44 for the&ibrational energy into a coordinate perpendicular to the re-
(204 and for the(502 states, respectively. Consequently, action coordinate by exciting the CN stretch will have only a
we have measured different rate constants between the reawinor influence on the reactivity. The observed mode selec-
tions HCN(204)+Cl and HCN502) +Cl. Since we could not tivity (isoenergetic states with different nuclear motions have
determine the CN state distributions from both reactions weinequal reaction ratgslemonstrates that the reaction must
assume in Eq3) P,os~Psg, and a ratio of rate constants of be fast where the time left is not sufficient for energy redis-
k(204)k(502)=1.2+0.1 is determined. Again, thé204) tribution. Thus we expect the H/EHCN reaction to be a
state of HCN promotes the €HCN reaction more effi- direct abstraction reaction leaving the unreacted CN bond
ciently than that state having the main part of its energy inlargely with its initial vibrational excitation.

the CN stretch. The weakest mixing occurs for (6@4) and A small influence of the CN stretch can be seen in Fig. 2
(302 states of HCN and therefore, the corresponding rateby comparing the relative rates of the HGN 0,4+ Cl reac-
with chlorine differ most. tion with v;=0, 1, and 2. The observed increase of reactivity

To compare the reaction rates between vibrational stata®flects the properties of the normal-mode model of HCN,
of HCN which are not energetically close together, we tunedvhich accurately describes the highly excited stretching vi-
the excitation laser alternately on a known rotational transibrations in HCN®® A single excitation of one of the two
tion of the two vibrational bands. The required wavelengthstretch modes of HCN corresponds to nuclear motions in
region of the dye laser was obtained by mixing different dyesoth the CH and the CN bonds. Consequently, an excitation
together. The results are listed in Table II. In order to deterof the CN stretch causes a weak vibration in the CH bond
mine the ratio of rate constants between the stg@4) and  and thus an increase of reactivity.
(105 according to EQ.(3) we assume thatP,gs/P1gs Similar mode specific reaction dynamics were observed
~P104/Pgos. This assumption seems to be valid from theby Crim et al*>*!in the reaction of water molecules with Cl
observed CN product state distributions generated in othesind H atoms. They found that the local mode stretching state
HCN(vq,v,,v3,J) reactions. |03)~ promotes the HH,0 as well as the GtH,0 reaction

Figure 2 shows all the relative rates as a function ofmuch more efficiently than the sta@2) ~|2) having part of
internal vibrational energy. The relative rate measurementis energy in bending excitation. Furthermore, the-H,0
clearly demonstrate the mode selectivity in promoting reacreaction is slower when #0 is excited to thg12)~ vibra-
tions by vibrational excitation. The CH stretch moeglepro-  tional state, which has its excitation energy distributed over
motes the C+HCN reaction much more efficiently than the both OH stretches and only two quanta are available along
CN stretch mode’; . The(005) state reacts four times faster, the reaction coordinate, even though the energy of1Bg"
the (006) state even eight times faster than t0@4) state of  level is slightly higher than that §03) ~. These results were
explained by a simple spectator model in which excitation in
the nonreacting OH bond is inefficient in promoting the re-
action.

10

B. The role of reactant rotational excitation on the
reactivity

Because the line intensities in action spectra depend on
both the absorption cross section and the reaction probabil-
. ity, one can measure the reaction rate not only in dependence
on the vibrational state, but also on the rotational state of
HCN. We have studied the influence of highly rotationally
excited HCN on the reaction rate of the reaction

log [reactivity]

-
1

HCN(s, v,v,) + CI = HCl+CN

¢
302

12000 13000 14000 15000 16000 17000 18000 19000

excitation energy / cm’™ HCN(v3=4J)+ ClI—-HCI+CN (4)

FIG. 2. Reactivity for the GFHCN reaction as a function of the excitation DY measuring an action spectrum Of_ thes€0,J)—(vs
energy of HCN. =4,3'=J-1) in the wavelength region 793.5-799 nm.
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HCN (004) < HCN(000) tional levels. The difference of rotational energies between
F'(12)I PI(14)I PI(16)I P|(18)I P|(20)| P|(22)| P'(24)I PI(26) . PI(ZB) \], — 16 and Of the], :28, Erot(28)_ Erot(16)2720 Cmﬁl, |S

HCN (01" 4) < HCN(0110) much less than the vibrational energy of one CH stretch
(Rbench _Qbranch  Pbnch quantum E,;,=3311cm?).

P The increase of reactivity is rather a consequence of a
geometrical constraint of the €HCN reaction. In Sec. Ill D
T‘“}mm we will present measurements of the reaction rate for two

different alignments of the reactants. The observed steric ef-

fect was explained by a favored reaction geometry where the
Cl atom reacts with the H atom end of HCN. When the
rotation of HCN is low compared to the passing time of the
o s s i i 7 Cl atom, the reaction can occur only if the Cl atom ap-
Wavelength A /nm proaches on the H atom end of HCN. However, at fast rota-
tions of HCN, when the time of rotation is faster than the

FIG. 3. Action spectrumlower par) and simulation(upper pait for the — passing time, the CI atom has enough time to find the ideal
CI+HCN(004) reaction. The intensities of rotational lines belonging to high approach geometry.

rotational states witld’>21, marked by arrows, are higher in the action . . . .
spectrum than in the simulation. In order to estimate the typical passing tirfig, we

assume a maximum distance of intermolecular forces be-

tween Cl and HCN ofl=4 A (gas kinetic diameter With a
Figure 3 shows the CN fluorescence siglalver par} as a  thermal relative velocity of

function of the excitation wavelength. Because the signals of
the high rotational transitions are very weak, the action spec-  Vrel™ V2Eco/ =685 m/s ®)

trum could only be measured at higher pressures and delaye optain a mean passing time ©f=d/v,q=0.6 ps. The

times. At a total pressure in the reaction cell of 900 mTorrtime of rotation,T, = 27/ w, is given by the rotational energy
and a time delay of 300 ns, the HCN molecules have about 3

to 4 collisions prior to the CN detection. Thus partial rota- 1 2_3 h 2 6)
tional relaxation might have occurred. By comparing the line T2 Y T2 47cyB e
mtensmes of each rotgt|0|jal transition w ith thpse from theThe energy of a rotational state with the quantum nuniber
simulation(upper part in Fig. B we obtain the information is given by
on the relative reactivity of an individual rotational state of
HCN. The dependence of the reactivity on the rotational E,=2whcoB-J'(J' +1)~2mwhcyB-J'2. @
guantum numbed’ is shown in Fig. 4. While the reaction
rate forJ’' <16 is not affected by rotation, we found an in-
crease of the reactivity for higher rotational levels. HCN T,=(2-¢o-B-J") " 1=11.6 psl’. (€]
molecules in the(v;=4, J'=28) state react about three
times faster than those HCN molecules in thg=4, J’
< 16) states. Thus high rotational excitation of the HCN mol-
ecules can efficiently promote the reaction rate with chIorin%
atoms.

We assume that this effect is not due to the increase 03
the total internal energy in HCN when exciting high rota-

LIF intensity
£
g
=

From Egs.(6) and(7) we finally obtain the time of rotation

For HCN in theJ’ =8 level we obtainT,= 1.5 ps, which is
slower than the passing timg,. Thus the chlorine atom
asses the HCN molecule, which apparently is not moving.
or higher rotational levels with)’>19 the situation
hanges: For example, the time of rotation for HCN in the
"= 28 rotational level isT,=0.4 ps, which is shorter than
the typical passing time.

On the other hand, in the regionrd@’ <26 the reactivity
- - T T - . - of the reaction HCNg¢;=5, J’) + Cl—HCI+CN is indepen-
dent fromJ’. We believe that the reaction rate cannot be
further enhanced by rotational excitation because the reac-
tion of HCN in the highly vibrationally excited state with
v3=5 is already very fasfin Sec. Il A we obtained
k(005) k(004)~4.] Neither did we observe an effect in the
reaction of fast H atoms with HCNg=4). Because of the
high relative velocity of about 12 900 m/s we obtain an ex-
tremely short passing timd,,= 25 fs. Thus for all observed
rotational levels we havé,<T, .

For an attractive potential the speed of the approaching
reactants will be accelerated. Therefore the passing time

rel. reactivity
N
1

o 12 14 16 M8 20 22 24 26 28 might be slightly less than one calculated from thermal ve-
rotational quantum number J' locities. Nevertheless, the order of magnitude of the passing
FIG. 4. Relative rate of the GIHCN(v3=4,J") reaction as a function of time will remain unChanged', .
the rotational quantum numbéf. The reactivity increases with increasing We_ haye already mentioned that the action spec.tr.um
rotational excitation of HCN. shown in Fig. 3 was not measured under nascent conditions
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TABLE lll. CN product state distributions from different EHCN reactions. The vibrational distributions have an uncertainty of ath@u03 forv =0, 1,
andv=2. E,, is the available energy equal By + Eiy— A,HC. E;y is the internal vibrational and rotational energy of HCN equaEg=E,;,+BJ' (J’
+1), J'=9. E,; andE,;, are the rotational and vibrational energies of the CN product.

Experiment Ee®™® Ep® Enb 0v=0 Tot/K v=1  T/K v=2 Trot/K v=3 Tot/K Eol Eup’

CI+HCN(002) 36 79 21 0.86 170845 0.13 9450 <0.01 13.3 3.7
CI+HCN(004y 36 152 94 0.51 91650 0.34 84@40 0.15  746:40 7.2 15.6
CI+HCN(004) 25 152 83 0.52 96660 0.34 82050 0.14 82160 <0.02 7.2 15.3
CI+HCN(302) 25 152 83 0.45 82660 0.43 76@:50 0.12 666130 <0.02 6.5 16.3
CI+HCN(402) 25 177 108 0.68 7360 0.25 75@50 0.07 62650 <0.02 6.0 9.7
CI+HCN(104) 25 177 108 0.71 7360 0.23 71650 0.06 70650 <0.02 6.0 8.4
CI+HCN(005) 25 186 117 0.41 7150 0.38 75@50 0.15  72&50 0.06  53&50 5.8 21.4
CI+HCN(105) 25 211 142 0.65 73(P3 0.25 70&:70 0.10 64660 <0.02 6.0 11.0
CI+HCN(006) 25 221 152 0.34 74680 0.34 61@:30 0.23  69&:60 0.09 666:-60 5.6 26.0

*Reference 21.
PEnergies in kJ/mol.
°Eqn is the average of a distribution of collisional energies. From Ref. 21.

(P-7=0.27 Torrus). Thus the initial preparation of HCN in tionally excited CN products are obtained when Cl reacts
a specific rotational state was scrambled by nonreactive cowith HCN where 6 CH stretch quanta are excitgg. 5,
lisions in the time scale of the measuremeisR energy lower par). Second, we find a mode-specific dependence of
transfer is the primary relaxation pathway for rotationally the CN vibrational excitation. In contrast to the reactions of
excited molecules in our experiment. There are no data foHCN where only the CH stretch mode is excited, an addi-
rotational relaxation of HCN out of th€004) levels, but tional excitation of one CN stretch quantum surprisingly
measurements for th@03 levels? allow an estimation of leads to a decrease of CN vibrational excitation. A fit of the
the rotational relaxation. Wet al*? found that the relaxation spectrum when highly excited HGMO4) is used as reactant
rate of rotational levels with £J3'<15 are at leaskg.g  yields that 71% of the CN radicals are generated 0,
=150 Torr t us™. Thus the relaxation time is 0.2750 23% inv=1, and 6% inv=2. Although the excitation en-
~40 times faster than our time delay. The relaxation of ro-ergy of the(104) state is higher than that of tH804) state,
tational levels with)’ > 25 proceeds slower with a relaxation we obtained a significant change in the former tendency of
rate ofkg.g<<10 Torr ! us*. This means that complete ro- increasing CN vibration with increasing CH stretch excita-
tational relaxation will have occurred only in low lying rota- tion. The CN vibrational excitation decreases again, although
tional levels. On the other hand, most of the HCN moleculessne quantum of CN stretch has been excited in addition to
in high rotational levels did remain in the initially prepared four CH stretch quanta. The same situation was found when
rotational state or in states close to it. Consequently, the{CN was prepared in a state having five quanta of CH
effect of rotational relaxation in hlgh rotational levels was stretch and one quanta of CH stretch excitaﬂé’g_ 5, upper

small. pard. The reaction leads to CN where only 35% of all mol-
ecules are in vibrationally excited statas>0), compared
C. Influence of the initial HCN excitation on the CN to 59% when

product state distribution

The complete CN product state distribution is obtained
by probing the rovibrational transitions of thB 237
—X 23* system. Simulations of the CN spectrum were used B — I
to fit all observed rotational lines. We have already reported S AR AR R
the product state distribution of CN in the reaction of chlo- henaos) 1 - oo R T
rine atoms with HCN002, HCN(004), HCN(302, and
HCN(105.% In this paper we will continue the investigation
by analyzing the reactions of Cl atoms with HCI04),
HCN(402), HCN(005, and HCNO0O06). The characteristic
guantities of all CN product state distributions are listed in HON@08) + Gl Hol+ ON
Table Ill. The main result is that the amount of vibrational Nm

LIF intensity

excitation in the CN product depends strongly on the initially
prepared vibrational state of HCN. First, we find that the CN
vibration increases linearly with increasing pure CH-stretch A% o AR R %
excitation. The reaction of Cl with HCNg=2) leads to less Wavelength /nm

vibrationally excited CN products with population ratios of _ ) )
P(v=0):P(v=1):P(v=2)=86%:13%<1%, while the FIG. 5. Laser-induced fluorescence spectra of CN generated in the reactions

. . . of chlorine atoms with HCN in thé€105) state(upper partand in the(006)
reaction of Cl with HCN@3=4) leads to CN products with = giate(jower pan. The reactions lead to different CN product state distribu-

52% inv =0, 34% inv=1, and 14% irv = 2. Highly vibra- tions.
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30 , , — . . i can assume that the reaction only occurs if the CH bond is
lengthened, i.e., at the upper left corner of the probability
density diagram of Figs.(@ and 7b), where the probability
3.005) is highest(classical turning poinjs because the high-energy
eigenstates are strongly anharmonic. Since the CN bond is
%(302) compressed at the turning point, at the end of the reaction the
o CN molecule will be vibrationally excited. The observed
104 $(105) variation of the product state distribution when exciting an
%5‘1‘83 additional quantum of CN stretch reflects the properties of
% 33 ¢ 3 the vibrational wave functions of HCN, too. Figuregj7and
*(002) 7(d) show the wave functions for HCN in the statg<94)
and (105). Because the vibrational quantum numbaris
now equal to one, the two states have a regular structure with
an additional node along the second stretch coordinate. In
FIG. 6. Vibrational and rotational energy of the CN product as a function ofCOntraSt to the cas.e discussed above, the end Peak with the
the HCN excitation energy. The chlorine atoms in the-BCN(002) reac-  largest CH bond distance has now a CN bond distance close
tion are generated from the photolysis of, @ 308 nm. The vibrational to the equilibrium distance of the free CN molecule. If the
energy of CN from the reaction of Cl with HCN(@), »;=2-6, can be  reaction proceeds via a direct stripping mechanism, then the
fitted by a straight line. CN product should not be vibrationally excited which is ex-
actly what was observed in our experiments. This assump-

HCN is excited to th€005) state. The additional excitation tion agrees with the qualitative spectator model from Sec.

of one quantum of CN stretch does not increase the vibratioH! A, because the CN product vibrational excitation directly
of the CN product. reflects the nodal pattern of the vibrational wave function in

On the other hand, the state distributions of CN are simithe excited HCN molecule. However, it should be mentioned
lar when HCN is excited to the isoenergetic sta®4) and  that this simple model neglects any influence of the ap-
(302. The CN vibrational energy in the reactions Proaching Cl atom on the IEH-CN coordinates of the
HCN(004+Cl and HCN302+Cl are 15.5 and 16.3 kJ/mol, Potential-energy surface.
respectively(Table Ill). Further on, we find a similar vibra- The vibrational excitation of the CN molecule seems to
tional energy release in the CN product when HCN is excited?© @ consequence of the initial vibration of HCN. This as-
to the isoenergetit104) and(402) state8.4 and 9.7 kJ/mol, sumption is also confirmed by the results of the-HCN
respectively. We believe that the 3:2 anharmonic resonance€action(2).?* Figure 8 illustrates this by comparing the state
is responsible for an increased complexity of our state seledistributions of the CN fragment from both the chlorine and
tive data. The two state€04) and (402 that undergo the the hydrogen reaction. Both reactions produce CN with a
strongest anharmonic interaction lead to CN products wittvery similar vibrational distribution, suggesting that the vi-
vibrational energies differing only by 15%. For the last reso-brational state distribution is not determined by mass effects.
nant pairs (205} (502) we could not measure nascent CN With respect to our interpretation it is important to point
spectra in order to compare the CN state distribution. out that the eigenstates of HCN, depicted in Fig. 7, are only

The mode specific dependence of the CN vibrational excorrect for the free molecule. They are more complicated
citation is illustrated in Fig. 6 where the internal CN energieswhen the Cl atom approaches the HCN molecule. Thus exact
(vibration and rotation are depicted as a function of the explanations can only be made with quantum mechanical
HCN excitation energy. First of all, it is surprising that the calculations of the complete four-atom system+-GICN.

CN vibration increases with increasing CH stretch excitation. ~ The main result concerning the rotational distribution of
As we can see in Fig. 6 the vibrational energy increase€N is that each distribution can be well characterized by
almost linearly with the excitation energy of the H@w;) rotational temperatures. In general, the CN products from the
states withv;=2, 4, 5, and 6. We believe that the observedreaction of Cl with vibrationally excited HCN are rotation-
increase of the product vibrational energy is due to theally cold (Table Ill). The only exception is the reaction
normal-mode model of the initially prepared vibrational CI+HCN(002—HCI+CN which produces CN products
states of HCN. As we have described in Sec. Il A, afterwith the characteristic temperature parametersT @f =0)
exciting the pure CH stretch mode of HCN, not only the CH=1700 K andT(v=1)=945 K.2! The rotational energy of
bond, but also the CN bond is in motion. If the reaction isthe CN products slightly decreases with increasing HCN ex-
direct (e.g., stripping reactionand the initial motion in the citation (see Fig. . The lowest rotational excitation of CN
CN bond is transferred into the CN product, an excitation offrom the reaction with Cl is obtained for HGBD6), where

the CH stretch causes a weak vibrational excitation of thehe CN product receives only 4% of the energy available to
CN product. A qualitative quantum mechanical explanatiorthe reaction E,;=5.6 kJ/mol). Even less rotational excita-
could be as follows. Figure 7 shows various wave functiongion of CN is obtained from the reaction of hydrogen atoms
for HCN as functions of the internal bond distan¢adapted  with HCN(002 and HCN004)?* (Fig. 8). At a collision en-
from Ref. 43. The dashed line indicates the bond length ofergy of 80 kJ/mol, only 4.5 kJ/mo{002 and 3.8 kJ/mol
the free CN radical. In the case of the (@) states of HCN, (004) remain in the CN product rotation.

the CN distance decreases with increasing CH distance. One Since the temperatures of the experimental CN rotational

25 rot $(006)

»
=1
1

-
»
1

(% }at 308 nm

E;y / kdmol -1

4000 6000 8000 10000 12000 14000 16000 18000 20000
excitation energy E/cm’
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FIG. 7. W2 contour plots of the wave function of some HCN overtones, adapted from Ref. 43. The wave functions are easily identified by counting the nodal
planes;(a) 002; (b) 005; (c) 104; and(d) 105. The dashed line indicates the bond length of the free CN radical.

distributions for the H/GFHCN reactions are low, we as- D. Influence of the collision energy on the CN product
sume that both reactions produce CN mainly by directState distribution
mechanisms with a collinear transition state. This result |, order to study the influence of the collision energy on

agrees well with theoretical results by _Cléf‘y. the product state distribution a shorter photolysis wavelength
The cause for the rotational excitation of the CN producty g ysed. when ¢ls photodissociated at 308 nm instead of
from the reaction HHCN—H,+CN are manifold. Rota- 355 nm, the collision energy of the system CI/HCN increases

tional exgltatlons may result from the zero-point energy Ofby 11 kJ/mol from 25 to 36 kJ/m3L However, this increase
the bending mode of HCN, from their cone of acceptance for

the H atom(large orbital angular momentynor from the in collision energy has no significant (_affc_act on the C.N prod-
initial rotation of the HCN molecule. To examine the role of uct state dlstrlbuthr(see Table 1D This is also confirmed
the initial HCN rotation on the CN product rotation we pre- by the stud3/4oli (/Zrlml and c%-wcr)]rkers w_ho usidljh%r[)rr;al cl
pared the HCN molecule in different rotational levels of theatoms Ecoi=4 kd/mol) to study the reaction with HGBD4)

(004 vibrational state. The rotational distribution of GN( leading to the.same CN product state distribution as.in the
=0) was obtained by probing th® branch of the ¢’ present experiment. Therefore the+EBICN(004) reaction

—=0«p=0) transition in the wavelength region of 388.5— 9enerates CN products with the same amount of vibrational

387.5 nm. We prepared the HCN molecule in rotational€N€rgy over a wide range of collisional energies. Therefore
states with rotational quantum numbersJof=2, 9, and 16.  the translational energy of the reactants is not responsible for
Al rotational distributions are well characterized by Boltz- the vibrational excitation of the CN product as an impulsive
mann distributions and the respective temperatures fofodel would suggest. It is rather due to the initial vibrational
CN(v=0) are 490 K- 7%, 530 K+5%, and 620 K-4%. excitation of the HCN moleculéSec. 11l O.

The rotational excitation of the CN product increases with  Likewise, no significant effect of the collision energy on
increasing rotational excitation of the HCN product. There-the observed vibrational distribution of CN was found for the
fore we observe a positive correlation between reactant anlllydrogen reactior{2). The reactions of HCN{z=4) with
product rotation. thermal H atoms E ;=4 kJ/mo) and photolytic H atoms
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FIG. 8. Vibrational state distribution and rotational temperatures of CN
produced in the reactions of H and Cl atoms with vibrationally excited
HCN(00wv3).

(E¢on=80 kd/mol) lead to very similar vibrational distribu-
tions of the CN product: The CN vibrational energies are
12.7 and 14.9 kJ/mol, respectively. Again, the vibrational
excitation of CN cannot be a consequence of using fast H
atoms with high translational energy. Therefore one would™'G: 9 Schematic view of the two approach geometries after preparation of
. . . o the reactants with linearly polarized lightf) E¢,el Ehor@and(b) Eeyd Ephot-
predict a low product vibrational excitation of the CN frag- P P
ment when fast hydrogen atoms react with HCN in the vi-

brational ground state. This assumption was confirmed by)f Cl, at 355 nm as well as the hydrogen atoms from the
2

Lambertet al*® and Johnstoret al*® who observed a CN . : .
C e S . : . photolysis of methanethiol at 266 nm show an angular dis-
state distribution which is characterized by a relatively high_ . = . o . .
tribution, which is described by an anisotropy parameter of

rotational and low vibrational energy release, similar to the ,~ o e
Cl+HCN(002) reaction(Table 1. B=—1 (see Sec. )l Thus the photolysis is a prompt disso

ciation following excitation via a transition dipole momeunt

which lies perpendicular to the molecular bond. Thus the

angular distributions of the hydrogen and chlorine atoms
In order to study the steric effect in the reactions ofnearly have a s distribution and the most probable flight

H+HCN(»3=2,4—H,+CN  and  CHHCN(1,=2,4  path lies in thexy plane(Fig. 9).

—HCI+CN, the reactants were optically aligned using lin-  The transition dipole moment of the HCK — '3 tran-

early polarized laser light. All relative rate measurementssition lies along the intermolecular axis of the molecule.

were performed for two different reactant approach geomThus the linearly polarized laser beam selects HCN mol-
etries by rotating the polarization vect@,, of the HCN  €cules whose intermolecular axes have an initial distribution

excitation laser beam with respect to the vedgk, of the ~ Of cos 6, whered is the angle betweep andEey (Fig. 9.
photolysis laser beam. Because the HCN molecule rotates prior to collision, the

The fragments of the photodissociation show an anisodegree of alignment depends strongly on the rotational state

tropic distribution of recoil velocities, which has an expres-0f HCN. The exact quantitative expressions for this align-
sion of the form ment are described by zaf®.

In a forthcoming papé? equations are developed which
P(9)=[1+ B-Py(cos &)]/4m. (9)

allow a relatively easy conversion of experimental results to
P(9) is the probability to realize a certain angle which is

the angle of attack. A qualitative understanding of the influ-
the angle between the polarization vedioand the direction €nce of polarized light on the preferred reaction geometry
of the velocity of the photofragmere,(cos9) is the second  an be extracted from Fig. 9 which shows the approach ge-
Legendre polynomial, and the so-calle@ parameter” pro-

ometry of the reactants if the polarization vecky;. of the
vides a quantitative measure of the recoil anisottdpyhe ~ HCN excitation laser beam is perpendicul&ig. 9a)] or
parameter range varies from2 for a pure cos distribu-

parallel [Fig. 9b)] to the polarization vectoE, of the
tion to —1 for a pure siA 9 distribution. For8=0, the dis-  photolysis laser beam. In the first cade.{,L Epnod» the fa-
tribution is isotropic. The chlorine atoms from the photolysisvored approach geometry for the photolysis fragments is

E. Stereospecific reaction dynamics
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transition state. However, a further increasevgfexcitation
leads to an alignment effect which is closeSe 1.0. Thus
the reaction of Cl with HCKXD04) favors an approach geom-
etry, where the angle of acceptance has increased and the ClI
atom may also attack the HCN molecule broadside. This
observation can be explained by the cone-of-acceptance
7 model for the reaction GIHCN.*® For low vibrational exci-
tation of HCN, only a narrow range of Cl atom approach
. angles can lead to a reaction. An increase of vibrational ex-
citation widens the cone of acceptance, so that the chlorine
atoms can strike the HCN at larger angles. The restriction to
ol a collinear reaction geometry is less if the CH bond in HCN
measurement is vibrationally excited. As a consequence the reaction prob-
. o ability increases, while the alignment eff&tlecreases. Fur-
FIG. 10. Relative reactivity of the HHCN(v3=4,J)—H,+CN system .
measured in alternating order of the two approach geometries. The HCIEhermore' the cone of acceptance Is Iarger for the bUIky Cl
molecule is excited to the vibrational state via R€L) and theR(8) rota-  atoms than for the H atoms. Similar results were found by
tional transitions. Solid circles mark the relative rates with the polarizationoeschet al>®°tin the reaction of Li/k-HF. They found a
vectors_aligned per_per?dicular to ea_ch other, while open circles mark th%jecrease of the alignment effect, when the bulky K atom
rates with the polarization vectors aligned parallel to each other. . . L . .
reacts instead of Li. This gives evidence that the size of the
reacting atom may have an influence on the PES in the re-
egion of the transition state and hence, on the cone of accep-
tance. But this assumption has to be confirmed by quantum
mechanical or quasiclassical trajectory studi@3C). We
will present a more general and quantitative description of
Yhe different approach geometry and the cone-of-acceptance
model in a separate pap®r.

1200

1000 |-

CN - Signal

both end-on and side-on with respect to the HCN molecul
In the second caseE(,d Epng), the fragments preferentially
approach the broadside of HQkide-or). The rotation of the
polarization plane of the excitation laser beam was simpl
achieved by a\/2 plate which was mounted in front of the
entrance window of the reaction chamber.

To determine the effect of molecular alignment on the .
reactivity we tuned the probe laser to tRé8) rotational line ~ F- RRKM calculation

of CN(v=0) and measured the laser-induced fluorescence e calculated the vibrational population of CN with a
intensity for the perpendicular and the parallel case. Meagimple extension of the Rice—Ramsperger—Kassel-Marcus
CN signals of one reaction geometry were obtained by SUZ(RRKM) theory where one assumes that the CN stretch vi-
ming up over 400 single measurements. This was repeatagstation of the transition state migrates adiabatically into vi-
several times with altering approach geometry. The result fopration of the CN radical. Using this assumption one yields
the H+-HCN(v3=4,J)—H,+CN reaction is shown in Fig. for the vibrational population of the CN product

10. The HCN molecule was excited to the vibrational state

via the R(1) and theR(8) rotational transitions. The time )= @

delay between the excitation/photolysis laser and the probe k(E)'

laser was 230 ns, at a total pressure in the reaction cell of 5QQherek(E) is the RRKM rate ank(v) is the RRKM rate
mTorr. Figure 10 clearly shows that the signal intensity is\yith a vibrational guantum number of in the transition
higher for the perpendicular case than for the parallel casgtate. The proposed reaction pathways and geometries of the
The signals are used to calculate the alignment effects dgransition states are shown in Fig. 11. The used constants for
fined by HHCN and CIHCN are listed in Table IV.
S=1,/,. (10) The results of the RRKM calculation are listed in Table

i o i V. As can be seen, both the €HCN and the H-HCN
We obtain a small but significant alignment effect 8f  o5tion should generate less vibrationally excited CN prod-
=1.07+0.03 for theR(1) and 1.09-0.03 for theR(8) r0- 45 than are observed in the experiment. Therefore RRKM
tational line of HCN. A value o5>1 indicates a preference theory is not appropriate to describe the HEICN
of the approach geometry, where the atoms preferentially |+ cN reaction. So we conclude that there is not

_attacrI: the I;(?N mc?ll_ecule er:lq-_on. Thf”z the production of _cl:Nenough time for energy randomization. Both reactions seem
is enhanced for collinear collisions of the reactants. A similah, o oceed rather direct.

result is obtained for the reaction of H atoms with HGI(
=2), having an alignment effect §=1.12. G
In the same way we measured the steric effect for the
chlorine reaction(1). HCN was excited via thdk(8) rota- To study the details of how reactant vibrational excita-
tional line to the(002) and(004) vibrational levels. Interest- tion influences reactivity and product state energy partition-
ingly, we find a mode-specific dependence of the alignmening, we performed quasiclassical trajectory calculations
effectS. If HCN is excited to thg002) state we measured a (QTC) for the forward reactior(2). Several quantum theo-
significant preference for the perpendicular case, indicatingetical results have been reported concerning the mode-
that the reaction HCN,=2)+Cl proceeds via a collinear specific reaction rates in HHCN(vy,v,,v5)—H,+CN.5253

. Trajectory study
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FIG. 12. Reaction probability for HHCN(»4,0,1,)—H,+CN as a function
of the collisional energyin kJ/mo). The reaction probability is equal to the

j\ 15250 number of trajectories leading to the products divided by the total number of
200 trajectories.
H@N 131 . 165 113 J
1504 =2ty By
1001 N e ~——————_ HCHCN . . .
z ol ——% i p  — The surface shows a late barrier with bond distances at the
E 50 — . 1 saddle point HHCN of ry4,=0.85A, rcy=1.42 A, and
% o) CIHHON ;b ~ ren=1.165A. The bond distances of the products atd
E Hﬁ CN are 0.742 and 1.164 A, respectively. Classical trajecto-
-507 Nolzy ries were obtained using the classical perturbation theory ap-
1004 CIM proach for determining good action-angle varialie$?
e _ This procedure leads us to specify the initial semiclassical
reaction coordinate o states of HCN accurately.

FIG. 11. Reaction geometries and pathwéRefs. 16 and 2B8used in the The total reaction prObabll.ltleS. for HHCN(OO]" 00.2' .
RRKM calculations, Distances are given in A. 003, 004, 101, 302are plotted in Fig. 11. The results indi-
cate that the reaction threshold is lowered efficiently by vi-
brational excitation of HCN. This result is consistent with
Our trajectories were calculated for a collinear reaction gethe fact that reactiofil) has a late barrier. More specifically,
ometry of the four atoms. We used a LEPS-like potential-the threshold is lowered more effectively by exciting the CH
energy surfacéPES of the form stretch than by exciting the CN stretch. While the reaction of
HCN in the (001) state occurs at collision energies
>44 kJ/mol, no reaction at any collision energy was found if
+Vu(ren), (11)  only the CN stretch up te;<3 is excited. The same result
was found when HCN is in the vibrational ground state
(000). Thus the endothermic reaction with a late barrier can-
not be promoted either by translational excitation nor by CN

a modifieg‘sl;/(lsorse potential to describe the CN interactiongyach excitation. This is in good agreement to experimental
Other PES**"of Sun and Clary do not reproduce the HCN (g its and theoretical results obtained by Takayanagi and

vibrational normal modes with such high accuracy. Using thes.pa152 who found a very small cross section for the
parameters shown in Table VI the reaction enthalpy of Ourl—|CN(060)+H reaction at translational  energies
potential surface is 91 kJ/mol and the classical barrier of the, 114 \ 3/mol.

forward reaction is 113 kJ/mol which both are in good agree- 1 L cN is excited to different but isoenergetic vibra-

ment with theoretical results. The CH and Cl\}l\bond distanceaonm stategsuch as(004 and (302)], the threshold is al-
in the free HCN molecule are 1.00 and 1.17 A, respectivelyy v jower for the vibrational state where mainly the CH

mode is excited. In Fig. 12 it can also be seen that pure CH

V(ryrmsFenr s fensTen) = Vierd T e o eh)

which was developed by BrooRS.
HereV gpsis a three-body LEPS-type surface avg is

TABLE IV. Constants of the transition statéRefs. 16 and 28 excitation increases the reaction probability more efficiently
than CN excitation. At collision energies lower than 22 kJ/
A B C D E F mol the reactivity for HCNOO4) is larger than for
o fom 3350 3058 2275 3505 3236 2966 HCN(SOZ). However, at higher colli_siqn energies the reac-
w,lem L 1950 1761 2110 2375 2104 1821 tive rate changes are reversed. This is due to the restriction
wzlem™ 1000 1451 771 952 1260 186 Wwe have made in the QCT study, namely that the reaction
wglom™ 641 1046 213 906 991 88 can only proceed via a collinear collision geometry. How-
ZS; gmj 844 3;;; 282 42753 ever, as we have seen from the experim@ec. IIl B), re-
wf,cmfl 1303 1004 763 374 action geometries with a wide cone of acceptance can occur.

Energy/kJ mot?® 44.77 —79.91 127.61 53.1 17.1 113 This mlght also eXplain Why the calculated vibrational CN
distributions are higher than the one we measured in the
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TABLE V. Results of the RRKM calculations fd&+HCN(0,0p3) — RH+CN(v) using the quantities given in
Table IV. For a better comparison the experimental results are also listed.

Econ v=0 v=1 v=2 v=3 v=4 v="5

(umol [ [l (% [%] (%] (%
H+HCN(002RRKM 80 98 2 0 0 0 0
H+HCN(002EXxp. 80 95 <5 0 0 0 0
H+HCN(003RRKM 80 84 15 1 0 0 0
H+HCN(004HRRKM 80 69 24 6 1 0 0
H+HCN(004Exp. 80 53 33 14 0 0 0
H+HCN(005RRKM 80 60 28 9 2 0.4 0
H+HCN(006RRKM 80 52 30 12 5 1 0.3
Cl+HCN(002RRKM 36 100 0 0 0 0 0
Cl+HCN(002EXxp. 36 86 13 <1 0 0 0
Cl+HCN(003RRKM 25 100 0 0 0 0 0
CI+HCN(004RRKM 25 96 4 0 0 0 0
Cl+HCN(004EXxp. 25 51 34 15 0 0 0
CI+HCN(005RRKM 25 89 11 0.4 0 0 0
Cl+HCN(005EXp. 25 41 38 15 6 0 0
Cl+HCN(006RRKM 25 78 20 2 0.1 0 0
Cl+HCN(006)Exp. 25 34 34 23 <9 0 0

experiment. At a collision energy of.,;=80 kJ/mol the both CH and CN stretch modes of HCN. Again, the calcu-
QCT calculation leads to CN vibrational distributiofgy  lated ratekoos/ ks, is in good agreement with the experimen-
—0):P(v=1):P(v=2):P(v=3) of 0.51:0.39:0.10:0.0 for tal result Koos/kzo;=<4).**
the HCNOO02 reaction and 0.10:0.30:0.23:0.35 for the We also calculated the energy release into the vibration
HCN(004) reaction. of the H, product at a thermal collision energy of 4 kJ/mol.
Thus one can assume that the reaction will proceed vidVhen HCN is in the(002) vibrational state, about 12%,
the collinear transition state if the collision energy is thermal.64%, and 24% of the total available energy are located in CN
Figure 13 shows the result of the trajectory calculation withvibration, H, vibration, and in product translation, respec-
a Boltzmann-like collisional energy distribution at 300 K tively. If HCN is excited to the(004) vibrational state, the
which was obtained by arbitrarily choosing a collision en-energy release was found to be 21%, 61%, and 18%, respec-
ergy between 0 and 50 kJ/mol for each trajectory. At the endively. Thus about 2/3 of the available energy are located in
of the trajectories, the reaction probability is weighted bythe H, vibration. This result is consistent with theoretical
P(Econ) = Econ- €Xp(—Ego/KT). This leads to a mean colli- results showing that vibrational excitation of, idan effi-
sion energy of 4 kJ/mol. Figure 13 compares the QCT result§iently promote the reverse reactiog HCN—H-+HCN and
with our experimental results where thermal hydrogen atom#hat a significant energy transfer into the vibration of the CN
were used as collision partners. The translational relaxatiofroduct must occur. The CN internal energy release in-
is achieved by adding He into the reaction cell, as describe@reases with increasing CH stretch excitation which is also
in Ref. 21. In the upper part of Fig. 13 the CN vibrational found in the experimentSec. Il O.
distributions are plotted which belong to thetHHICN(v5
=2) reaction, while in the lower part those which belong to
Fhe H+HCN(v3;=4) reaction are plotted. In both cases there|, concLUSIONS
is a very good agreement between the QCT result and the
experiment. The calculated rates of reactivity &ggs/Kooo We used vibrational overtone excitation to prepare HCN
=34+ 4, Kgga/Kgpz= 5.7 0.6, andkgga/kzgo= 3.7+ 0.4. Thus  molecules in a specific rotational and vibrational state and to
the reactivity is enhanced by a factor of 2943 when HCN  study the influence of reactant excitation on the endothermic
is excited to the(004) state instead 0002). Furthermore, reactions HHHCN—H,+CN and Ch-HCN—HCI+CN. In
the reactivity is larger when the vibrational energy is locatedthe reaction of chlorine atoms with HCN, the CH stretch
only in the CH mode, instead of locating the same energy irmode promotes reaction much more efficiently than the CN
stretch mode. Thus channeling energy into the reaction co-
ordinate will increase the reactivity while energy located in a

TABLE V1. Parameters used in the potential-energy functidePS. Other  cqordinate perpendicular to the reaction coordinate will have

parameters: pcy=—0.136, pcy=-—0.059, and q:0.75agl. a

hartree-219 400 cm?, a,—0.529 177 A, no or only a minor mflyence on t_he_reactlon rate. Thege
results are consistent with the qualitative spectator model in
AB D g /hartree Baglag* r%s/ag Apg which excitation in the nonreacting CN bond has no effect
on the reactivity. The reactions of chlorine atoms with HCN
HH 017 1.0583 1.4014 0.1 in vibrational states having similar energy but correspondin
CcH' 0.1528 0.9245 1.9993 0.1 : gs 9y P 9
CH 0.2102 0.9245 1.9993 01 to very different nuclear motions demonstrate the mode spe-
CN 0.350 59 1.4065 2.1864 - cific behavior of the reactivity. The results agree with a
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simple, direct reaction mechanism without complex forma- wol ' ' T
tion. The reaction must be fast without time left for energy 90417
redistribution. g
Furthermore, the product vibrational energy is strongly 60]
influenced by the initial vibrational state of HCN. The vibra- 504
tional energy of the CN product distribution in the chlorine ‘;3 7
reaction could qualitatively be explained by the nodal pattern 0]l b
of the vibrational wave function of the HCN molecule. 07
Hence the CN product vibration is a consequence of the ini-
tial vibrational excitation of the HCN molecule. This is again
in accordance with the spectator model in which the nonre-
acting CN bond does not participate in the reaction and is
confirmed by the observation that neither different collisional
energies of the reactants nor different masses of the reacting ,
atom (H/CI) have a significant influence on the vibrational 20 1/' Z
distribution of CN. 10]
Reactions from different rotational states of HGHN( B
=4) show the influence of an initial rotation of HCN on the 0
reaction. The rotational excitation of HCN promotes the
CI+HCN reaction very efficiently, suggesting a geometricaIF'G- 13. Vibrational state distribution of CN for the _reactions
constraint on the reaction. At low rotations of HCN, the re-E*HCN(OOZ) (upper partand Ht HCN(004) (lower pan). Comparison of
. . e results obtained from the experiment and the trajectory study is shown.
action can occur only if the Cl atom approaches on the H
atom end of HCN, whereas at fast rotations of HCN, the CI
atom has sufficient time to find the ideal approach geometry. _ _ _
These observations suggest that the relative orientation of theg/ligii ('i’g%g'fOWSk" W. R. Simpson, and R. N. Zare, J. Phys. Chefn.
reactants strongly affects the reaction rate, which is con<s s grown, R. B. Metz, H. L. Berghout, and F. F. Crim, J. Chem. Phys.
firmed by our measurements with optically aligned reactants. 105 6293(1996.
In the case of HHCN and CHHCN the CN is predomi- 9;hA;uiié§a;'g§ri§éFl.gg%hmid, R.-J. Li, I. Bar, and S. Rosenwaks, Chem.
nantly formed in a collinear reaction geometry, but for the; }I;e.rkow.itz, G. B. Ellison, and D. Gutman, J. Phys. Cha®,. 2744
latter reaction there is less restriction to a collinear geometry (1994,
if the CH bond in HCN is highly vibrationally excited. The M. J. Frost, I. W. Smith, and R. D. Spencer-Smith, J. Chem. Soc. Faraday
additional experimental measurements have changed OlIL‘rITr"j‘R”SS-?ni"S 2:5(?519\/33'-\/' Smith, J. Chem. Soc. Faraday Trang5/i915
original picture of the reaction dynamics, namely with regard ('195'39. T T I y
to the existence of complex formatirigained from similar = g, Harding, J. Phys. Cheni00 10123(1996.
results of HCNOO4) and HCN302) reactiong, now favoring 143, de Juan, S. Callister, H. Reisler, G. A. Segal, and C. J. Wittig, J. Chem.
a pure direct abstraction. The conclusion agrees with theg;P"s-89 1977(1988.
retical results of Harding and Bairet al*® who predict the (H:hesrﬁ'_‘;‘f"g;g*('lg%_Wag”e“ and J. B. Wolfrum, Ber. Bunsenges. Phys.
lowest energy route for both reactions to be a direct, collin46Rr. A, Bair and T. H. Dunning, Jr., J. Chem. Ph@g, 2280(1985.
ear abstraction. The detailed information from our measurel_7H. M. Lambert, T. Carrington, S. V. Filseth, and C. M. Sadowski, J. Phys.
ments offers a possibility for comparison with results ob—lSChem'w' 128(1993.

. . . . . G. W. Johnston and R. Bersohn, J. Chem. PB(¥s.7096(1989.
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