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ABSTRACT 

Quantum mechanical effects on the angular distribution of HF prod-

ucts from the F + H 2  reaction were studied using crossed atomic and 

molecular beams with a rotatable mass spectrometer detector and time-

of—flight velocity analysis. Measurement of the singlet—triplet split-

tiny of CH 2  from the recoil velocities of fragments from ketene pho-

todissociation in a molecular beam are also reported. 

Partial center—of—mass angular distributions, and velocity flux 

contour maps have been derived for individual vibrational states of 

the HF product from the F + H 2  reaction at collision energies of 2 

and 3 kcal/mole. The center—of—mass 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 appear 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 CH 2 . A rare gas halide ex-

cimer laser operating at 351 nm (XeF) and 308 nrn (XeC1) dissociated 

the ketene. Time-of-flight measurements of the fragment ve]ocities 

allowed determination of the energetics of the dissociation. The 
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1 
 splitting in CH 2  was found to be 8.5 ± 0.8 kcal/mole. This 

agrees with many experimental results, but not with the value of 19.5 

kcal/mole derived from recent photodetachment experiments on CH 2 . 
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I. REACTIVE SCATTERING OF F WITH H 2  

I NTRODUCT ION 

The F + H 2 	HF + H reaction is one of the simplest examples of 

a highly exoergic chemical reaction. A variety of experimental methods 

have been used to determine both the absolute overall rate constant, 

and relative state to state probabilities for this reaction. These 

quantities, and some other characteristics of the reaction, have also 

been the object of numerous theoretical calculations. Even for this 

simple reaction, the dynamics have proved to be sufficiently compli-

cated that many features are either unknown or poorly understood. 

The most striking aspect of the F 	H2  reaction is the inversion 

of the vibrational state populations in the HF products. Of course 

this is the reason for much of the interest in the F + H 2  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 detailed rates for product fornia-

tion in various quantum states. Chemical laser 1 ' 2 ' 3  and infrared 

chemiluniinescence experiments4 ' 5 ' 6 ' 7  have given product vibrational 

distributions at several temperatures (Table 1) and there is fair 

agreement among values determined by different methods. Infrared 

chemiluminescence has also been used to determine product rotational 

state distributions for HF V = 1,2 and 3. 

The use of para hydrogen in the reaction has shown that the rota-

tional state of the reactant H 2 . influences the vibrational, energy 

distribution in the products. With para hydrogen a significantly 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-

fects of individual rotational states. 6  The reaction with H 2  J = 

1 yields products with somewhat less population in V = 3, but this 

trend is reversedbetween 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 + H 2  reac-

tion9 ' 4  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 10 	and 2.7 x 10' cm3 /molecule-sec. The most re- 

cent direct measurements 12 ' 13 ' 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 + H 2  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 available energy 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 significantly 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 LEPS 15  

or generalized LEPS 16  form with parameters adjusted to fit some experi-

mental results. Actually, some of the classical dynamics calculations 

were attempts to derive the potential from experimental results. The 

features common to all the ground state surfaces used for studying the 

F + H 2  reaction are an exothermicity of about 32 kcal/mole, and a 

small barrier to the reaction for a collinear approach of F to H 2  with 

an increasing barrier as the configuration departs from linear. 

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

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

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 value18 ' 19  when the potential was first proposed, and an average 

vibrational energy of the HF products of 29.5 kcal/mole (from data of 

Ref. 20) from classical trajectory calculations. Results of three di-

mensional classical trajectory calculations on this surface are shown 

in Table 1. The theoretical studies 17  correctly predict the vibra-

tional population inversion of the HF products. The experimentally 

observed trend toward increasing population in HF V = 1 relative to HF 

V = 2 as the temperature is increased also appears in the calculations. 

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 H 2  J = 1. Experiments 

and calculations show roughly the same fraction of available 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 poten-

tial energy surfaces. 2125  The main feature of the reaction, product 

vibrational population inversion, is adequately described in all of 

these calculations. The major differences among the results on dif-

ferent potential surfaces are the reaction rate constants, which are 

not in agreement with the experimental value for any surface, and the 

threshold for the reaction, which cannot be directly compared to cur-

rently available experimental data. The semiempirical potential energy 

surfaces used for the trajectory studies described can be compared to 

some ab initio quantum mechanical calculations of the F + H 2  surface. 

These calculations showed that the collinear configuration is the min-

imum energy path for the reaction, with the barrier for the perpendic-

ular approach being 12 kcal/mole higher. 26  Quantum mechanical cal-

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

mole and an exothermicity of 34.4 kcal/mole. 27  The qualitative fea-

tures agree well with the most widely used serniempirical surfaces. 

More recent calculations gave an exothermicity of 31.3 kcal/mole, 

agreeing well with experiment, and a barrier of 3.35 ± 1.0 kcal/mole 

for the collinear reaction. 28  The barrier is significantly higher 

than that which gives classical trajectory results most nearly in 

agreement with experiment. 

Quantum mechanical calculations of reaction probabilities for 

F + H 2  have indicated that there are features of the reaction that 

are not adequately described by classical dynamics. Calculations for 



the collinear F + H 2  configuration on the M5 potential surface with 

ground state reactants show a sharp peak in reaction probability for 

the production of HF V = 2 at a relative collision energy of about 

0.014 eV. 29  The HF V =3 product first appear§ at a coll:ision energy 

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 

the collision region which lowers the energy of a given state. 30  If 

the potential surface is changed to remove these wells the resonance 

structure in the quantum dynamics calculations 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 energy, so 



this also causes some confusion in attempting to find a physical ex-

planation of the resonances. Very recently a classical method for 

unambiguously 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 + H 2  reaction on 

the M5 surface identified barriers in the reactant and product regions 

for a given classical vibrational action. Quantizin.g the action ac-

cording to 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 matched almost exactly the energies of the quantum me-

chanically calculated resonances. 32  It thus seems that these bar-. 

riers play a crucial role in determining the resonance energies. 

Collinear quantum mechanical calculations have been done with sev-

eral other model F + H 2  potential surfaces, 33  including one based 

on the ab initio surface. 34  Resonance structure is observed in all 

of the results, but there is little 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 + H 2  (V = 0 1  J = 0) on the M5 potential using a J Z  - 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 
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totalangular momentum for the 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 throughout the colli-

sion energy range from 0.06 to 0.33 eV. The angular momentum for the 

reaction is supplied entirely 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 HF V = 2 product angular distri-

bution as the collision energy is varied. A more detailed discussion 

of this 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 dimensional wavefunc-

tion. 36  The resonance is characterized by buildup of density in the 

transition state region after the entrance barrier. This is analogous 

to the collinear case, 3°  and supports the idea that the resonance is 

due to the existence of a quasibound transition state. It is also in-

teresting to note that the energy of the resonance in the collinear 

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 it. 36  

There is an additional complication in the F + H 2  reaction, the 

effect of which is not yet well understood. The 2 P fluorine atom can 

interact with H 2  to give three different doubly degenerate FH 2  elec-

tronic states. For a.collinear geometry these are a 2 E state orre- 

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



of the collision complex, and two 
2 

 7r states with'the singly occupied P 

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

the complex has Cs  symmetry and the 
2 
E state becomes 1 2A' while the 

2 states are 
2V and 2 2A'. 37  Only the 1 2A' state correlates to 

the 1  Z ground state of the HF product. The other states correlate to 

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

considered here. In the reactants the 	and the 2 2A' are separated 

by the spin—orbit splitting in fluorine, 1.16 kcalfmole. 38  In the ex-

perimental studies of the F + H 2  reaction unknown mixtures of ground 

state F 2 P 312  and the spin—orbit excited F 2 P 112  were produced. If 

the 2 P 112  state can react by making a transition to the ground elec-

tronic state, then the observed results are the sum of two reactions 

with possibly different dynamics. Comparison with calculations on a 

single potential energy surface may lead to unreliable conclusions. 

Calculations show small reaction probabilities for the 2 P 112  state of 

fluorine at low collision energies. 39 ' 4°  The potential surfaces for 

the 	and 2 	states are found to be highly repulsive for small 

F - H 2  separations. 40 ' 41 ' 42  Using semiclassical approximations for 

the electronic transition probabilities, and classical trajectories 

for the nuclear motion, calculations give a cross section for F 2 P 112  

reaction with H 2  that is between 5 and 20% of that for the ground state 

reaction for collision energies up to 5 kcal/mole. 39 ' 40  The cross sec-

tion rises quickly with increasing collision energy. The presence of 

the low lying excited states may also effect the reaction if it is in- 

itiated in the ground state. Collinear quantum mechanical calculations 



using I'4ickerman 5 as the ground state potential surface and another 

model for the spin—orbit excited state had much different results for 

the energy dependence of, the reaction probability than single surface 

calculations. 43  State to state reaction probabilities had additional 

structure when two surfaces were considered , . All of these calculations 

depend on the forms of the potential surfaces involved, which are not 

well known. Therefore it is not possible to say in any detail what 

effects can be expected from the multiple potential energy surfaces, 

or how mixtures of F 	and F 2P32  influence the interpretation of 

experimental results., 
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EX PER IMENTAL 

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 experimental results 

on the F + H 2  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 cal-i-

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 resulting center-of-mass distribu- 

tions give, with some limitations, 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 2  beam at 900 

in a chamber evacuated to about 1 x 10 	torr. The chamber is lined 

with a copper shield cooled with liquid nitrogen to 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 measured by spinning a slotted disk in front of the detec-

tor and recording the time needed for products to go from the disk to 

the detector. 

The detector has three nested regions suspended from a lid 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 one, while 

providing differential pumping of background gas. The slits determine 
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the viewing area around the collision center and the angular resolu-

tionL In the experiments described a-. square area 3mm on a side at the 

collision center was viewed by the detector. The angular acceptance 

was 1 0 . The third detector region is liquid nitrogen cooled and has 

an electron impact ionizer mounted in it. Product molecules passing 

through all the slits enter the ionizer. Ions formed are mass se-

lected by a quadrupole mass filter. After leaving the quadrupole 

the ions are accelerated to a target at about -30 kV. Electrons are 

ejected from the target towards a plastic sçintillator and the light 

flashes from the scintillator are detected by a photomultiplier tube. 

The resulting pulses go to various kinds of counting electronics. 

To measure total product intensity as a function of angle the 

fluorine beam is modulated at 150 Hz with a tuning fork chopper. A 

dual channel counter that is synchronously gated in phase with the 

chopper counts signal pulses with the beam on and off. Choosing a 

particular angle as a reference and checking the signal 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 in front of the 

detector entrance. A small light bulb and a photodiode on opposite 

sides of the wheel indicate when a slit goes by. This triggers a 255 

channel scaler which counts signal pulses for a predetermined time in 

each channel. The signal can be accumulated for many triggers and 

transferred to a laboratory computer. The distribution of counts 



12 

among the scaler channels is then the distribution of product arrival 

times after traveling the distance (29.8 cm) from the wheel to the 

ionizer. A mass dependent correction due to the ion flight time must 

be made for accurate results. The ion flight time is determined by 

looking at the arrival times of ions with different mass from fragmen-

tation of a parent neutral in the ionizer. For the conditions of this 

experiment the ions' flight time was found to be given by 

Tion = 3 /1isec 

where M is the mass to charge ratio of the ion. Thus for HF the value 

is 13.4 1isec. The time-of-flight wheel can be rotated at frequencies 

up to about 500 Hz. To spin the wheel a two phase audio oscillator 

with outputs 900  apart drives two amplifiers with independently adjust-

able gain. These two outputs run a hysteresis synchronous motor44  

which turns at the driving frequency. The motor is water cooled and 

rests in a spring loaded mount to maximize the bearing lifetimes at 

high speeds. 

For the F + H 2  reaction this simple time-of-flight scheme was 

unsatisfactory. The low signal level and relatively high background 

at the mass detected made counting times unreasonably long. Therefore 

a cross correlation technique was used to increase the duty cycle and 

shorten counting times. The technique has been described in detail in 

several places. 45 ' 46 ' 47  It relies on the existence of sequences with 

the properties that the autocorrelation function is constant except 

for one point 

A(x) = N1 S(i) S(i+x) = N, x = 0 
i=0 	 -1, x 	0 
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an d 

N-i S(i) = 1 
1=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 time-of-flight 

wheel the products are modulated with the same period as the wheel ro-

tation. If the counting time of one channel of the scalar is equal to 

the wheel period divided by the sequence length the observed intensity 

after one wheel revolution is 

1(1) = N-i (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 

C(t') = N-i S(i-t') 1(1) 
I =0 

= 	S(i-t') I 	(  	( S(i-t) + 1) 

= N1 I. 	(-.S(i-t') (S(i-t) + 1) 
1=0 Lt=0 

= 	(N+1) F(t-) + N-i S(i-t')B/N 
i=0 

F(t)) + B/N] 

F(t)) + S(i_t')B/N] 
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= - (N+1) F(t') + B/N 

The result 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. In spite of the large in-

crease in the signal obtained, the cross correlation technique is not 

always preferable to single shot time-of-flight. After 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 

uncertainty 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, and in this 

experiment it would not have been possible 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-flight method. 

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-locked to a signal derived 

by dividing the channel advance clock 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 nozzle, from 

which the gas exhausts into a chamber which is pumped to a pressure of 
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about 2 x 10 	torr by an oil diffusion pump. A conical skimmer is 

mounted facing the nozzle. The skimer has a small hole to extract a 

narrow beam from the center of the gas coming from the nozzle. Thi.s 

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 + H 2  reaction. The source used produced fluorine atoms by 

thermal dissociation of a small percentage of F 2  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 hole in the cap approximately 

0.1mm in diameter served as the nozzle orifice. This assembly was 

heated by coaxial heater cable48  in three places, 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 individually controlled 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 temperature 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 low thermal conductivity the mixture would not get hot enough 

to efficiently dissociate the F 2 . The nozzle lifetime was quite. 

sensitive to temperature and heating it much above 700 ° C would cause 

the hole to enlarge 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-

tive concentrations of F 
2 
 P 	 and 2 

 P 	 in the beam were not measured.
3/2  

Calculating statistical populations from the energy splitting of 1.16 

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

700 ° C oven temperature. This should be an upper limit, as some elec-

tronic relaxation may occur in the supersonic expansion. 

The molecular hydrogen beam was obtained from high pressure (25 - 

70 atm) expansion of H 2. The nozzle was simply a 30 pm 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 

long (1.92 cm) electroformed nickel skimer48  was used to minimize 

disturbance of the beam. The nozzle temperature could be regulated 

between 25 ° C and 450 ° C. The H 2  velocity distributions were very 

narrow, the full width at half maximum was only 1-2% of the peak vel-

ocity. Although the translational cooling in the supersonic expansion 

was very effective, rotational relaxation was not complete. Rotation-

al level populations can be estimated from the ene'gy relations for 

the adiabatic expansion producing the beam. For a diatomic gas at a 

temperature at which vibration is not excited the total energy avail- 

able per molecule is 712 kT, kT of which is accounted for by rotation. 	 - 

From the source at 28 ° C the measured H 2  velocity was 2.72 x iO cm/sec, 

so the translational energy per molecule was 

E = 112 mV2 = 1.77 kcal/mole. 	- 



17 

At 28 ° C, 7/2 kT = 2.09 kcal/mole. Since the translational temperature 

in the beam is very low, the difference between 712 kT and the energy 

of a molecule in the beam must be due to.H 2  rotation. Thus there is 

0.32 kcal/mole of rotational energy remaining after the expansion. 

This corresponds to a rotational temperature of 160K. To determine 

the populations of the H 2  levels the ortho and para forms must be 

properly accounted for. At 300K the ratio of para (even J) to ortho 

(odd J) hydrogen is determined almost entirely by the nuclear spin 

degeneracy, with spin 1 molecules havingodd rotational levelsand 

zero spin associated with even levels. Since spin 1 has a degeneracy 

of three, three fourths of the H 2  molecules are in the ortho form at 

300K. The two forms do not equilibrate during the short time of the 

expansion, so the ratio between them is fixed 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 H 2  results are also shown for the beam 

with the nozzle at 276 ° C. Using the same procedure as above, a termi-

nal rotational 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 is J = 1, 

and that on the average about 50% of the initial rotational energy re- 

mains after expansion. 



DATA ANALYSIS 

Theexperimental 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 with scattering calcula-

tions, data must be converted 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 systms, and conveniently relates angles 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 laboratory coordinate system. The center-of-mass moves through 

the lab as shown by the vector labeled C.M. The tip of this vector is 

the origin of the center-of-mass system, and F and H 2  velocities are 

labeled. Circles are drawn at constant center-of-mass 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-of-mass angles. The 

fluorine atom direction is chosen as zero degrees in both systems. 

For a single Newton diagram the intensity in one frame can be di-

rectly transformed into the other. Unfortunately the laboratory data 

to be presented here result 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 possible 

to associate scattered intensity with a particular center-of-mass angle 

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

I 
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tion very difficult. The reverse procedure was actually used, because 

it is easier to model the effects of the experimental conditions on a 

given center-of-mass intensity distribution. The big drawback is that 

this distribution must then be guessed, and many trials are needed to 

find the correctone. 

The assumed center-of-mass product flux distribution is specified 

individually for each product vibrational state. Each state has a 

maximum translational energy available to it determined by 

EE 	-E 	=1 coil. 	vib 	max 

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

oergicity, Ecoil is the collision energy, Evib  is the vibrational 

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 (Tmax - E) 

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

tions were actually characterized by a and EP,  withEr  being the energy 

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

aEP  
max EP 

To obtain a complete center-of-mass flux distribution the parameter 

was specified for each vibrational state, and a value of E was as-

signed along with a relative intensity every 5 0  center-of-mass angle 

for each state. Values for other angles were found by interpolation. 

Thiscenter-of-mass energy and angular distribution can be transformed 

to the lab frame for a single Newton diagram. Center-of-mass velocity 
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is calculated from the energy, then vector relationships provide the 

angular and velocity transformations to laboratory coordinates. The 

ratio of volume elements in the two frames determines the intensity 

transformation. For the center-of-mass energy distribution 

'c.m.c.m.c.m) dEcm 
 dccm the corresponding.velocity distribu-

tion is 

M. (U,c.m. ) ccUI c M. (Ec.m.  c.m) . 

where U is center-of-mass velocity, G is the scattering angle, and 

Q is the solid angle. The lab frame intensity 'Lab 	 dVdQLab 

is then found from 

ILab(VGLab) = 	Icm (UGcm ) 

V is the laboratory velocity. This relationhas been derived previ-

ously by several people. 50 ' 51  A further transformation allows cal-

culation of the time-of-flight distribution. 

N(tGLab) = T 'Lab (VGLab) 

Here N is a number density distribution. The conversion from velocity 

to time, t = l/V, with 1 being the flight path, has been made, along 

with a change from flux to number density. This is necessary since 

the number of ions produced in the electron impact ionizer per unit 

time is proportional to the number density in the ionizer. 

Once the center-of-mass intensity distribution is specified the 

transformations described can be performed 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 for the specific combination of beam speeds and fluorine 

beam angle, then summed to give simulated laboratory distributions. 

Additional 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-

tamed. 
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RESULTS 

The results of crossed beam reactive scattering measurements on 

the F + H 2  reaction are presented here. Experiments were done with the 

velocities of the fluorine atom and hydrogen beams adjusted to give 

center-of-mass collision energiesof about 2 and 3 kcal/mole. Two 

complete sets of time-of-flight and laboratory angular distribution 

data will be shown for collision energies around 3 kcal/mole. The 

fluorine atom velocities are quite different for the two data sets, 

and the H 2  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 2 to 3% F 2  seeded 

in N2  at a total pressure of 675 torr through the nickel nozzle de-

scribed before. The temperature of the tip of the 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—flight measurements. The velocity 

distribution was assumed to be of the form 

2 _8_VF) 
P(V)dV 	V e 	 dV (see Ref. 52, and references therein). 

For this beam the values of the parameters were a = 1.97 x 10 

sec2 /cm2  and VF = 1.35 x 10 5  cm/sec. Thedistribution had a 

full width at half maximum of about 25%. The H 2  beamwas produced 

from the expansion of hydrogen at a pressure of 27 atm and a tempera-

ture of 29 ° C through a 30m aperture. 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) and a peak velocity 

of 273 x 10 cm/sec. A Newton diagram is shown in Fig. 2 for the most 

probable beam velocities. Figure 4 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 

laboratory angular distribution Fig. 5, and the set of time—of—flight 

data at various lab angles, Figs. 6-15. Reliable data could not be 

obtained closer than 10
0 
 from the fluorine beam because of a large in-

crease in background at mass 20. This is due to HF and other contami-

nants in the beam. For time—of—flight spectra taken closer than 200 
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from the fluorine beam the background was not perfectly flat, and was 

fit with a polynomial before subtraction. This background component 

from the fluorine beam source should not effect the angular distribu-

tion since the H 2  beam was modulated. This minor, constituent of the 

beam detected at mass 20 (HF produced by reactions of fluorine in the 

nozzle) could contribute to the angular distribution due to elastic 

scattering by H 2. To find out if this was important, a 0.5% mixture 

of HF in N 2  was flowed through the nickel nozzle, which was heated 

to the same temperature as used for reactive scattering. Elastically 

scattered HF was then detected with the H 2  beam conditions identical 

to those when the F + H 2  reaction product was measured. The intens- 

ity of the HF beam was compared to the mass 20 signal from the fluorine 

beam by obtaining time-of-fl ight distributions of both beams. This 

allows scaling 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 angles greater than 100  from the fluorine 

beam. No attempt was made to correct for this, but the HF content of 

the fluorine beam was minimized by placing a liquid nitrogen cooled 

trap between the tank containing the F 2  - N 2  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 deviation of the mean calculated 

from all the scans at each angle. -This-error was invariably somewhat 
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larger than that calculated solely from the statistical error associ-

ated with the total number of counts. 

The time-of-flight spectra are the result 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 j.tsec. Peaks due to individual product 

vibrational states are resolved at several angles. 

A center-of--mass product velocity flux 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 described. The solid 

lines in Figs. 5-15 are the calculated laboratory angular and time-

of-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 1.sec, and an offset of 5 psec due to the placement of the 

photodiode assembly used to trigger the mUltichannel scalar have been 

added to compare directly with the experimental data. The contour map 

is shown positioned on a portion Of the laboratory Newton diagram with 

14 0  laboratory angle indicated. Although the entire distribution is 

shown, the data from this experiment do not provide information on 

that part which falls inside of 14 0 . 	 ' 

The method used to do the laboratory to center-of--mass conversion 

automatically yields angular distributions for each vibrational state, 

since these distributions are the input used to calculate trial fits 

to the laboratory data. In Fig. 17 the total flux 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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unscattered F atom) for eachvibrational state that is observed. Con-

tributions of HF V = 0 were neglected because very little of it is 

produced in the reaction, and it could not be resolved from 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 data are pre-

sented in the Appendix. The maximum translational energy for each 

state is calculated using the reaction exothermicity. This is ob-

tamed from the dissociation, energies of H 2, 103.265 kcal/mole53  

and HF, 135.3 	0.17 kcal/mole, 54  giving 32.0 	0.17 kcal/mole. 

This value of the exothermicity assumes ground state reactants and 

products. In the experiment there is some residual rotational energy 

of H 2, the rotational temperature is on the order of 160K. The 

average energy in rotation is then about 0.3 kcal/mole. Since it is 

not known how this reactant energy appears in 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 1.5 kcal/mole available for trans-

lation, and'the exothermicity must be known accurately to determine 

the maximum product velocity. The best fit to the data was obtained 

usingan exothermicity of 32.5 kcal/mole, which seems reasonable con-

sidering the rotational, energy in the H 2  beam. The value 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 resolved, 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 set of data to be presented in this section was ob-

tamed using fluorine atom source conditions very similar to those in 

the experiment at 2 kcal/mole collision energy, and a faster H 2  beam 

to reach the higher collision energy. A mixture of 2.5% fluorine 

seeded in nitrogen was used at a total pressure of 1100 torr. The 

nozzle tip was heated to 655 ° C, since the somewhat lower temperature 

increased the life expectancy. The parameters for the beam, as de-

fined in the previous section, were B = 1.5- x 10 	sec2 /cm2  and 

VF = 1.39 x 10 5  cm/sec. The hydrogen beam source was heated to 

accelerate the H 2. At a temperature of 219 ° C and pressure of 37 atm 

the velocity of the peak of the H 2  beam was 3.51 x 10 5  cm/sec, and 

the width of the distribution was less than the resolution of the 

time-of-flight system. A Newton diagram for the most probable beam 

velocities is shown in Fig. 18. The data appear in Figs. 19-30. In 

this case the time-of-flight wheel was spinning at 490 Hz giving a 

time channel length of 8 usec. Counting periods for both the angular 

and time-of-flight data were similar 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 indicated by the solid 

lines. A plot of the total flux as a function of center-of-mass angle 

for each product vibrational state is shownin Fig. 32. 

To check the accuracy of these results another complete set of 

data was taken using different experimental conditions to obtain the 

same collision energy. - A mixture of 3% F 2  in krypton at 650torr 

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



ö4 

This beam was described with the parameters VF = 6.98 x 10 4  cm/sec and 

= 1.6 x 10_8  sec2 /cm2 . Thus the peak velocity is half that of the 

F in N 2  beams, and the full width at half maximum is about 20% of the 

peak velocity. The H 2  source was used at 275 ° C with a pressure of 37 

atm. The H 2  velocity was 3.74 x 10 5  cm/sec. Figure 33 is the Newton 

diagram for the reaction under these conditions. There are several 

advantages in using the fluorine seeded in krypton beam. Since the 

atoms are moving much slower than when seeded in N2 , the laboratory 

frame velocity of the products is lower. For a given time resolution 

this yields better velocity resolution. The spread in collision ener-

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 N 2 . Unfortunately the characteristics of the krypton 

seeded beam make the reactive scattering signal much smaller. Since 

the krypton is much heavier than fluorine the fluorine tends to get 

scattered out of the beam during the expansion, reducing its intensity 

at the collision center. The lower 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 one angle. This 

is evident from the center-of--mass to lab intensity transformation 

where IL(v,L)
cc 

U 2 Tc.m. 	 A further limitation of using 

F2  in Kr is that krypton has isotopes at masses 80 and 82. When these 

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

so the mass specrometer cannot distinguish them from the HF product. 
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This prevents meaningful measurements over the range of angles in which 

elastically scattered krypton can appear, from zero degrees (the direc-

tion of the F beam) out to about 20 degrees. In spite of these prob-

lems, it was possible to observe the reactive scattering for a wide 

range of angles. The data are shown in Figs. 35-42. The counting 

time for each point of the angular distribution was 300 to 500 seconds. 

The fractional error is 3 to 4 times that for the angular distribution 

obtained using fluorine seeded in nitrogen. The time-of-flight meas-

urements required extremely long counting times, from 5 to 12 hours at 

each angle. Even after such long accumulation 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 figures are the actual data. 

The center-of-mass contour map in Fig. 43 shows some unusual features 

associated with V = 2 product that are necessary to fit the data. The 

same 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 fluorine in krypton data 

at the same collision energy simultaneously with the same center-of-

mass distribution. This does not seem to be possible. Reasons for 

the differences and some similarities will be discussed. 

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

are given in the Appendix. The value used for the reaction exothermi-

city was raised to 33.0 kcal/mole, which reflects the increased popu-

lation of higher rotational levels of H 2  at the source temperatures 

needed to reach a collision energy of 3 kcal/mole. 



30 

Before any meaningful conclusions about the dynamics of the F + H2 

reaction can be drawn it is important to consider some of the uncer-

tainties involved in the analysis of these data. There are several 

sources of error in the data, noise due to counting statistics and 

small fluctuations in beam intensity, the calibration and inherent 

resolution limits of the time-of-flight system, and possible small 

contributions from scattering of contaminants in the F atom beam. The 

effect of these uncertainties in the laboratory data on the center-of-

mass distributions can be estimated from the transformation equation 

IL(V,9.L) 	i; 'cm (U9cm) 

Clearly the laboratory intensity is very sensitive to the ratio of 

the lab to center-of--mass velocities. This is a serious problem for 

interpreting the F in N 2  + H 2  data. From the Newton diagram (Fig. 

2) it can be seen that the ratio of the maximum center-of--mass veloc-

ity of the V = 3 product to its laboratory velocity is about 1 to 6. 

An error of 1% in the laboratory velocity causes an error of 12% in 

the center-of--mass 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 

intensity, at least for V = 3 product. 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 limits due to apparatus resolution. The velocity spread of 
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the fluorine beam causes reaction products scattering with a range of 

Newton diagrams to contribute to the observed signal. The F in N 2  

beam has a full width at half maximum velocity spread comparable to 

the diameter of the V = 3 product circle. Although the beam is care-

fully modelled in the data fitting procedure, it is not possible to 

accurately recover features of the center-of-mass distribution which 

change on a velocity scale small compared to the beam spread. tmnen 

all of the limitations on deriving the center-of-mass distribution 

from the lab data are taken into account, it is clear that the data 

obtained using the F in N 2  beam may not be sufficient to give a re-

liable description of the V = 3 product distribution. It would also 

be desirable to resolve the V = 3 and V = 2 products in the time-of- 

flight distributions at more angles. This was the motivation for doing 

the experiment with the F in Kr beam. The Newton diagram in Fig. 33 

shows that the lab velocity is only about 3.7 times the center-of-mass 

velocity for the fastest V = 3 products. A fractional error in the lab 

velocity causes a smaller error in the center-of--mass velocity than 

when the F in N 2  beam is used. This, in addition to the fact that 

the beam fwhm is only about one fourth of the diameter of the V = 3 

product circle, makes the conversion of the data to center-of-mass co-

ordinates potentially 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 large. 

The main features of the center-of-mass scattering distributions 

can now be summarized with careful attention to the experimental limi-

tations just discussed, and noting the regions of the contour maps that 
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are within the,range 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 (1800  relative to 

the fluorine atom direction). The backward peaking is not sharp, a 

large fraction of the peak intensity remains at a center-of--mass angle 

of ninety degrees for all vibrational states. The forward scattering 

could not 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 the backward direction than at the sides. At a colli-

sion energy of about 3 kcal/mole the data taken with fluorine seeded 

in krypton result 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 the forward direction, 

while at larger angles a second peak appears at 125 0 . The exact height 

of these peaks is poorly determined due to the noise in the data. For 

comparison, the best fit to the lab angular and time-of-flight 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, but the error bars allow a fairly wide range 

of peak heights in the HF V = 2 product intensity while adequately 

simulating the laboratory data. The V = 3 product intensity has a 

weak backward peak at this collision energy, similar to that at 

2 kcal/mole collision 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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terminè if the V = 3 product actually has a forward peak. The shape 

of the V = 1 distribution is similar to that at the lower collision 

energy. The center-of-mass contour diagram derived from the data 

taken with F seeded in N2  at a collision energy of 3 kcal/mole is 

significantly different from that obtained at nominally the same col-

lision energy with F seeded in krypton. The distributions assigned to 

the V = 3 and V = 1 products 'are very similar to the F in Kr results, 

but the peaks in the intensity of the V = 2 product are less pronounced 

in the F in N 2  results. Several factors may contribute to causing 

different V = 2 distributions to be derived from the two data sets. 

The intensities at the peaks are not very accurately determined by 

either data set. As mentioned before, the statistical noise in the F 

in Kr data causes some uncertainty, while for the F in N 2  data the 

states are not resolved in the time-of-flight, making the transforma-

tion to the center-of-mass difficult. Theproblem is complicated by 

the slowing and broadening of the V = 2 velocity distribution in the 

vicinity of the peaks in the center-of-mass angular distribution. 

This effect is illustrated in Figs. 47 and 48, showing time-of-flight 

distributions at 26 °  and 28 °  from F in Kr. Attempting to fit these 

angles with isotropic center-of-mass velocity (energy) distributions 

that fit Well at a center-of-mass angle of 25 0  results in two resolved 

peaks that do not correspond well to the data. 

The preceding discussion assumes that the center-of-mass distribu-

tions produced in the F in N2  and F in Kr + 112 experiments are the 

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

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 + II2 angular distri-

bution, and an attempted fit with the center-of-mass input parameters 

used to fit the F in N2  + H data at 3 kcal/mole. Figure 54 is the 

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

ter-of--mass distribution. There seem to 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 translational energy distributions 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-

fic information about the dynamics of the F + H 2  reaction than that 

provided by the use of other methods. The experimental center-of-mass 

angular distributions presented are needed to assess the importance of 

dynamical effects predicted by quantum mechanical calculations but ab-

sent in classical results. 

Much work has been done using classical trajectories to attempt to 

understand the F + H 2  reaction, and also to evaluate proposed poten-

tial surfaces. The most widely used potential surface (known as the 

Muckerman V or M5 potential) for both classical and quantum studies of 

the reaction was determined by requiring that a set of classical tra-

jectories reproduce the experimentally 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 

product angular distributions using this surface have predicted the 

scattering to be strongly backward peaked. 17  This is the expected 

result since collinear approach of the reactants is strongly favored. 

Recent classical calculations of the differential cross sections for 

- 

	

	 individual HF product vibrational states yield backward peaked distri- 

butions for all states even at the fairly high collision energy of 5.37 

- 	 kcal/mole. 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. Calculations at 3 kcal/mole gave a more sharply peaked 

differential cross section, but did not distinguish among vibration- 

al states.17 
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The experimental results do not agree with the prediction from 

classical trajectory studies of strongly backward peaked HF scattering 

in the energy range studied. The comparison 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 energy dependence and 

V = 2 is the most abundant product. At 2 kcal/mole collision energy 

the V = 2 product distribution peaks at about 140 0  and is fairly broad. 

At a collision energy of 3. kcal/mole there is not even qualitative 

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 classical 

calculations 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 inth.e product angular dis-

tribution similar to those observed in these experiments. The sharp 

peaks in the reaction probability for production of HF V = 2 seen in 

one dimensional calculations are gone in three dimensions. Instead, 

there is a change in the shape of the reaction probability 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 momentum, since 

the calculations are for H 2  1 = 0. The orbital angular momentum is 
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directly related to the collision impact parameter. For collisions 

14 	
where rotational excitation of the product is not important, conserva- 

tion of angular momentum requires the HF product to scatter 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 angle of the peak 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 probability. 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-

perimentally observed for the V = 2 product. The calculation cannot 

be expected to agree quantitatively with the experiments because of 

the simple model used, and the neglect 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 dimensional reaction. The rapid change in the differen-

tial cross section as a function of energy may explain the differences 

between the center-of-mass distributions 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 N 2  is fairly 
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large compared to the energy range over which the angular, distribution 

is expected to change drastically. This could cause the sharp fea-

tures observed with F in Kr to be smeared out when F in N2  was used. 

Very recent quantum mechanical scattering calculations using the 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 

energy is raised. 56  Oscillations also appear in the V = 2 differen-

tial cross section at energies above 2.14 kcal/mole. Cross sections 

were calculated with the lOS approximation up to a relative energy of 

0.233 eV (5.37 kcal). The results can be directly compared to class i-

cal calculations and show the V = 2 differential cross section peaking 

at 600  and' then dropping rapidly in the forward direction, while, as 

mentioned before, in the classical results the cross sections for all 

states peak at 180 °  (backwards). 

The results of the experiments described here are consistent with 

important aspects of the dynamics of the F + H 2  reaction predicted 

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 effects. 

In one dimensional collinear models the resonance energies appear to 

correspond to the levels of quasibound states resulting from trapping 

of energy in vibration of the collisioncomplex along coordinates that 

do not lie on the reaction path. These quasibound sttés also appear 

to play a role in the reaction dynamics in three dimensions, but the 

observable effect is more subtle. At any point during the collision 

the relative translational energy is partitioned between a radial corn- 
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ponent due to the motion of the particles toward the center-of-mass, 

and the centrifugal energy, which is determined by the orbital angular 

momentum and the separation of the particles. If the centrifugal en-

ergy is evaluated at the transition state then the peak in the reac-

tion probability (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 the orbital angular momentum. 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 + H 2  

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 theoretical results. There 

are several reasons for this omission. The resolution limitations of 

the experimental setup cause large uncertainties in the determination 

of these distributions, so comparison with calculated results 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 channel (at least on 

the IMuckerman V potential). The calculations that have been done in-

dicate that the V = 1 and V = 3 products are expected to be backward 

peaked over the energy range in which the experiments were performed. 56  

All the quantum mechanical calculations to which the experimental re- 
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suits were compared assumed the reactant H 2  molecule was in rota-

tional state J = 0. The H., beam in these experiments contains a 
C. 

distribution of rotational states peaking for J = 1. Possible effects 

of the initial rotational state on the center-of-mass distributions is 

not known. 

To establish that the interpretation of the results given here is 

correct requires more information on the accuracy of the approximate 

quantum mechanical scattering calculations, and also the sensitivity 

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 predict the experimentally observed 

product branching ratios. The J - conserving and Infinite Order 

Sudden ca1cu1tions give different branching ratios, but use potenti-

als that differ for non-collinear collision configurations. Neither 

reproduces the experimental branching ratios. The calculated integral 

cross section for the reaction at relative energies above 1.5 kcai/mole 

is significantly smaller from the quantum mechanical results than from 

classical calculations, 35  yet the rate constant determined using 

classical trajectories is about a factor of four smaller than recent 

experimental values. At present it is not possible to separate the 	 -. 

effects of inadequacies in the potential surface from those in the 

techniques of calculation. 

Although neither the experimental nor the calculated results are 

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

dynamic resonance effects play a role in the F + H 2  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-

cl us ion. 
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Table 1. Experimental and Theoretical HF Product Vibrational 
Distributions for the F + H2 Reaction. 

Relative Reaction Rates for HF 
Product Vibrational States 

V = 1 	 V = 2 	 V=3 

Experimental Results 
Chemical Laser 

Ref. 2 
236 ° K 
298 ° K 
364 ° K 
172 ° K 
432 ° K 

Ref. 3 
297 ° K 

Infrared 
Cherni luminescence 

Ref. 57a 
300°  K 

Ref. 7 
279 ° K 
718 ° K 
1315 ° K 

Theoretical Results 
Classical Trajectories 
on the M5 Surface 

Ref. 17 

1.0 0.505 ± 0.01 
1.0 0.478 ± 0.005 
1.0 0.463 ± 0.006 

0.222 ± 0.01 	1.0 
0.345 ± 0.03 	1.0 

0.294 	0.01 	1.0 0.63 ± 0.04 

0.28 ± 0.02 	 1.0 	0.58 ± 0.12 

0.28 	 1.0 	0.55 
0.38 	 0.55 
0.44 	 1.0 	0.55 

200° K 0.18 1.0 0.475 
300 ° K 0.19 1.0 0.42 
1000 0 K 0.26 1.0 0.48 

aValues corrected in Ref. 3 for more accurate HF transition proba- 
bilities 	in Ref. 	58. 
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Table 2. Estimated Relative H2 Rotational State 
Populations in the Molecular Beam 

H2 Rotational 	 Nozzle Temperature 
State 	 301 ° K 	 549 ° K 

0 2.83 	x 10_ 1  2.26 x 10_ 1  

1 1.00 1.00 

2 5.34 	x 10 1.27 x 10_1 

3 1.00 	x 10 2  6.11 	x 10 2  

4 4.58 	x 10 1.39 x 10 

5 8.326 x i0 1.37 x 10 
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FIGURE CAPTIONS 

Fig. 1. Schematic diagram of the crossed molecular beams machine. 

Fig. 2. Newton diagram for the collision of F and H 2  at a center-

of-mass energy of about 2 kcal/mole. Vertical and horizon-

tal vectors show the velocities in the lab frame of F and 

H 2  respectively. Center-of-mass velocities for the two 

particles are also indicated. Circles 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, relative to the F atom velocity, is 

shown. 

Fig. 3. Energy level diagram for the F +H 2  reaction. The dashed 

line indicates the energy of the reactants. All energies are 

given in kcal/mole. Vibrational state energies for HF are 

from Ref. 54. 

Fig. 4. Distribution of collision energies for the experiment with 

F in N2  andH 2  reacting with a collision energy around 

2 kcal/mole. 

Fig. 5. Laboratory angular distribution for HF product from the 

F + H 2  reaction at a collision energy of 2 kcal/mole. The 

solid dots are the data, with typical error bars shown. The 

solid line is the best fit to data. The dashed lines labeled 

1, 2 and 3 show the contributions of the various HF vibra-

tional states to the best fit. Zero degrees corresponds to 

the direction of the F atom beam in the lab frame. Intensity 

is in arbitrary units. 



49 

Figs. 6-15. Time-of-flight data for HF product from the F + H 2  re-

action at 2 kcal/mole. Crosses are the data points, and 

the solid line 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 

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

Fig. 16. 	Center-of-mass velocity flux contour map for the HF prod- 

uct from the F + H 2  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. 

Fig. 17. 	Center-of-mass angular distribution for HF V = 1, 2 and 3 

products from the F+  H 2  reaction at a collision energy 

of 2 kcal/mole. The dashed line gives the approximate 

limit to the range of angles for which these distribu-

tions are determined from the data of this experiment. 

Products at center-of-mass angles less than 80 0  could not 

be observed due to interference from the F atom beam. 

Fig. 18. 	Newton diagram for the F in N 2  + H 2  experiment at a 

collision energy of 3 kcalfmole.  The center-of-mass' an-

gle is shown, and the circles give the maximum center-of--

mass speed for different HF product vibrational states. 



Fig. 19. 	Laboratory angular distribution for the HF product from 

the F + H 2  reaction at a collision energy of 3 kcal/mole, 

with F seeded in N 2 . The dots are the data, the solid 

line is the best fit, and contributions of the various HF 

vibrational states are shown with dashed lines. 

Figs. 20-30. Time—of—flight data for F in N2  + H 2  at a collision 

energy of 3 kcal/mole. The crosses are the data, the 

solid line the best fit, and the dashed lines the 

contributions of individual vibrational states. N(t) is 

the number density as a function of flight time. 

Fig. 31. 	Center—of—mass velocity flux contour map determined from 

the data for F in N2  + H 2  at 3 kcal/mole. The 

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 0 . 

Fig. 32. 	Center—of—mass angular distributions for HF product vi- 

brational states as determined from the data for the 

F + H 2  reaction at 3 kcal/mole collision energy with F 

seeded in N2 . The dashed line indicates approximately 

the smallest center—of—mass angle for which laboratory data 

were obtained. 
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Fig. 33. 	Newton diagram for most probable F and H 2  velocities 

with F seeded in Kr, and a center-of-mass collision ener-

gy of 3 kcal/mole. The center-Of-mass velocity is at an 

angle of 29 °  to the laboratory F atom velocity. Maximum 

center-of-mass HF product speeds are given by the labeled 

circles. 

Fig. 34. 	Comparison of the distribution of collision energies for 

the reactive scattering of F seeded in Kr with H 2  and F 

seeded in N 2  with H 2  at collision energies around 3 

kcal/ mole. 

Fig. 35. 	Laboratory angular distribution for the HF product from 

the reaction of F in Kr with H 2  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-flight data for HF product fom F in Kr + H 2  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. 
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Fig. 43. 	Center-of-mass velocity flux contour map for the HF prod- 

uct from the reaction of F in Kr + H 2  at around 3 

kcal/mole collision energy. The contour interval 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 elastic scattering of Kr. 

Fig. 44. 	Center-of-mass angular distribution of HF product vibra- 

tion states from .the reaction of F in Kr + H 2  at 3 

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

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

observed. 

Fig. 45. 	Laboratory angular distribution for HF product from the 

reaction of F in Kr + H 2  at a collision energy of about 

3 kcal/mole. The dots are the data. Thesolid line is 

the best fit to the angular distribution that was ob-

tamed by constraining the center-of-mass angular distri-

bution of each HF vibrational state to be isotropic. 

Figs. 46-52. Time-of-flight data for the HF product from the reaction 

of F in Kr + H 2  at'3 kcal/mole. The crosses are the 

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. 	Laboratory angular distribution for HF products from the 

F in Kr + H 2  reaction at 3 kcal/mole. The points are 

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

center-of-mass product distribution for the,F in N2  + H 2  

data at 3 kcal/mole collision energy. This distribution 

was,used with the beam parameters appropriate for the F 

in Kr + H 2  data. Contributions of individual HF vibra-

tional states to this fit are also shown. 

Fig. 54. 	Laboratory angular distribution of HF product from the 

reaction of F in N 2  with H 2  at about 3 kcal/mole. 

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

the center-of-mass product distribution obtained'from the 

F in Kr + H 2  data with beam parameters from the F in 

N2  + H 2  experiment. Contributions of individual HF 

vibrational states are shown by the dashed lines. 

Fig. 55. 	a) Plot of reaction probability for F + H 2 (V = 0) * 

HF(V = 2) + H as a fUnction of total angular momentum 3 

and total energy. (includes H 2  zero point energy). From 

Refs. 35 and 36. 

b) Plot of reaction probability for F + H 2 (V = 0) 

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

total energy. From Ref. 35 and 36. 
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APPENDIX 

The values of the parameters used to specify the center-of-mass 

distributions are tabulated here. At each center-of-mass angle the 

energy distribution for each product vibrational state is given by 

p(E) = E (Tmax - 

where 
Tmax 

 is the maximum translational energy of the product. The 

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

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

B E 

max Ep 

The area of the probability distribution is normalized, 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 in N 2  + H 2  at 2 

kca 1/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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C.M. Angle 	V = 1 	 V = 2 	 V = 3 

(degrees) 	Intensity E 0 	Intensity E 	Intensity E 

0 
through 

100 0.35 0.8 0.6 0.75 0.75 
105 0.4 0.8 0.65 0.75 0.75 
110 0.45 0.8 0.73 0.75 0.75 
115 0.5 0.8 0.9 0.75 0.75 

120 0.55 0.8 1.05 0.75 0.75 

125 0.6 0.8 1.15 0.78 0.75 
130 0.65 0.8 1.25 0.81 0.75 

135 0.7 0.8 1.25 0.84 0.75 
140 0.75 0.81 1.2 0.87 0.75 

145 0.8 0.81 1.15 0.88 0.75 

150 0.85 0.82 1.05 0.88 0.75 

155 0.91 0.82 1.0 0.88 0.8 

160 0.98 0.83 1.0 0.88 0.86 

165 0.99 0.83 1.0 0.88 0.93 

170 0.995 0.84 1.0 0.88 1.0 

175 1.0 0.84 1.0 0.88 1.08 

180 1.0 0.85 1.0 0.88 1.15 

Parameters for the Best Fit to the Data from F in N2  + H 2  at 3 

0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.76 
0.75 
0.75 
0.75 
0.75 
0.75 

kca 1/mole 

Exothermicity 33.0 

HF Vibrational State 

1 
2 
3  

Overall Intensity Scale Factor 

	

2.0 	 0.5, 

	

0.7 	 0.9 

	

0.3 	 0.6 

0 



0 
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C.M. 	Angle V = 1 V = 2 V = 3 
(degrees) 	Intensity E Intensity 	E Intensity E 

0 
through 

50 1.0 0.8 0.0 0.75 0.9 0.85 
55 1.0 0.8 0.1 0.75 0.9 0.85 
60 1.0 0.8 0.3 0.75 0.9 0.85 
65 1.0 0.8 0.45 0.75 0.87 0.85 
70 1.0 0.8 0.6 0.75 0.85 0.83 
75 1.0 0.8 0.75 0.75, 0.8 0.8 
30 1.0 0.8 0.85 0.745 . 	 0.75 0.77 
85 1.0 0.8 1.05 0.74 0.7 0.76 
90 1.0 0.8 1.2 0.735 0.65 0.77 
95 1.0 0.8 1.35 0.73 0.6 0.81 
100 1.0 0.8 .. 	1.55.. 0.725 0.52 0.83 
105 1.0 0.8 1.65 0.72 0.46 0.85 
110 1.0 0.8 1.65 0.725 0.43 0.85 
115 1.0 0.8 1.5 0.73 0.4 0.85 
120 1.0 0.8 1.6 0.74 0.4 0.85 
125 1.0 0.8 1.7 0.76 . 	0.4 0.85 
130 1.0 0.8 1.7 0.78 0.43 0.85 
135 	. 1.0 0.8 1.63 0.81 0.43 0.85 
140 1.0 0.8 1.55 0.83 0.44 0.85 
145 1.0 0.8 1.5 0.83 0.49 0.85 
150 1.0 0.8 1.5, 0.83 0.54 0.85 
155 1.1 0.8 . 	 1.5 0.83 0.57 0.85 
160 1.2 0.8 1.5 0.83 0.6 0.85 
165 1.3 0.8 1.5 0.83 0.62 0.85 
170 	. 1.4 0.8 1.5 0.8 0.64 0.85 
175 1.5 0.8 1.5 0.76 0.66 0.85 
180 1.6 0.8 . 	 . 	 1.5 0.72 .. 	0.68 0.85 

Parameters for the Best Fit to the Data from Fin Kr + H 2  at 3 

kcal/mole 

Exothermicity 33.0 

HF Vibrational State Overall Intensity Scale Factor 

1 2.0 0.5 
2 	. 0.5 0.9 
3 0.25 0.55 
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C.M. Angle 	V = 1 	 V = 2 	 V = 3 
(degrees) 	Intensity E 	Intensity E 	Intensity E 

0 
through 

50 1.0 0.8 0.0 0.75 0.9 0.85 
55 1.0 0.8 0.1 0.75 0.9 0.85 
60 1.0 0.8 0.3 0.75 0.9 0.85 
65 1.0 0.8 0.45 0.75 0.87 0.85 
70 1.0 0.8 0.6 0.75 0.85 0.83 
75 1.0 0.8 0.75 0.75 0.82 0.8 
80 1.0 0.8 0.85 0.745 0.75 0.77 
85 1.0 0.8 1.05 0.74 0.7 0.76 
90 1.0 0.8 1.15 0.735 0.66 0.77 
95 1.0 0.8 1.45 0.73 0.62 0.81 
100 1.0 0.8 2.1 0.725 0.52 0.83 
105 1.0 0.8 2.45 0.72 0.52 0.85 
110 1.0 0.8 1.8 0.725 0.52 0.85 
115 1.0 0.8 1.35 0.73 0.53 0.85 
120 1.0 0.8 1.3 0.735 0.54 0.85 
125 1.0 0.8 1.9 0.74 0.55 0.85 
130 1.0 0.8 1.7 0.75 0.56 0.85 
135 1.0 0.8 1.45 0.76 0.575 0.85 
140 1.0 0.8 1.4 0.77 0.59 0.85 
145 1.0 0.8 1.4 0.78 0.605 0.85 
150 1.0 0.8 1.5 0.79 0.62 0.85 
155 1.0 0.8 1.5 0.8 0.635 0.85 
160 1.0 0.8 1.5 0.82 0.65 0.85 
165 1.0 0.8 1.5 0.8 0.67 0.85 
170 1.1 0.8 1.5 0.77 0.69 0.85 
175 1.25 0.8 1.5 0.73 0.715 0.85 
180 1.45 0.8 1.5 0.69 0.74 0.85 

Parameters for the Best Fit to the Data from F in Kr + H 2  at 3.0 

kcal/ mole 

Exothermicity 33.0 kcal/mole 

HF Vibrational State 

1 
2 
3 

C.M. Angle 	V = 1 
(degrees) 	Intensity E 

0 
through 

130 	1.0 	0.8  

Overall Intensity Scale Factor 

	

2.0 	 0.5 

	

0.5 	 1.0 

	

0.06 	 0.6 
V=2 	 V = 3 

	

Intensity E0 	Intensity E 

1.2 	0.8 	 0.5 	0.95 
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II. DETERMINATION OF METHYLENE SINGLET—TRIPLET SPLITTING 
FROM MOLECULAR BEAM PHOTODISSOCIATIN OF KETE.NE  

INTRODUCTION 

The unique chemistry of the methylene radical, CH 2 , is primarily 

due to the substantially different chemical behaviOr of two low lying 

electronic states, the ground ( 3 B 1 ) state and the lowest excited 

( 1A 1 ) state. The photochemical processes commonly used to produce 

CF-I 2  can yield both states, and the nature of subsequent reactions 

depends on whether triplet orsingletmethylene is involved. In spite 

of a large number ofexperimental and theoretical studies, questions 

about the energies of these states still remain. 

Several different experimental approaches have been used to obtain 

information on these energies. Most of the 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 

from CH, gives 19.5 kcal/mole) In addition, the best calculations 

show the energy difference to be around 10.5 kcal/mole, supporting the 

lower experimental value. The molecular beam photofragmentation tran-

slational spectroscopy on ketene described in this chapter provides 

another microscopic experiment which eliminates many of the problems 

associated with other methods, and thus should help resolve the dif-

ferences among the experimental results. 

Measurements of the temperature and pressure dependence of product 

ratios from CH2  ('A 1 ) and CH 2  ( 3 B 1 ) reactions have been used to 

estimate the singlet—triplet energy difference assuming that collision 

induced transitions 
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CH2  ( 3 B 1 ) + M 	C H 2 
 ('A 1 ) + 

maintain equilibrium concentrations of the two species. Values of 7.5 

± 0.7 kcal/mole2  and 8.7 ± 0.8 kcal/mole 3  were then obtained. To 

determine the heat of formation of CH 2  ( 3 B 1 ), the threshold for pro 

duction of CH 2  from dissociative photoionization has been measured 

using several different  precursors. From known enthalpies of forma-

tion for the dissociating molecules, and the ionization potential of 

CH
29 
 an upper limit has been placed on 

AHfo 
 CH 2 ( 3 B 1 ). This will be 

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

photoionization at threshold. The enthalpy of formation of methy-

lene ( 3 B 1 ) 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 respectively4  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 onH 0  CH 2  ( 1A 1 ). The internal 

excitation of methylene ( 1A 1 ) produced from photodissociation of ketene 

with a nitrogen laser was determined by laser induced fluorescence. 

The temperature dependence of the fluorescence intensity from CH 2 	 - 

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 CH 200 

and CO,H 0  CH 2  ( 1A 1 ) has been calculated, with the result6  

H? 0  CH 2 ( 1A 1 ) = 101.7 ± 0.5 kcal/mole. 
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This upper limit should be close to the correct value if the internal 

energy in the CO fragment and the kinetic energy release are negligi-

ble. 

In similar experiments the threshold for CH 2  ( 1A 1 ) production from 

ketene was measured by monitoring methylene laser induced fluorescence 

as a function of photdlysis laser wavelength. Independent determina- 

	

tions of the threshold gave 85.0 	0.3 kcal/mole6  and 85.4 ± 0.3 

kcal/mole7  corresponding to 

AH 	CH2  ( 1A 1 ) = 101.5 	0.5 kcal/mole 

and 

101.9 ± 0.5 kcal/mole 

respectively. 

The wavelength threshold for ketene photolysis at 298K yielding 

CH2  ( 3 B 1 ) and CO has also been determined from the appearance of CO 

product. 8  In the same experiment the threshold for ketene photolysis 

to give CH 2  ( 1 A 1 ) was measured by detecting products of the singlet 

reacting with cis-2-butene. Thus enthalpies for the reactions 

CH2CO 	
hv 	

CR2  ( 3B 1 ) + Co 

CH2CO 	 CH2  ( 1A 1 ) + 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 above and other similar experiments are all 

consistent with a CH 2  ( 3 B 1 ) - CH 2  ( 1A 1 ) splitting of 8.5 ±1 kcal/mole, 

but the most direct observation of the splitting, the photoelectron 

spectrum from the photodetachment of CHJ to produce CH ( 1A 1 ) and 

CR2 	has been interpreted to show a splitting of either 19.5 

or 23.2 kcal/molé. 1  There are several possible explanations for this 

apparent contradiction. If the singlet-triplet splitting is indeed 

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

assigned, and perhaps hot bands of CH2  are being observed. 9 '' 0  

Franck-Condon factors for the photodetachment of an electron from CH 2  

have been calculated from ab initio potential curves and fit the oh-

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

This assignment predicts a 1A 1  - 3 B 
1 
 splitting of 9 	1 kcal/moie, but 

extensive experimental work attempting to confirm the presence of hot 

bands has tended to show that the observed featürës are not due to vi-

brationally exited CH 2 . 1  If the methylene singlet-triplet split-

ting is actually around 20 kcal/mole, then it is difficult to explain 

the photochemical and photoionization results. An upper bound for 

H 0  CH 2  ( 1A 1 ) is firmly established, within the accuracy of. the 

corrections for the effects of reactants internal excitation to photo-

dissociation (±1 kcal/mole). Thus for the splitting to be as large as 

20 kcal/mole the apparent thresholds in the photolysis and dissociative 

photolonization experiments used to determine AHf  CH2 
(3B)  must be 

11.5 kcal/mole higher than the actual thermodynamic limit 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 CH 2  ( 3 B 1 ) by as much as 10 kcal/mole 

is also not compatible with the results of many chemical activation 

studies of unimolecular decomposition. 11  

Many theoretical studies of methylene energy levels have been per-

formed, and the most extensive ab initio calculations have given the 

values 10.4 ±2 , 12  10 . 5 , 13,14  10.6, 15  and 11.0 kcal/mole 1°  for the 

singlet-triplet splitting. There is still a question of the exact 

correctionto these calculations necessary to account for the differ-

ences in zero point energy of the two states. Harding and Goddard 9  

calculated total zero point energies using the harmonic approximation 

and found a very small '(0.16 kcal/mole) difference between the singlet 

and triplet. The result (10.4 kcal/mole) was corrected for this ef-

fect. Thus the theoretical results tend to support the lower ( -8.5 

kcal/mole) experimental value for the splitting but do not accurately 

agree with it. 

By detecting the products of the photofragmentation of ketene in a 

molecular beam experiment, manyof the uncertainties in other measure-

'ments of the methylene singlet-triplet splitting can be avoided. In 

particular the velocity of the fragments can be directly measured and 

the translational energy distribution determined. The maximum trans-

lational energy released in the dissociation should correspond to the 

production of ground state CH 2  and CO, and even if there is a barrier 

for dissociation, the potential energy will be transformed into 

product translational and internal energy. A further advantage is 

that the expansion which produces 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 molecular beam sources. The 

laser and molecular beams cross at 90 0  in an interaction chamber, 

where the pressure is maintained at about 1 x 10 	torr. The detec- 

tor is a quadrupole mass spectrometer which can be rotated around the 

crossing point in the plane determined by the two beams. Photofrag-

ments which pass through the detector entrance slit and two stages of 

differential pumping enter the ionization chamber where they are ion-

ized by electron impact. The slits used were chosen to give a labora-

tory angular resolution of 2.5 0 . The neutral products travel a dis-

tance of 34.1 cm to the ionizer after 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 pyrolysis of aceti.c anhydride and trapped 

at 77 °K. A portion was purified for use each day by trap to trap dis-

tillation. A supersonic beam of ketene seeded in helium was produced 

by bubbling helium through liquid ketene in a dry ice-ethanol bath, 

and expanding the resulting mixture at 300 torr through a 0.22 mm noz- 

zle. After passing through two stages of differential pumping and 	 - 

collimation, the beam, with a spread of 2.5 0 , entered the interaction 

chamber. The beam of ketene had a peak velocity of 1.12 x 10 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 10. 

 

A Lumonics Model TE-861 rare gas halide excimer laser was used at 

351 rim (XeF) and 308 nm (XeC1) for the photodissociation. The laser 

beam was focused to a spot of about 0.5 cm diameter where it crossed 

the molecular beam and was operated at 70 Hz with a measured average 

power of about 2.5 watts at both wavelengths. 

S 
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RESULTS AND ANALYSIS 

The data obtained in this experiment consist of time-of-flight 

distributions which are proportional to the number density of the de-

tected product present in the mass spectrometer ionizer as a function 

of time after the laser pulse. To determine the thermochemical quan-

tities of interest the data must be conyerted to energy distributions 

in the center-of-mass coordinate system of the dissociating molecule. 

Figure 1 shows a velocity vector diagram for the process. The origin 

of the lab 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 behavior of 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 

example of original and corrected data is shown in Fig. 2. All fur-

ther CO data shown in Figs. 3 and 5 have been corrected in this manner. 

The problem, does not appear for CH 2 , apparently because it is rapid- 

ly destroyed by wall collisions. 

The determination 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 is converted to center-of-mass velocity flux according to 

the relation: 

'c.m. (U 9cm )X u 'cm 	cm' cm 

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

NLAB (t,OLAB) 	2 I cm (U 9cm ) 
lu 

where 1 is the flight path, and v and u are lab and c.m. velocities 

respectively. The beam velocity and angular spreads are accounted for 

by summing the contributions due to different initial speeds and an-

gles. The detector resolution is included 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 satisfactory. 

The center-of-mass distributions used had the form 

I cm(Ec 	= P(Ecm) D 	cm 

The energy distribution itself was 

P(E) = C(E - E 1 
 )c' (ET - E)8. 
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For convenience in fitting the data the actual parameters used in the 

computer simulation were Ep.  the energy at which the distribution 

peaks; E - E 1 , the difference between the peak and the low energy 

at which the probability goes to zero; and ET - 	the difference 

between the high energy where the probability goes to zero and the 

peak. The parameter c 'can then be calculated given, , E, E 1 ' and 

as 

cL = 
	

E 1 E 

Several distributions could be added together, to produce the best fit 

to the data. 

For each laser frequency an energy and angular distribution 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 

(solid line) is superimposed on the data (solid dots). An angular 

distribution of 1 + sin 2 9 produced the best agreement with the data. 

The time-of-flight for CO products could be fit with the same energy 

distribution at the two angles, but for the CH 2  product the.entire dis-

tribution had to be shifted 0.5 kcal/mole to higher energy. For deter-

mining the thermodynamic quantities discussed later, the center-of-mass 

energies consistent with the data from the CO fragment were usedsince - 

the signal to noise ratio is much better than for the CH 2  fragment. 

The energy distribution is shown in Fig. 4, and the actual 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 0  if the center-of-

mass energies are shifted up and down by 1 kcal/mole without changing the 
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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 light from the XeCl laser are shown in 

Fig. 5. All angles are fit with the same energy distribution as shown 

in Table 1, and an angular distribution 1 + cos 2 9 was used. The en-

ergy distribution is shown in Fig. 6.. Again the sensitivity to energy 

shifts of 1 kcal/mole are shown (Fig. 5) for a lab angle of 14 0 . Be-

cause of the larger product translational energy released at this fre-

quency the sensitivity to the threshold of the energy distribution is 

less than that at 351 nm. 

From the energy distributions determined in this experiment several 

thermochemical quantities related to ketene dissociation can be de-

rived. The expansion producing the supersonic 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 transla-

tional energy of the fragments. Because the sum of the translational 

energy and internal energy is the excess energy available for dissoci-

ati on, the fastest products detected should correspond to ground state 

CO and CH 2  formation. Several previous experiments 6 ' 7 ' 16  have 

shown that the threshold for CH 2  ( 1A 1 ) production from ground state 

ke ten e is substantially above the energy supplied by a 351 rim photon, 

so the signal at this wavelength must be due entirely to CH2 (31)• 

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

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

from the 81.4 kcal/rnole supplied by the photon it gives a value of 
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77.6 kcal/mole for the bond dissociation energy of CH 2CO to CH 2  ( 3 B 1 ) 

and CO. Photons at 308 nm from the XeC1 laser energetically could pro-

duce both singlet and triplet methylene, but we observed only singlet. 

If triplet products were jroduced they would be considerably faster 

than the fastest signal observed. Figure 7 shows a simulated time-of-

flight spectrum from an energy distribution which is the same as that 

used to fit the data at 308 nm, except for the addition of a second 

distribution at an energy corresponding to that expected for the trip-

let, as determined from the result at longer wavelength. 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 

to be ground vibrational and rotational state CH 2  ( 1A 1 ) and CO. Sub- 

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

the laser photon energy of92.8 kcal/mole results in 86.1 kcal/mole for 

the bond dissociation of ketene to produce CH 2  ( 1A 1 ) and CO. Thus the 

energy difference between the singlet (
1A 1 ) and triplet ( 3 B 1 ) states of 

CH 2  is 8.5 kcal/mole, with an uncertainty of approximately 0.8 kcal/ 

mole, mainly from the experimental determination of the maximum trans-

lational energy release. These results are summarized in Fig. 8. 

From the known heats of formation of CH 2CO (H 0  = - 10.7 

kcal/mole) 17  and CO (H 0  = - 27.199 kcal/mole), 18  the heat of forma-

tion of CH 2  can be calculated from the measured bond dissociation 

energies of CH2CO. 
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(CH 2  3 B 1 ), = 77.6 kcal/mole + AH 0 (H 2 CO) 

- H 0  (CO) = 94.1 kcal/mole 

H 0  (CH 2  1A 1 ) = 86.1 kcal/mole + H 0  (CH 2 CO) 

- H 0  (CO) = 102.6 kcaT/mole 
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DISCUSSION 

The value for the singlet-triplet splitting obtained from this 

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

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

sults also compare favorably with those previously determined. The 

very close agreement of the photoionization value for AH 0  CR 2  

( 3 B 1 ) 4 ' 5  with the number from our experiments, where translational en-

ergy release is observed directly, strongly supports the assumption 

that there is no excess energy release at the threshold of ionization. 

It also tends to confirm that the fastest products we observed from 

dissociation with 351 nm photons do correspond to ground vibrational 

state CO and CR2 . 

The threshold for the process 

CI-12C0 	
hv 	

CR2  ( 1A 1 ) + CO 

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 experiments of reference 7 yielded 85.4 ± 0.3. Simons and 

Curry found 84.4 	0.6 kcal/mole, for the process at 298K. 8  All 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 CH 2 , which support a large sinqlet- 
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triplet splitting (19.5 kcal/mole). 1  As previously discussed, an 

upper limit can be placed on the energy of the CH 2  ( 1 A 1 ) state from 

previous experiments as well as from this work, so possible errors re-

suiting in too small a value for the splitting must arise from placing 

the energy of the ( 3 B 1 ) state too high. If the photodi'ssociation of 

ketene at 351 nm produces no ground vibrational state products then the 

value ofH 0  CH 2  ( 3 B 1 )' determined in this experiment would be too 

high. 'This is very unlikely for several reasons. The heat of forma-

tion of triplet methylene we obtained arees closely with previous 

measurements by completely different methods. It's difficult to imag-

ine that identical errors appear in each case. In addition, if the 

splitting were as large as 19.5 .kcal, then15 kcai/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 experiments. If there 

were at least anàther 11.0 kcal/mole of energy in the internal excita-

tion of products, the product vibrational states would be very highly 

inverted. This is not expected since the 'CO vibration and the CH 2  

bending vibration both are strongly coupled to the reaction coordinate 

of the photodissociation of ketene, and the CO bond length in CH 2CO is 

quite close to that of CO. 

There are several other interesting features of the center-of-mass 

- 	 energy distributions determined in this experiment. The shapes of the 

distribution of product energy at the two wavelengths are obviously 

very different. For the triplet (from 351 nm dissociation) the prod-

uct is fairly sharply peaked near the maximum translational energy re- 

lease. The second smaller peak in Fig. 4 is necessary to fit the small 
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feature in the time-of-flight data at 14 0 . The spacing between the two 

peaks is approximately equal to the energy of the bending vibration in 

ground state CH 2  (3.4 kcal/mole). 1  This suggests that a small frac-

tion of the CH 2  is produced vibrationally excited. The translational 

energy distribution for singlet CH 2  production from 308 nm dissocia-

tion (Fig. 6) peaks at zero translational energy and is very broad. 

This shows that there is substantial internal excitation of the prod-

ucts. The drastic change in the dissociation dynamics between 351 nm 

and 308 nm and the exclusive production of CH 2  ( 1A 1 ) 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 process changes in this wavelength region, but 

due to the limited 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 iriitio 

calculations of the singlet-triplet splitting (10.5) and the experi-

mental determination ( -8.5 kcal/mole), although 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 involving 60,000 con-

figurations 13  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 kcal/mole. 
1 .9 A small relativis-

tic correction, at most 0.1 kcal/mole, 20 ' 21  could reduce the calcu-

lated value of the splitting to 9.8 kcal/mole. It has also been sug- 
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gested) 5  based on comparison of extensive CI calculations with ex-

perimental measuremntsof excited state energies for carbon atoms and 

CK, that the value for the singlet—triplet splitting in CH 2  from CI 

calculations is still somewhat too high and the actual separation 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 splitting 

between the ground ( 3 B 1 ) and first excited ( 1A 1 ) states of methylene. 

The experiment was especially designed to detect posssible barriers to 

photodissociatiori which potentially could have caused errors in previ-

ous results. No evidence for such barriers was observed, and our value 

of 8.5 kcal/mole agrees well with the majority of other experiments 

attempting to measure the singlet—triplet splitting. 2 ' 3 ' 6 ' 7 ' 8 ' 22  It 

is also in reasonable agreement with recent ab initio quantum mechani-

cal calculations,' 0 "2 '' 3 "4 '' 5  but not with the larger value ob-

tamed from the photoelectron spectrum of photodetachment from 

CH2.1 
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Table 1. Center-of-mass energy distribution parameters for the 
photodissociation of CH2CO. 	Energies are in kcal/mole. 

E 	ET-Ep Peak Height 

351 nm dissociation 
CO product at 14:0 
and 17 
High energy peak 2.3 	1.5 	1.2 2.5 1.0 
Low energy peak 0.45 	0.40 	0.40 1.3 0.3 
(Fig. 	3 	and Fig. 	4) 

351 nm dissociation 
CH2 product at 35 
(Fig. 	3) 2.8 	1.5 	1.2 2.5 1.0 

308 nm dissociation 
CO product at 14 0 , 17 0 , 

20 	2510  

(Fig. 5 and Fig. 6) 	0.0 	6.7 	0.0 	1.2 	1.0 

308 nm dissociation 
CO product at 14 0  
Singlet 	 0.0 	6.7 	0.0 	1.2 	1.0 
Triplet 	 9.2 	6.0 	4.8 	2.5 	0.1 
(Fig. 7) 
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FIGURE CAPTIONS 

Fig. 1. Newton diagram for photodissociation of CH 2CO showing rela-

tions between laboratory and center-of--mass velocities and 

angles. VCH CO and V 	 are laboratory velocity vectors, UCOCO 
2 

is a center-of-mass velocity vector. The origin of the lab 

coordinate system is the base of the vector for the initial 

CH2CO velocity, and the origin for the center-of-mass system 

is the tip of the same vector. The circles have radii corre-

sponding to the speed of the CO fragment in the center-of-mass 

frame for various amounts of translational energy release in 

the dissociation. 

Fig. 2. Time-of-flight data at a lab angle of 14 0  for the CO fragment 

from CH 2CO photodissociation at 308 nm. The dots are the 

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). 

Fig. 3a. 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. Time-of--flight data and computer generated fits for the CO 

fragment at 17 0  lab angle and the CH 2  fragment at 35 °  lab 

angle from ketene photodissociation with the laser operated 

at351 nm. 

Fig. 4. 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 fragment at lab 

angles of 14 °  and 17 ° . The actual parameters are given in 

Table 1. 

Fig. 5a. Time-of-flight data for the CO fragment from ketene photodis-

sociation at 308 nm and 14 0  lab angle. N(t) is the number of 

counts per time channel (arbitrary units). Dots are the data, 

lines are the computer generated fits. The time-of-flight 

spectrum has been calculated for the center-of-mass energy 

distribution with parameters shown in Table 1, and with E 1  

shifted ± 1 kcal/rriole. 

Fig. Sb. Time-of-flight data and computer generated fits for the CO 

fragment from photodissociation of ketene at 308 nm and van-

ous lab angles. 

Fig. 6. 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. 
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Fig. 7. The dots show the time-of-flight data for the Co fragment at 

14 °  from CH 2 CO photodissociation with 308 nm light. The 

solid line is the computer calculated time-of-flight spectrum 

for CO fragments if a center-of-mass energy distribution cor-

responding to CH 2  ( 3 B 1 ) production at this wavelength is 

added to the distribution actually used to fit thedata. The 

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

Fig. 8. Energy level diagram for the ketene photodissociation process. 

All energies shown are in kcal/mole. 
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