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ABSTRACT

- Quantum mechanical effects on the angular distribution of HF prod-
ucts from the F + H2 reaction were studied using crossed atomic and
molecular beams with a rotatable mass'spectrometer detector and time-
of-f1ight velocity analysis. Measurement of the singlet-triplet split-

ting of CH2 from the recoil velocities of fragments from ketene pho-

todissociation in a molecular beam are also reported.

Partial center-of-mass angular distributjons, and velocity flux
contour maps have béen derived for individual vibrational states of
the HF product from the F + H2 reaction at co]]isioh energies of 2
and 3 kcal/mole. The center-offmass distributions were obtained by
analysis of laboratory angular and time-of-flight measurements of the
reactive scattering. The results are consistent with recent three di-

mensional quantum mechanical scattering calculations, which predict

_that resonance effects should abpear in the product angular distribu—

tions in this energy range.

The photofragmentation of ketene in a molecular beam was used to
measure the singlet-triplet splitting in CHZ' A rare gaS halide ex-
cimer laser operating at 351 nm (XeF) and 308 nm (XeCl) dissociated
the ketene. Time-of-flight measurements of the fragment velocities

allowed determination of the energetics of the dissociation. The
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1 1
agrees with many experimental results, but not with the value of 19.5

kcal/mole derived from recent photodetachment experiments on CHZ'.

splitting in CH, was found to be 8.5 £ 0.8 kcal/mole. This =~
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- chemiluminescence experiments

I. REACTIVE SCATTERING OF F WITH H2_

INTRODUCT ION

The F + H2 > HF + H reaction is one of the simplest examb]es of
a highly exoergic chemical reaction. A variety of experimental methods
have beén used td determine both the absolute overall rate constant,
and relative state to state probabilities for this reaction. These
quahtities, and some other characteristics of the reaction, have also
been the object of numerous theoretical calculations. Even for tHis
simple reaction, the dynamics have prdvéd‘fo be éufficient]y compli-
cated that many'features are either unknown or poorly understood.

The most striking aspecf of the F +.H2 reaction is the inversion
of the vibrational state populations in the HF products. VOf course

this is the reason for much of the interest in the F + H2 system

since a powerful chemical laser can be built using it as the pumping

reaction. Many measurements have been made of the energy distribution

in the reaction products to determine detai]ed rates for product forma-

tion in various quantum states.: Chemica] 1aserl’2’3

4,5,6,7

and infrared
have given product vibrétiona]
distributions at several temperatures (Table 1) and there islfair
agreement among values determined by different methodsf Infrared
chemiluminescence has also been used to determine product rotational
state dfstributions for HF V = 1,2 and 3;k |

The use of para hydrogen in the reaction has sthn thét the rota-
tional state of the reactant H2,1nf1uences the‘vibrational energy
distribution in the products. With para hydrogen a significént]y higher

fraction of the available energy appears in product vibration.8 Infra-
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* red chemiluminescence measurements using para hydrogen in the reaction
: :

at two different temperatures have made it possible to resolve the ef-

(49

fects of individual rotational states.6 The reaction with H2 J =
1 yields products with somewhat 1ess_popu]atibn in V = 3, but this
trend is reversed.between J = 1 and J = 2 at 290 °K with J = 2 giving
a larger fraction of product in V = 3. |

Measurements of the overall rate constant for the F + H2 reac-

‘ciong'14

using different methods and over different temperature
ranges have not agreed very well. Values for the activation energy
range between 510 and 2470 cal, with Arrhenius preexponential factors
between 9.2 x 10711 and 2.7 x 10';0 cm3/m01ecu]e-sec. The most re-

cent direct meas.m*ementslz’m’14

all gave activation energies below 1.2
kcal/mole. The actual values for the rate constant from those studies
agree within about a factor of two over the temperature range covered.
| The experimental work mentioned has revealed several characteris-
tics of the dynamics of the F + H2 reaction. The overall reaction
has a small activation energy, indicating there is a low barrier to
the reaction. Increasing the reagent temperature tends to decrease
the fraction of the avai]ab]e énergy appearing in product.vibration
and increases the energy in product rotation.7 The effect of reagent
rotation is difficult to determine separately from changes in transla-
tional energy, but there certainly is evidence that the rotational
states of the reactants significant]y influence the vibrational dis-
tribution of the products.’ |

A great deal of effort has been directed toward explaining these

results by comparison with various types of calculations. An accurate
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potential energy surface is an important prerequisite for calculations
of collision dynamics; Most of the surfaces proposed are of the LEPS15
or generalized LEPSIG'form with parameters adjusted to fit some experi-
mental results. Actually, some of the classical dynamiés calculations
were attempts to derive the potential from experimental results. The
features common to all fhe ground state sUEfaces used for studying the
F + H2 reaction are an exothermicity of about 32 kcal/mole, and a

small barrier to the reaction for a co]linear approach of F to H2 with

an increasing barrier as the configuration departs from linear.

A surfacé derived by Muckerman,17 designated M5,is the most

‘widely used for dynamics studies. It was determined from a two param-

eter LEPS form with the requirements that it yield a transition state
theory activation energy of 1.71 kcal/mole, which was the best experi-

mental va]uel8’19

when the potential waé first proposed, and an average
vibrational ehergy of the HF products of 29.5 kcal/mole (fhom data of
Ref. 20) from classical trajectory ca]cu]ations.,.Resu1ts of three di-
mensional classical trajectory'éé1cu1ations on thié surface are shown

in Table 1. The theoretical studiest’

correctly predict the vibra-
tional population inversion of the HF products. The experimentally
obsefved trend toward increasing population in HF V = 1 relative to HF
V = 2 as the temperature is increased also appears in the ca]culatfons.
The classical trajectory studies show a monotonic decrease in the frac-
tion of available energy appearing as vibration in the products as re-
actant rotation is increased, whereas experiments tend to show that the

vibrational excitation of HF has a minimum for H2 J = 1. Experiments

and calculations show roughly the same fraction of aVai]ab]e energy in
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product rotation, although the conditions of the experiments are not

exactly those used in the calculations.

Similar classical trajectory studies have been done on other'pbten—’

21-25 1pe main feature of the reaction, product.

tial energy surfaces.
vibrational population inversion, is adequately described in all of
 these ca]cu]ations. The major differences among the results on dif-
feren£ potent1a1 surfaées'are the reéctioh rate constants, which are
not ih agreement with the experimental va]ué for any surface, and the
threshOid for the reaction, which cannot be directly compared to cur-
rently available experimental data. The semiempirical potentiélhenergy
surfaces used for the frajectory studie$ described can be compared to
some ab initio quantum mechanical calculations of the F + H2 surface.
These calculations showed that the collinear configuration fs the min-
imum energy path for the react%on, with the barrier for the perpendic-

26

uiar approach being 12 kcal/mole higher. Quantum mechanical cal-

culations along the minimum energy path gave a barrie} of 1.66 kcal/

27 The qualitative fea-

mole and an exothermicity of 34.4 kcal/mole.
tures agrée we11 with the.most widely used semiempirical surfaces.
More recent cé1cu1ations Qave an exothermicity of 31.3 kcal/mole,
‘agreeing well with experiment, and a barrier.of 3.35 t 1.0 kcal/mole
for the collinear reaction.z8 The barrier is significanfiy higher
than that which gives'c]assical trajectory results most nearly in
agreement with experiment.

Quantum mechanical calculations of reaction probabilities for
F+H have-indicated that there are features of the reaction that

2
are not adequate]y'described by classical dynamics. Calculations for

i
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the collinear F + H2 configuration on the M5 potential surface with
ground state reactants show a shakp'peak in reaction probability for
the production of HF V = 2 af a relative collision energy of about

0.014 ev.29

The HF V = 3 product first appears at a co]lision enérgy
of ‘about 0.045 eV, 0.032 eV higher than the point at which it becomes
energetically accessible. The fraction of available energy in product
vibration when averaged over the relative energy range from 0.0 to 0.4
eV is nearly the same for the quantum mechanical (0.79) and collinear
classical trajectory (0.81) calculations, but as a function of energy
the value varies between 0;66 and 0.89 in the quantum mechanical re-
sults and is nearly constant classically. The very rapid change in
the reaction probability as a function of energy for the HF V = 2

product is attributed to dynamic resonance effects. This resonance

structure results from interference between direct reaction processes

" and those having longer lived intermediate states. There are no wells
in the collinear potential along the reaction path, so the potential
‘supporting the resonance must be along a different coordinate, corre-

‘sponding to internal excitation of the collision complex. Vibration-

ally adiabatic curves for the M5 potential surface have wells for ex-
cited vibrational states due to a decrease in the force constant in

30 ¢

the collision regiQn which lowers the energy of a given state.
the potential surface is changed to remove these wells the resonance
structure in the quantum'dynam1c§ caiculations disappears, but in this
case it is not possible to associate the resonance with the well for

one particular vibrational level. The adiabatic potentials depend on

the choice of coordinates used to define the vibrational enerqy, SO



this also causes some confusion in attempting to find a physical ex=~
planation of the resonances. Very recently a c]assica] method for
unambigudusly determining the position and energy of vibrationally
adiabatic barriers and wells on a collinear potential surface has been

described.31

Application of this technique to the F + H2 reaction on
the M5 surface identified barriers in the reactant and product regiqns
. for a given classical vibrational action. Quantizing the action ac-
cording tb_F = (n *+ 1/2)h (n an integer) then determines the barriers -
‘for particular vibrational states. Appropriately quantized periodic
orbits between the barriers were then found and the energies of these
trajectories matchgd almost exactly the energies of the quantum me-

32 It thus seems fhat these bar-

chanically calculated resonances.
riers play a crucial role in determining the resonance energies.
Collinear quantum mechanical calculations have been done with sev-.

33 including one based

" eral other model F + H, potential surfaces,
“on the ab initio surface.34 Resonance structure is observed in all
of the results, but there is Tittle similarity among them. Thus it
appears that the quantum mechanical behavior is very sensitive to the
potential surface. |

For comparison to experimental results three dimensional cal-
culations are necessary. These calculations have been performed for
F + H2 (v =0, J = 0) on the M5 potential using avJZ - conserving ap-

proximation.35

They show the effects of quantum mechanical resonances
in three dimensions. There are no longer sharp peaks in reaction prob-
abilities as a function of energy as appear in the collinear results.

Instead, there is a peak in the reaction probability as a function of

Ty
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tota]qangular momentum for thé HF V = 2 product which shifts to higher
angular momentum as the energy is increased. In contrast, the reaction
probability for HF V = 3 remains peaked at J = 0 throughoﬁt the colli-
sion energy range from 0.06 to 0.33‘eV. The angular momentum for the
reaction is supp]ﬁed en%ire]y by the orbital angular momentum of the
collision, determined by the impact parameter. Since the product
scattering angle is related to the impact parameter, the large change
in the reaction probability versus angular momentum is expected to
produce a corresponding change in the HFlV = 2 product angular distri-
“bution as the col]gsion energy is varied. A more detailed discussion
of thié effect is given in conjunction with the analysis of the results
of the experimental work to be described here. Probability densities
.and fluxes have been calculated from the three dimensiona]-wavéfunc-

‘ tion.36 The resonance is characterized by buildup of density in the
transition §tate region after the entrance barrier. This is analogous

to the collinear case,30

and supports the idea that the resonance is
due to the existence of a quasibbund transitibn stage. It is also in-
teresting to note that the ehekgy of %he resonance in the co]]inear'
calculation agrees well with that in three dimensions if the zero point
energy of the transition state and the centrifugal energy from the or-
bital angular momentum of the collision are added to 1t.36
There is an additional comp]ication‘in‘the.F + H2 reaction, the
effect of which is not yet well understood. The 2P fluorine atom can

interact with H2 to give three different doubly degenerate FH2 elec-

“tronic states. For a collinear geometry these are a 23 state corre-

sponding to the singly Qccupied fluorine P orbital lying along the axis



of the collision complex, and two 2'n~'states with ‘the singly occupied P

orbitals perpendicular to the collision axis. In the more general case

2

the complex has CS symmetry and the "I state becomes 12A' while the .

2 2 2

7 states are “A"™ and 2

1

A'.37 Only the 12A‘ state correlates to

3

the "y ground state of the HF product. The other states correlate to °p

states of HF, which are inaccessible for the collision energies being

2 2

A' and the 2°A' are separated

38

considered hére. In the reactants the
by the spin-orbit splitting in fluorine, 1.16 kcal/mole. 'In the ex-.
perimental studies of the F +'H2 reaction unknown mixtures of ground
state F 2P3/2 and the spin;orbit exqited F 2P1/2 were produced. If

the 2P1/2 state can react by making a transition to the ground elec-
tronic state, then the observed results are ﬁhe sum of two reactions
with possibly different dynamics. Comparison with calcu]atibns on a
single potential énergy surface may lead to unreliable conclusions.
Calculations show small reaction probabilities for the 2P1/2 state of

39,40

fluorine at low collision energies. The potential surfaces for

2 2

the “A" and 2 “A' states are found to be highly repulsive for smaill

F ~-H separations;40’41’42 Using semiclassical approximations for

2
the electronic transition probabilities, and classical trajectories

for the nuclear motion, calculations give a cross section for F 2P1/2
reaction with H2 that is between 5 and 20% of that for the ground state

39,40 Thé cr055'sec—b

reaction for collision energies up to 5 kcal/mole.
tion rises quickly with increasing collision energy. The presence of
the low lying excited states may also effect the reaction if it is in-

jtiated in the ground state. Collinear quantum mechanical calculations
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using Muckerman 5 as the ground state‘botentialvsurface and another
model for the spin-orbit excited state had much different results for |
the energy dependence of the rea;tion probability than single surface
ca1cu1atidns.43 State to state reaction probabilitiesvhad additional
structure when two Surféces were considered. All of these ca]cu]atioﬁs :
depend on the forms of the pdtentia] surfaces invoived, whfch'are not
we11 known. Therefore it is not possible to say in any detail what‘
effects can be expected from the mu]tip\e potentia} energy surfaces,
or how mixtures of F 2P1/2 and F 2P3/,2 iﬁf]Qence the 1nterpretation of

experimental results.
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EXPERIMENTAL

In order to determine the importance of dynamical resonance ef-
fects and to judge the accuracy of currently used potential energy
surfaces it is necessary to obtain more detailed éxperimental’results
~on the F + H, reaction. Differential cross sections for individual
HF vibrational states produced in the reaction at well defined colli-
sion energies would be particularly valuable for comparison with c§1;
culations. Using crossed beams of the reactants and a sensitive mass’
spectrometer detector'angular and velocity distributions of the HF
product have been measured. The resu]ting»center—of-mass distribu-
tions give, with some 1imitations, differential cross sections for the
various HF product states. | |

The arrangement of the molecular beam machine used in this work is
shown in Fig. 1. A beam of fluorine atoms crosses an H, beam at 90°
in a chamber evacuated to about 1 x 10—7 torr. The chamber is 1ined
with a copper'shieid cdo]ed with liquid nitrogen td rapidly pump con-
densable gases. 'Reaction‘products are detected by a mass spectrometer
which can be rotated around the collision center. Product time-of-
flight was meaéured by spinning a slotted disk in front of the detec-
tor and récording the time needed for products to go from the disk to
the detector. |

The detector has three nested regions suspended from a 1id which
rotates on a bearing mounted in the main vacuum chamber. Each detector
region is individually pumped'by an ion pump. Small slits connect‘the._
regions and allow product molecules to reach the innermost oﬁe, whi]e

providing differential pumping of background gas. The slits determine
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the v1ew1no area around the collision center and the angular reso]u—
tionl. In the exper1ments descr1bed a- square area 3mm on a side at the
collision center was v1ewed by the detector. The angular acceptance
was 1°. The;third detector region is liquid nitrogen cooled and has
an e]ectronvimpact jonizer mounted in it.  Product mo]ecnles passing
through all the slits enter the_ionizer. Ions_formed are mass se-
lected by a quadrupo]e mass filter. Afterl1eaving the quadrnpo]e
the ions are acce1erated to a target at about -30 kV. Electrons are
eJected from the target towards a plastic sc1nt111ator and the light
flashes from the scintillator are detected by a photomu1t1p11er tube.
The resu1t1ng pulses go to various kinds of count1ng electronics.

To measure totalvproduct intensity as a function of angle the |
fluorine beam is modulated at 150 Hz with'a tuning fork chopper. A

dual channe] counter that is synchronous]y gated in phase with the

: chopper counts signal pu]ses with the beam on and off Choos1ng a

particular ang]e as a reference and checking the s1gna1 periodically

- ensures that the intensity is stable over the course of the several

“ hours needed to obtain an entire laboratory angular distribution.

Time-of-flight measurements were used to determine product velocity
distributions. In the simplest arrangement for doing this a wheel with
a small number (usually 4 or 8) of slots was rotated 1n\front of the
detector entrance. A sma]] 11ght bulb and a photodiode on oppos1te
sides of the wheel indicate when a slit goes by. This tr1ggers a 255
channe] scaler which counts s1gna1 pu1ses for a predetermined t1me in
each channel. The signal can be accumulated for many triggers and

transferred to a 1aboratory computer. The distribution of counts
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among the scaler channe]s‘is thén the distribution of product arrival
times after traveling the distance (29.8 cm) ffom the wheel to the
ionizer. A mass dependent correction due to the ion flight time must
be made for accurate results. The fon'f1ight time is determined by
looking at the arrival times of ions with dffferent mass from fragmen-
tation of a parent neutral in tHe ionizer. For the conditions of this
experimént the ionsf f]igﬁt time was found to be giQen by

T = 3/_M—usec

ion v
where M is the mass to charge ratio of the ion. Thus for HF" the value
is 13.4 psec. The time-of-flight wheel can be rotated at frequencies
up to abdut 500 Hz. To spin the wheel a two phase audio oscillator
with outputs 90° apart drivés two amplifiers with independently adjust-
able gain.- These two outputs run a hysteresis synchronous m<)1:or4'4
which turns at the driving freduency. The motor'is water cooled and
reéts in a'spring loaded mount to maximize the bearing lifetimes at
high speeds. |

For the F + H., reaction this simple time-of-f1ight scheme was

2
unsatisfactory. The low signal level and relatively high background
at the mass detected‘made éounfing times unreasonably long. Therefore
a cross correlation technique was used to incréase the duty cycle and
shorten counting times. Thé technique haé been described in detail in

45,46,47 It relies on the existence of sequences with

several places.
the properties that'the autoéorre]ation function is constant except

for one pojnt
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and

N-1 gy 2 1.

L

i=0

Here N is the sequence length, and the sequence elements s are equal

to *+ 1.° If a sequence of this type is cut into the timé-of—f]ightb

‘wheel the products are modulated with the same périod as the wheel ro-

tation. If thevcounting time of one channel of the scalar 1s'equal to
the wheel period divided by thg'sequencenléngth the observed intensity

after one wheel revolution is
‘ N e : _
I(i) = 5= (S (i-t) F(t)) + B/N.
' t=0 ,

F is the actual time-of-flight distribution of the detected particles

per open element of the wheel, B/N is the background per channel, and

" S' is now a sequence of ones and zeroes corresponding to whether the

particles were transmitted or stopped by the wheel. Cross correlating

the intensity with the original sequence and using the fact that

S'(i)-:% (S(i) + 1) gives
ce) = Mt osgict) 164)
1=0 )

S, S(i-t')[Nz;l $(si-t) + 1) F(t))+am]

. Wl [“il (3 5(-t") (si-t) + 1) F(t)) +‘S(i-t")B/N]
i= t=0

|
ol

——~
=2
+
R
N
-
e
gy
\-:
+
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- % (N+1) F(t') + B/N -

The resulf is that the signal is multiplied by the factor (N+1)/2 due
to increased transmission of the sequence of slits versus a single
slit, while the background is unchanged. 1In spite.ofbthe large in-
creasé in the signal obtained, the cross correlation technigue is not
always preferable to single shot time-of-fiight. Aftér cross correla-
tion the signal at each time is the result of either adding or sub%
‘tracting the observed counts in all channels. Thus the statistical
unceftainty for any time is due to the uncertainty in the total number
of counts rather than in the counts in a single channel. In the case
where the background is much higher than the signal, the cross corre-
lation method is superior to single shot.time-of-flight, andvin thfs
experiment it would not have been.bossib1e to obtain time-of-flight
distributions without it.

A modification of the motor driving system described was necessary
for the reliable use of the cross correlation time—of;f1ight me thod .
The advance of channels in the multichannel scalar must be accurately
synchronized with the rotation of the wheel. To do this the oscillator
defining the rotation frequency>was_phase—1ocked td a'signa] derived |
by dividing the channel advance c}ock frequency by the sequence length
(255). |

The molecular (atomic) beams used in this experiment were produced
by supersonic expansion to provide the narrow velocity distributions
necessary for good energy resolution. . Each consists of a nozz]e,vfrom

which the gas exhausts into a chamber which is pumped to.a pressure of
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about 2 x 10’4 torr by an o0il diffusion pump. A conical skimmer is .
mounted facing the nozzle. The skimmer has a small hole to extract a
narrow beam from the center of the gasvéoming from the nozzle. This

beam enters a differential pumping region where it is further colli-

mated before entering the main interaction chamber.

Producing a stable, high intensity source of fluorine atoms with a

narrow velocity distribution proved to be the biggest problem in study-

ing the F + H2 reaction. The source used produced fluorine atoms by
thermal dissociation of a small percenfage of FZ in a carrier gas.
It consisted of a nickel tube with a cap welded on one end and a con-
centric sleeve welded to the cap. A ho}e inhthe'cap approximately
0.lmm in diameter served as the nozzle brifice. This assembly was

48

heated by coaxial heater cable =~ in three‘p1aces, two on the inner

tube and one right at the end. The oven was supported at the end of

 the outer sleeve and the end of the inner tube by water cooled copper

blocks. The three individua11y'contro1]ed heaters were found neces-

sary to solve several problems in earlier designs. "The nickel tube

forms a fluoride layer that protects it from further attack, but at

the operating tempefature of around 700°C the_vapor‘pressure of the

nickel fluoride coating is significant. Thus the nozzle had a strong

tendency to clog if it was not the hottest point. If the tip alone
was heated, then when fluorine was seeded in a gas such as krypton
with a Tow thermal conductivity the mixtUré would not get hot enough
to efficiently dissociate the FZ' The nozzTe.lifetiﬁe was quite.

sensitive to temperature and heating it much above_700°C would cause

 the hoie toben1arge rapidly. With three heaters it was possible to
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adjust the temperatures at various parts of the oven to minimize clogg-
ing, and still get dissociation without destroying the tip. The rela-

2

tive concentrations of F P3/2 and 2P1/2 in the beam were not measured.

Calculating statistical populations from the energy splitting of 1.16

kcal/mole and the degeneracies of the states gives 20% F 2

P1/2 at the
700°C oven temperature. - This should be an upper limit, as some elec-
tronic relaxation may oecur in the supersonic expansion.

‘The molecular hydrogen beam was obtained from high pressure (25 -
70 atm) expansion of H2. The nozz]e was simply a 30 ym aperture in
a small platinum disk brazed to the end of a stainless steel tube.
The tube was mounted so that the nozzle skimmer distance could be
changed from outside the vacuum to optimize the beam intensity. A

48 was used to minimize

Tong (1.92 cm) electroformed nickel skimmer
.disturbance of the beam. The nozzle temperature could be reguiated
between 25°C and 450°C. The H, velocity distributions were very
ﬁarrow, the full width at half maximum was only 1-2% of the peak vel-
ocity. Although the trans]étiona] cooling in the supersonic expansion
-was very effective, rotational.relaxation was not complete. Rotation-
.a1 level populations can be estimated from the energy relations for

the adiabatic expansion preducing the beam. For a diatomic gas at a
temperature at which vibration is not excited the total energy avail- v
able per molecule is 7/2 kT, kT of which is accounted for by rotation.
From the source at 28°C the measured H2 ve]ocity was 2.72 x 105 cm/sec,

so the translational energy per molecule was

E=1/2mv2 - 1.77 kcal/mole.
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At 28°C, 7/2 kT = 2.09 kcal/mole. Since the translational témﬁerature
in the beam is very low, the difference between 7/2 kT and the energy
of a molecule in the beam must be due.to.Hé rotation. Thus there is
0.32 kcal/mole of rotational energy remaining after the expansion.
This corresponds to a rbtationa] temperature of 160&. Té»determine
the pbpulafions of the H2 levels the ortho and para forms must be
properly accounted for. At 300K the ratio of para (even J) to ortho
(odd J)'hydrogén is determined almost entirely by the nuclear spin
degeneracy, with spin 1 molecules having-odd rotational levels and
zero spin associated with even levels., Since spin 1 has a dégeneracy
of three three fourths of the H2 molecules are in the ortho form at
300K. The two forms do not equilibrate dur1ng the short t1me of the
expansion, so the ratio between them 1s.f1xed at the room temperature
value. Calculated relative populations for the rotational levels are
" shown in Table 2, assuming a rotational temperature of 160K. To show
the effect of heating the H2 results are aTso shown for the beam

with the nozzle at 276°C. 'Usinézthe same proceduré as above, a termi-
nal rotafiona] temperature of 240K was calculated. These relative
populations may not be extremely accurate, because as the gas cools in
the expansion they may not follow a normal temperature distribution.
The important points are that the dominant rotational state isd =1,
.and that on the avérage about 50% of the inﬁtia]’rotationa] energy re-

mains after expansion.
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DATA ANALYSIS

»The:ekperimenta] apparatus described'measures flight times and in-
tensities as a‘function of angle for molecules moving in the laboratory
frame of reference. To compare these results wfth scattering cg]cu]a—
tions, data must be convérted to intensity in the center-of-mass coord-
“inate system of the colliding particles. The final result is then a
map of product flux as a function of center-of-mass angle and velocity
or energy. The velocity vector or Newton diagram (Fig. 2) shows the
two coordinate systems, and conveniently relates éng]es and velocities
in them. The vertical and horizontal velocity vectors correspond to
the fluorine and hydrogen beams respectively. Their base is the origin
of the 1aboﬁatory coordinate syétem. The center-of4nass‘moves through
the T1ab as shown by the vector labeled C.M. The'tip of this vector is
the origin of the center-of-mass system, and F andxH2 velocities are
labeled. Circles are drqwn at constant center—onmass speeds corres-
ponding_to the maximum energies available for various HF product vi-
brational states. The usual rules of vector addition can be used to,
determine the relation between lab and center-dfqnass angles. The
fluorine atom direction is chosen as zerd degrees in both systems.

For a single Newton diagram the intensity in one frame can be di-
rectly transformed into the other. Unfortunate]y the Taboratory data
to be presented here resu]t‘from a distribution of Newton diagrams,
due to beam velocity and angular spreads; and are also influenced by
the resolution of the apparatus. Because of this it is not possib]é
to associate scattered intensity with a particular center-of-mass angle

and velocity, making a direct laboratory to center-of-mass transforma-

2
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tion very'difficult. The reverse procedure was actually used, because
it isveasier to model the effettg of thelexperimenta1 conditioné on a
given center-éf—mass intensity distribution. The big drawback is that
this distribution must then be guessed, and many trials ?re needed to
find the correc£'one.

TheAa$suméd center-of-mass product flux distribution is specified

“individually for each product vibrational state. Each state has a

maximum translational energy avai]ab1e to it determined by -

as shown on the energy level diagram (Fig. 3). AE is the reaction ex-

coll. ~ ax

oergicity, E is the collision energy, E is the vibrational

coll. vib

energy of the HF product relative to HF (V = 0), and Tmax'is'the
maximum translational energy. Probability distributions for product
translational energy of the form |

P(E) = E* (T... - E)B

‘ max
were used. For convenience in choosing the parameters the distribu-

~ tions were actually characterized by 8 and Ep, withJEP being the energy

at which the probability peaks. The value of a can be. calculated from

To obtain a complete center-of-mass f]uX‘distributi5n the parameter 8
was specified for each vibrational state, and aAva1ue of Ep was as-
signed along Qith a relative intensity every 5° center-of-mass éngle
for each state. Values for other angles were found bykinterpo]ation.
This'center;of—maés energy and angular distribﬁtion can be transformed

to the lab frame for a single Newton diagram. Center-of-mass veldcity
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is ca]cu]atéd from the energy, then vector relationships provide the
angular and velocity transformations to 1aboratory coordinates. The
~ratio of vo]ume elements in the two frames determ1nes the 1nten51ty |
transformation. For the center- ofqnass energy d1str1but1on
Ic.m.(Ec.m.gc.m.) dEﬁ;m._dQc;m. the correspondjng.ve10c1ty distribu-
tion is '

o UI (E e

I (U ¢cm.) c.m. c.m. cm)

c.m.
where U is center—of-mass ve]oc1ty, e is the scattering angle, and
2 is the solid ang]e.‘ The 1ab frame 1nten§1ty ILab (V,eLab) dVdQLab

is then found from

)
Vv _
ILab(V’gLab) = G? Ic.m.(U’gc.m.) ’
V is the laboratory velocity. This relation has been derived previ-
50,51

ously by several people. A fUrthér transformatjon allows cal-

~culation of the time-of-flight distribution;

N(t,e I (V,e

) =Y )
Lab’ =T ‘Lab Lab

Here N is a number density distribution.v The conversion from velocity
to time, t = 1/V, with 1 being the flight path, has been made, along
with a change from flux to humber density. This is necessary since
the number of ions produced in the e1éttron impact ionizer per unit
time is proportional to the number density in the ionizer.

Once.the center-of4n;;s intensity distributjon is specified the
transformations described can be pefformed for any initial velocities

of the reactants. A computer program written primarily by Dr. Kosuke

Shobatake was used to calculate the laboratory intensity for different -
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Newton diagrams. These intensities were weighted according to the-
probability fdr the specific combination of beam speeds and fluorine
beam angle, then summed to give'simulated laboratory distributions.
Additidna] averaging accounted for the effects of the detector angular

resolution and the uncertainty in the flight path due to the ionizer

length. A laboratory angular distribution was calculated and scaled

to best fit the experimental one. Time-of-flight distributions were

| calculated at each angle and their area was normalized to the value of

the angular distribution. The calculated and experimental results

were compared, and the input center-of-mass distribution was changed

‘until satisfactory agreement with the laboratory distributions was ob-

tained.
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RESULTS

The results of crossed beam reactive scattering measurements on
the F ¥ H2 reaction are presented here. Experiment; were done with the
velocities of the fluorine atom and hydrogen'beams adjusted to give'
center-of-mass .collision energies-of about 2 and 3 kcal/mole. Two
compiete sets of time-of—f]ight‘and laboratory angular disiribhtioﬁ
data will be shown for collision energies around 3 kcaT/mofe. The
fluorine atom velocities are quite different for the two data sets,
A and the H2 velocity was-changed to give about the same collision en-

ergy in both cases.
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A. RESULTS FOR 2 kcal/mole COLLISION ENERGY
The fluorine atom beam was produced by flowing’zlto 3% F2 seeded
in N2 at a total pressure of 675 torr through the nickel ndzz]e de-
scribed before. The temperature of the tip of thé*source as measured
by a chromel-alumel thermocouple was 710°C. The velocity distribution
‘of the component of the beam appearing at mass 19 in the mass spectrom-
eter was determined from time-of—f]ight.méasurements. The velocity
distribution was assumed to be of the form
- , -8(V-vp)° ,
P(V)dv V- e dV (see Ref. 52, and references therein).
For this'beaﬁ'the va1ues of the parameters were 8 = 1.97 x 107
sec? Jcm? and VF - 1.35 x 10° cm/sec. The.distribution had a
full width at half maximum of about 25%. The H2 beam'was produced
from the expansion of hydrogen at a pressure of 27 atm and a tempera-
:ture of 29°C tﬁrough a 30um apertufe; The resulting beam had a veloc-
ity distribution with a full width at half maximum less than 3% (the
limit imposed by the.resolution of the apparatus) aﬁd a peak velocity
of 2.73 »x"105 ¢m/sec. A Newton diagram is shown in Fig. 2 for the most
probabie beam veTocities.. Figurez4 shows the distribution of colli-
sion energies due to the angular and velocity distributions of the
beams. The actual data obtained with these conditions consist of the
1abofatory angular distribution Fig. 5, and the‘set of time-of-flight
data at various lab angles, Figs. 6-15. Re]iab]e data could not be -
obtained closer than 10° from the fluorine beam because of a large in=
crease in bdckground at mass 20. This is due to HF and othef contami-

nants in the beam.' For time-of-f1ight spectra taken closer than 20°
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from the fluorine beam the background was not perfectly flat, and was
fit with a po1ynomia1 before subtraction. This backgrouhd component
from the f]uorine beam source should‘not effect the angu]ér distribu-
tion since the H2 beam was modu]ated. This minor. constituent of the
beam detected at mass ZQ'(HF produced by reactions of fluorine in.the
nozzle) could contribute to the angular distribution due to elastic
scattering by H2. To find out if this was fmportant, a 0.5 mixture
of HF in N2 was flowed through the nickel nozzle, which was heated
fo the same temperature as uséd for reactive scattering. Elastically
scattered HF was then detected with the H, beam conditions 5dentica1
to those when the F + H2 reaction product was measured. The intens-
ity of the HF beam was compared to tHe mass 20 signal from the fluorine
beam bylobtaining time—oféflight distributions of botH beams. This
allows scaiing of the HF elastic scattering angular distribution to
the conditions in the reactive scattering experiment. After doing
this it was found that elastic scattering contributed no more than 5%.
to the reactive signal at ang]g;_greater than 10° from the fluorine |
_beém. No attempt was madevto correct for this, but the HF content of -
the fluorine beam was minimized by placing a liquid nitrogen cbo]ed
trap between the tank cdntaining the F2 - N2 mixture and the noz-
zle.

The laboratory angular distribution shown is the average of several
scans, with a total of about 500 seconds of counting_time at each an-
gle. The error bars are one standard'deviatjon‘of the mean caicu]ated

from all the scans at each angle. —-This-error was invariab]y'someWhat
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Vlarger than that calculated solely from the statisfica] error associ-
ated with the total number of counts.

The'time—of-flight spectra are the résu]t of about 90 minutes of
counting at each angle, using the cross correlation method described.
The wheel used had a sequence length of 255, and spinning it at 392 Hz
gave a time channel length of 10 usec. Peaks due to individual product
vibrational stateé are resolved at several angles. |

A center-of-mass product ve]ocity‘f1ux contour map derived from
these data is shown in Fig. 16. The fitting procedure used to obtain
the center-of-mass distribution has already been deséribed.’ The solid
lines in Figs. 5-15, are the ca]cu]atéd}]aboratory angular and time-
éf—flight distributions. Contributions from tHe individual vibration-
al states are also shown. In the time-of-flight fits an ion drift
time of 13.4 usec, and an offset of 5 usec due to the placement of the
? photodiode assembly used to trigger the mu]tichanne1 scalar have been
added to compare directly with the experimental data. The contour map
ié shown positioned on a portion of the laboratory Newton diagram with
14° laboratory angle indicated. Although the entire distribution is
shown, the dafa from this experiment do not provide information on
that part which falls inside of 14°.
~ " The method used to dplthe laboratory to center-of-mass conversion
automatically yields angular distributions for each vibrational state,
since these distributions are the input used tb calculate trial fitév
to the laboratory data. In Fig. 17 the total £lux per unit solid
angle ‘(the differential cross section) is plotted as a function of

center-of-mass angle (zero degrees is defined as the direction of an
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unécattered F atoh) for-each.vibrational state that is observed. Con-
tfibutions of HF V = 0 were neglected because vefy little of it is
produced in the reaction, and it could not bé resolved frpm HF V = 1.
The quantity displayed in Fig. 17 should be contrasted with that in
the contour map,. which is product flux per unit solid angle, per unit
velocity.

The actual parameters used to calculate fits to the daté are pre-
sented in the Appendix. _The maximum translational energy for each
state is calculated using the reactionvexothermicity. This is ob- .
tained from the dissociation,energies of H2, 103. 265 kCallmole53
and HF, 135.3 £ 0.17 kcal/mole,”? giving 32.0 + 0.17 kcal/mole.

This value of the exothérmicity assumes ground state reactants and
products. In the experiment there is somé residual rotational energy

of H,, the rotational temperature is on the order of 160K. The

29
average energy in rotation is then about 0.3 kcal/mole. Since it is
not known how this reactaﬁt;energy appears iﬁ:the products. there is no
clear way to determine the correction to the exothermicity needed to
account for it. This is not a problem for the HF V=1 and V = 2
states; but for V = 3 there is only l.5vkca1/mo1e available for trans- .
lation, and the exothermicity must be known accurately to determine
the maximum product velocity. The best fit t? the data was obtained
using an exothermicity of 32.5 kcal/mole, which seems reasonable con-
sidering the rotational energy in the H2 beam. The vé]ue chosen for
the exothermicity has some effect on the partitioning of intensity be- '
tween V = 3 and V = 2 at angles where they are not reso]ved, so a val-
ue was chosen which allowed a good fit to be obtained to the time-of-
flight data at angles where the V = 3 and V = 2.peaks are well separ-

ated.
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B. RESULTS FOR 3 kcal/mole COLLISION ENERGY
| The first sét of data to be preéented in this section was ob—
tained usingAf1uorihe atom source conditions very similar to those. in
the experiment at 2 kca]/mo]ejcoi]ision energy, and a fagter H2 beam.
* to reach ﬁhe higher co]]isidn energy. A mixture of 2.5% fluorine
seeded in nitrogen was used at a total pressure of 1100 torr. The |
'nozz1e tip was heated tb 655°C, since the somewhat lower temperéture
increased theAlife expectancy. The parameters for the beam, as de-
fined in the previous section, were 8 =’i.5—x 10‘9 secz/cm2 ahd
VF % 1.39>x 105 cm/sec. The hydrogen beam sourcé was heéted to
accelerate the H2. At»a temperature 6f’219°c and pressure of 37 atm
the vg]ocity of the peak of the H, beam was 3.51 x 10° cm/sec, and
the width of the distribution was less than the resolution of the
time—of—f]ight;system. A New&on diagram for the most probable beam
- velocities is shown in Fig. 18.. The dafa appear in Figs. 19-30. In
this case the time-of-f1ight wheel was spfnning at 490 Hi giving'a
time channel length of 8 usecQ”’Countiﬁg periods fo? both the angu]arv
and time—of-f]ight data were sfmi1ar to those for the data at lower
collision energy. Figure 31 is a contour map of the center-of-mass
distribution which gave the fit to the data as 1ndicated‘by tﬁe solid
lines. A plot of fhe total flux as a function‘of centér—of4nass angle
for each product vibrational state is éhownmin Fig. 32.

To check the accuracy of these results another complete set of
data was taken using different experimenta] conditions to obtain the

same collision energy.. A mixture of 3% F2 in krypton at 650 torr

was Qsed with a nozzle temperature of 650°C to produce the F atom beam.



28

This beam was described with the parameters VF = 6.98 X 104 cm/sec and

8 2

g = 1.6 x 107 secz/cm . Thus the peak Velocity'is half that.of the

F in N, beams, and the full width at half maximum is about 20% of the

2
peak velocity. The H2 source was used at 275°C with a pressure of 37
atm. The H2 ve]ocity was 3f74 X 105 cm/séc. Figure 33 is the Newton
diagram for the reaction under these conditions. There are several
advantages in using the fluorine seedéd in krypton beam. Since the
atoms are moving ﬁuch slower than when seeded in N2, the laboratory
frame velocity of the broducts is lower. For a given time resolution
this yields beftef ve]ocity resolution. The spread in collision eneff‘
gies is also much smaller as is apparent in Fig. 34, where it is com-
pared with the distribution of collision energies when the fluorine is
seeded in NZ' Unfortunately the characteristics of the krypton
seeded beam make the reactive scattering signal much'smallerf Sinte
the krypton is much heavier than fluorine the fluorine tends to get
scattered out of the beam during the,ekpansion, reducing its intensify
at the co]]iéion center. 'The'iower lab velocities make the ratio of
lab to center-of-mass speeds smaller and reduces the fraction of the
scattered product intercepted by the detector at any ohé anéle. This
is evident from the center-of-mass to lab intensity transformation

' V.2 o . .. . - .
where ILAB(V’GLAB) x G§ Ic.m. (U,ec.m.). A further limitation of using
F2 in Kr is_that krypton has isotopes at masses 80 and 82. Uuhen these

masses are quadruply ionized the mass to charge ratio is at or near 20

so the mass specrometer cannot distingufsh them from the HF product.
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This prevents meaningful measurements Qvek the range . of angles in which
e]astica]]y scattered krypton can agbear; from zero degrees (the direc-
tion of the F beam) out to about 20 degrees. In sﬁite of these prob-
lems, it was poséib]e to observe the reactiQe scattering for a wide
range of aﬁg]es.' The data are shown in Figs; 35-42. The countiné

time for each point of‘the éngu]ar distribution was 300 to 500 seconds.
Tﬁé fréctiona]_error is 3 to 4 times that for the angular distribution
obtained using f]uorihe seeded in nitrogen. The time-of-flight meas-
urementé requi}ed extremely 1dng countiﬁg tihéé, from 5 to 12 hours at
each angle. Even after such 1ong‘accgmu1ation times the data is fairly
noisy.. The data were smoothed to give a better indication of how it
should be fit, but the points shown in the.ffgures are the actual data.
The center-of-maés contour map in Fig. 43 shows some unusual features
associated with V = 2 product that are neéessary to fit the data. The
éame structure appears in Fig. 44 when the center—of-mass angular dis-
tribution is plotted for each vibrational state. An extensive effort
~was made to fit the fluorine in:nitrogen and f]uofihe 5n krybton data
at the same collision energy siﬁu1taheous]y with the §ame center-of-
maés'distribution; This does not seem to be possib]e. Reasons for

the dffferences and some similarities will be discussed.

The input parameters uéed to fit all of the data at 3 kcal/mole

are given in the Appendix. Thevva1ué used fdr thé reaction exofhermi-
city was raised to 33 0 kcal/mole, which reflects the increasea popu-
lation of higher rotational levels of H2 at the source temperatures

needed to reach a collision energy of 3 kca]/mole. 
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Beforé,any meaningful conclusions about the dynamics 6f the F + H2
reaction can be drawn it is impoftant to consider some of the uncer-
tainties involved in the analysis of these data. vThere are Sevéra]
sources of error in the data, noise due to counting statistics and
small f]uctﬁations in beaa intensity, the calibration and inherent
resolution limits of the time-of-flight system, and poséib]e small
contributions from scattering of contaminanfs in the F atom beam. The
effect of these uncertainties in the laboratory data on the center-of-
~mass distributfons can be estimated from the transformation equation

2

: v
ILAB(V’QLAB) = E? Iem (Usocy) -

Clearly the laboratory intensity is very sensitive to the ratio of
the lab to center-of-mass velocities. This is a serious problem fok
interpreting the F in Né + H2 data. From the Newton diagram (Fig.

2) it can be seén that the ratio of the maximum center-of-mass veloc-
ity of the V = 3 producf to its laboratory vé]ocity is about 1 to 6.
An error of 1% inlthe 1ab6ratory-ve1ocity causes an error of 12% in
the Center—ofqnass intensity. The peaks in the time-of-flight spectra
ap- pear at about channel 30, so the velocity increment corresponding
to one time channel is 3 to 4%. The inherent velocity resolution thus
severely limits the accuracy of the determination of center-of-mass
inteﬁsity, at least for V = 3 broduct. At angles where the individual
vibrational states are not resolved, the velocities of states contri-
buting to the time—of—flight spectrum must be extrapolated from angles

where the states are resolved. This introduces further uncertainty

beyond the 1imits due to apparatus resolution. The velocity épread of
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the fluorine beam causes reaction products scattering with a range of
Newton diagrams to contribute to the observed signal. Thé F in N2
beam has a full width at half maximum velocity spread comparable to
the diameter of the V = 3 product circie. Although the beam is care-
fully mode]ied in the data fitting pkocedure; it is not,bossib]e to
accurate]y’recover features of the center-of-mass distribution which
'change on a velocity scale small compared to the beam spread. Nben
al] of the 11m1tat1ons on der1v1ng the center ofAnass distribution
from the lab data are taken into account, it is-clear that the data -
obtained uéing the F inlNZ.beam may not be sufficient fo gibe a ré—
liable desbription of the V =3 product‘distribution. It would also
bé desirable to reso]Ve the V = 3 and V=2 pbodbcts'in'the time-of-
flight distributions at more angles. Thfs was thevmotivation for doing‘
the experiment with tbe F in Kr beam. Tbe Newton diagram in Fig. 33
- shows that the lab velocity is only abbut.3.7‘times the center—of-mass
velocity for the fastest V = 3 products. A fractfona] error in the lab
Ve]ocity causes a smaller error in the center-ofqbass velocity than |
~ when the F 1’nvN2 beam is used. This, in addition to the fact that
the beam fwhm is on]y about one foubth of the diameter of the V =3
product circle, makes the conversion of the data to center-ofqnass co-
ordinates potentjally_much more accurate. A major drawback is, as
mentioned before, that the signal level was very low and statistical
fluctuations in the time-of-flight data were 1arge.

The main features of the centék-bf—mass scattering distributions
can now be summarized with care%u] attentiob to the experimental 1imi-

tations just discussed, and noting the regions of the contour maps that
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are within the,rangé of laboratory angles_for which data were obtained
(see Figs. 16, 31 and 43). ‘At a collision energy of about 2 kcal/mole
the HF product is predominantly backward scattered (180° relative to
the fluorine atom direction). The backward peaking is not sharp, a
large fract1on of the peak intensity rema1ns at a center-of-mass angle
of ninety degrees for all vibrational states. The forward scattering
could hof be observed due to interference from the fluorine beam. - The
velocity distribution for the V = 2 product is narrower and peaks at
higher speed in thé backward directiqn than at the sides. At a colli-
sion energy»of about 3 kcal/mole the data takén with fluorine seeded
inAkrypton resuit in a very unusual contour map. The HF V = 2 product
distribution as a function of center-of-mass angle has a sharp peak at
about 105°. The intensity drops rapidly in thevforward direction,
'whi1e at larger angles a second peak appears at 125°. The exact height
of these peaks is poorly determined due to the noise in the data. For
compar1son, the best fit to the 1ab angular and t1me—of-f11ght data is
shown in Figs. 45-52 for isotropic center-of-mass distributions.
Clearly the structure in the angular distribution is not well fit with
isotropic distributions, buf the error bars allow a fairly wide range
of peak heights in the HF V = 2 product infensity while adequately
simulating the laboratory data. The V = 3 product intensity haé a
weak backward peak at this collision energy, similar to that at

2 kcal/mole co]]isidn energy. Somewhat more of the forward scattering
can be observed in this case, and it appears that the V = 3 intensity
is increasing as the center-of-mass angle decreases, but krypton elas-

tic scattering prevents measurements at lab angles small enough to de-
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termine if the V = 3 produét actually has a forward peak. The shape
of the V = 1 distribution is similar to-fhat at the lower collision
energy. The center-of-mass contour diagram derived from the data
taken with F seeded in N2 at a collision ehergy of 3 kcal/mole is
significantly different from that obtained at nominally the same col-
“lision enérgy with F seeded in krypton. The distributions assigned to
the V = 3-and V =1 products are very similar to the F in Kr resu1ts,
but the peaks in the intensity of the V = 2 product are less pronbunced
in the F in N2 results. Severﬁ] factorsumay cbhffibute to caUsing
different V = 2 distributions to be derived from the two data sets.
The intensities at the peaks are not very accurafe]y determined by
either data set. As mentioned before, the.statistfcal noise in the F

in Kr data causes some uncertainty, while for the F in N, data the

2
states are not resolved in the time-of-flight, making the transforma-
tion to the center-of-mass difficult. The.problem is complicated by
the slowing and broadening of the V = 2 velocity distribution in the
vicinity of the peaks in the cenfér-ofqnass éngu]ar;distribution.
This effect is 111u§trated in Figs. 47 and 48, showing time-of-flight
distributions at 26° and 28° from F in Kr. Attempting to fit these
angles wi th isotropic center—of-mass velocity (energy) distributions
that fit well at a center-dfqﬂass angle of 25° results in two resolved
peaks that do not correspond we]] to the data.

. The preceding discussion assumes that the center-of-mass distribu-
tions produced in the F in N2 and F in Kr + Hé experiments are the.

same, and that the differences we observe result from errors in derijv-

ing them. Figures 53 and 54 show that this probably cannot explain all
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of the difference. Figure 53 shows the F in.Kr + H2 angular distri-
bution, and an attempted fit with the center-of-mass {nput parameters

used to fit the F in N, *+ H2 data at 3 kcal/mole. Figure 54 is the

2
corresponding attempt to fit the F in N, data with the F in Kr cen-

ter-of-mass distribution. ‘There'seem tb be systematic differences
well outside the uncertainty in the data.

The most likely explanation for this apparent inconsistency is
that the product scattering is strongly energy dependent, and the dif-
ferences are due to the trans]atidna] energy distributiqns for the two

experiments (see Fig. 34). Further discussion of possible reasons for

this energy dependent behavior follows.
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DISCUSSION

The purpose of the experiments,described was to obtain more speci-
fit information about the dynamics of the F + Hé reaction than that
' provided by the Qse,of other methods. The experimeﬁta] center-of-mass
' angu]ar.distributions presented are néeded to assess the importance of
‘dynamical effects predicted by quanfum mechanical calculations but ab-
sent in classical results.

Much work has been done using c]assiéa] trajectories to attempt to
understand the F + H2 reaétion; and a]so“fo'evaldate proposed poten— 
tiai surfaces. The most widely used potential surface (known as the
Muckerman V or M5 potehtial) for both classical and quantum studies of
the reaction was determined by requiring that a set bf c1assi§a1 tra-
jecfories reproduce the experimenta11y determined average product vi-
brational energy and give what was the best value of the activation
energy'when this surface was proposed. Classical calculations of the
prodﬁct angular distributions using this surface have predicted the
. scattering to be strongly backwa}d beaked.17 This {s the expected
result sincé co]]inear‘approéch of the reactants is strongly favored.
Recent classical calculations of the differential cross sections fbr
individual HF product vibratibna] states_yier backward peaked distri-
butions for all states even at the fairly high collision energy of 5.37
kca]/mo]e.55' The results are similar for all states, V = 1, 2 and
3, with approximately a 3 to 1 ratio of backward to forward product-
intensities. Ca]cuiatiohé at 3 kcal/mole gave é more sharp1y peaked
differential cross section, but didvnot distinguish among vibrat{on—

al stateé.17

<3
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The experimental results do not agree with the predictfon from
‘ c]aésical trajectory studies of strongly backward peaked HF scatteringb
in the energy range studied. The cdmpafison is best made‘for the V = 2
product distribution since it is most accurately determined in the ex-
periment, it is the only one that shows a strong eﬁergy,dependence and
V = 2 is the most abundant product. At 2 kcal/mole collision energy
the V = 2 product distribution peaks at about 140° and is fairly broad.
At é collision energy of 3 kcal/mole there is not even qua]itétivé
agreement with classical results, the experiments show prominent side-
ways peaking of the V. = 2 product intensity. One explanation for the
discrepancy is that the potential surface used for the classical tra-
jectory calculations is simply not accurate enough‘to give the correct
results. It seems that in this case quantum mechanical effects are
important enough that even if the exact potential were known ciassiéa]
cé]cu]ations would not give the correct angular distributions.

Results of recent three dimensional quantum mechanical calculations
show changes in the reaction probability as a function of energy for
HF V = 2 product that should cause changes in the product anguiar dis-
tribution similar to those observed in these experiments. Thevsharﬁ
peaks in the reactioh probability for production of HF'V = 2 seen Tn
one dimensional calculations are gone in three dimensions. Instead,
there is a change in the shape of the reaction probabi]ity_for HF'
V = 2 product as a function of angular momentum as the collision en-
ergy is varied. This is shown in Fig._55. The initial total angular
momentum consists entirely of collision orbital angular momehtum, since

the calculations are for H2 J = 0. The orbital angular momentum is
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directly related to the collision impact parameter. For collisions

where rotational excitation of the product is not important, conserva-
tion of angular momentum requires the HF product_tovscatter at smaller
center-of-mass angles (away from’the backWard direction) ‘as the impact

parameter, and hence the orbital angular momentum, increases. The ef-

fect expected from the results shown in Fig. 55 for HF V = 2 is that

as the collision energy increases, the peak product scattering intens-
ity should shift to smaller center-of-mass angles as the collision en-
ergy increases. The actual an§1e of the'beak,depends on the potential
surface for the reaction. A simple classical model of the reaction
has been used to calculate the differential cross section from the

quantum mechanical reaction probabi]ity.36

. At a collision energy of
0.08 eV (1.85 kcal/mole) the model predicts backward peaking of the

V = 2 product, while at 0.13 eV (3.0 kcal/mole) the product peaks
strongly at a center-of-mass angle of about 120°. This sideways shift
of the peak in the differential cross section is similar to that ex;
perimentaily observed for the V =2 product. The célcu]ation cannot
be expected to agree quantitatively with the experiments because of
the simple model used, and the neg]eét of bent configurations of the
reaction intermediate. It should give an indication of the effect of
dynamical resonances predicted in one dimensional calculations on the
actual three diménsiona] reaction. The rapid change in the differen-
tial cross section as a function of energy may explain the differences
between the center-of-mass distkibutions derived from F in Kr and F»in

N2 data at 3 kcal/mole collision energy. As shown in Fig.. 34 the

collision energy spread in the experiment using F in N2 is fairly
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large compared to the energy range over which the angu]én distribution
is éxpected.to change drastically. This could céuse the shakp fea-
tures observed with F in Kr to be smeared out when F in N2 was used,
Very recent quantum mechanical scattering calculations using thé Reac-
tive Infinite Order Sudden Approximation on the M5 surface show simi-
lar shifts of HF V = 2 scattered intensity to smaller angles as the

56

energy is raised.. Oscillations also appear in the V = 2 differen-

tial cross section at energies above 2.14 kcal/mole. Cross sections
were calculated with the IQS approximation“up to a relative energy of
0.233 eV‘(5.37 kcal). The resu]té can be directly compared to classi-
cal calculations and show the V = 2 differential cross section peaking
at 60° and then dropping rapidly in the forward direction, whiTe; ag
mentioned before, jn the classical results the cross sections for all
states peak at 180° (backwards). |

The results of the experiments described here are cohsistent_with
import ant aspects of the dynamics of the F + H2 reaction prediéted
from quantum mechanical calculations on model potential surfaces. De-
tailed interpretation of these calculations indicates that the energy
dependence of the dynamics is strongly influenced by resonance effécts.'
FIn one dimensional collinear models the resonance energies appear to
correspond to the levels of quésibound states resulting from trapping
of energy in vibration of the collision complex along éoordinates that
do not lie on the reaction path. These quasibound states also appéar
to play a role in the reaction dynamicé;in three dimensions, but the .

observable effect is more subtle. At anyvpoint during the collision

the relative translational energy is partitioned between a radial com-
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ponent due to the motion of the particles: toward the center-of-mass,
and thé centrifugal energy, which is determined by the orbital aﬁgu]ar
momentum and the separation of the particles. If the centrifugal en- |
ergy is .evaluated at the transition state then the peak in thé reac- |
tion probabi]ity (Fig. 55) occurs at a radial energy which corresponds
well with the one dimensional resonance energy shifted by the zero
point energy of the bending vibration for the collision complex. Thus
for any collision energy, within a certain range, the resonance effect
can occur for some values of tﬁe orbita]uéngular homentum. This leads
to the-changes in the product angular distribution as a function of
collision energy mentioned previously.

To avoid giving the impression that the dynamics of the F + H2
reaction are now well understood it is important to mention some prob-
lems which were ignored in the preceeding discussion. No attempt was
made to compare the experimentally determined center-of-mass distribu-

tions for HF V = 3 and V = 1 products to theoretfca] results. There
are several reasons for this omission. The fésolut%on limitations of
the experimental setup cause large uncertainties in the determination
of these distributions, so comparison with calculated resu]ts”might be
misleading. Also, the dynamics of the reaction producing these prod-
ucts have received much less theoretical attention because the most
“interesting effects show up in the V = 2 product chiannel (at least on
the Muckerman V potential). The calculations that have been done in-
dicate that the V = 1 and V = 3 products dre;expécted to be backward

peaked over the energy range in which the experiments were performed.>0

Al1l the quantum mechanical calculations to which the experimental re-



40

sults were compared assumed the reactant H, molecule was in rota-
tional sta}e J = 0. The H2 beam in these experiments contains a
distribution of rotationa] states peaking for J = 1. Possible effects
of the initial rotationa]lstate on the cénter-ofqnaés distributions is
not known. | | |

To establish that the interpretation of the results giQen here is
correct requires more information oh‘the accuracy of the approXimate
quantum mechanical scattering calculations, aﬁd also the sensitivify
of the calculated results to the potential energy surface. There is
evidence that the Mickerman V surface is not entirely correct. »Quan—
tum calculations using it do not prediét fhe experimenta]]y observed
product branching ratios. The JZ - conserving and Infinite Order
Sudden calculations give different branching Fatids, but use potenti-
als that differ for non-collinear collision configurations. Neither
réproduces-the éxperimental branching ratios. The calculated integral
VHCross section for the reaction at relative energies above 1.5 kcal/mole
is significantly smaller from the quantum mechanical results. than from
classical ca]cu]ations,35 yet the rate constant detérmined using .
classical trajectories is about a factor of four smaller than recent
éxperimenta] va]ues; At present.it is not possible to sgparate the
effects of inadequacies in thé potential surface from those in the
techniques of éa]cu]ation.

Al though neither the experimental nor the calculated results are

as concTusive as one would like, it does appear that quantum mechanical

dynamic resonance effects play a role in the F + H2 reaction. The.
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‘qualitative agreement between the results, and marked deviation from
the behavior predicted classically certainly seem to support this con-

clusion.



42

REFERENCES -

1. J. H. Parker and G. C. Pimentel, J. Chem. Phys. 51, 91 (1969).

2. R. D. Coombe and G. C. Pimentel, J. Chem.,Phys. 59, 251 (1973).

3. M. J. Berry, J. Chem. Phys. 59, 6229 (1973). |

4. N. Jonathan, C. M. Melliar-Smith, and D. H. S1atef,‘Mo]. Phys. 20,
93 (1971). |

5. J. C. Polanyi and K. B. Woodall, J. Chem. Phys. 57, 1574'(1972).

6. D. J. Douglas and J. C. Polanyi, Chem. Phys. 16, 1 (1976).

7. D. S. Perry and J. C. Polanyi, Chem. Phys. 12, 419 (1976).

8. R. D. Coombe and G. C. Pimentel, J; Chem. Phys. gé, 1535 (1973).

9. K. H. Homann, W. C. Solomon, J. Warmatz, H. Gg. Wagner, and C.
Zetzsch, Ber. Bunsenges. Physik. Chem., 74, 585 (1970).

10. R. Foon and C. P. Reid, Trans. Faraday Soc., 67, 3513 (1971).

11. v. I. Igoshin, L. U.‘Kulakov, and A. I. Nikitin, SOQ. J. Quant.

| Electron., 3, 306 (1974).

12. V. P. Bulatov, U. P. B&]akhin, and 0. M. Sarkisov, Akad. Nauk.
SSSR, Div. Chem. Sci., 26, 1600 (1977). 7

13. E. Wurzberg ahd P. L. Houston, J. Chem. Phys. 72, 4811 (1980).

14, R. F. Heidner III, J. F. Bott, C. E. Gardner, and J. E. Melzer, J.

- Chem. Phyé. 72, 4815 (1980).

15. S. Sato, J. Chem. Phys. 23, 592 (1955).

16. P. J. Kuntz, E. M. Nemeth, J. C. Polanyi, S. D. Rosner, and C. E.
Young, J; Chem. Phys. 44, 1168 (1966). |

17. J; T. Muckerman, Theoretical Chemistry: Advanceé and PerspeCtives,_
Vol. 6A, Academic Press, New York (1981) p. 1-77.

18. P. D. Mercer and H. 0. Pritchard, J. Phys. Chem. 63, 1468 (1959).



19.
20.
21.
22.
23.
24.
25.
26.
27.

28.

29.

30.

43

G.- C. Fettis, J. H. Knox, and A. F. Trotman—Dickenson; Can. J.
Chem. 38, 1643 (1960). | |

J. C. Polanyi and D. C. Tardy, J. Chem. Phys. 51, 5717 (1969).

J. T. Muckerman, J. Chem. Phys. 56, 2997 (1971).

R. L. Jaffe and J. B. Anderson, J. Chem. Phys. 54, 2224 (1971).

R. L. Wilkins, J, Chem. Phys. 57, 912 (1972).

N. C. Blais and D. G. Truhlar, J. Chem. Phys. 58, 1090 (1973).

J. C. Po]anyi and J. L. Schreiber, Faraday Diéc.-Chem. Soc. 62,
267 (1977). | : |

C. F. Bender, P. K. Pearson, S. V. 0'Neil, and H. F. Schaefer III,
J. Chem. Phys. 56, 4626 (1972).

C. F. Bender, S. V. O'Neil, P. K. Pearson, and H. F. Schaefer III,
Science 176, 1412 (1972).

S. R. Ungemach, H. F. Schaefer, and B. Liu, Faradanyisc. Chem.
Soc. gg,'33o (1977). | | "

G. C. Schatz, J. M. Bowman, and A; Kupperman, J. Chem. Phys. 63,
674 (1975). - ﬁ

S. L. Latham, J. F. McNutt, R. E. Wyatt, and M. J. Redmon, J.

" Chem. -Phys. 69, 3746 (1978).

31.
32.
33.

34.

35.

E. Pollak, J. Chem. Phys. 74, 5586 (1981).

E. Pollak, and M. S. Child, Chem. Phys. 60, 23 (1981).

S. F. Wu, B. R. Johnson, and R. D. Levine, Molec. Phys. 25, 839
(1973). . |

J. N. L. Connor, W. Jakubetz, and J. Manz, Molec. Phys. 29, 347
(1975). | -

M. J. Redmon, and R. E. Wyatt, Chem. Phys. Lett. 63, 209 (1979).



36.
37.
38.
39,

- 40.

41.

42.

43.

44.

45.
46.
47.

48.

49,

50.

51.

44

W. E. Wyatt, J. F. Mclutt, and M. J. Redmon, to be published, Ber.
Bunsenges. Physik. Chem. | | “

D. G. Truhlar, J. Chem. Phys. 56, 3189 (1972).

U. S. National Bureau of Standards Circular 467, 60 (1949).

J. C. Tully, J. Chem. Phys. 60, 3042 (1974).

A. Komornicki, K. MorokUma, and T. F. George; J. Chem. Phys. 67,
5012 (1977).

R. L. Jaffe, K. Morokuma, and_T. F. George, J. Chem. Phys. 63,
3417 (1975). '

F. Rebentrost and W. A. Lester, Jr., J. Chem. Phys. 63, 3737
(1975). | |

I. H. Zimmerman, M. Baer, and T. F. George;,J; Chem. Phys. 71,
4132 (1979).

T. R. w, Globe Motors, 2275 Stanley Ave., Dayton, Ohio 45404.

D. L. Price and K. Skold, Nucl. Instrum. Meth. 82, 208 (1970).

C. V. Nowikow and R. Grice, J. Phys. E. 12, 515 (1979).

G. Comsa, R. David, and B.FJ. Schumacher, Rev. Sci. Intrum. 52,
789 (1981).

Semco Inc., 11505 Vanowen Street, No. Hollywood, CA 91605.

Beam Dynamics, Inc., 708 Fast 56th Street, Minneapolis, Minnesota
55417. |

T. T. Warnock and R. B. Bernstein, J. Chem. Phys. ﬁg; 1878 (1968).
6. L. Catchen, J. Husain, and R. N. Zare, J. Chem. Phys. 69, 1737
(1978). | | | |

52. M. Vernon, "Kelvin Rare Gas Time-of-Flight Program," LBL—12422,

(1981).



53

54.
55.
56.
57.

- 58

45

. W. C. Stwalley, Chem. Phys. Lett. 6, 241 (1970).

G. Di Lonardo and A. E. Doug]aé, Can. J. Phyé. 51, 434 (1973).

N. C. Blais and D. G. Truhlar, to be published. |

M. Baer, J. Je]1inek, and D. J. Kouri, submitted to J. Chem. Phys.
N. Jonathan, C. M. Melliar-Smith, S. Okuda, D. H. Slater, and D.
Timlin, Mol. Phys., 22, 561 (1971).

. R. N. Sileo and T. A. Cool, J. Chem. Phys. 65, 117 (1976).



46

' Table 1. Experimental and Theoretical HF Product Vibrational
Distributions for the F + Hp Reaction.

Relative Reaction Rates for HF
Product Vibrational States

V=1 V=2 V=3
Experimental Results
Chemical Laser
Ref. 2 . '
236°K 1.0 0.505 # 0,01
298 °K 1.0 0.478 + 0,005
364°K 1.0 0.463 = 0,006
172°K 0.222 = 0.01 1.0
432°K 0.345 = 0.03 1.0
Ref. 3 ‘
297°K 0.294 = 0.01 1.0 0.63 #* 0.04
- Infrared ,
Chemiluminescence
Ref. 573 :
300°K 0.28 + 0.02 1.0 . 0.58 = Q.12
Ref. 7 »
279°K 0.28 1.0 0.55
718°K 0.38 0.55
1315°K 0.44 1.0 0.55
Theoretical Results
Classical Trajectories
on the M5 Surface
Ref. 17
200°K 0.18 1.0 0.475
300°K 0.19 1.0 0.42
6 1.0 0.48

1000°K 0.2

aValues corrected in Ref. 3 for more accurate HF transition proba-
bilities in Ref. 58.
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Table 2. Estimated Relative Ho Rotational State
Populations in the Molecular Beam

~ Hp Rotational ' v . Nozzle Temperature \
- State _ ; 301 K 549 K
0 2.83 x 107} 2.26 x 1071
1 1.00 - 1.00
2 5.34 x 107 1.27 x 1071
3 1.00 x 1072 6.11 x 1072
4 4.58 x 107° 1.39 x 1073
5 8.326 x 107/ - 1.37 x 1074
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Schematic diagram of the crossed molecular beams machine.

Newton diagram for the.collision of F and H2 at é center-
of-mass energy of about.2 kcal/mole. Vertical and horizon- -
tal vectors show the velocities in the lab frame of F and

H2 respectively. Center-of-mass velocities for the two
particles are also indicated..’Circ1es are drawn at the
maximum center—of-mass speeds for the various HF product
vibrational states observed. The angle of the center-of-
mass velocity vector, re]ativeAto the F atom velocity, is
shown. |

Energy level djagram for the F +,H2 reaction. The dashed
line indiéates the energy of the reactants. All energies are
given in kcél/mo]e. Vibrational state energies for HF are
from Ref. 54.

Distribution of collision energies for the experiment with

F in N2 and‘H2 reacting with a co]]iéion energy around

2 kcal/mole.

Laboratory ahgu]ar distribution for HF product from the'

F + H2 reaction at a collision energy of 2 kcal/mole. The
solid dots are the data, with typical error bars shown. The
solid 1ihe is the best fit to data. The dashed lines labeled
1, 2 and 3 show the contributions of the various HF vibra-
tiona} states to the best fit. Zero degrees corresponds to
the direction of the F afom beam in the lab frame. Intensity i

is in arbitrary units.
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Figs. 6-15.
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Time-of-flight data for HF product from the F + H, re-
action at 2 kcal/mole. Crosses are the data points, and
the solid 1ine is the best fit. The dashed lines labeled

1, 2 and 3 are the contributions of the HF vibrational

 states to the fit. N(t) is the product number density as

Fig. 16. -

Fig. 17.

Fig. 18.

a function of flight time. N is in arbitrary units.

Center-of-mass velocity flux contour map for the HF prod-

uct from the F + H2 reaction at 2 kcal/mole. The con-
tour spacing is 0.05 with the highest point assigned the

value of 1.0. Part of the Newton diagram at this energy

is included to show the relation between lab and center-

of-mass quantities. The line at 14° shows the lower ang-

ular limit of the data taken, and the part of the contour

 map to the left of this line is not really determined by

this experiment.

Centerfof—mass angular distribution for HF V = 1, 2 and 3
products from the F’¥ H2 reaction at a collision energy
of 2 kcal/mole, bThe dashed line gives the approximate
1imit to the range of angles for which these distribu-
tions are detefmined from the data of this experiment.
Products at center-of-mass angles less than 80° could not
be observed due to interference from fhe F atom beam.
Newton diagram for the F in N2 + H2 experimeht at a
collision energy of 3 kcal/mole. The ;enter—of—mass'an—
gle is shown, and thé circles give the maximum Center—df—

mass speed for different HF product vibrational states.



Fig. 19.

- Figs. 20-30.

Fig. 31.

Fig. 32.
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Laboratbry angular distribution for the HF product from
the F + H2 reaction at a collision energy of 3 kcal/mole,

with F seeded in NZ‘ The dots are the data, the solid

~Tine is the best fit, and contributions of the various HF

vibrational states are shown with dashed 1ines.
Time-of-f1ight data fof F in N2 + H2 at a collision
energy of 3 kcal/mole. The crosses are the déta, the
solid line the best fit, and the dashed lines the
contributions of individué] vibratiohal states. N(t) is
the number density as a function of flight time.
Center-of-mass velocity flux contour map determined from

the data for F in N2'+ H, at 3 kcal/mole. The

2
contour interval is 0.05 with the highest point equal to
1.0. Part of the Newton diagram is shown with the
center-of-mass velocity vector.  No time of flight data
were taken for Tab angles smaller than 18°.
Center-of-mass angu1ér distributions for HF product vi-
brational states as determined from the data for the

F + H, reaction at 3 kcal/molie collision energy with F

2
seeded in NZ' The dashed line indicates approximately
the smallest center-of-mass angle for which Taboratory data

were obtained.
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Newton diagram for most probable F and H2 velocities
with F seeded in Kr, and a center-of-mass collision ener-
gy of 3 kcal/mole. The center-0f-mass velocity is at an

angle of 29° to the laboratory F atom ve]ocity.' Max imum

.cenfer—of—mass HF product speeds are given by the labeled

Fig. 34.

circles,.

Comparison of the distribution of collision energies for

~the reactive scattering of F seeded in Kr with H2 and F

Fig. 35.

seeded in N, with H,

2 5 at co]iisﬁon energies around 3
kcal/mole.
Laboratory angular distribution for the HF product from
the reaction of F in Kr with-H2 at a collision energy
of about 3 kcal/mole. The dots are the data with some
typical ‘error bars shown.  The solid line is the best

fit, and the dashed lines are contributions of individual

- vibrational states to the fit. -

Fig. 36-42.

Time-of-f1ight data for HF product fom F in Kr + H2 at

around 3 kcal/mole collision energy. The crosses are the

 data, the solid line the best fit, and the labeled dashed

lines the contributions of various HF vibrational states

" to the best fit.



" Fig. 43.

Fig. 44.
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Center-offmass velocity flux contour map for the HF prod-

4

~uct from the reaction of F in Kr + Hy at around'3

kca1/mo1e collision energy. The contour'intérva] is 0.05
and the highest point is set to 1.0. The smallest lab
angle for which time-of-flight data were obtained is 22°
due to e]aétic scattering of Kr.

Center-of-mass angular dfstribution of HF product vibra-

tion states from the reaction of F in Kr + H2 at 3

- kcal/mole collision energy. The dashed line is approxi-

Fig. 45.

Figs. 46-52.

mately the smallest center-of-mass angle that could be
observed.

Laboratory angular distribution for HF pkodﬁct from the
reaction of F in Kr + H2 at a collision energy of about‘
3 kcal/mole. The dots are the data. The'solid line is
the best fit to the angular distribution that was ob-
tained by constraining'the center-of-mass angular distri-
bution of each HF vibrational state to be .isotropic.
Time-of-f1ight data for the HF product from the reaction-

of F in Kr + H, at 3 kcal/mole. The crosses are the

2
data. The solid line is the fit obtained using isotropic
center-of-mass angular distributions for the HF vibra-
tional states. The laboratory angular distribution in

Fig. 45 was fit simultaneously.
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Fig. 53.

Fig. 54.

Fig. 55.
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Laboratory angular distribution for HF products from the

F in Kr + H2 reaction at 3 kcal/mole. The points are

'the data. The solid line was obtained using the best fit

center-of-mass prdduct distribution for the;F in N2 + H2
data at 3 kcal/mole collision energy. This,distribdtion
was . used with the beam parameters appropriate for the F
in Krv+ H2 data. Cdntributions of jndividua] HF vibra-
tional states to this fit are also shown. | |
Laborator& angular d%stribufion'of HF product from the

reaction of F in N, with H, at about 3 kcal/mole.

- The dots are the data. The solid line results from using '

the Cehter-pf-mass product distribution obtained from the
F 1h Kr + H2 data with beam parameters from the F in |
N2 + H2 experiment. Contributions of‘indiyidua] HF
vibrational states are shown ﬁy the dashed lines.

a) Plot of reaction probability for F + Hy(V = 0) »

HF(V = 2) + H as a function of total éﬁgular momentum J
and total énergy (includes H2_zero point energy). From

Refs. 35 and 36.

~b) Plot of reaction probability for F + H2(V =0) >

HF(V = 3) + H as a function of total angular momentum and

total energy. From Ref. 35 and 36.



54

Quadrupole

Housing
Rotating
Detector -

Cross Correlation

Wheel
Coilision\A
H, Source Center
Chamber lonization
Region

Differential

-
I_f Pumping

/]

%

%

/

2

4

4 Main Chamber
7 7777777777777, 7 Wall '

F Atom
Source Chamber 8L £25-9928

Fig. 1.



55

6€66-528 18X

"2 bty

°H

3|0W/|D2Y 2
24 + 2N Ul 4




56

Fetve0 JEme __ HEve3ed
' . 3253
HF V=2 +H
A T
» —HF V=l+H
133
A ] HFV=0+H

XBL 825-9940

Fig. 3.



57

“p b4

1966-528 18X .

(3jow/|p2Yy) Abasu3z uolisijjoy

b2 ¢2 22 12 02 61 81 21
_ 1 _ 1 I

2o\ Ul 4

© © q- N O

A4111gDqoId 8AlDIRY

_ L 1 _ L _ _O_



.98

g “Buy
1686-628 18X

0L ow 0S 0% 08 02 Ol

(s994b8p) ITONV 9V

O Ol-

[ _ T ] 7 Tu,i.? .ﬁ

m_oE\_oox %
I

l

S

S
ALISNTLNI




59

"9 "blLyg

HmncouomoguﬂsvmzHH

vmmmmnmmwvgmx )

- oL 005 Ssm @@V VoS BBc 001 0

Tt i ++ +++++ ++. ! AN ?
R T T | D
/s : 2‘8\
N
AL Z.
4G

JTOW/TVOM 2 R
NIDOYLIN NI 4 = |
S33493A v




60

LRl

(SPU0D3S0JD W) TN L

£266-528 19X

00. 009 00S 00y 008 002 00l ©
it L
R wﬁi\)wwd+ N
AT
\ /w
v
- i
TI0W/TVON 2 v I
NIOOYLIN NI 4§
s3zwpaa o

o1

(V)N



61

g 0Ly

(SPU029S0JD U)W L

$266-528 18X

. VO 0OS 0Oov 0Bt  00c 00l 0

*
Dy = J\ﬂ.nr(wwulp .

+ ++«.-

(1IN

II0W/TVIN 2
NI90YLIN NI 4
$334934 81




62

© 6266-5¢8 18X

6 b1y

(SPU0D3S0JD VW) TN L

00 009 00S 00y 00S 002 001 O

(1N

JTOW/IVON 2
NIOOHLIN NI 4
$334930 02




63

o

0L o4

mﬁmvcouomogu—eumzHH

9266-5¢8 18X

&@h oS Ssm 00F 00E 002 00! 0

TIOW/ VO 2
NIO0YLIN NI 4
SA3Y9AA 22

D1

(1N



64

"Ll b4

xmm-mmm.dx_ Am_UCOU@mOLU.m Eumzu_”..—.

00. ssm.+ssw_&sv_ o0 002 001 O

+_ n T __ — — ++ — .
[ T ERONS N T
+ * .+~/~ |
N
++.I..+ s
J Z.
! 49 +
I | _
. ) . Lv
TIOW/ VO 2 1
NZ9OULIN NI i1
mmmmwmo b2 «_ N




65

21 b4

HmUCouomOLumEvmzHH,

8266-5¢8 18X

00, 009 ©00S 00F 00t 002 001 O

W . :_ w . ! ! a 1 +++ _+. + +
B gy 2 =3 B - e i (,L....ln,‘.m pra~iz)- - S5 o) - L t.ﬁ“m - " - - .
#o Tttt e W iR
“ +i ++ -
+ + FIE A AN N
+ + N\ “ ,
+ 4
1
"
) ]

b 2
4

CJTIOW/IVOM 2
NID0HLIN NI 4
S334¥93d 92

b Sy,
12

444_’

0

01

(1IN



66

‘el biy

6266-528 19X Am_ucouomOLU—EwmzH-_‘

. 20L @sm ssm o0 00E 00T 001 0
+_ _+ + 1 + | + | | o +_ N
gd4a 63 .“. + .+ ,I. +++ .H_M.u.r 1++,+ _ . v /\/Z L +“.. “_.+ _

+++. _

. | h..

CTTOW/ TN 2 %
NI90YLIN NI 4 R
s$334930 82 [

D1

(1N



67

bl by
0£66-528 19X

(SPU0D9S0JD U )INT L

00, Q09 00S 00y 00 002 00! O
I E s _ I _
L+ et e o o e Bty ot
: R AL AT
Trts +iW++.+ﬁ _W/h - /k _hr S
+ T R,
N
N '
VL
+ |  ——

C TIOW/IVON 2
NIOOHYLIN NI 4
$334Y93AA 2E

1

(1IN



68

~

‘GL "bl4

(SPU023S0dd 1 W) TN L

1€66-59¢8 18X

00, 209 00S 00y O00S 002 001 O

| I | | I - | 1

TS +.,+( ' * + o+
+ + + ++ : .
[T s | .
-
1S
 FIOW/ WM 2
N3O90dLIN NI 4

s334930 9¢€




69

£€66-528 18X

°H

9|ow/|DdY 2
*H+3NUl 4.




70

2£66-6¢8 19X

08l 09l 0¥l Odl OO0l

‘L1 b4

(s99.4bap) 91buy SSD U6 134Ud)

08 09 Ot 02 O

R

]

]

¢

3|0W/|DoY 2
ZH + 2N Ul 4

-

©® © « « O

Ajisusju| sAlD|dY

—

O



71

2y66-528 18X

‘gL D4

°H

9|0W/|D2Y ¢
24+ 2N Ul 4




72

£686-G28 18X

‘6L DLy

(s994bB8p) ITONV GV

0. 09 0G Ob 0% 02 Ol O Ol-
I L R B B S _.z(_\_\.-#-._ T T 7
i N\, | .E.O_ /
B .
| lr
g
— NN
u =20
B \
e
- . |
_ 8jow/|pdY ¢ |
L ZH 4N UL ol
_ | T
' T D T T T N R P | __ | 1 ¢+ |

© © ¥ « O

A LISNILNI



73

F IN NITROGEN

18 DEGREES
3 KCAL/MOLE

500

400

1@ I
5 .
Y/

200 300

100

ds)

®

microsecon

TIME(

XBL 825-9921.

Fig. 20.



74

- ‘Ot
0¢66-628 19X - Le &

(SPU0D9S0JdIW)FNT]

POS 0o 00T Poc 001
T+ A a1 I L T F 7 ++
= Ne—frf= =t ¢ +”.+m g
+ T S I~ @ Bt +
s v R AN a
Ty Y ] &
* M VA
S A
.. M \
. ,f cﬁz |
ey,

TIOW/ WM & ¥
NZ9OULIN NI
saawoad o0z |\

o1

(1IN



75

22 "By

(SPUO0D9SOJDIW)TFNIT L

6166-5¢8 19X

0

P0S 00F 00S 00Z 0Ol
+ — - ] . | N n .
Ty T T .,*n..ummm.ii 2 Sl 7 a2 am g n
N i, S 2 o\
A
te, ,ﬁv i
Y A
193 ..
FIOW/TVOM & |1k
CNTOOMLIN NI 4 VA

S334¥93A 22

01

(VN



76

tgz by

at66-528 X I : | |
(SPUODOSISOJDITW)INIT L

00S ooy ©Q0S 002 001 O
T, ] I DN T
+ + ;mr.-th ~H ,1,,..a ~. o\ C ) | 2
N oo e (X 4
+ /QL.\N/ A_.. \/
YN Y
o |
! ) Z
L0 lg 2
| L w? k_, -
FloW/ WM & i 7 w
_ \
NIOOMLIN NI 4 4*/ 1]
S33Y9IA 2 )
o 1 o1




77

- amF
L166-G28 19X ve DL

(SPUODSSOJdD VU )HNT L

(1)N

TI0W/TVON €
NI90ULIN NI

- s33493a 92




78

"Ge by

ISR (5pU029S0dd U YN] L

00S 00y ©0oE 002 00!

S44494d 8¢

I ! ] o Ty
b AR NS S
_ . + ++.. .7.%.”/; \K | \w\./\w
+ /ww/m |
| p
n /A 4
R
A
~ TI0W/TVON € _
NI9O¥LIN NI 4 “

D1

(1IN



79

92 "Dy

-G166-59¢8 19X
(SPU029S0JD I W)TWI L

00S ooy goe 002 001 ©

_+" [ L] _ _ L+l T 2
& a+¢wn‘ = mm%wmmm T 7 .ww n Pt
1 + -+ + +V/&ﬂ/W/ﬁmr/&\\ .w.& +. .
+7 .w/m. \l
+/¢/, »
+.+1/ ,
. _
I =
. 4g <
| I ~
TTOW/TVON € %t
NIOOMLIN NI 4 |
- $33¥930 2 W
| | *o -~ 21




80

L2 b4

(SPU023S0JD1UW)IN] L

p166-628 18X

20S 00y @S 002 00l "

(1N

TI0W/TVIM €
'NIOOYLIN NI 4
STTOAA 28




g2 by

(SPU029S0J2 U)W L

£166-528 18X

81

20S OOy QRS 002 00l
o R _ _ I +_
A Te e s s s cns e K
+ 4+ 7 . ./\,Z
++++/.¢/u+ .‘ /%
Nk
HEY ,ma =
. N4 ~
v 0 s =
o . A S
- TIOW/IVOM. € ,+,
NIOOHLIN NI 4 *%.
| :
S33Y93A bE
0l



82

62 "big

T (Spu029s0Ud U TA]L

00S 00F 00S 002 001 0

i
I3 ]
JTON/ VO € M
NI9OYLIN NI 4 \¢

S34930 98 -

(1)N



83

"0¢ 04

(SPU0J3S0UD 1 UW)ANIL

1166-5¢8 18X

00S 00y 0SS 002 00! 0

L i | ! !

(1)N

TI0W/IVON €
NI90HLIN NI 4
s33493a 8¢ *




o~
I
+
C o
=
=
L

3 kcal/mole

84

"XBL 825-9936

© Fig. 31.



85

££66-528 18X o Tee by

(s994bap) 9|buy SSD\ 4O J94Ud)
- 08l 091 O¥I 04l OO0l

08 09 Ov OZ O

_ r _. _ m
slow/|poy ¢ |

_l
,NI +eNU 4
o

jrevmtums .

— .

|

© © <& « O

Klisuaju| aAliD|aYy

©



86

Ev66-G28 14X

~gg by

214

9|oWw/|DdY ¢

°H + 4M Ul 4




37

T
v¥66-528 19X ,

(8jowy/|p2Y) Abasu3 uoisijjo)
bC ¢¢ 2% Ig 0% 62 82 L2
BN _ [ - I P

0
N\ _@\\\_ ..|._ |
/
/ N
B \\ | —19
i [——zH+anu g g
— 2H+ Ul 4
- o

S

r_ L L L _ I

£4111gpqodd 9AIID|dY



88

9686-528 19X

e

(s93163p)

~

‘b4

379NV 8v1

0L 09 0G O% 0% 02 Ol O OlI-

| |

ﬁvt-_ T T

m_oE\_oox ¢
eH+4y Ul 4

o ® ©0 & o O

A LISNILN



89

b066-528 14X

~

"9¢ "bij

(SPU029S0JD U )TN L

o0 | 003 209 74174] AN /] ) Ve @
_ T I ] T ;
Lw+f LR +
LHT.T g T + + + o+ uﬁw.+ Ty +
e i , .mw |
Z
—*
TIOW/TVON € 3
vZOH&>mx NI 4
S33493d 22
‘ _ + -1 01




90

WA I ¥

CSEIE (SpU029S0Jd I W)INIL

08 009

00

DD 1 002 )
.m I [ I I
+ |
+ & +
<4 + <+ . + .+.
Z.
|
N | m —

47 10W/71IVOM €
- NOLdAdM NI 4
Sd449540 93¢




9066-5¢8 18X

*ge by

(SPU0D9S0JD I W)INT L

p001 008  ©B9  00F Q02 ?
_ E— _ _ T
+ |
+ +
it T i.ﬁ , T +++L..w t
Rt e e R
SRR TR
| ! R " W *
T R\ Z., +
- ._“ﬂ, + 4 ,Va 7_
t
_ W i
- TIOW/ WM € Iy
NOLdAYM NI 4 Y
‘s3a¥oaa 82 -

D1

(1)N



92

"6€ bl

wEEIH . (SpU029S0JD W) TN L

poRl 008 009  0OY 00T O

+_ +_

+4 + +
Q
p7d
-
| T g <
4 | &
JI0W/IVIN € W T
NOLdAMM NI 4 h
S33Y9H3aq 9¢ ,




- 93

*0f "5t3

(SPUODSSOJDIW)TNT L

8066-G¢8 18X

2001 008 009 00v 002 0

(VN

JTION/TIVON €
NOLdAYM NI 4
S3FY9HIA b




94

- 6066-528 18X

ululul! 208 009

"Ly bty

(SPU0D3S0JD 1 U)TINTL

o0y 002 O

TTION/TVON ©
NOLdAYM NI 4
$3IYHAA ¥S

| o I

D1

(1N



95

RAZLE

0166-528 18X HmUCOQ@mOL.UMEUMZH._.
PoO | PO8 BOO nlul4 002
T L T ! o] A
+ b, . ;
e 5 _ | ARV
u(&w 2 ++ N ,/\/z . er+ ot
+ + . . ,+¢..T + A ++ ﬁ .._.; + +
4 + .++ﬂ+ ot TP\ .W_n+ +T
+ + o+ L N T4 :
+ i N ‘
+ § + S ]
FIOW/ VN £ ¢
NOLA¥ NI+d — +(f
s33Y9IA 29 L\ ¢

D1

~ (1)N



96

5£66-528 14X

¢y b4

sjow/|poy ¢
2 + I Ul 4




p£66-G¢8 18X

vy b4

. (s@a4bap) a|buy SSD| JO J9JUBD

08l 039l O¥l 02l OO0l

08 09 O¢ 02

R

97

\_\/\.

. 3low/|pdY ¢
2 4 Jy Ul 4

lN.\/ mnvf/\ln

_

i
_

e

1

V\m\\, Y

® © & o O

Kjlsuaju| aAllD|RY

S

Be.



G686-528 19X

0L

0

@ :

"Gy ‘b4

(S994bap)

379NV 9V

v 0t Oc Ol O Ol-

L

}l 4 o1doujos]
9|0W/|DOY &

O o © < ™~ O

A LISNJLNI



99

"9y b4

(SPU029S0JD 1 U)TN] L

£686-59¢8 19X

 NOLdA¥M NI- 4
$33493d 22

200! 008 009 o0y 002 0
_ ] _ I I "
.u.t. # i+t + o
+++,_ﬂ++ +7 o+ ; o+ ._ﬂ.+ +.I_.._+
. .,, o + ’ , 
114 D1dOHLOSI 13

21

(1IN



100

AT

HmvcouomoguwevmzHH

8686-528 18X

0001 008 009 00y 002

r—
5 7 Susnens dus

114 D1d0¥1l0SI
NOLdAMM NI 4-
S334930 92

D1

(1IN



101

6686-528 18X

gy "OL4

(SPUOCDISOJDTUWU)HNIT L

uluy o8  0BS

o0y 002 O

114 D1d0¥10SI
NOLdAHM NI 4

s33493a 82

(1IN



102

0066-G¢8 19X

‘6% b4

(SPUODSSOJO U VMZH._.

008 009  00v 002

114 D1d0¥10SI
NOLJAYM NI 4
STIY9IA 98

D1

(1N



103

‘05 bty

H‘omm-mmw 18X . .
~ (SPU023SO0JOIUW)TNIL

Vool LS Ui, ]1) 7 BOC 0
T, ., L _ 1 IR
M d.f@ﬁ. ot T 2
«vogjrmcxmvmwAW?ﬁﬂ% W TR
+ +I.+/%/m, _ + B
+ ++ .”..*. //* —L
Sy =
#+ h.. l | -
r\ ‘_v = m TNt
+\ | ,
i

2 1L~
A

114 D1d0Y10SI
NOLdAAMY NI 4 =+ |
S33Y93A b

)




104

2066-5¢8 18X

000! 008 009

~

LG b4

(SPU023S0JdD W)W L

00y 002 X

114 D1d0YL10SI
NOLAAYM NI 4
S33493A ¥S

(1IN



105

- Qoo 008

€066-G¢8 18X

26 by

(SPU0D9SO0JD W)W L

009 ululy 00 0
_ 1 3 _ o1 _.1‘+‘
+ v, !
+ + .1..T ++ + +
u ;+M_ WT - N & N “,¢wu¢. “.J+ mw
+ T + 7 g _++.a x.w i +,+++h.
+, . +F _ " + |
H+ +_++w #+ M+++T. + W, Teovt o7 m
+.  # + + N LN -
+ 4+ , \, H _ —
_ _ + . N + + _ - = m
114 2Id0d10SI * & |
| ¥+
NOLdAEM Zﬁ+m R .
S3TY9AA 29 o+
| | + - 01




€6 by

Ammmams 319NV m:j

2686-5¢8 18X

0L o@ 0S O% 0% 02 Ol 0 Ol-

U L L

106

REENTIED
3]0W/[DIY ¢

2H+dM Ul 4

1

S ® © < o O

ALISNILNI



107

1686-5¢8 18X

(s994bap

3G b4

vmqwz< avi
ON O@ Om OV 0% O¢ Ol

O Ol-

T ﬂ

g YUl 4

3loW/|DdY ¢
2H + 2N Ul 4

/ | \
e 1/
\ _.\
N f
e
IN.\‘.I(\\ _/n
, IS
| /

]

|

o O < N O

ALISNILNI



0686-5¢8 18X

66 By




109

APPENDI X
The values of the parameters used to specify the center-of-mass
distributions aré_tabu]ated here. At each center—of—maSg angle the
energy distribution for each'product vibrational state is given by

p(E) = E* (T . - E)°

‘max

where Tma is the maximum translational energy of the pfoduct. The

X
actual input parameters are g and EP, which is the energy of the

peak of the probability distribution. The parameter « is given by

. . BEE :
max p

The area of the probability distribution is normé]ized, then the dis-
tribution is multiplied by an intensity factor for each center-of-mass
angle. An overall factor also scales the relative intensities of the
’ vibrational states. A value for the reaction exothermicity, including
any internal energy of the reactants which can appear as translational

~ energy of the products must also' be chosen.

Parameters for the Best Fit to the Data from F 1'nvN2 + H2 at 2

_kcal/mole
Exothermicity 32.5 kcal/mole

HF Vibrational State - B. Overall Intensity Scale Factor

1 2.0 0.3
2 0.45 0.8
3 0.55 0.25
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3

V =
Intensity Ep

2

V =
Intensity Ep

V=1
Intensity Ep

C.M. Angle
(degrees)
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Parameters for the Best Fit to the Data from F in N2 + H2 at 3

kcal/mole

Exothermicity 33.0

Overall Intensity Scale Factor

HF Vibrational State
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4

I1. DETERMINATION OF METHYLENE SINGLET-TRIPLET SPLITTING
' FROM MOLECULAR BEAM PHOTODISSOCIATIN OF KETENE

INTRODUCTION

‘The unique chemistry of fhe methy{ene radical, CH2, is'primari1y
bdue to thé substantia]]y‘different chemicai behavfdr of fwo Tow lying
electronic states, the ground (3Bl)lstate and the lowest éxcited
" (1A1) state. The photochemical processes COmhonly used to produce

CH, can yield both states, and the nature of subsequent reactions

2
depends on whether triplet orrsinglet-methyfene is involved. In spite
of a large number of experimental and tﬁeoretical studies, questions
about the enekgies of these states still remain.

Several different experimentd] approéches have been used to obtain
~information on these energies. Most of fhé results are consistent
with a singlet-triplet splitting of about 8.5 = 1 kcal/mole, but the
most direct measurement, the photoelectron spectrum of photodetachment

1

from CH, In éddition, the best calculations

29
show the energy difference to be around 10.5 kcal/mole, support{ng the

gives 19.5 kcal/mole.

1ower'experimenta1'value. The molecular beam photofragmentation tran-
s1atidna1 spectroscopy on ketene described in fhis chapter provides
another micfoscopic.experiment whichve]ihinatés many of the problems
associated with'other methods, and thus should heTplresolve thé dif-
ferences among the experimental results.

Measurements of the temperatufe and pressure dependence of product
ratios from CH2 (1A1) and CH2 (381) reactions have been used to
estimate the singlet-triplet energy'difference.assum{ng that collision

induced transitions
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(3 - 1
CHy (7B)) + M == CH, ("A;) + M

maintain equilibrium concentrations of the two species. Values of 7.5

= 0.7 kc_a]/mo]e2 and 8.7 = 0.8 kcal/mo]e3 were then obtajnéd. To

determine the heat of formation of CH2 (381), the threshold for pro-

+ ' . : .
duction of CH2 from dissociative photoionization has been measured
using several different precursors. From known enthalpies of forma-

tion for the dissdciating molecules, and the ionization pbtentia] of

3
NE

the correct value if no excess energy is released in the dissociative

CHZ’ an upper limit has been placed on AH?O CHZ( This will be

photoionization at threshold. The enthalpy of formation of methy-

lene (381) from this procedure ranges from 91.9 to 95.5 kcal/mole

with the best values being'93.8 = 0.4 and 93.4 £ 0.4 kcal/mole from

photoionization of methane and ketene respective]y4 and ' 94.6 = 0.5

kcal/mole from methane.5 The spread in these numbers can be ac-
counted for by the difficulty in determining the thresholds and esti-

mating;the contributions of internal energy to the process. Recent

work has also placed an upper limit on AH?O CH2 (1A1). The internal

excitatioh of methylene (lAl) produced from photodissociation of ketene
with a nitrogen laser Was detefmined by laser indu;ed fluorescence,

The temperature dependence of the fluorescence intensity ffom CH2

was measured to estimate the amount of internal excitation that must

be present in ketene for dissociation to occur at the nitrogen laser

wavelength (337.1 nm). Then from the heats of formation of CHZCO

and CO, AH?O_CH (lAl) has been(cé1cu1ated, with the resu1t6

2

BHY o CHy(1A)) = 101.7 £ 0.5 kcal/mole.
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This upper 1imi£ should be close to the correct value if the internal
energy in the COjfragment and the kinetic energy releese are negligi-
ble.

In.similar exberiments the thresho]d.fof CH2 (1A1) production from
ketene-was measuked by monitoring methylene laser induced fluorescence
~as a anction of photolysis laser wavelength. Independent determina-
tions of the threshold gave 85.0 # 0.3 kcal/mole® and 85.4 + 0.3

kca]/mo]e7 corresponding to

. . 1 - A
. AHfo CH2 ( Al) = 101.5 # 0.5 kcal/mole
and
101.9 £ 0.5 kcal/mole
respectively.

The wavelength threshold for ketene photolysis at 298K=y1e1ding
CH2 (381) and CO has also been determined from the appearance of CO
product.8 In the same experimeht the'thresho{d for ketene photq]ysis
to give CH2 (1A1) was measured by detecting products of the singlet

reacting with cis-2-butene. Thﬁsrenthalpies_for the reactions

cHyCo e, (%8y) * CO
' - hy 1
cco e ey () + co

were determined at 298°K. The difference in the threshold energies
then gave a value of 8.3 + 1 kcal/mole for the singlet-triplet energy

splitting.
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The studies mentioned abdve and other similar experiments are all
consistent with a CH, (381) - CH, (1A1) splitting of 8.5 +'1 kcal/mole,
but the most difect observation of the splitting, the photoelectron
spectrum from the photodétéchment of CHé' to produce CHZ'(lAl) and
2
or 23.2 Kcal/mole.

" CH Bl) has been interpreted to show a'splitting of either 19.5

1 There are several possible exp]anatibns for this

apparent contradiction. If the singlet-triplet ép]itting is indeed |

about 8.5 kcal/mole, then the photoelectron spectrum is not correctly

assigned, and perhaps hot bands of CHZ_ are being observed.g’10

Franck-Condon factors for the photodetachment of an electron from CHZ"
have been calculated from ab initio potential curves and fit the ob-

served spectra well if it is assumed that hot bands are"present.9

" This assignment prédicts'a 1A1 - 381 splitting of 9 £ 1 kcal/mole, but

“extensive experimental work attempting to confirm thé presence of hot

bahds'has tended to show that the observed featurés are not due to vi-

-1

brationally excited CH2 . If the methy]eﬁé”sing]et—trip]et split-

ting is actually around 20 kcai/mo]e; then it is difficult to explain

the photochemical and photoionization results. An upper bound for

0 1
aHg  CH, (

corrections for the effects of reactant-internal excitatidn to photo-

Al) is firmly estab]ished, within the accukacy of the

dissociation (£1 kcal/mole). Thus for the splitting to be as large as.
20 kcal/mole the apparent thresho]d; in the photolysis and dissqciative
photoionization experiments used to determine AHf CH2 (381) must be
11.5 kcal/mole higher than the actual thermodynamic 1imit and this.

amount of excess energy must be released at the threshold. The reduc-
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'tion of the heat of formation of CH2 (381) by as much as 10 kcal/mole
is also not compatible with the reéults of many-chemica] acti?ation
studies of unimo]ecu]ar_decombositioh.11 o

Many theoretical studies of methylene energy 1eve]s have been per-
formed, and the most extensive ab initio calcd]ations'ha?e given the
values 10.4 + 2,12 10.5,13:1% 10.6,1% and 11.0 kcal/mo1e!¥ for the
singlet-triplet splitting. . There is still a question of the exact
correction-to these calculations necessary to account for the differ-
ences in zero point energy of the two states. Hafding and Goddard9 "
calculated total zero point energies using the harmonic approximation
énd found a very sha]]'(O.lG kcal/mole) difference between the singlet
and triplet. The result (10.4 keallmole) was correctéd for this ef-
fect. Thus the theoretical results tend to support the Tower ( ~8.5
kcal/mole) experimental value for the splitting but do not accurately
agreelwith it. |

By detecting the products of the photofragmentation of ketene in a
mo]ecu]af beam experiment, many-of the Unceftaintges in other measure-
ments of the methylene sing]et4ﬁrip1et splitting can be avoided. 1In

: particu1ar’the velocity of the fragments can be directly measured and
the translational energy distribution determined. The maximum trans-
lational energy re]eased'in-thé dfssociatfoh should correspond to the

production of ground stéte CH2 and'CO,'and even if there is a barrier

for dissociation, the pbtentia1 energy will be transformed into
product transiational and internal energy. A further advantage is

that the expansion which pPOdUCQS'the molecular beam cools the Ketene

sufficiently so that its internal energy can be neglected.
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- EXPERIMENTAL

The experiments were performed in a crossed molecular beams ma-
chine, with a laser replacing one of the,moiecu]ar beam sources. The
laser and molecuiar beams cross at 90° in an interaction éhamber;
where the pressure is haintained at about 1 x 10'7 torr.. The detec-
rtbr is a quadrupole mass spectrometer which can be rotated_afound the
crbssing poinf in the plane determined by the two beams. Phofofrag—
ments which pass through the detector entrance slit and two stages of
‘differential pumping enter the ionization chamber where they are jon-
ized by electron impact. The slits used were chosen to give a labora-
. tory angular resolution of 2.5°. The neutral products trave]la dis- .
tance of 34.1 cm to the ionizer aftér dissociation. The ions pass
through the quadrupole mass selector to a Daly detector. The time in-
"~ terval between the laser pulse and the detection of the products is
recorded in a multichannel scaler, allowing the fragment's recoil vel-
ocity to be determined. :

Ketene was prepared By pyro]ysis of acétic anhydride and trapped
at 77°K. A portion was purified for use each day by trap to trap dis-
tillation. A supersonic beém.oflketene seeded in helium was produced
by bubb1ing helium through 1iquid ketene in a dry ice-ethanol bath,
and expanding the resulting mixture at 300 torr fhrough a 0.22 mm noz-
zle. After passing through two stageé of differentia} pumping and
collimation, the beam, with a spread of 2.5°, enteked‘the interactfon

5

chamber. The beam of ketene had a'peak velocity of 1.12 x 107 cm/sec.

and a full width at half maximum velocity spread of'about 10%. The
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density of ketene in the interaction region was about 101_1 mole~

. cules/cc.

A‘Lumonics Model TE-861 rare gas halfde excimer laser was used at
351 nh (XeF) and 308 nm (XeC1) for the photodissociation. The laser
beam was focused‘td a spot of about 0.5 cm diamefer where it crossed
the'mojecular beam and was operated at 70 Hz with a measured average

power of about 2.5 watts at both wave]éngths.
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RESULTS AND ANALYSIS

The data obtained in this experiment Consist'of‘time—of—flight
distributibns which are broportiona] to the'ﬁumber density of the de-
tected'produti present in the mass spectrometer ionizer as é function
of time after the laser pulse. To determine the thermochemical quan-
titiés"of-infereét’the data must be converted to energy distributioné
in the center-of-mass coordinate systém of the diésociating mo1ecu1e.
Figure 1 shqws a velocity vector diagram for the process. The origin
of the 1éb coordinate system is the base of the beam velocity vector
and lab angles are measured from the direction of the beam.‘ The tip
of this vector defines the origin of the center-of-mass coordinate’
system and the circles show CO fragment velocities corresponding to
various product translational energies.

It was found necessary to make a small background correction to
the_raw data, as a result of the large detector apertures used to en-
hance the signal to noise ratio in this experiment. These large aper-
tures allow some product molecules to strike surfaces of the ionizer
and raise the.background for a short time after each laser pulse. The
backgroUnd then decays-expOnentially with a time constant determined
by the pumping speed for that molecule. Correction for this minor ef-
fect was made by requiring the background for times where signal can-
not appear due to kinematic constraints to be equal to the background
before the first signal arrived. The behaviorvof the time dependent
background was simulated with an amplitude proportional to the intens—_
ity of signal, and a decay constant roughly corresponding to the pump—:

ing speed, and then subtracted from the data. These two parameters
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.could be varied until the proper background level was obtained. An
f

example of original ahd corrected data is shown in Fig. 2. Al1l fur- -
ther CO daté shown in Figs. 3 and 5 have been corrected in this manner.
The problem does not appear for CHZ’ apparently because it is rapid-
1y destroyed by wall co111s1ons

The determ1nat1on of the center-of-mass. energy distribution is
done by an iterative process. A trial energy and angular distribution
is used as the input to a computer simulation program. The energy
distribution 1§»converted to éenter-of;ﬁass velocity flux according to
the re]ation: | |

«u I (E

I (u,ecm) cm

C.m. cm? ecm)

This is then transformed to laboratory time-of-flight.

3
\J
s I (u,8.)

N
1u2 cm

(t,e

LAB LAB)

where 1 is the flight path; and v and u are lab and c.m. velocities
respectively. The beam ve]ocity and angular spreads are accounted for
by summing the cbntributions due to different initial speeds and an-
gles. The detector resolution is %nc1uded in a similar fashion. The
result for a given center-of-mass energy distribution was compared to
the data, and the input changed until.the agreement was satisfaétdry.
The center-of-mass distributions'usedfhad the form

I__(E

cm' “em? Ocm) = P(Ecp) D (8¢y).

The energy distribution itself was

P(E) = C(E - E))% (E; _ )P,
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For convenience in fitting the data the actual parameters used in the

computer simulation were E_, the energy at which the distribution

p’

peaks; E_ - El’ the difference between the peak and the low energy

P
at which the probability goes to zero; and Er - Eb, the difference
between the high enérgy where the probability goes to zero and the
peak. The parameter o« can then be calculated given, 8, Ep, Elfand
ET, as

T p
Several distributions could be added together to produce the best fit
to the data.

For each laser frequency an energy and angular distributibn was’
chosen which most closely fits all the data taken at different angles. -
The results for the Xef laser at 351 nm are shown in Fig. 3; The fit
(éo]id line) is superimposed on the data (solid dots). An angular

2q produced the best agreement with the data.

distribution of 1 + sin
The time-of-flight for CO products could be fit with the same energy
distribﬁtion at the two angles, buf for the CH2 product the.entire dis-
tribution had to be shiftéd 0.5 kcal/mole to higher energy. For deter-
mining the thermodynamic quantities discussed later, the centef-of-mass
energies consistent with the data from the CO fragment were used since
the signal to noise ratio is much better than for the CH2 fragment.

The energy distribution is shown in Fig. 4, and the dctua] values used
for the parameters are shown in Table 1. Figure 3 also shows the result

of calculations of the laboratory time-of-flight at 14° if the center-of-

mass energies are shifted up and down by 1 kcal/mole without changing the

ALY
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shape of the energy distribution. - This gives an idea of the sensitiv-
ity of the experiment. The results for the CO fragment when ketene is
dissociated with the 308 nm iight from the XeCl laser are shown in
Fig. 5. A1l angles are fit with the same energy distribution as shown
in Table 1, and an angy]ar'distribution 1+ cosze was uéed. The en-
ergy distribution is shown in Fig, 6. Again the sensitivity to energy
shifts of #1 kCa]/mo]é are shown (Fig. 5)‘for a lab ahg]e of 14°; Be-
cause of the larger product transiational energy released at this fre-
quency the sensitivity to the threshold of fhe energy distribution ﬁé
less than that at 351 nm.

From the energy distributions determined in this experiment several
thermochemical quantities related to kétene dissociation can be de-
rived. The expansion producing the supersoﬁic beam using He carrier
gas cools the ketene sufficiently that it can be assumed the molecule
starts essentially in its ground vibrational and rotational state. A
photon of known energy is absorbed, and we then measure the transia-
“tional energy of the frégments.:‘Because the sumbofvthe trans1a£iona1
~energy and internal energy is the excess energy available for dissdcié
ation, the fastest products‘detected should correspond to ground state
€0 and CHZ'formation.- Several preVious experimentsﬁ’7_’16 have
shown that the threshold for CH2 (lAl) production from ground state
ketene is substantially above the energy supplied by a 351 nm photon,

‘ (3 '

31)-

From the distribution in Fig. 4 the highest translational energy ob-

so the signal at this wavelength must be due entirely to CH?

served in the products is 3.8 kcal/mole. When this is subtracted

" from the 81.4 kcal/mole supplied by the photon it gives a value of
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77.6 kcal/mole for the bond dissociation energy of CH,CO to CH, (B

1)
and CO. Photons at 308 nm from the XeCl laser energetically cou]d pro-
duce both sing]et.and trip]et methylene; but we observed'only singlet.
If trip]et producfs were produced they would be conéiderab1y faster
thah.the fastest signal observed. Figure 7 shows a simulated time-of-
fTightvﬁpecfrUm from an energy distribution whiéh is the same as that
used fo fit the data at 308 nm, except for the addition of a second
distribution at an energy correéponding to that expected for the trip-
let, as determined from the result at longer wavejength. The second
distribution has a peak 10% as high as the peak of the singlet distri-
bution. The actual data show no similar features in the corresponding
position. Thus the highest translational energy products.are assumed
_ (lA

to be ground vibrationaT and rotational state CH2 and CO. Sub-

1)
tracting the translational energy (6.7 kcal/mole) of these products from

the laser photbn energy of'92.8 kcal/mole results in 86.1 kcal/mole for

the bond dissociation of ketene to produce CH2 (1A1) and CO. Thus the

1 3

energy'difference between the singlet ( Al) and triplet ( Bi) states of

_CH2 is 8;5 kcal/mole, wﬁth'an uncertainty of approximately 0.8 kcal/

mole, mainly from the experimentaT determination of the mdximum traﬁs—

lational energy release. These results are summarized in Fig. 8.
From the known heats of formation of CH,CO (AH?O = - 10.7

17 18

and CO (AH?O - - 27.199 kcal/mole),

tion of CH2 can be calculated from the measured bond dissociation

kcal/mole) the heat of forma-

energies of CHZCO.
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Bl) 77 6 kcal/mole + AH (CH co)
- AH f (CO) = 94.1 kcal/mole
Al) = 86.1 kca]/mo]e + AHfo (CHZCO)

- fo.(CO) - 102.6 kcaT/mo]e
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DISCUSSION - | |
The va]ué for the singlet-triplet SbTitting obtafned from this |

work (8.5 kcal/mole) agrees very well with the lower value from previ-

ous experiments. The actual heats of fbrmation derived from our re-

sults also compare favorably with those previously determined. The

very close agreement of the photoionization value for AH?O CH2

<3 )4,5

B with the number from our experiments, where translational en-

1
ergy release is observed directly, strongly supports the assumption
that there is no excess energy release at the threshold ofiionizatiOn.’
It also tends. to conffrm that the fastest products we observed from
dissociation with 351 nm photons do correspond to ground vibrational
state CO and CHZ'

The threshold for the process

CH.CO' . cH

1
5 (

A,) + CO

2 (A

measured in several experiments are in fairly close agreement. In the
work of Lengel and Zare the value 85.2 # 0.3 kcal/mole was obtained.6
The similar expekiments of reference 7 yielded 85.4 * 0.3. Simons and

Curry found 84.4 = 0.6 kcal/mole, for the process at 298K.8

+ A11 of
these determinations rely on the translational energy release being
negligible at the threshold. Again the assumption seems to be valid
as our value of 86.1 = 0.5 kcal/mole agrees fairly well if the uncer-
tainty in corrections of previous results for reactant internal energy
is considered.

A large discrepancy exists between the results of this work, and

the photodetachment results from CHZ”, whi&h support a large sing]et—
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1

triplet splitting (19.5 kcal/mole).” As previously discussed, an

upper 1imit can be placed on the energy of the CH2 (1A1) state from

previous experiments as well as from this work, so possible errors re-
;u1ting in too small a value for thé splitting must arisé from placing
the energy. of the (381) state too high, If the photodissociation of
ketene at 351 nm produces no ground vibrational state products théh the
(3

value of‘AH?0 CH2 Bl) determined in this experiment would be too

high. This is vefy unlikely for severa]vkeasons. The heat of forma- -

tion of frip]et methylene we 6bta1ned aéfees closely with previous
measurements by comb]ete1y different methods. It's difficult to imag-
ine that identical errors appear in each case. 1In additﬁon, if the
splitting were as large as 19.5 kcal, then'15 kcal/mole are available
to the products in the ketene dissociation at 351 nm. A maximum of
3.8 kcal/mole appears as translation in our exberiments; If there
were at least andther 11.0 kcal/mole of energy in the internal excita-
tion of products, the product vibrational states would be very hignly
inverted. This is not expectedisince the CO vibrafion and the CH2
bending vibration both are strong]y coupled to the reaction coordinate
of the phofodissociation-of keteﬁé, and the CO bond length in CHZCO is
quite close to that of CO.

There are severaf'étﬁer interesting features of the center-of-mass
energy distributions determined in this experiment. The shapes of the
distribution of product energy at the two ane]engths are obviously
very different, For fhe triplet (from 351 nm dissociation) thé prod-
utt is fairly sharply peaked near the maximum trans]ationa]iehergy re-

lease. The second smaller peak in Fig. 4 is necessary to fit the small
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featuré in the time-of—f]ight data at 14°. The spacing between the two
peaks is approximately equal to the energy of thé bending vibration in
'ground state CH2 (3.4 kca]/mo]e).1 This suggests that a small frac-
tion of the CH2 is produced vibrationally excited. The translational
energy distribution for singlet CH2 production from 308 nm dissocia-
tion (Fig. 6) peaks at zero trans]ationé] energy and is very broad.
This shows that there is substantial interna1'excitation of the prod-.
~ucts. The drastic change in the dissociation dynqmics between 351 nm
and 308 nm and the exclusive production of'CH2 (lAl) at 308 nm might
suggest that different electronic states of ketene are involved at
these two frequencies.. The difference between the angular dependence
of the product intensity at the two wavelengths is further evidence
that the dissociation procesé‘changes in this ane]enqth region, but
due to the Timited angular range covered in these measurements our
data»are not sufficient to provide precise information on the angular
distribution.

There is still some disagreement between the results of ab initio
calculations of the singlet-triplet splitting (~10.5) and the experi-
mental determination (58.5 kcal/mole), a]thoﬁgh considering the uncer--
tainty of #1 kcal/mole in each of these values they are not incompati-
ble. A very recent, large scale CI calculation invo]ving'60,000 con-
figurationsl3 has not brought the numbers any closer to agreement,
but correction for the difference in zero point enegies was found to

reduce the energy difference by 0.6 kca]/mo]e.19

20,21

A small relativis-
tic correction, at most 0.1 kcal/mole, could reduce the calcu-

lated value of the splitting to 9.8 kcal/mole. It has also been sug-

fix
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}gested,ls based on comparison of exténsive CI calculations with ex-
periMenta] measufemgnts'of excited state energies for‘carbon atoms and
| CH, that the va]ué for the singlet-triplet splitting in CH2 from CI

: ¢a]cﬁ]ations is still somewhafvtoo high and the actual éeparation is

less than 10 and perhaps as small ‘as 9 kcal/mole.
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CONCLUSION -

This chapter has described the measurement of the energy splittfng
between the ground (381) and first excited (1A1) states of methylene.
The experiment wasrespecially designed to detect pbsssib]e bérriéfs to
photodissociation which potentially éou1d"have caused errors in previ—'
ous results. No evidence for such barriers was observed, and our value
of 8.5 kcal/mole agrées well with the majority of other experiments

2,3,6,7,8,22

attempting to measure the singlet-triplet splitting. It

is also in reasonable agreement with recent ab initio quantum mechani-
cal ca]culations,10’12’13’14’15 but not with the larger value ob-
tained from the photoelectron spectrum of photodetachment from

-1

CH2
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Table 1. Center-of-mass energy distribution parameters for the
- photodissociation of CHpCO. Energies are in kcal/mole.

Ep ET;Ep_ Ep-E1 - B Peak Height

351 nm dissociation

CO product at 14°

and 17°

~ High energy peak 2
. Low energy peak ' 0

(Fig. 3 and Fig. 4) '

N
.

w O
.
w o

O =

3 1.5 1
45 0.40 0.

351 nm dissociatign
CHy product at 35 : o
(Fig. 3) 2.8 135 1.2 2.5 1.0

308 nm dissociation

CO_product at 14°, 17°,

20° and 25° S : ' ‘
(Fig. 5 and Fig. 6) 0.0 6.7 0.0 1.2 1.0

308 nm dissociation

CO product at 14°

Singlet : o 0.0
Triplet 9.2
(Fig. 7)
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.
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3a.

Newton diagram for photodissociation of CH2C0 showing rela-
tions betwéeh 1aboratdry‘and center-of-mass ve]ocities'and
angles. VCHZCO and VCO are laboratory velocity ve;tors, QCO, |
is a center-of-mass velocity vector. The origin of the lab
coordinate system is the base of the vector for the initial
CHZCO ve1oci£y, and thé origin for the center-of-mass syétem
is the tip of the same vector. "The éirc?es have radii corre—h
sponding to the speed of the CO fragment in the éenter-of—mass
frame for various amounts of translational energy release in
the dissociation. B |
Time-of-flight data at a lab angle of 14° for the CO fragmentv”

from CH,CO photodissociation at 308 nm; The dots are the |

2
original data, and the solid line shows the data after sub- =~
traction of time dependent background. N(t) is the number of

counts as a function of time (arbitrary units).

Time-of-flight data for fragments from ketene photodissocia—"

tion at 351 nm. N(t) is the number of counts per time chan-

nel (arbitrary units). Dots are the data, the solid lines

are the fits. ET is the highest center-of-mass energy

(kcal/mole) with non-zero probability in the energy dis-

tributions used for the computer simulation. The energy -
distribution has been shifted #1 kcal/mole to show the

sensitivity of the fits.
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Fig. 3b.

Fig. 4.

Fig. 5a.

Fig. 5b.

Fig. 6.
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Time-of-flight data and computer generated fits for the CO
fragment at 17° lab angle and the CH, fragment at 35° 1ab
angle from ketene photodissociation with the laser operated

at 351 nm.

- Center-of-mass energy distribution for ketene photofragmenta-

tion at 351 nm. The energy scale is in kcal/mole. This dis-
tribution was used to fit the data for the CO frégment at 1éb
angles of 14° and 17°. The actual pérametérs are. given in
Table 1. | o |
Time-of-f1ight data for the CO fragment from ketene photodis-
sociation at 308 nm and 14°A1ab angle. N(t) is the number of
counts per time channel (arbitrary units). Dots are the data,
lines are the computer génerated fits. The time-of-flight
spectrum has been calculated for the center-of-mass energy
distributionfwith parameters shown iﬁ’Tab1e 1, and with ET
shifted # 1 kcal/mole.

Time-of;flight data and computer generateé fits for the CO
fragment from photodiséociation of ketene at 308 nm and vari-
ous lab angles. |

Center-of-mass energy distribution for ketene photodissocia-
tion at 308 nm. Energy scale is in kcal/mole. The distribu-
tion shown was used to fit all the CO time-of-flight data from
the 308 nm dissociation. The parameters for this distribution

are given in Table 1.



Fig. 7.

Fig. 8.

136.

The dots shdw the time-of-flight data for the CO fragment at
14° from CH,CO photodissociation with 308 nm 1ighf. The
solid line is the computer calculated time—of—f]ight spectrum
for CO fragments if a center-of-mass energy distribution cor-
(s

responding to CH2 Bl) production at this wavelength is

added tb the distribution actually used to fit the-data. The

parameters used to generate this figure are shown in Table 1.

Energy level diagram for the ketene photodissociation process.

A11 energies shown are in kca]/moWe.
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