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Rate constants for the unimolecular dissociation of ke(@#CO) and deuterated ketet€D,CO)

have been measured at the threshold for the production of(8HB,) or CD, (X B,) and CO

(X 13 7") by photofragmentation in a cold jet. The rate constant increases in a stepwise manner as
energy increases. This is in accord with the long-standing premise that the rate of a unimolecular
reaction is controlled by flux through quantized transition-state thresholds at each energy level for
vibrational motion orthogonal to the reaction coordinate. The first step in rate constant and/or
photofragment excitatioPHOFEX) spectrum gives accurate values for the barrier to dissociation
above the zero-point energy of the products, 128% cm * for CH,CO and 107%40 cm ! for
CD,CO. The measured rate constants are fit by Rice—Ramsperger—Kassel—-(®R&ld) theory.

The vibrational frequencies at the transition state obtained from the fits are comparexdb wittio

results. Vibrational motions at the transition state orthogonal to the reaction coordinate are also
revealed in CO product rotational distributions. Calculations using an impulsive model which
includes vibrational motions at the transition state reproduce the experimental dependence of the
PHOFEX spectra on the CQ state quite well. The small dependence of rate constant on jet
temperaturé4—30 K) indicates that th&, quantum number for rotation about its symmetry axis is
conserved in the energized ketene molecule1®@5 American Institute of Physics.

I. INTRODUCTION tures have also been calculated for8, by Leforestier and
Miller® and in a more approximate way for#, (Ref. 9

T ition- h T I in th .
ransition-state theory(TST) was developed in the nd H+H, (Ref. 10 by Bowman. In experimental rate stud-

1930's and has been widely used in describing chemicaf*

reaction rates. TST is a statistical theory based on the fundi€S: SInce the initial conditions for bimolecular reactions are

mental assumptions that there is a local equilibrium betweeﬁveraged over total angular momentdimpact parameter

reactants and molecules crossing the transition state towafwd usually over thermal distributions of initial energy and

products along the reaction coordinate and that the molecu@:éigru?mf)ﬁtﬁé dﬂ;?}fleHs;[/\r/l:\:/grref(S)r?Jrr?imp(;lee(ill(jf:?r;gcggngom-
crossing through the transition state proceeds to product% y ) . ' L ! K
without recrossing. Even though TST has been enormouslmuch B thls_a_v_erag|_ng may be eliminated exp(_erlmentally
successful, the validity of these fundamental assumptions haéndS t:tetr?eoifézllslitt)i/oi)(lsst;steto observe these quantized thresh-
been debated for decades. Rate constants may be calcula%g The Rice—Ramsper e;—KasseI—MaijRKM) theor
rigorously, given an exact potential energy surf@eeS, by . . MSperg . meory
solving the Schiidinger’s equation for the full quantum- is a mlcrocanohlcal e'nsemble version of tri%nsmon state
state-resolved scattering matrix, calculating the Cumulativ%heory for treating unimolecular reaction ratéSRRKM

reaction probabilityf CRP as a function of total energy and 'r:)i%rlyslczgaslsiﬁc:h%net?gt:gdr:;“(;)lgghIae sztjemeptllj);”s thraotbaal:)l\gbarg(-j
angular momentum, and averaging over the distributions o? qually p

initial energy and quantum staté.Miller has derived a rig- dheatrg]ees \g?rf?gggg;egfrgyr:tzw;Jrcehelfgsgog]%rﬁhtehg?:;iggn
orous quantum mechanical formulation which allows the Y

CRP to be calculated directly from computations on a grid inrate. In RRKM theory, the ra.te c_onstant for total enefgy
the region of the transition state without explicitly calculat- and total angular momentuthis given by

ing the scattering matrix, a “transition-state theory” without W(E,J)

approximation$=~’ Truhlar and co-workefsand Miller and k(E,J)= hp(E,J) @
co-worker§ reported steplike structures in such rigorously . ) )
calculated CRP’s for the HH, reaction; this shows that the Where W(E,J) is the number of energetically accessible

CRP is controlled by quantized vibrational thresholds at thetates for vibration orthogonal to the reaction coordinate at
transition state as in the not so rigorous TST. Similar structh€ transition statey(E,J) is the density of vibrational states
of the reactant, ant is Planck’s constant. The rate constant

increases stepwise as the energy increases through each vi-
dpresent address: Division of Chemistry and Chemical Engineering, Ca"brational level or threshold at the transition state. This step
fornia Institute of Technology, Pasadena, California 91125. ’

PPermanent address: NOAA/ERL/Aeronomy, R/E/AL-2, 325 Broadway, _StrUCtur_e fromW(E,J) is apparently.not an arti_faCt of .treat-
Boulder, Colorado 80303. ing motion along the reaction coordinate classically since the
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quantum treatments of CRPC exhibit quite similar struc-

tures. RRKM theory presumes that motion along the reaction 1
coordinate is decoupled from the bound vibrational motions
at the transition state. The passage through the transition
state is then vibrationally adiabatic, and the vibrational levels
are defined over a sufficiently broad region near the transi-
tion state to give well-defined reaction thresholds or quan-
tized channels connecting reactant to products.

The RRKM theory has been used widely for many de-
cades, and yet because of the lack of knowledge about po-
tential energy surface®ES in the vicinity of the transition
state, vibrational frequencies at the transition state have been
guessed or simply fit to explain thermally averaged experi- z =
mental results. Due to the difficulty of resolving spectra of /k,
highly vibrationally excited reactant states, the density of v Msc g e
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reactant states in Eq1l) has usually been estimated from

data at much lower energies rather than measured directly. CH,CO

Recent spectroscopic studies have shown that the actual den- -

sity of states for a number of small molecu[¢$CCH (Ref. REACTION COORDINATE

13), HFCO(Ref. 19, D,CO (Ref. 15, CH;0O (Ref. 16, NO,

(Refs. 17 and 1§ is three to ten times higher than predicted _

by estimates based on levels at sgnificantly lower energy. ©1%, 1. The Ivee onest potente sneroy suteces of i sl e
With the recent development of molecular beams andhe first excited singlet stateS(), undergoes internal conversion g and

lasers, it is now possible to measure rate constants for reaguersystem crossing 6, , and dissociates inttCH, (& *A;) +CO (singlet

tants with well-defined initial conditions. A pulsed jet expan- channel or °CH, (X °B4)+CO (triplet channel fragments.

sion is used to minimize the internal thermal energy and

angular momentum of the molecule in its ground state, while_ _;

; ) ) cm ! above threshold”?® Thus the transition state must
high-resolution lasers are used to excite the molecule to well- . L _
ove from loose to tight within a few tens of ¢th

defined reactant states and probe the fragments W'tW The three lowest electronic states of ketene are the

quantum-stat.e resolutlon_. In addition, repent hlgh-_lev.el quan(::)round singlet stateS;), the first excited singlet states(),
tum mechanical calculations now provide quantitative pre-

dictions for the properties of transition states of smalland the first triplet stateTq). The ketene molecule in its

9 . . . ground state is UV laser excited{—S,), internally con-
moleculest® Therefore, unimolecular reaction rate theories . . . .
vferts and/or intersystem crosses, and dissociates into meth-

are being su.bjected .to more stringent tests. Usmg gvanety lene and CO products, Fig.? The ketene molecule disso-
spectroscopic techniques such as overtone excitation, photgn

- . X ) iates into singlet methylene and CO fragmefginglet
exqtapon foIIovyed by '”t.e”“?' conversion, and StImUIatedchanne] on the barrierless ground singlet potential energy
emission pumpindSEB, kinetic studies of molecules pre-

9 I-defined . ‘ates have b ' surface with a threshold energy of 30 116 ¢ii’~*°while it
bared in well-getined guantum S ?228 ave been carried Offissqciates into triplet methylen@CH,) and CO fragments
for several unimolecular reactiofis.

on the triplet surface which has a small barrier about 1300
RRKM theory, Eq.(1), predicts that the rate constant P

. . : cm ! above the triplet products and 2000 chbelow the
increases by steps with an amplitude equal tha(E,J)] singlet products$®®! Recently, unimolecular reaction of

as the energy is increased through each vibrational level CIIetene on singlet and/or triplet channels has been studied

the transition state. Recently, steplike structures in a rate Co%'xtensively and provided a good example for testing a vari-
stant have been reported for the unimolecular dissociation oéty of statistical theorie®-27-34

ketene on its triplet surfacé.Since there is a small barrier In this work, the rate constants for dissociation of rota-

for this reaction, the transition state is well defined at thetionally cold (4 K) ketene t03CH2+CO are measured as a

saddle point of the PES along the reaction coordinate, andyntinyous function of energy. The quantized transition state
the steps in rate constants have been attributed to vibrationgj,ational thresholds are revealed in clear steplike structures
level thresholds of the transition state. Structures in rate COMNshserved in the unimolecular dissociation rate constants.
stants have also been reported for some barrierless unimgy, js consistent with the fundamental postulates of transi-

lecular reactions. Zewail and co-workers have noted nongan state(RRKM) theory and provides a quantitative test of
monotonic _features in rate constants for NCNO imolecular reaction rate theory.

dissociatior?* Wittig and co-workers reported steplike struc-
tures in rate constants for NQlissociation and ascribed

those steps to vibrational levels of a variational transition
state which tightens as energy increases just 100*@hove Ketene(CH,CO) was prepared by passing acetic anhy-
the reaction thresholf:*® For the same reaction, Tsuchiya dride through a red-hot quartz tube, trapped at 77 K, and
and co-workers report that the rate constant increases stegistilled from 179 to 77 K twice before use. Deuterated
wise when a new rotational product channel opens just &etene(CD,CO) was prepared by the same method from

II. EXPERIMENT
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3204 Kim, Lovejoy, and Moore: Dissociation of triplet ketene

deuterated acetic anhydrid8igma,>99.0% assay Ketene  vacuum chamber, scattered from a LiF diffuser, struck a solar
was stored at 77 K. During experiments, the ketene vapoblind VUV PMT (EMR 542G-08-19, LiF windoyw and pro-
pressure was kept at 50 Torr by a hexanes slush(@ahK). duced a signal to normalize for VUV intensity fluctuations.
Helium carrier gas was bubbled through the sample and th&he linearity of normalization was carefully check&d.
gas mixture was expanded through the 0.5 mm diameter ori- The nozzle valve drivefNewport BV100 and two
fice of a pulsed nozzle into the vacuum chamber. The backNd:YAG lasers were triggered by an SRS DG535 pulse gen-
ing pressure of the carrier gas was 1.5 atm and the baclerator at a 10 Hz repetition rate. Scattered photolysis laser
ground pressure in the vacuum chamber was maintained &ght detected by a fast photodiode was used to trigger a
10™* Torr when the nozzle was on. Ketene was rotationallyboxcar (SR250 from SRS The gate output of the boxcar
cooled by the supersonic expansion and the rotational tenwas delayed by the desired amount with respect to the trigger
perature of ketene in the experiment was estimated to bsignal, amplified, and used to trigger the Q switch of the
about 4 K2 In some experiments the backing pressure of thevther Nd:YAG laser. The molecular beam pulse was synchro-
carrier gas was varied from 260 Torr to 2.2 atm to vary thenized with the laser pulses by the internal delay function of
rotational temperature of ketene in the supersonic jet. A mixthe nozzle valve driver.
ture of 100 ppm of CO in He was expanded and fluorescence LIF of the CO product was detected by a solar-blind
excitation spectroscopy used to estimate the temperature UV photomultiplier tube (PMT) (EMR 542G-09-19, 50
the molecular beam. mm diam Mgk window) 5 cm away from the interaction
The photolysis laser was a frequency-doubled dye laseregion(vide supra. A cultured quartz window in front of the
(Lambda Physik FL2002E; 0.2 ¢m linewidth) pumped by VUV PMT absorbed scattered VUV laser light. PMT signals
the second harmonic output of a Q-switched Nd:YAG lasewere preamplified by 50 timegHewlett-Packard, 8447D
(Spectra-Physics DCR¥4DCM, LDS698, and mixtures of OPT 0031, sampled and integrated by a boxq@R250,
those dyes in methanol were used in the dye laser to generatiggitized by an A/D converte(DASH-8 Metrabytg, and
30-50 mJ/pulse of energy in the 680—720 nm range. The U\étored in a microcomputdtBM PC/XT).3® Both photolysis
energy was 6—10 mJ/pulse in the 340—-360 nm region, with and probe laser frequencies were controlled by the same
0.4 cm ! linewidth ard a 7 nsduration. The frequency of the computer.
dye laser output was calibrated with an accuracy+df.5 Rate constants for photodissociation of ketene were de-
cm ! using the optogalvanic spectrum of Ne gas. Duringtermined by measuring the appearance rates of CO frag-
scans the direction and intensity of the UV laser output weranents. The VUV probe laser frequency was fixed at a spe-
actively maintained and maximized, respectively, by an Inracific rovibronic transition of the CO product and the CO LIF
Autotracker Il with a KDP crystal. The UV laser output was signal was monitored while scanning the delay time between
almost completely separated from the fundamental visiblgoump and probe lasers at a fixed pump laser frequency. The
laser puls€99.9% attenuatgdhrough three reflections from delay time was scanned using SR265 software to control the
UV dichroic mirrors before it entered the vacuum chamber.delay between trigger signal and gate output of the boxcar
Tunable vacuum UWVUV) was generated for the laser- via an SR245 computer interface. Data acquisition was con-
induced fluorescencé.IF) probing of CO fragment in the trolled by the same software.
(AMI-X'=%) (v'=3—-0v"=0) band. The output of a dye CO product rise curves were obtained at photolysis en-
laser(Lambda Physik FL3002E; linewidtkr0.2 cm %, pulse  ergies for which rate constants were in thé-18x<10’ s ?
length =7 ns; 15-20 mJ/pulse in the 430—450 nm rangerange. Proper alignment of photolysis and probe lasers is
with coumarin-440 dye in methanopumped by the third critical for accurate rate measurements. The alignment was
harmonic output of another Q-switched Nd:YAG lag€pn-  validated by recording the CO product rise curve at a pho-
tinuum YG682-10 was frequency tripled in Xe gas to gen- tolysis energy for which the CO rise 50 ns. For a 20
erate VUV in the 143—150 nm range. The efficiency of tri- mm? UV laser beam cross section, the signal remained at its
pling is about 10°.3° The fundamental dye laser output was maximum until 1.0us when the UV-excited sample began to
focused by a fused silica lerisl. =7 cm) into the center of a move beyond the probing zone defined by the cross section
10 cm long tripling cell filled with 20—40 Torr of Xe gas. of the VUV probe laser bearfY—12 mnf). For the measure-
The VUV was collimated by a Cafens(f.l.=8 cm) located ment of rates<5x10°s ™%, the cross section of the pump
at the exit of the tripling cell. laser beam was expanded by about four times to give uni-
The photolysis and probe lasers propagated colinearljorm detection out to 2.Qs, Fig. 2. Because of the decrease
from opposite ends of the vacuum chamber and crossed the the photolysis laser energy density, the signal-to-noise
molecular beam pulse at 90°. The interaction region, definedS/N) ratio decreased and yielded larger uncertainties. Rate
by the overlap of the lasers, was centered 3—4 cm from theonstants as small as XQ0° s™* were measured without
nozzle orifice. The polarizations of both laser pulses wereny correction to the raw experimental data.
parallel to the jet axis and perpendicular to the fluorescence Each CO product rise curve was averaged over 15-20
detection axigvide infra). A small portion of the photolysis scans and measured three times at each photolysis energy.
laser intensity was reflected from the entrance window of th&Rate constant measurements were carried out as a function of
vacuum chamber, detected by a fast-response photodiodehotolysis energy at 2—4 cmintervals. To check the repro-
and used to normalize for photolysis laser intensity fluctuaducibility of the data, the three different measurements at
tions. The VUV probe laser passed through the moleculaeach photolysis energy were carried out on different days
beam, was partially reflected from the exit window inside thewith a new alignment of laser beams.
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FIG. 2. Cross section of the VUV LIF detection geometry in the molecular 0 5 10 15 20 25
beam chamber. A cultured quartz windé@.Q) is used in front of the VUV
PMT to reduce the scattered probe laser light. For measurements of rate co ()

constants less than&.(P s 1, the expanded photolysis laser is overlapped
with the VUV probe laser in the downstream portion of the molecular jet.
:eh?oﬂsgﬁgzebsogi ?zn'iiM?,Tc?r?drtehse ggltfil\fg Of_lfﬂg ggznilgté:(;n;ftr&e\/lnt&tﬂact;)nrhG. 3. CO product rotational distributions from the dissociation of ketene.
9  fesp Y- . pump cf’he solid lines are calculated froab initio data as in Ref. 30(@ CH,CO
VUV probe lasers are about 10 and 4 mm, respectively. at 28 250 el 1 us: (b) CD,CO at 28 410 emt 1 s
, f 2 s .

Photofragment excitatioflPHOFEX spectra were ob- . .
tained by monitoring the LIF signal for a single CQQ) transfer may occur. Figure 4 compares the CO rise curves for
J=6 and 12. Relaxation from high to low is clearly ob-

state while the photolysis laser frequency was scanned. The . )

. . . %erved beginning at 2.as delay, significantly after the vol-
delay time between the photolysis and probe lasers was flxeume of excited 0as beains to move bevond the probe laser
with a time jitter of less than 5 ns. PHOFEX curves were 9 9 y P

obtained with 0.5—1 cit steps of the photolysis laser fre- beam.

qguency. Each data point was averaged for 10—20 laser shots The CO pro_duct fSe curves are least-squares fit by a
and PHOFEX curves were averaged for 3-5 scans. single exponential. The pulse widths of pump and probe la-

sers(7 ng are convoluted in the fitting for rates faster than

5% 10’ s as in Ref. 31. The standard deviation for the least-
I1l. RESULTS

A. CO product rotational distributions

CO product rotational distributions, obtained from rovi- '
brationally resolved VUV LIF spectra for CO product by the @)
same method as described in Ref. 30, are shown foyGCH I -;,.;.~;4-'°.~‘.""-"-,.~ |
and CDCO at photolysis energies of 28250 chand S N Q(6) "w.c.‘-.,,“ .
28 410 cm! in Fig. 3. The rotational distributions are ap- F e
proximately Gaussian-shaped and peak ndarl2 for : )
CH,CO andJ=11 for CD,CO. The CO fragment acquires 5|, (b)
angular momentum from the forces exerted as it passes - . Q(12) : e,
through the exit valley of the potential energy surface. An g i e,
impulsive force along the C—C bond at the geometry of the o |
transition state combined with the vibrational momenta at the u l o]
transition state model the observed distributions quite Well. - AN
gt
(c
B. Rate constants, k(E) Q(é)/Ql12) )
CO product rise curves are shown in Figs. 4 and 5. As o ] 2 3 4

previously’! the rate constants measured for differeht
states of CO such as 13 and 6 are the same as those for Delay Time (us)
J=12 within experimental error. Since tiig(12) transition

is one of the well isolated peaks in the LIF spectrum and

probes the most populated level of CO, it has been used fdrG. 4. CO ©=0) product rise curves for GIDO dissociation at 28 900
all rate constant measurements. om ® (k~3x10"s"). (@ J=6; (b) J=12; () ratio of the COJ=6 and

. . J=12 signals. The LIF intensity faF=6 is about 5 times less than that for
When the CO fragment is probed at a long delay timej— 15 The delay time at which rotational relaxation starts is marked by an

after UV excitation, collisional rotation-to-translation energy arrow on(c). The UV beam cross section was30 mnt.
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FIG. 5. J=12 CO product rise curves with single exponential fi@.
CH,CO at 28 423 cm', and(b) CD,CO at 28 500 cm’. FIG. 7. Rate constant for GO dissociation as a function of the photolysis
energy. The CQ =0, J=12) PHOFEX curve(At=1.7 us) is shown in
the reaction threshold region; its intensity is arbitrarily scaled. The solid line
squares fit to an individual CO rise curve is much less tha/® 2 RRKM fit using the parameters in Table V.
the deviations between measurements made on each of three
different days and their mean. For DO, the rate constants
within 40 cmi * of threshold are too small to measure accu-
rately.
Rate constants as a function of the photolysis energy,
k(E), are plotted as open circles in Figs. 6 and 7 for,cAB  C. Photofragment excitation spectra

and COCO, respectively. Error bars shown on selected data pHOFEX spectra probing th@(12) transition of CO

points are two times the estimated standard deviation of thgom CH,CO at 50 ns and from CRZO at 200 ns delay

mean of the three measurements from the true value. Distingines are shown by curv@) in Figs. 8 and 9. The PHOFEX
steps ink(E) associated with the first few transition state sjgnal can be expressed as

vibrational level thresholds are observed in the first 200—300
cm ! region above the reaction thresholds for each isotope.

30 50
¥ 40
'€
=)
=~ 207 g
» 8 30
o —
: «
=
m 2
7]
3 20
10 1 *
i
w
g
I 10
0 . . . o
200 300 400 500 600 200 300 400 500 600 700
Energy - 28,000 cm™’ Energy — 28,000 cm™

FIG. 6. Rate constant for GIEO dissociation as a function of the photolysis FIG. 8. PHOFEX curvesia) CO(J=12), At=50 ns;(b) {1—exp[—k(E)
energy. The error bars on selected data points represent twice the standaxd\t]} scaled for comparison t@); (c) CO(J=2), At=50 ns. The actual
deviation from three independent rate constant measurements. The solid limatio of the yields of CQu =0, J=12) to COv =0, J=2) is about 20:1 at
is a RRKM fit using parameters in Table V, but without tunneling. 28500 cm™.

Downloaded-03-Sep-2003-to-143.248.34.20S MR RIS i¥AL. 4 87e Now B, 2B Frtivary, 4998 pyright, ~see-http://ojps.aip.orglicpoljcper.jsp



Kim, Lovejoy, and Moore: Dissociation of triplet ketene 3207

: : : : 50 ;
40 7
“..
~ cb,co  / .
@ o £ 40
- *
g 30 . (a) 3
8 £ £
8 ¢ < 30}
*
— - (b) T, =30K. . j
S 20 » 2 ot ot
5 H 2
— PY [7)] L &Y
: L4 .’ (C) * 20 \ f.-
i Y ad t :
o 107 2 2 .o & (@ T,=4K
a a
o 1 [l 1 I o 1 1 1
250 350 450 550 650 750 200 300 400 500 600
Energy - 28,000 cm™' Energy - 28,000 cm™

FIG. 9. PHOFEX curvesa CO@J=12), At=200 ns;(b) {1—exp[—kK(E) FIG. 10._The C@=0,J=12) PHOFEX curves taken at 50 ns delay time
x At]} scaled for comparison t@); (c) CO(=2), At=150 ns. The actual at(a) SO!Id line: at 2.2 atn(T@:4 K) and(b) squares: at 260 TofiT,,=30
ratio of the yields of CQv=0, J=12) to COw=0, J=2) is about 20:1 at  K) backing pressure of carrier gas.

28500 cmL,

determined by the vibrational motion at the transition state.
Therefore, the comparison of PHOFEX curves for CO prod-
S(B.v.Jeo)* o(B)P(E,v Jeof L =X —k(B) XAt () iy differentJcg’s gives a dynamically biased way to
where S is the LIF intensity when probing the C@(J) observe thresholds for transition-state vibrations which
product,o(E) is the absorption cross section of the parentstrongly influence CO rotation. The PHOFEX spectrum for
molecule for photon enerdy, P(E,v,Jco) is the probability CO(w=0,J=2) from CD,CO, Fig. 9, shows steps and peaks
for the CO fragment to be formed in the,Jco) quantum  at higher photolysis energies where the structures in both
state,k(E) is the ketene decay rate constant averaged ovet(E) and the CQu=0, J=12) PHOFEX curve become
the ensemble of initial excited states of ketene, Ands the  washed out, thus revealing additional vibrational thresholds
time delay between the pump and probe lasers. at the transition state.

The absorption spectrum of GBO at room temperature CO(w=0, J=12) PHOFEX curves taken at 440.5 K
is a diffuse structureless band for tSg < S, transition’”  and 36:3 K (2.2 atm and 260 Torr backing pressure, respec-
Presumably, this is the result of fast internal conversion andively) are almost identical, Fig. 10. Although the actual ro-
intersystem crossing. The analysis of singlet,JHHOFEX tational temperature of ketene in the molecular beam may be
spectra shows that(E) in the pulsed jet is nearly constant different from that of the CO used for calibration, it is clear
over ranges of several hundred ¢hmin photolysis that there is no dramatic effect of ketene rotational tempera-
energy?"* Curves b in Figs. 8 and 9 shof—exp[—K(E)  ture on the rate constant in this range.
X At]} using directly measured&(E) and the At of the
PHOFEX spectrum. lior(E) and P(E,v,Jco) are constant,
then curvega) and (b) should have the same shape. In the
first 200-300 cm! above the reaction threshold, the posi- The observation of structures k{E) is consistent with
tions and amplitudes of steps in curves and (b) are the  the fundamental ideas of transition-state theory and RRKM
same. This confirms the structures observed(&) and theory. The application of the RRKM model to ketene is
shows thato(E) X P(E,v,Jco) is nearly constant over this developed in the following sequencg) Coupling among
small range of energy just above threshold. At higher phothe three lowest electronic states; (S,,T,) for E>28 000
tolysis energy, over 28 500 crh for CH,CO, {1—exp[k(E) cm L (B) Symmetry selection rules for the UV excitation
X At]} is still increasing with increasing energy while the and nonradiative transitionéC) Ab initio transition-state ge-
experimental curve starts to level off. This deviation indi- ometry and vibrational frequencié${D) RRKM equations;
cates a decrease in(E) X P(E,v,Jco). A more striking dif-  and (E) RRKM fits.
ference in shape is exhibited by PHOFEX cufegin Fig. 8
for CO(v=0, J=2) which has a sharp peak near 28 500
cm * where the CQu =0, J=12) PHOFEX curve starts to Three electronic states of ketene are involved in the re-
level off. This peak and leveling off are consistent with aaction dynamicsS;, T;, andS;, Fig. 1. Theab initio cal-
significant broadening of the product rotational distributionculations of Allen and Schaeférgive the zero-point levels
at this energy. The width of the CO rotational distribution isof S; and T, at 21 195 and 19 150 cm above that forS,

IV. ANALYSIS AND DISCUSSION

A. Coupling of electronic states
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with an estimated uncertainty of 700 ¢ The two excited It appears far more likely that intersystem crossing is

electronic states have nearly identical equilibriumfaster than dissociation, especially in the threshold region. In

geometrie¥ with the CCO frame bent in plane at an angle of this case the wave functions for individual molecular eigen-

129 deg. The ground state is very different with a linear CCGCstates are a statistical mixture 8f, T,, andS, basis states

frame that has considerably shorter bond lengths. At thgiven by

28 250 cm? energy of the barrier to formation of triplet

products, the densities of vibrational states calculated using |¥,)= >, apni|S;)+ >, ﬁnJ|SOJ>+E Yol Ty, (3)

the Whitten—Rabinovitch approximation arp(S;)~4, [ j

p(T) =26, andp(Sy)~1.4x10*cm 13! The sum of the

den'sl'lﬁgrseogrseta:]i&gffgclsrgwefsgroenr:giido?e;tseo)constan s basis functions of each electronic state are related to the vi-
Bronic level densities by

matrix elements for couplings among these three electronic

states. However it is most likely that with respect to nano- > p(Sy)

second time scale phenomena all three are strongly coupled 2 |t

together?” For this to be so, it suffices for two of the three

couplings among the three states to be strong.Jhe- S, 2 p(So) - QtP(Tl)

spectrum® shows some possible vibrational structure with E | Bnjl*~ : E |yl “~

linewidths of about 200 cm' suggesting an upper limit of Prol Prol

4x10" s™* for the S; decay rate. There is no rotational fine The eigenstates with the maSf character are preferentially
structure orQ-branch feature observable; the latter W0U|dexcned by the UV laser pulse, since orj states carry
surely be seen unless the linewidth were at least 5'cm  significant oscillator strength. The photolysis puls@s4
ThusS; must decay with a rate of at least'&™". There-  cm2 Jinewidth; 7 ns duration excite a set of about 6000
fore, the sum of the rates for internal conversiorSipand  eigenstates with phase coherence amongSiheoefficients
intersystem crossing toT; must lie in the range extending only over about ten adjacent states. Thus statistical
4x 10>k +kic>10" s™%. At least one coupling, rate of fluctuationé® of the rate constants from eigenstate to eigen-
transfer between electronic states, is large. Could the otheftate should be completely averaged out. The dissociation
two both be small? rate of ketene on the triplet surface is then given by the usual

If only kisc were larger than 18 s, then the triplet transition state theory expression, Eq(l), with
could be populated directly fror8; and decay without in-  p(E,J)=pya-

volving S, at a rate of at least hp(T,)=10° s at thresh-
old. Since the observed dissociation rate of the triplet aB- Symmetry selection rules
threshold is less thanxd10° s™%, T, andS, must be coupled 1. Conserved quantities
directly by ki or indirectly byk;. at greater than £0s™* so In the absence of external fields, total enefgy, and
that the rate of dissociation on the triplet surface at thresholgbtal angular momentum/,M¢) are conserved throughout
is controlled by the total density of vibronic levelshply,. the dissociation. Since the weak interaction is quite negli-
Thus if onlykig is larger than 1& s™*, one or both ok, and  gible on the microsecond time scale, parity with respect to
ki must also be larger than 4677, inversion(Il) is also conserved. On the time scale of photo-
If only ki, were larger than 18 s™%, then T; would  dissociation, the nuclear spi,,) and nuclear spin sym-
equilibrate with the two singlets at a rate given approxi-metry (I',) are known to be conservéd.Therefore, the
mately by[p(S;)/9ip(T1)kisc + kisc Whereg, is the num-  RRKM rate constant in Eq(1) is more rigorously written as
ber of triplet spin states strongly coupled. If the rate of dis-
e : ) . e W(Eqo,J,1,11,T 19
sociation of a pure triplet state is faster than this equilibration Ee,d, 1, I1,T 0 = (5)
rate, then the rate of dissociation of ketene would be limited hp(Egot,,1LILT 9 *
by the intersystem crossing rate. The kinetic scheme, Fig. whereF=1+J, Eot=E + Ethermal (the sum of the UV photon
gives a rate constant ok, = [(9o(T1)/p(So)lKisc and thermal excitation in the jetIl and I, are for the

+ [(p(S1)/ p(So) Ikisc for this case. The observed dISSOCIaUOﬂ ketene molecule following UV excitation.
rate, Fig. 6, increases strongly with energy froml4)6 st

near the threshold for triplet dissociation, tex20’ s™* just 2. Angular momentum selection rules

250 cm t higher in energy, to 810% s71 1866 cm * higher® The photodissociation of ketene on the triplet surface
at the singlet threshold. Sin& andT, have similar geom- involves UV optical excitation$, < Sp), internal conversion
etries and origins, the Franck—Condon factors Kgg and  (Sy«+S;), and intersystem crossing {— S;,S;) as well as
thereforeks. itself cannot depend strongly on energy. Thedissociation. The symmetry species for ketene in any elec-
second term in the expression fky cannot be responsible tronic state are classified in th@,, molecular symmetry
for the data in Fig. 6. Sinc&, and Sy have very different (MS) group which is isomorphic with th&, CNPI group.
geometries, a strong dependencekff on energy is likely. This is a sensible approach even for the strongly bent
However, at the high levels of vibrational excitation in thesetransition-state geometry since its torsional barrier is so
two states, it is very unlikely indeed that the regular steppedow®® that operationally the overall symmetry of the total
increases in rate in Fig. 6 result from vibronic structure inHamiltonian isC,,. Ketene is a slightly asymmetric prolate
Kisc- top. The magnitude of the projection of rotational angular

where the coefficients,;, B,;, and yy of the individual

1
Ptotal

4
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Kim, Lovejoy, and Moore: Dissociation of triplet ketene 3209

momentumN on the “a” axis, |K|, can be a nearly good AS=+1: AJ=0: AN=0,*+1:
guantum number and thus selection or propensity rulek for (10)
are given. The selection rules for angular momentum quan- AK=K-K'=0,+1,%2; +o+,———

tum numbers and wave function symmetries for each process These selection rules and corresponding symmetries ap-

f°||°W' o ply equally for motion through the transition state. Since the
(i) UV excitation(S, — Sp) ) e coupling mechanisfs) for intersystem crossing is not
The optical transition fronS,(*A;) t0 S,("A;) is elec-  ynown, the number of spin statgs paired with each vibra-
tronically forbidden but vibronically allowed for electric di- onal level at the transition state is not kno@=1, 2, or
pole radiation. Fronf, vibronic symmetry in the&s, ground Y

state,A-type, parallel transition gives rise &, vibrational

states inS,; . B-type andC-type perpendicular transitions ex-

cite b; andb, vibrational states, respectively. The selection

rules for total angular momentum and parity are 3. Nuclear spin statistics

AF=0(F#0),+1; +<—. Nuclear spin statistics have important experimental con-
_ _ . sequences for ketene. In QEO, hydrogen atoms have a
With nuclear spin conserved, the selection rules become  nyclear spin of 1/2. Four nuclear spin wave functions gener-
AJ=0(J#0),=1; Al=0; +<—. (6 ate the representatioh,.=3A,®B, in C,,, where the three
A, states correspond to=1 (ortho) nuclear spin states and
The selection rules for thi& quantum number in the sym- the B, state is thed =0 (para) state. Since hydrogen nuclei

metric top limit are are fermions symmetry operations which exchange them
AK=K'—K"=0 (A-type, paralle); must change the sign of the wave function._ Thus the symme-
% try class of the total wave function for the eigenstatemust
AK=K'—-K"==*1 (B-, C-types, perpendicular be eitherB, or B,. Therefore, since the vibronic symmetry

of CH,CO in the ground state i8,, only b; (K, = odd,

'(Illr)1eNso nr;?;jleatltlvec’); rigsugcz function and the conserveJ< c = 0dd orb, (K; = odd, K; = even rotational states
y y can combine withortho (I=1) states whilea; (K}

quantities in Sec. IV B 1 are unchanged in nonradiative tran-_ even,K” = even or a, (K” = even K’ = odd rota-
sitions. Thus internal conversion frol;, B,, and B, vi- N 2\ a L e

. o . . ! tional states combine withara (1=0) state.
bronic symmetries ir§; gives rise toa,, b,, andb; vibra- :
. . . ) For the case of CRCO, deuterons have a spin of 1 and
tional states irS, with the selection rules

each deuteron can have three different nuclear spin wave

AS=0; AJ=0; Al=0; functions. Hence nine nuclear spin wave functions are gen-
, (8 erated for CDCO and give the representation,
AK=K-K"=0; +ot,—=-. I'.=6A,®3B,, where fiveA, states correspond to the quin-

In the highly vibrationally excitedS, states of ketene €t (I=2) functions, onéA, state is the singletl &0) func-
resulting from internal conversion, strong anharmonic andion, and threeB, states are the tripletl €1) functions.
Coriolis couplings are expected. In the case of strong>"Ce deuterons atgosons I’ must b(?Al or A,. Therefore,
vibration—rotation couplingk is not a good or nearly good M the ground state C{TO (A, vibronic symmetry, only a,
quantum number. In the extreme cakiemay be completely (Ka = even,Kg = even or a, (K; = even,K; = odd
mixed thus giving molecular states with equal contributionsotational states combine witbrtho (1=2,0) states, while
from basis states witlK from —J to J. This is the limit 01 (Ki = odd, KZ = odd or b, (K; = odd,
usually assumed in applications of RRKM theory. The extenf¢ = €ven rotational states can combine wigiara (1=1)
of K mixing has not previously been established experimenstates. For CBCO, theortho (1=0,2) states combine with
tally for ketene: it will be seen below thit appears to be a Ka=€ven and thgara (I =1) states combine witK;=odd,
good, or nearly good, quantum number. opposite to the case for GBO. Nuclear spin statistical

The three electron-spin wave functions for each have Weights for CHCO are 3 forortho and 1 forpara, while for
a different symmetryl".: A,, B;, andB,. When first order CD,CO they are 6 foortho and 3 forpara. .
spin—orbit coupling is the dominant mechanism in intersys- |t should be noted that the nuclear spin wave function
tem crossing, the angular momentum selection rules arand statistical weight are unchanged by UV excitation and/or

given by, using the notation in Hund’s caés, by radiationless transition. Thus for states reached by perpen-
dicular dipole p,,b,) transitions from the ground vibronic
AS==x1; AJ=0; AN=0,x1; state,K, even and odd are reverséelg., for CHCO S,K,

(9  even corresponds trtho). This is especially important near
the thresholds for rovibrational energy levels at the transition

This case is possible fd3,«< T,(I'ecc=A,) only. It is likely  state. Nuclear spin is not cooled in the jet expansion and so
that second or higher order intersystem crossing througthe degeneracies, relative populations at room temperature,
spin—orbit vibronic coupling or spin—orbit rotational cou- control the weights obrtho and para species.

pling is important. Here all three triplet spin functions may As the molecule passes through the transition state to
be allowed and the corresponding selection rules are giveproducts, the symmetry of the wave function and the other
by*! conserved quantities established during excitation are un-

AK=K—K'=0; +<+,——.
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3210 Kim, Lovejoy, and Moore: Dissociation of triplet ketene

TABLE I. The scaledab initio vibrational frequencies for th€! transition H-C—-C-Otorsion, 252 cm' for C-C-Obending, and 366
states of CHCO and CQCO. cm ! for CH, wagging for the CHCO transition state. The
distinct steps irk(E) are observed in the first 200—300 ¢

CHCO CoLO above threshold, and are most likely to be associated with

vj(a’) asym C—HD) stretch 3178 2380(2573 these low-frequency vibrational modes.

vi(a') sym C—HD) stretch 2997 2150(2314

vi(a') C-0 stretch 2029 2029(2153

V%(a’) CHED;z scissor 1183 874E930; 2. Hindered internal rotation

vi(a’) CH(D), rock 472 383 (406 _

vg(a') C-C stretch 523 514 (550i) The torsional degree of freedom cannot be treated as an

vi(a’) C-C-Obend 252 224(232 isolated harmonic vibration because the top of the barrier to

v%(a”) CH(D), wag _ 366 276(283 internal rotation about the C—C bond is of the same order as

vg(a’) H(D)-C-C-Otorsion 154 126 (127) the energy range of interest. Tk initio values for the
aTaken from Ref. 38. barrier to internal rotation are 43@CISD leve) or 384

bFrequencies in parentheses are unscaled vibrational frequencies calculatadth Davidson correction cit.*® Furthermore, the internal

by normal-mode analysis usirgb initio force constants of C}€O. The  rotation and the solid body rotation about the same axis are

jv"’i‘t?suts%ﬂree;?ﬁgessés used for O are multiplied to give the values i nisicantly coupled. Thus the Scldiager’s equation for at
least these two coupled degrees of freedom must be treated
in detail.

changed. Furthermore, some quantities not rigorously con- The potential energy for the internal rotation is approxi-

served may be approximate constants of the motion or nearlyated as a cosine sertés

good guantum numbers. V(6)=(Vo/2)[1-co826)]+ (V. /2)[1-cos46)]+ - -,
C. Ab initio transition state structure (17)
1. Structure and vibrational frequencies whereV is the barrier heighty; changes the shape of the

potential function, and is the dihedral angle between the
CH, and CCO planes. Thab initio C! transition-state struc-
ture is used for the evaluation of moments of inertia for both
CH,CO and CBQCO. The moment of inertia of the GH
“top” about the C—C bondl ,,, is 1.88 amu Awhile that of

An ab initio calculation has been performed by Allen
and Schaefer, I#¥ for the (C!) in-plane bent 3A”
CH,CO—CH, (°B;)+CO (}=%) and the C.) out-of-plane
bent®A’ CH,CO—CH, (®B,;) +CO (*¥ ") dissociation paths.

I ; ; " ; ot
The C{ stationary point foPA” ketene dissociation has been the CO “frame”, I, is 16.0 amu A for CH,CO. For this

found to be a true transition state. Tﬁé stationary point for o . L
case, wheré,me>lop, it is convenient to use the principal

3A’ ketene dissociation is the potential energy maximum f the whol lecul th dinat &
along the torsional or internal rotational coordinate of the?X€s Of the whole molecule as the coordinate sy '

CQ transition state. The barrier to internal rotation is calcu-2" asymmetric top with a single twofold internal rotor, the

lated to be 384 cm' and is expected to be significantly Hamiltonian can be written &5
less3® H=H,ot F(p—P)2+V(0). (12)
The ab initio (DZP CISD, double-zeta basis with
polarization—configuration interaction with singles and
doubles$ values for transition-state vibrational frequencies,
which have been scaled in Ref. 38 by multiplying by the
ratio of experimental tcab initio values for ground state h? _ Agliop
ketene vibrational frequencies, are listed in Table I. vibra-F = m r=1-2 L
tional frequencies for thé:Q transition state of CBCO are g
calculated by normal-mode analysis using #feinitio force  Here, |, is the moment of inertia of the top about the sym-
constants of CKCO, scaled as for C}O, and listed in metry axis, (,,l,,!.) are the principal moments of inertia of
Table I. The corresponding zero-point energies are given ithe whole molecule, and\(,A,,\;) are the direction co-
Table II. The scaled harmonic vibrational frequencies ob-ssines of the symmetry axis of the top to the principal axes.
tained from quadratic force constants are 154 tnfor  Since there is a plane of symmetiy, vanishes. The mo-
mentaP andp are defined as

Here, H, is the standard rigid-rotor asymmetric-top rota-
tional Hamiltonian andF is the effective rotational constant
for the internal rotation of the top about its symmetry axis

! , g=(a,b,c). (13
g

TABLE II. The zero-point vibrational energies of ketene and methyfene. ~ aT . aT
P=> Pi; P=—, (i=abc); p=—, (14
CH,CO CD,CO i o 99
So(*Ap)® 6712 5556 whereT=(H—V) and w; is the angular velocity about axis
3T5:| .y ’ 5295 ‘2‘204 i. In the second term in Eql2), (p—P) represents the
CH(D), fragmen 3495 609 relative angular momentum of the top and the frame. The
aThe unit is cn ™. Hamiltonian in Eq.(12) can be rewritten as
bCalculated from the values in Ref. 51. s 2 o2 12
“Calculated from the scaleab initio vibrational frequencies fori—v % v} H=A* P+ B* P+ C'P;—2F(aP,p+ BPpp)
is from Table IV.
dCalculated from the values in Ref. 56. +FaB(P,Py+ PyP,) +Fp2+V(6), (15
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Kim, Lovejoy, and Moore: Dissociation of triplet ketene 3211

TABLE lll. Molecular parameters used in the calculation of hindered inter- TABLE IV. The energy and nuclear spin of hindered internal rotor states for

nal rotation energy levels of the transition state. differentK* for the CH,CO and CQCO transition state.
Parametefs CH,CO CD,CO CH,CO CD,CO

la 6.74 8.59 m Kf=0 K*=1 K'=2 K¥'=0 K*=1 K'=2

I 62.9 71.0

I 69.6 79.6 0 0 =1 -2 © -1 =3

Ae 0.31 0.31 +1 (99 99 (99) 84 (83 81

F 121 756 -2 103 (102 99 (84) 83 (81)

I, 188 3.76 +2 164 (166 170 (149 150 (146
op . .

s @9 28 (3 1% (e 168
&

B 0268 0287 -4 276 (253 236 (21§ 201 (209

c 0.242 0.212 +4 278 (30 321 (225 244 (229

-5 (383 351 (327 283 (254 268

2The units are amu &for |, (x=a,b,c, top) and cm * for F, A*, B, andC*
(see Sec. IV C 2 for definitionsThe ab initio (DZP CISD level calcula-
tion) C! transition-state structure is used for both £ and CRCO (Ref.
39).

+5 (383 414 (439 284 (313 292
-6 514 (476) 447 (363 327 (345
+6 514 (552 583 (363 400 (379

aThe energy levels are in crhfor Vo=240,V,;=20 cni ! for both CH,CO
and CD,CO. The energy values in parentheses @t@o states and those
without parentheses apara states. The symmetric rotor energy term val-
where ues for (N,K*) states are not included. The energy values listed in each
4 s 2 4 " 5 column are those with respect to the corresponding zero-point energy levels
A* =A*+Fa“, B* =B*+Fpg°, for K¥=0, 57 and 46 cm* for CH,CO and CDCO, respectively.

16
_ Aaltop _ )\bltop ( )

I V=240 cm* andV;=20 cm % The hindered rotor en-
ergy levels coupled to eadt* are listed with respect to the
zero-point energy a&*=0. The shift of the zero-point ener-

symmetric-prolate-top, free-rotor basis set. The nonvanishin les with |nc_reasmg< due to the c_:ouplmg of the hlgdered
elements of the Hamiltonian matrix are given in Ref. 45. The ternal. rotation to the overall rotation is less than 4 cnas
matrix elements off-diagonal ikk* are very small for the shown in Table 1V.

nearly symmetric-top ketene molecule at its transition state

(8~0.0092, 8 — C*) ~ 0.026 cm'! for CH,CO), and  D- RRKM theory

K* splitting is not expected to be observed with the resolu- The RRKM rate constant for unimolecular reaction of
tion of features in this work. Thus the matrix elements off-ketene for the case of compleite mixing (K=—J to J) in
diagonal inK* are neglected in the calculation. The matrix the highly excited molecule can be calculated as foll8fvs:
elements in the free-rotor basis set, "o

|m)=(27) Y2 exp(—im#) are thus KE,J— (K", ]

la

and* denotes the transition-state geometry.
The Hamiltonian matrix can be set up using the

t
(mIH|m)=Fm?—2FaK*m+(Vo/2)+(V1/2),  (17) OiEki—_n¢ Zn P(E+Enpermar ey ker )
= , (20
(mH|m+2)=—V,/4, (18) Si——3 Np(E+ Egpermar Wk 1)
(mlH|m:=4)= -V, /4. 19 .
. . s _ ¥ +
Here, the diagonal matrix element term of 2FaK*m)  &nn# it = Bt Wy i+ > hof|m+ 5 (21)
arises from the coupling of internal rotation and overall ro- i=1
tation. The effective rotational constants about the principa{N:t _1pt. ~brntenE 12 fet2
- : ! =3(B*+C*)[N*(N*+1)—K*]+A*K**, 22
axes have been modified due to the effect of internal rotation. N*K* 2 JIN' ) ] 22
The energy levels for hindered internal rotation for eachw, =3B+ C)[J(J+1)—K?]+AK?, (23
value ofK* are calculated by diagonalizing the above Hamil- L Y Vo Vo
tonian matrix. The rovibrational energy levels are calculatedEtherma= 2(B+ C)[J"(3"+ 1) = K"+ AK"™. (24)

by adding the symmetric top approximation for the rotationalHere rotational energies are approximated by those of a sym-
energies using /(i',Bi',C*) as rotational constants. A metric top withK replacingK, for ketene. Since even and
40x 40 Hamiltonian matrix is diagonalized to give the eigen-odd parity states are almost equally populated in reactants
values. All parameters used in the calculation are listed irand transition state¥,states with both parities are counted in
Table 111 both the numerator and denominator of Eg). In Eq. (20),
Energy levels are calculated numerically for a widerovibronic states which are symmetry allowed with a nuclear
range ofV, andV, for comparison to the thresholds in the spin state represented by, are counted in both numerator
measured rate constants. Table IV shows energy levels withnd denominator of Eq5). E is the photolysis photon en-
nuclear spin statistical weights for hindered rotor states foergy andE;maiS the thermal rotational energy of the parent
K*=0, 1, 2 for CHCO and CRCO transition states with molecule in the pulsed molecular jet for th# (K") level. J
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3212 Kim, Lovejoy, and Moore: Dissociation of triplet ketene

TABLE V. The parameters used in the RRKM fits to experimental redults. Quantum mechanicallyP?(E,) can be calculated for one-
dimensional tunneling through the reaction barrier along the

CH,CO CD,LO reaction coordinate. Formulas f&(E,) (Ref. 46 for in-
AF P 196 o verted parabolic or Eckart barriéf4® give about the same
Bt 0.268 ot 0237 ot results®! The inverted parabolic function is used here.
c* 0.242 cmt 0.212 cm't The density of reactant statgs,E) = fp\yr(E), is taken
Trot 4K 4K to be a constant multiplied by the harmonic oscillator den-
E 28 250(10) cm™* 28310(15) cm* sity calculated using the Whitten—RabinovitcWR)
Vi 100 (40) cm™* approximation’
f/gC 1.11(0.19) 1.19(0.07
Vo 240(30) cm! 240(30) cm!

1 —1

VIl 20 (20 cmi1 | 20 (20 cmﬁl (E+ Ezp)s,l
v; (C—C-Obend 250(15) cm 185 (20) cm EJ=0)=— (26)
$ _ _ pwr(E, ) B E .
vt (CH(D), wag 290 (15) cm™* 940 (20) cm ! (s=DI7_; v

&The values in parentheses are uncertainties obtained from the fits.

PThe imaginary frequencyy,,,) is used only for the fit to the first step in . .
k(E) for CH,CO dissociation. HereE,, is the zero-point energy of the ketene molecule and

°p(E)=pwr(E) X f; p(E) is used for the RRKM fits. Theys(E) is the v, is theith fundamental vibrational frequency 8f ketene
density of vibrational states of the reactant calculated from the Whittentgken from Ref. 51. The contributions ptS;) andp(T,) to
Rabinovitch approximationpyg(E)=1.36X 10*/cm 1) for CH,CO(S,)
and 4.78¢10%(em ) for CDZC%(SO) at E=28 500 cml z Protal Ar€ Iesg tha_n 1% and are neglected. In am),_the
dassignments are tentatieee the text density of vibrational states for each nuclear spin state,
p(E,T",9), is approximated as half of the total vibrational
states,p(E,I" .o =[p(E)/2] (Refs. 27 and 5Rand the sum
. ) overK is made over all 2+1 values.
is the angular momentum of the excited state of ketene and  ap, experimental CO«(,J) product rise curve is the sum
. - :t . - b
W,k its rotational energyN™ is the rotational angular mo- 4t co product rise curves for different initial quantum states
mentum of ketene at the transition state on Mesurface  of ground state ketene and the different optical transitions for
and Wy .+ the rotational energyey, is the reaction thresh-  each. The measured rate constdqt, is obtained from a
old, the difference between zero-point energies of the groungingle exponential fit to the experimental CO product rise
state reactantS) and transition state on th, surface. The  curve which is in reality a multiexponential one. This is
number of vibrational degrees of freedom of the stable m0|-equiva|ent to the mean reaction time rate Cons}éand has
ecule,s, is 9 for ketene andh represents the set of eight peen found to give an accurate value for the true average rate
vibrational quantum numbers for the transition state. Thegnstanf3°*
electron spin multiplicity is approximated by multiplying the  The population of aJ,K’) level in theS; state is deter-
number of vibrational states of the transition stategbyThis  mined by the product of the Hib-London factor and the
approxiimation i¢S mad$ by Seiti”gi:ﬁ rather than sum- initial population of (”,K") states of ketene in the ground
ming N* overJ*—1, J*, andJ*+1. In the case where all state prepared in the supersonic jet. Nuclear spin is found not
three electron spin states are strongly cougled3. to be cooled down in the molecular ftInitial (3",K")
Ketene in tf}g ground state is a near-prolate asymmetrigtates of ketene are otherwise populated according to a Bolt-
top (k=—0.997."" The symmetric top approximation is used zmann distribution for a rotational temperature of 4 K. When
for the calculation of rotational energy levels for both reac-k s assumed to be completely mixed for highly vibra-
tants and transition state. THeandK* in the symmetric top tionally excitedS,, as Eq.(20) implies, the population oK
approximation are the projections of the rotational angulaktates is determined by. WhenK is assumed to be con-
momentumN (J=N+S), on the molecule-fixed axis for  served, its value at the transition state depends on which
the molecule |-n the excited r(-_:'actant state and the tranS.ltloaoup”ngS are responsib|e for intersystem Crossing_ Since the
state, respectively. The rotational constants of UV-excitectoupling strengths are not known, calculations were done for
ketene molecules are assumed to be the same as thasge of the least restrictive possibilitidé? =K', K'+2, and
(A,B,C) in the ground stateA*, B¥, and C* are the rota- K’+4 whereK’ is taken ad” = 1. Calculations made with
tional constants for the transition state as calculated from thghore restrictive selection rules were not sensibly different.
ab initio structure, Table \?& These rotational constants for The angular momentumJj distribution of the excited
the transition state are modified due to the strong coupling ofeactant states from paralléh-type) or perpendicular(B-,
the hindered internal rotation to the overall rotation of thec_type) transitions are identical within one unit of angu|ar
molecule(See Sec. IVCR - ~ momentum, and therefore RRKM fits are not sensitive to the
P(E,) is the transmission probability for each quantizediype of transition. The line strengths for a perpendicular tran-
reaction threshold of the transition state. Classically, thesition are used. The rate constants are calculated for each

transmission probability is the step functidi(E;) angular momentumJ), and averaged over the distribution
of J=J", 3’1 in the reactant states. The rate constants for
h(E;)=0, E;<0, each nuclear spin state, thermally populaléK” state, and
(25 allowed value ofJ) are calculated separately and averaged
=1, E;>0. using the proper nuclear spin statistical weights as follows:
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FIG. 11. Rate constantéfilled_circle@ and CQva, J=12). PHOFEX FIG. 12. The CQu=0, J=12) PHOFEX curve taken at 1.%s reaction
curve taken at 50 ns delay time are shown with RRKM fits for,CB  time is shown with RRKM fits for the CECO dissociation in the reaction
dissociation in the reaction threshold region. The solid line is the RRKM fitthreshold region. The solid line is the RRKM fit when the threshold energy
when the threshold energy is 28 250 chandu, =100i cm *. The RRKM  is 28 310 cm* without tunneling correction. The dashed line is the RRKM
fits for 1, =60i cm™* (long dashesand y,,=140i cm™* (short dashesare it when 1,,=60i cm ™.

shown for the same threshold energy. The PHOFEX intensity is arbitrarily

scaled for comparison with the rate constants.

Eq(single)=30 116.2£0.4 cm 1.2’ Therefore, the reaction

K(E)=> P(T,9 > N(J",K".T;9 barrier relative to the productg,, is determined by
fre Ey=[Asr—{En(singlet
X > P[I—(J3",K"),LhJK[E,d—(3",K"),[ . — Eg(triplet)}]=1281+15 cm ! (28

’ (27) or 3.66+0.05 kcal/mol. This is about 40% less than tie

_ o _ _ initio calculation of 5.8 kcal/mot®

Here P(Fn,,s) IS the statistical weight fol’,s normalized to For CD,CO dissociationk(E) could not be measured in

unity, N(J",K",I'r,g is the thermal rotational distribution of e reaction threshold regidwide supra; however, the first

ketene for 'y (zero for either even or odK"), and istinct step in the PHOFEX spectrum for GG=0, J=12),

P[J—(",K"), I is ,:[he”probab|l|ty for a transition td £y 12 gives the reaction threshold energy as 2839

from an initial state §",K") for eachl’y state. cm™ L. The solid line in Fig. 12 is the RRKM rate constant
calculated without tunneling. The zero-point energies of the

E. RRKM fits normal and deuterated ketene and triplet methylene mol-

The RRKM formalism above may be used to extracteCUIeS are calculated using the spectroscopic and theoretical

- . . 5 6 .
information on transition-state energy levels and structurées_uns' respectlvely, and I',Ste_d 'r_] Table’f2® The barrier
and on the density of reactant states from the steplike strud€ight relative to products,, is given by
tures in the rate constants and PHOFEX spectra. Since thefe 3 3
are many more distinguishable features in the data than fitﬁ By ZPECH,—"CD)
ting parameters, the comparison also tests the validity of the  —[E, +ZPECH,CO-CD,CO)— E/,]
model.

_ _1
1. Reaction threshold =1071+40 cm - (29

For CH,CO dissociation, the first sharp step K(E) Here ZPECH,—3CD,) is the difference of zero-point ener-
accurately defines the reaction threshold energy. It is repragies betweer’CH, and 3CD, fragments, 886 cm'®® and
duced well by RRKM calculations for a threshold energy,ZPECH,CO-CD,CO) is the difference of zero-point ener-
E,=28250+10 cm® and an imaginary frequency, gies between the ground states of £ and CQCO, 1156
v =(100+40)i cm %, Fig. 11. The singlet-triplet splitting of cm™1>! The reaction barrier is thus 10240 cm ! (3.06
CH,, Agr, has been measured to be 3#&7cm 1% The  +0.10 kcal/mo). The difference in ZPE’s between GEO
singlet threshold energy for GBO dissociation has been and CDCO at their T; transition states is[Ey,
accurately measured from'CH, PHOFEX spectra, — Ej+ZPECH,CO-CD,CO)}] = 1096+ 20 cm %, Fig.
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[TS] positions were not strongly sensitive ¥, in the range
20+20 cm ! and no improved fit could be found for values
1281 = E outside of this range. The fit to the position and amplitude of
higher levels, Fig. 6, indicates that the basic form of the
potential and the symmetries and degeneracies of the levels
are correct. Some caution must be exercised since the fea-
tures observed at 28 390 and 28 450 ¢rorrespond to en-
3¢D, +CO ergy levels calculated fom=+2 and —3 at 28 407 and
28 432 cm®. The splitting between these states just at the
top of the barrier to internal rotation should be particularly
sensitive to the barrier shape and may therefore be incor-
= rectly predicted. Since the nuclear spin state symmetry is
conserved, the threshold photon energiespara states of
CH,CO at the transition state are those shown in Table IV
and forortho states are lower by=9.7 cm . For CD,CO,
sinceortho states K”=0) lie belowpara states K”"=1) in
the ground state, threshold energies fara rovibrational
states should be=5.0 cmi ! (energy difference betweenl
and Qg state$ lower than the energy term values listed in
G 13 E i (o1 the dissociation of 4 CBCO on th Table IV, while those forortho states are as listed. The ex-
triplét st.Jrf;c29¥héa3;2r%yoéiffeererlliié?:i)m:n?or%}qt)hinzerol—apoinfgnefgy _Ce".ent fit to CQCO.’ Flg. 7’. using the POten.tl.al for GRO
levels are showrfuncertainties in text indicates that the vibration is correctly identified and that the
reduced mass of the motion is correctly formulated.

3CHy +CO

Egp = 28250

Eyn' = 28310

CD,CO

13. Theab initio difference using Table IV for torsion and
harmonic, scaled values from Table | for the remaining seve. Bending vibrations of the transition state

frequencies is 1091 cr. The ab initio frequencies of the three bending vibrations

which become free rotations in the products make them all
candidates for influencing(E) in the range 200—400 cri

The step structures in the measuld@E) andJco=12  above threshold. Unfortunately, the features kifE) are
PHOFEX spectra exhibit the same shapes in the first 206huch less distinct in this energy range than closer to thresh-
cm™* above threshold. Theb initio predictions of vibra-  old. Fortunately, PHOFEX spectroscopy provides a means to
tional frequencies, Table |, indicate that the torsion or inter-search for molecules coming through the transition state with
nal rotation degree of freedom is responsible for the vibraspecific vibrations excited. This is because the product en-
tional structure closest to threshold. The barrier helghof ergy state distribution is determined by the positions and
the potential, as defined in E€L1) and shown in Fig. 14, is momenta of each atom as it passes through the transition
chosen to fit the first energy spacing in £30. The level state as well as by the potential in the exit vafl®yThat
P(E,v=0,Jco) peaks atlco=12 near threshold has con-
firmed theab initio CCO angle of 1163%% The ab initio
values for the geometry and vibrational frequencies at the
transition state reproduce the Gaussian shape of the observed
distributions quite well, Fig. 3 and Ref. 30. THe-C-0O
bending mode is the largest contributor to the width of the
CO rotational distributiori® The scaledab initio frequency
for C—C—Obending is 252 cm', and a noticeable change of
CO rotational distribution is expected to occur when the first
quantum ofC—C—-O bending is energetically accessible at
the transition state. In the harmonic oscillator approximation,
the momentum distribution resulting from the node in the
first excited state of th€—-C—Obend is a bimodal Gaussian
function. The distribution of CO angular momentum trans-
ferred fromC—-C—-Obending motion fow =1 is given by

Py(J,) = ex;{ (39,)*
1V = T A7 \3Y1 T A1 V2
FIG. 14. The model potential function for the hindered internal rotor, \/;(A‘]Ll) (Ad;1)

V(6)=(1/2)Vo(1=cos D) +(1/2)V,(1=cos 4), where Vo=240 cm’  whereJ, is the CO angular momentum along thexis and

and V3 =0 (solid ling and =20 cm . Theab initio C, wransition-state —» 3 js the width of the distribution calculated from the
geometry is drawn. FOC€O is out of the plane with the CCO plane bisect . . .
ing the HCH angle. The calculated energy levels listed in Table Iv areclassically allowed maximum linear momenta of C and O

shown fork=0. atoms forv=1. TheP4(J,) is convoluted with the CO an-

2. Hindered internal rotor levels at the transition state

400 ' » -

200

Energy (cm™)

Internal Rotation Angle (©)

: (30
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FIG. 16. The ratio of thd=2 andJ=12 CD,CO PHOFEX curves in Fig.
9. Curves as in Fig. 15 with the ratios for cur«es and (b) being 2.13(or
FIG. 15. Ratio of the populations of G©=0,J=2) to COv=0,J=12), 1.62 if 28 700 cm? is used and 2.22, respectively.
P(E,v=0,Jc0=2)/P(E,v=0,Jc0=12) for CH,CO. (a) From the ratio of
theJ=2 andJ=12 PHOFEX curves in Fig. 8b) The calculated ratio of
the yields of COg=2) to CO@=12) products using the model described
in Sec. IV E 3 for aC—C—Obending frequency of 250 cm. The ratio of

the maximum and minimum points on curvgs and(b) are 1.80 and 1.90, B .
respectively. added at 290 cit, most likely the CH wag calculatedab

initio at 366 cm*. For CD,CO theab initio CCO bending,
v}, frequency is 224 ¢ The ab initio isotope ratio for

1 + _ :
gular momentum transferred from the motions of other vi-the C"% wag, V8(CH2CO)/V8(CD2ClO) = 1.33, combined
th vg(CH,CO) = 290 cm~ gives an estimated

brations to give the spread in CO angular momentum foMV!
dissociation via an individual vibrational level at the transi- ¥6(CD,CO) = 219 cm ™. This accidental resonance be-
tion state. A distinct widening of the CO rotational distribu- tween v} and v§ and the opportunity for coupling through
tion about the peak aloo=12 imposed by the forces in the internal and overall rotation about the molecular axis sug-
exit valley is expected when the molecule passes through thgests the possibility of substantial perturbations. Inspection
first excited C—C—0O bending level of the transition state. of Fig. 7 shows that the flattest region in tkéE) curve
The peaks in Fig. 8, curvé) and the change in slope of above 28 450 citt is 28 520—28 545 ciit, 210—235 cm*
curve(a) are a clear illustration. above threshold. Clearly neither; nor vj can be in this
The overall CO rotational distribution for a given photon predicted range.
energy, E, is calculated by summing the distributions for For CD,CO the ratio of CQu=0, J=2, At=150 n3
each vibrational level at the transition state multiplied by theand cqu=0, J=12, At=200 n§ PHOFEX curves,
correspond_mg stansuca] we|ght f_or each vibrational statg,:ig_ 16, is the product of [P(E,v=0Jco=2)/
AII energetically accessible vibrational levels of the trans'fP(E,sz,Jco=12)] and [{1—exp(—k(E)X 1.5x 10" ")}/
tion state are .assymed to be equally probable. 'Table v 'fl—exp(— k(E)X2.0x10")}]. The variation of the latter
used for the vibrational frequencies of hindered internal rOwith E is small and the structures in the curve are mainly due

tation. The yields of C@ =0, J=2), P(E,v=0,Jco=2), to the change of relative CO(J) yields. A sharp peak is

and of CQu=0, J=12), P(E,v=0,Jco=12), are calcu- .\ o o around 28 495 o As for CH,CO, this sug-
lated as a function of the available energy and their ratios S .
compared to the PHOFEX data from Sec. Ill C in Fig. 15. gests that the vibrational frequency 16-C—Obending of

The overall shape of the ratio as a function of energy isCDE(l:O at the Otransition state i$(28 495-28 31%185_
well matched by the calculation, and the sharp peaks &M )» @bout 16% lower than theb initio value. The peak is

around 28 500 and 28 600 cthin curve (a) are reproduced smaller than calculated as would be expected if the fre-
well by the calculation, curvéb), when the vibrational fre- guéncy were pushed down by interaction with other modes.

quency of theC—C—Obend is 250 cm’. The first sharp The rate constant curve, Fig. 7, requires an energy level

peak at 28 500 cit is assigned as the first excit@-C—0O  to be added at 240 cm, 21 cm * above the 219 cit

bending level and the peak at 28 600 Cnas the combina- estimated from isotope ratios. The minimum in Fig. 16 at

tion with one quantum of hindered rotation. This agrees vengxactly this frequency does not suggest that there is much

well with the scaled value of 252 ¢ for the C—~C—Cbend- CCO bend character associated with the 240 tenergy

ing mode. level. The data do not provide a convincing assignment for
The rate constant curve for GEO requires a level to be the 185 and 240 ciit levels.
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FIG. 17. The RRKM fit to CHCO dissociation rate constants. The open

circles are measured rate constants. The dotted line is the RRKM fit using
step function for the transmission probability as shown in Fig. 6. The solid

line is the RRKM fit including the one-dimensional tunneling with an imagi-
nary frequency of 40cm . The parameters listed in Table V are used for
the RRKM fits.

4. Density of reactant states, p(E)

Kim, Lovejoy, and Moore: Dissociation of triplet ketene

10 T T T 7

¥
»
(=]

z s5¢ :
o
X

0
250 350 450 550 650

Energy - 28,000 cm™

FIG. 18. The RRKM fit to rate constants of the gID dissociation. The
%pen circles are measured rate constants. The dotted line is the RRKM fit
using a step function for the transmission probability as shown in Fig. 7. The
solid line is the RRKM fit including the one-dimensional tunneling with an
imaginary frequency of 4i0cm™ L. The parameters listed in Table V are used

for the RRKM fits.

ment nor the simple one-dimensional tunneling treatment of
the reaction coordinate is satisfactory at this level of detail

The density of vibrational states of the reactant is agfor these experiments.

justed to fit the step sizes in th€E) data of Figs. 6 and 7 to
the RRKM rate withf/g;=1.11 for CHCO and 1.19 for
CD,CO, respectively, wherp(E)=f X pyr(E), as listed in

Recently, sharp structures with pronounced peaks in
k(E) have been observed for intramolecular carbon atom
exchange in keten®. These are attributed to quantum me-

Table V. The Whitten—Rabinovitch approximation predicts achanical resonances for motion along a reaction coordinate
10% increase of the density of states as the energy increas@éh a dip at the top of the barrier, a reaction coordinate
from 28 250 to 28 700 cit. This is consistent with the ex- Which also involves changing contributions from at least two
periment as shown in the RRKM fits. The WR approxima-Vibrational coordinate®’ A quantitative understanding of the

tion gives a density of states 3.5 times higher for,CD
than for CHCO compared to 3%0.5 to fit the rate data. For
g:=3, the densities of states derived for 28 250 ¢rare
4.6x10* (/em Y and 1.%10° (/em™Y) for CH,CO and

detailed step shapes must await rotationally resolved experi-
ments, a detailedb initio reinvestigation of the potential
energy surface in the region of the transition state and a
thorough, multidimensional guantum mechanical

) ) . _7 . .
CD,CO, respectively. This result presumes that all three tripireatmertt” of the dynamics of passage through the transi-
let spin states are fully active in the reaction. If only one ortion state.

two are coupled to th&, levels, then the above densities
must be multiplied by 1/3 or 2/3, respectively.

5. Tunneling

A much lower imaginary frequency100=40i cm %)
than predicted byab initio calculation(523i cm™) is nec-
essary to fit the first step ik(E) for CH,CO dissociation. In
order to reproduce the sharp stepk({t) which are associ-

6. Temperature dependence of rate constants

The temperature of the jet affects the rate constants
through the thermal distribution of rotational quantum num-
bers. A 4 K the amount of rotational energy in the ground
state(2 or 3 cm }) is negligible compared to the 10 cm ?
resolution of features iR(E). J” values are limited to about
3 andK” to 0 for paraand 1 forortho CH,CO. In the upper
state the combination of selection rules permits higheal-

ated with vibrationally excited states of ketene at the transiues anK values. Since th@ rotational constant is an order
tion state, the classical step function had to be employedf magnitude larger thaB or C, molecules passing through
Figures 17 and 18 show that even a frequency as low as 4@he transition state witk *=J must carry tens of wave num-
smooths out the steps to a greater extent than observed. Thers of energy as rotation, energy which is inaccessible to the
rate and PHOFEX data actually show significant peaks irreaction coordinate. ™ K the calculated difference between

rate versus energie.g., 28 360 and 28 410 crhin CH,CO
and 28 365 cm' in CD,CO). Thus neither the classical treat-

the RRKM rate with and withouK mixing is too small to be
experimentally measurable. However, at 30 K wh#teal-
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vibrationally excited DCO.X® A stronger test ofK mixing
will be possible with complete resolution of initial angular
momentum states.

30

K-conserved V. CONCLUSION

207 ] The stepwise increase of rate constants with increasing
energy observed in ketene dissociation gives direct experi-
mental evidence for the utility of the fundamental tenets of
the RRKM theory thail) the rate of reaction is controlled
by flux through gquantized transition-state threshol@s.the
vibrational energy in the excited molecule is distributed sta-
tistically among all the vibrational degrees of freedom, and
(3) the intramolecular vibrational redistributi¢gtVR) rate is
much faster than the reaction rate. Further, and in contrast to
the usual assumption in applying RRKM thedfyijs seen to
be a good quantum number fd6. The experimental ob-
servation of the quantized transition-state thresholds as dis-
Energy - 28,000 cm™ tinct steps in rate constants confirms the original concept of
transition-state theory that passage through the transition
state is “vibrationally adiabatic” in the sense that energy is
FIG. 19. RRKM calcula_tio_ns for CKCO dissociation rate constants figr tied up in vibrational modes orthogonal to the reaction coor-
conservedT =4 K (solid ling) and Ty, =30 K (dashed ling dinate during the brief passage through the transition state
region. The comparison of RRKM calculations to the experi-

ues up to 9 are significant, the rate calculateddonixing is ~ Ment also supports the basic tenet of transition state theory
much slower than that without. Figure 19 shows that with that systems cross the transition state directly from reactants
conserved there is only a small difference between RRKM’D‘”Q proceed to .products without recrossing. The relative_ step
rates calculated at 4 and 30 K; while in Fig. 20 fomixed heights are quite well reproduced by RRKM calculations
the rate is much slower. The CG©=0, J=12) PHOFEX when unity is used for the transmission coefficient for each
curves taken at 4 and 30 K are almost identical, Fig. 10. Thi§luantized transition state. In principle a value significantly
is consistent with the RRKM calculations in Fig. 19, which less than unity is also possible in the unlikely circumstance
implies thatk quantum number is conserved in the photo-that it is identical for every transition-state vibrational level
dissociation of ketene. A similar conclusion has been drawshreshold.

from the observed density of states as a functiord dbr However, straightforward application of RRKM theory,
even with one-dimensional tunneling along the reaction co-

ordinate, does not reproduce the detailed shape of each step.
30 . : , Several steps exhibit small peaks that are clearly inconsistent
with the monotonically increasing function of E@0). The
threshold step for the zero-point vibrational level exhibits a
less rapid rise than those for excited vibrational levels. The
latter rise more rapidly than could be consistent with one-

k(E) {10°s7")

101 T

200 300 400 500 600

~ 20 dimensional tunneling for any reasonable value for the
:co imaginary frequency for a barrier of the height observed. At
e this level of detail a quantum mechanical treatment of the
- reaction coordinate coupled to at least one other coordinate
:‘"i appears to be needed. Ultimately, it will be valuable to com-
10 - pare such a theory with rates for fully resolved initial rota-

tional states.

The ab initio calculations for the geometry and vibra-
tional frequencies of ketene at the transition Stateave
proven to be extremely useful in the interpretation of experi-
Y ' ' ' mental results. The impulsive model calculation based on the
200 300 400 500 600 ab initio transition-state geometry predicted the CO product
rotational distribution quantitativet{ thus confirming theb
initio CCO angle of 116°. The scaletb initio value for the
C—C-Obend of the CHCO transition state, 252 ¢, is in
FIG. 20. RRKM calculations for C,CO dissociation rate constants fisr excellent agreement with the value of 2506 cm ! found
e o el e gy o oo Tt o e, The theoretical frequency derives further support from
otherwise nearly identical. The 30 K rate is markedly smallerifamixed the observelf width of the CO rotational distribution. The
than forK conserved. CH, wagging frequency at the GBO transition state ap-

Energy - 28,000 cm™
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