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Abstract

The Reaction Dynamics of Alkali Dimer Molecules and Electronically

Excited Alkali Atoms with Simple Molecules

by
Hongtao Hou
Doctor of Philosophy in Chemistry
University of California at Berkeley

Professor Yuan T. Lee, Chair

This dissertation presents the results from the crossed molecular beam studies on
the dynamics of bimolecular collisions in the gas phase. The primary subjects im;ludc the
interactions of alkali dimer molecules with simpie molecules, and the inelastic scattering of
electronically excited alkali atoms with Os.

The reaction of the sodium dimers with oxygen molecules is described in Chapter
2. Two reaction pathways were observed for this four-center molecule-molecule reaction,
1.e. the formations of NaO; + Na and NaQO + NaO. NaO; products exhibit a very anisotro-
pic angular distribution, indicating a direct spectator stripping mechanism for this reaction
channel. The NaO formation follows the bond breakin g of Op, which is likely a result of a
charge transfer from Naj to the excited state orbital of Oy. The cross sections for these two

reaction channels were measured to be 0.8 A2 and 2 AZ, Tespectively.




The scattering of sodium dimers from ammonium and methanol produced novel
molecules, NaNH3 and Na(CH30H), respectively. These experimental observations, as
well as the discussions on the reaction dynamics and the chemical bonding within these
molecules, will be presented in Chapter 3. The lower limits for the bond dissociation
energies of these molecules are also obtained.

Finallg'r, Chapter 4 describes the energy transfer between oxygen molecules and
electronically excited sodium atoms. Long-lives Rydberg states Na were produced in the
scattering of Na(4D) from O3 molecules, with most of the translational energy converted
into the electronic excitation of Na. In the parallel experiments replacing O, by Ny, NO
and CO, no Rydberg signal were recofded, suggesting the participation of the ionic state
Na¥...02". A simple model is used to demonstrate the importance of the translational

energy in determining outcomes of the collisions.




To my family.
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Chapter 1
Introduction to the Thesis

The Crossed Molecular Beam Apparatus

The experimental results reported in this thesis were carried out on a crossed
molecular beam machine which has been detailed previously. (1121 B3] gome general
methods for operating this machine will be outlined briefly in each chapter whenever it is
necessary. The scope of this chapter is to describe the parts of the apparatus that are
directly relevant to the specific experiments and to summarize the operation conditions for
the measurements.

The experiments were performed using continuous supersonic atomic/molecular
beams. A beam containing eitﬁer sodium atoms or sodium dimer molecules, designated as
the primary beam, crosses a molecular beam, the secondary beam, at 90° in a vacuum
chamber under single collision conditions. The geometric plane defined by these two
beams will be named the scattering plane hereafter. In the studies of the energy transfer
between oxygen molecules and electronically excited sodium atoms, two CW ring dye
lasers pumped by Ar™ lasers were used. The laser beams were sent through the interaction
region of the primary and secondary beams, perpendicular to the scattering plane. A triply
differentially pumped UHYV detector equipped with a;l electron bombardment ionizer, ) a
quadrupole mass spectrometer and a Daly ion counter B rotates about the interaction
region in the scattering plane so that the laboratory angular distributions of the scattering
products can be measured. By using a mechanical chopper wheel (either single shot or

pseudo-random sequence () at the entrance of the detector, the velocity distributions of



the scattered products can be measured.

The High Temperature Oven Assembly

The primary beam is generated By a high temperature oven assembly originally
designed for studies involving barium atoms. [/l A schematic of this oven assembly 1is
shown in Figure 1.1. The heart of this assembly is an oven made of refractory metal. The
oven body has a concentric double wall structure. During operation, an AC current (typi-
cally 400 A at 1.4 V) passes across. the outer layer to provide the heating, and the outer
layer in turn radiatively heats up the inner layer which contains alkali metal. This config-
uration can effectively reduce the temperature instability caused by-the varying resistance
of the loaded oven due to the evaporation of the alkali metal. The oven is spring loaded
against the front electrode so that more heating power is dissipated at the front nozzle due
to the higher contact resistance. In this way the nozzle can be maintained ~ 200 K hotter
than the oven body so as to prevent clogging of the nozzle. A second heater made of high
density graphite is placed around the oven body to provide further control of the vaporiza-
tion temperature. Tantalum sheets are extensively used as radiation shield in this oven
assembly to minimize heat loss. After supersonic expansion, the alkali beam is skimmed
at ~ 0.75 cm down stream by a stainless steel skimmer which is also heated to prevent
clogging. For the sodium beam, the oven is made of molybdenum, whereas for lithium
experiments which are not described in this thesis, a t'antalum oven was used because lith-
ium is extremely corrosive to molybdenum. This oven assembly can be operated within a
wide temperature range up to ~1500 K so that an intense alkali metal atom beam can be

generated without difficulty.



The Primary Beam

Sodium dimers are stable molecules with a bond dissociation energy of 17.5 kcal/
mol. [ This bond strength is very lhrge compared with the Van der Waals interaction so
the dimer molecules are always present in the sodium vapor in appreciable amount. In
theory, the dimer intensity can be raised to any desired level for the experiment simply by
increasing the body. temperature of the oven. However, in practice, the sodium vapor
pressure has to be kept low enough to allow at least a few hours of stable run-time for sig-
nal average. For the dimer experiments the optimal operation conditions can be estimates
as follow. First let us review the equilibrium properties of a gaseous mixture containing
sodium vapor at certain temperature and pressure. If we assume that the vapor pressure of
sodium is low enough so that the influence of trimer and larger clusters on the equilibrium
are negligible, then we need only to consider the equilibrium process:

- Na(g) + Na(g) + M < Nay(g) + M, (i)
where M is an arbitrary third body. The equilibrium constant K(T) for Reaction (i) can be
calculated from the thermodynamic data obtained from standard handbooks (°) and the
results are listed in Table 1 on page 13. The vapor pressure of sodium is also listed in the
same table for corresponding temperatures. From these results we can calculate the molar
fraction of the sodium dimer in the sodium vapor at different temperatures. Similar calcu-
lation is also done for the cases when there is a buffer gas of certain pressure in the mix-
ture. Table 2 on page 13 and Figure 1.2 present the molar fraction of sodium dimer in the
sodium vapor as a function of temperature under different pressure of the buffer gas.
Interestingly, each curve (except the one %or neat sodium) shows a maximum correspond-

ing to an optimal temperature for making the dimer molecules the most efficiently. This




optimal peak tends to shift to lower temperature when the buffer gas pressure decreases. It
is also evident that at the same temperature, the less buffer gas, the higher the dimer frac-
tion in the sodium vapor.

On the other hand, in a crossed beam experiment, the intensity of the beam is
scaléd by the pressure of the molecules behind the nozzle. In Table 3 on page 14 and Fig-
ure 1.3 the partial p‘ressure of sodium dimers under the same conditions as those in the
above mentioned calculations is given for various temperatures. Unlike the molar fraction
curves in Figure 1.2, the partial pressure of the sodium dimers increases monotonically
with the temperature, primarily due to the exponential increase of the vapor press'ure of the
sodium. ‘

These thermodynamic calculations provide us with very important guidances in
the search for the optimal experimental conditions. Take the neat sodium vapor for exam-
ple: at temperatures below 850 K, the dimer formation is rather efficient but the overall
vapor pressure of the sodium is too low for the scattering experiment. At a temperature
higher than 1100 K, sodium dimers are formed in large quantity but less efficiently so that
most of the sodium in the gas is in monomer form and wasted. Consequently the optimal
operation temperature is somewhere between 900 K and 1000 K. Meanwhile, in the sense
to study the reaction dynamics, we wish to be able to change the collisional energy of the
particle system. For this purpose, as well as for obtaining a better supersonic expansion, a
mixture of sodium vapor with helium or neon is frequently used to generate a seeded
beam.

After the optimal operation conditions are set, the stable run-time for each load of

alkali metal can be estimated. Assuming the expansion is carried out through a 0.2 mm




dia. nozzle at 1250°K with a stagnation pressure (ps) of 660 torr (~15% molar fraction of
Na in He, experimental value). The amount of gas that flows into the vacuum chamber

can be estimated to be 0.02 s using the equation: [!0]

S = 3.64(T/M)""2A liters/second, : (1.1)
where T is the nozzlf: temperature (K), M is the average molecular weight (g/mol), and A
is the area of the nozzle cross section (cm?). This is equivalent to a net sodium flow of 1.6
g/hr. The inner can of the oven body can hold ~ 20 g of sodium (300 x 0.5 cm dia.
spheres). Under these conditions, the maximum run-time is only 12.5 hours. Usually dur-
ing an operation cycle, the beam intensity is not stable in the first and the last two hours.
As a result, the effective run-time is only ~ 8 hours for a full load of sodium. For a neat
sodium beam, the nozzle conductance is much lower (~ 0.8 g/hr) so the run-time is much
longer (~ 20 hours), with sacrifices of the beam intensity and beam quality.

In practice, dimer formation processes could be much more complicated than the
situations under the equilibrium conditions. ! Kinetics models for dimerization usually
require tedious fluid mechanics analysis and they are often inaccurate because the mecha-
nisms for dimerization used in these models are much simplified compared to the real
cases. Experimentally, the fragmentation of the dimers in th;a mass spectrometer and the
mass dependent sensitivity of the detector pose severe difficulties in determining the frac-
tion of dimers. Only in limited cases where the kinematics are favorable, scattering exper-
iments do pr;)vide some important information on the dimer composition in the beam.

The Newton diagram for Na/Na, (neat) + Ne(neat, room temperature) is shown in
Figure 1.4. The measurement of the relative dimer concentration was carried in three

steps. First, time of flight spectra are measured at certain angles for Na* (m/e = 23), which



could be from either the scattered Na or the fragmentation of the scattered Na,. Because
the elastically scattered sodium monomers and dimers fly at different velocities (e.g; at
40°, the laboratory velocity for the fast monomers is 1423 m/s, while that for the dimers is
1061 m/s), we expect to see two peaks in each time of flight spectrum. For the present
configuration of the detector, the neutral flight distance is 16.74 cm, so the fast and slow
Na™ arrive at 118 ps and 158 ps, respectively. In theory, if these two peaks are separated
well enough in the spectrum, the areas under these peaks can be computed with good
accuracy, which will be designated as Sy, and Sy,,, respectively. Second, time of flight
spectra of the Na,* signal are also measured at the same angles. The area under the elasti-
cally scattered Na,* peak can be calculated as SNa2'- If the resolution of the mass spec-
trometer is set low enough such that Na* and Na,* have roughly the same transmission,

the ratio

| MNa2 = SNa2/(SNa2 +‘SNa2I) ' (1.2)
gives the fraction of the sodium dimers that dissociate to Na* in the detector. The third
step is to measure the Na* and Na," signal on the beam axis with the same detector sensi-
tivity and secondary beam off to get the respective intensities Sy, and SNaZO. The frac-

tion of the dimer in the sodium vapor is then:

| fua = (Sn /] - (S’ + Sa)- (1.3)

In practice, however, this method suffers severe restraints besides the requirement

that the detector have the same éensitivity to Na and Na,. First, this scheme can be
applied' only in the situations when the primary beam is very slow so that the scattered Na
and Na, are well separated irirtheir velocities. For the seeded beams, because the center-

of-mass of the monomer-secondary and dimer-secondary systems move closer to the pri-



mary beam, the velocities of the scattered monomers and dimers are less different, and the
corresponding time of flight peaks are less separated. Second, the monomer and dimer
peaks are well separated only at large lab angles where the intensity of the scattered
dimers is extremely low. And third, the most serious drawback of this method, is the
intrinsic spread of the beam. Under a “soft” expansion (i.-e. for neat sodium vapor of 50
— 100 torr), the typical speed ratio of the beam, v/Av, is ~ 5, corresponding to FWHM of
~ 30 ps. The spread for the recorded time of flight peaks is even wider due to the velocity
distribution of the secondary beam and the instrumental broadening. As a result, the dimer
peak could well be buried under the monomer peak. In Figure 1.5, the time of flight spec-
tra for the elastically scattered Na™ and Na,* off a neat neon beam at a lab angle of 40
degrees are shown. These two spectra are normalized to the same arbitrary averaging
time. It is immediately evident that the Na,* signal is very weak at this angle. After
almost 4 hours of signal averaging, the peak is barely seen. Fortunately in the Na* spec-
trum, we can see a fast peak which is the elastic scattering of Na, and a slow peak which is
from the fragmentation of elastically scattered Na,*. In the figure, the lines are the fit to
the data using simple Gaussian curves. In the Na* spectrum, the areas under the data and
the Gaussian curve are 4430 and 2283 (arbitrary unit), respectively. The difference
between these two values is taken to be the total signal for the fragmented Na,™. The area
under the Na,* curve is 239. According to Equation (1.2), the fragrnentatioﬁ ratio of Na,
can be calculated to be 87%.

Figure 1.6 shows the time of flight spectra for Na* and Na,* measured on the pri-
mary beam axis with the secondary beam turned off. The slow peak in the Na,™ spectrum

(indicated by arrow) should be neglected since it is from the field ionization of the Ryd-




berg sodium atoms generated by electron bombardment. The areas under these curves are
8861 and 85 (arbitrary unit) for Na* and Na,™, respectively. From Equation (1.3), the
fraction of Na, in the sodium vapor is ~ 7%. This value is consistent with the results
shown in Figure 1.2 for the neat sodium vapor at a nozzle temperature of ~ 1250 K. The
fraction of Na, in a seeded beam is difficult to measure, however, based on the measure-
ment for the neat Na vapor, its true value should be reasonably close to the calculated

value shown in Figure 1.2.

Detector Calibration
In the experiments we need to measure both the angular and the velocity distribu-
tions of ihe product molecules to get a full picture of the scattering processes. This can be
achieved with the rotatéble universal detector, which is schematically drawn in Figure 1.7
to illustrate the detection techniques. The molecules io be detected will first pass through
a series of defining slits before they arrive at the electron bombardment ionizer, which is
housed in an ultrahigh vacuum (10710 torr) chamber. Roughly one out of 10* molecules
arriving at the ionization region will be ionized upon electron impact. The ions so pro-
duced then undergo mass selection by the quadrupqle mass spectrometer and finally are
counted at the Daly ion detector. The criteria for the design of this universal detector have
been described recently. (12}
. In a typical experiment to measﬁre the time of flight spectra, a mechanical chopper
wheel is mounted at the entrance of the detector, serving the purposes of modulating the
signal and providing a time reference. The intensity of the scattering signal is then

recorded as a function of flight time to the Daly detector starting from the position of the

chopper wheel. The total flight time can be divided into two parts: the neutral flight time,




tneutrat> and the ion flight time, tj,. theurar is the duration for the neutral molecules to
travel from the chopping wheel to the ionizer so it contains information on the velocity of
the molecules. tjy, is the time the ions spend for the rest of the flight path and depends on
the geometry and voltage settings of the detector only. It can be shown that t;, is propor-

tional to the mass-to-charge ratio of the ions in consideration. i. e.,

tion = 0(m/e)'”, (14)
iy
where o is a function of the electric field potential and is designated as the ion flight con-
stant.

To measure 0., a supersonic beam of a polyatomic molecule, e. g. CF,Cl,, is pre-
pared and the time of flight spectra are recorded for various daughter ions produced by
electron impact. Obviously tpear is the same for all the ions having a common parent
molecule. So the differences in their flight time are solely due to the disparity in their
mass-to-charge ratios, assuming that the momenta from the fragmentation are small com-
pared with the interaction between thg ions and the el'ectric field. A plot of the flight time
at the maximum intensity vs. the square root of the mass-to-charge ratio is shown in Fig-
ure 1.8 for measurements with the chopping wheel spinning clockwise (CW) and counter-
clockwise (CCW). A linear least square fit to each measurement gives the ion flight con-
stant as the slope of the line. The difference between CW and CCW results is due to the
mechanical offset of the wheel, which has to be account for in the flight time measure-
ment.

Now that the neutral flight time can be measured accurately, we need to measure
the nominal negtral flight distance, L, from the chopping wheel to the ionizer to be able to

obtain the velocity of the molecules. To determine L, the time of flight spectra of the
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supersonic beams of various inert gases are recorded. For a good expansion, the terminal
group velocity for an inert gas is:

Vterminal = (5RTM)1/2: (1.5)
where R is the gas constant, T is the nozzle temperature and M is the mass of the atom. It
is therefore possible to assume a neutral flight distance and calculate the group velécity
based on the measured time of flight spectra for the inert gases. By comparing the results
with the values obtained by Equation (1.5) and iterating the above procedure, L can be
precisely determined.

Under these conditions the neutral flight time is:
tneutral = I%erminal = BMY2 - | (1.6)
neutral terminal : .
where §§ = L/(5RT)!2. If we consider the singly charged ions whose mass to charge ratio

is equal to M, we will have for the flight time t:

£ = tureal + fion = (B + M2, (1.7)
Figure 1.9 shows the recorded flight time for He, Ne and Ar vs. the sduare root of their
masses. A linear least square fit gives the value (o + ) as the slope. Using the measured

i
values for ¢ and T, L can be determined.

The Reactions of Alkali Atoms and Dimers

The pioneering studies of the alkali atom reactions with halogen molecules (M +
X5) were performed in the late 1920s and 1930s by M. Polanyi and coworkers. U3} Their
experiments brought attention to the surprisingly large size of the cross sections for the M
+ X, reactions. The simplest-model to explain these large cross sections is the “Harpoon-

ing” model first proposed by Polanyi and further developed by Magee. [14] In this model
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the reaction occurs as a result of the transfer of the valence electron of the alkali atom to
the halogen molecule. The reaction is then completed by the action of the resulting Cou-
lomb force. The rapid electron transfer from the alkali atom to the halogen molecule
occurs in the region between the covalent M-X, and the ionic M*-X," potential energy
curves. If one neglects the nonadiabatic interactions between the ionic and covalent
states, and the van der Waals interactions at long range, the crossing distance can be

obtained from:

_ 144
Re = 00 —EA (X,) (A) (£3)

Here IP(M) is the ionization potential for the alkali atom and EA(X,) is the vertical elec-
tron affinity of the halogen molecule, both in electron volts. Following this simple idea of
electron jump, the cross sections for the dynamical processes of alkali atoms are usually
described to be:

c= p(chz), ' (1.9)
where p is usually a function of the collisional energies and the topologies of the potential
energy surfaces. p is different for each individual theoretical model, the simplest being
equal to 1 which can provide a very satisfactory description for the M + X, — MX + X
reactions.

With the application of molecular beam techniques and the advances in vacuum
and mass spectrometry technologies, a vast number of reactive scattering processes as
well as inelastic scattering processes have been investigated since the 1960s. ['3) These
results reveal that the alkali reactions exhibit a broad spectrum of dynamical behaviors

which are often amenable to simple model interpretations, e. g., “stripping” (16} (MM, +
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X5) and “rebound” (17} (M + CH3X) mechanisms, direct interaction (M + X, and CH3X)
and long-lived or osculating complexes [18] (M +M’X), impulsive energy transfer and sta-
tistical energy partition, etc. Currently lasers are being used widely to prepare electroni-
cally excited alkali atoms for stiidies of the reactions and the energy transfer processes.
During the entire period of chemical dynamics studies, alkali family members have played
active and important roles because of their unique physical properties such as low ioniza-
tion potentials, the generally large reaction cross sections, the readiness for laser excita-
tion, and the readiness to form dimers, to name just a few. In the following chapters, it
will be demonstrated from the results of the alkali dimer reactions and the energy transfer
of the electronically excited alkali atoms that alkaii metal éystems still generate unceasing

excitement in the field of chemical dynamics.
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Tables

Table 1: Thermodynamic properties of sodium vapor

T(K) (gf/(f:;)) g{ﬁ *3; | K (2Nac>Na,) S°di?::r:)’ap°r
300 76.636 103.87 3.9953¢+08 3.7023e-11
400 66.753 91.873 2.7330e+05 1.1604e-06
500 57.626 81.481 3372.8 0.00057847
600 48.676 71.547 176.40 0.036369
700 39.919 61.966 21.558 0.70040
800 31.263 52.667 4.4027 6.4387
900 22.710 43.601 1.2752 36.154
1000 14.246 34.740 0.47167 143.76
1100 5.8650 26.064 0.20861 44476

Table 2: The fraction of Na, in sodium vapor at various buffer pressures

600torr  500torr  400torr  300torr 200torr  10Otorr 0 torr

T(K) buffer buffer buffer buffer buffer buffer buffer

300 0.0000 0.0000 0.0000 0.0000 0.0001 0.0001 0.9999
400 0.0005 0.0006 0.0008 0.0011 0.0016 0.0032 0.9981
500 0.0032 0.0039 0.0048 0.0064 0.0096 0.0188  0.9829
600 0.0105 0.0125 0.0155 0.0205 0.0302 0.0570 0.9275
700 0.0239  0.0285 0.0351 0.0457 0.0657 0.1169  0.8066
800 0.0428 0.0505 0.0614 0.0785 0.1090 0.1794  0.6236
900 0.0636  0.0738 0.0879 0.1089 0.1433 02109  0.4236
1000 0.0776  0.0877 0.1008  0.1187 0.1444 0.1848  0.2590
1100 0.0758 0.0826  0.0908 0.1007 0.1132  0.1292  0.1505




Table 3: Partial pressure of Na, (torr) in buffer gas
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TX) 600torr '500torr  400torr  300torr  200torr  100torr O torr
buffer buffer buffer buffer buffer buffer buffer

300 0.0000 0.0000 0.0000 0.0000 0.0000  0.0000 0.0000

400 0.0000  0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

500 0.0000 0.0000 0.0000 0.000  0.0000 0.0000  0.0006

600 0.0004 0.0005 0.0006 0.0007 0.0011 0.0021 0.0337

700 0.0168  0.0199  0.0246  0.0320 0.0460 0.0819  0.5649

800 0.2758  0.3249 03956 05057 0.7019  1.1549  4.0154

900 . 22977 2.6671 3.1791 39373 5.1804 7.6236 15.316

1000 11.152 12.604 14495 17.062 20.759 26.573  37.233
1100 33.734 36,7758 40.382  44.807 50.336 57447  66.952
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Figure Captions

Figure 1.1 Schematic drawing of the oven assembly for generating the Na/Na, beam.

Figure 1.2 The molar fractién of sodium dimer in the sodium vapor as a function of teml-
perature under different pressure of the buffer gas.

Figure 1.3 The partial pressure of sodium dimers as a functibn of temperature under dif-
ferent pressure of the buffer gas. | |

Figure 1.4 Newton Diagram for Na(neat) and Ne(neat). Ther numbers mark the veloci-
ties for each scattered signal.

Figure 1.5 Time of flight spectra of the elastically scattered Na and Na,* at 40° off a neat
neon beam. !

Figure 1.6 Time of flight spectra of the Na* and Na,™ on tﬁe primary beam axis. The
slow peak in the Na," spectrum (in(;icéted by arrow) should be neglected
since it is from the field ionization of the Rydberg sodium atoms generated by
electron bombz;rdment. |

Figure 1.7 Schematic drawing of the rotatable dctec;tor. c.c. is the interaction region of

the molecular beams. The Aproducts pass through a series of defining slits
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before they reach the electron bombardment ionization region (1). The ions
are then mass selected by the quadrupole mass filter (2) and focused by ion
lenses (3) into the Daly ion counter, which houses a high voltage electrode
(4) and a scintillator-PMT assembly (5).

Figure 1.8 Flight time of the fragments of CF,Cl, vs. M2, The slope is the ion flight
constan.t.

Figure 1.9 Flight time of helium, neon, and argon beams vs. the square roots of their

masses, plotted for both CW and CCW spinning of the wheel.
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Chapter 2
The Reactions of Na, with Oxygen Molecules”

Abstract

The reactions of Na, with O, were studied in a crossed-beam experiment at colli-
sion energies (E;) of 8 and 23 kcal/mol. The formation of NaO, + Na was observed at
both collision energies, with the angular distributions of NaO, in the center of mass coor-
dinates peaking strongly forward with respect to the direcfion of the O, beam, suggesting
that the reaction is completed in a time s.cale that is shorter than one rotational period of
the molecular system. From the velocity distribution of the products, we found.that the
newly formed NaO, molecules are internally excited, with less than 20% of the available
energy appearing in the translational motion of the separating products. These results
indicate a “spectator stripping” mechanism for the reaction, with the O, stripping one Na
off the Na, molecules. At E. = 23 kcal/mol, the cross section for this reaction channel,
ONa02- IS estimated to be 0.8 A2, Another reaction channel which produces NaO + NaO
was seen at E; = 23 kcal/mol. The angular distribution for NaO is broad and forward-
backward symmetric in the center of mass frame. A substantial fraction of the available
energy is released into the relative motion of the products. This reaction is likely to pro-
ceed on an excited potential energy surface since a ch.arge transfer to the excited O, orbit-

als seems necessary for breaking the O-O bond. The measurement yields a bond energy of

* This chapter is based on H. Hou, K. T. Lu, V. Sadchenko, A. G. Suits, and Y. T.
Lee, in “Gas Phase Chemical Reaction Systems: Experiments and Models: 100
years after Max Bodenstein”, edited by G. C. Schatz and H. Volpp, (1996), in
press. The experimental work is that of H. Hou, who is the responsible author.
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60 kcal/mol for the Na-O molecule, and a total cross section of 2 AZ for this reaction chan-

nel at E, = 23 kcal/mol.

Introduction

The reactions of alkali metals (M) with oxygen molecules have been studied for
decades. In combustion processes, alkali atoms can rapidly form superoxides, MO,, in an
oxygen rich flame through recombination reactions such as M + O, + N - MO, + N
(where N is a third body). (210) The knowledge of the rate constants for these reactions
and that for the unimolecular decomposition of MO, is essential ‘for modelling the kinetics
of the combustion processes and calculating the composition of the free radicals in tﬁe
flame. However, the alkali dimer reactions, which also produce MO,, were often
neglected in kinetics modelling because there was less information for these reactions.
Although the concentration of the dimers in a flame is much lower than that of the mono-
mers, it is still appreciable owing to the covalent bonding in the alkali dimer molecules,
which is nearly 1 eV in strength. Furthermore, reactions of the dimers could be significant
also because they produce MO, via direct bimolecular reactions, which is expected to be
faster than the three body recombinations between M and O,. Therefore taking the dimer
reactions into consideration could make substantial improvements over the existing kinet-
ics models.

The various collisional processes of alkali atoms with oxygen molecules have been
investigated extensively during the past fifteen years, especially the electronic excitations
of the alkali atoms M + O, — M* + O, at collision energies of 2 ~ 10 eV. ] In the Na +
O, collision, Na D-line fluorescence was observed as the collision energy was increased

above the 3P « 38 excitation energy of 2.1 eV, with its intensity becoming stronger as the
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collision energy was increased. The cross section for this process was found to be 26 A?
at a collision energy of 5 eV. When the collision energy was above 8 eV, fluorescence
from higher electronic states appeared. The inelastic scattering experiment of Na(4D) +
O, carried out in our lab 51 showed that the translational energy of the reactants could
effectively promote Na to long-lived R&ldberg states (t = 320 ps). Kleyn and coworkers
carried out landmark investigations of the charge transfer processes M + O, — M* + O, at
collision energies ranging from 4 to 2000 eV. (6117 1n their experiment, the relative veloc-
ity of the reactants was so fast that the “collision time” was comparable with the vibra-
tional‘ period of the Oy (@, = 1089 cm™") (8] Because the electron transfer probability and
the critical distance vary strongly as a function of the internuclear distance of O,", these
authors observed oscillations in the differential cross sections. These results clearly dem-
onstrate that the measurements of anéular distributions of the scattered molecules reveal
not only the average lifetirﬁe of the collision complexes using the picosecond rotational
period as aﬁ inherent clock, bu£ also, in the cases of charge transfer, the vibrational
motions of the reaction intermediates on the time scale of ~100 femtoseconds. In all these
processes mentibned above, charge transfer from alkali metal to O, molecules was
undoubtedly the esséntial first step to account for the change of the electronic states of the
alkali atoms' in these experiments; and the behavior of thé ionic intermediate M*O," deter-
mines the outcome of the scattering. The chemical reaction M + O, — MO + O however,
was not seen in tflle previous studies.

Alkali dimers have ﬁany interesting properties (81 191110) that make their chemistry

unique. The ionization potentials of the dimer molecules are lower than those of the corre-

sponding monomers such that when dimers interact with electron accepting molecules, the
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ionic and covalent potential energy surfaces cross at larger intermolecular distances,
which could strongly affect the charge transfer probabilities and the overall reaction cross
sections. The bond lengths of M, and M,* are extraordinarily long (e. g. 3.0 A for Na,,
3.5 A for Na,") and although the bond length of M, is longer, the bond dissociation
energy of M," ion is ~50% higher .than those of M, neutrals. The covalent bonds.of the
alkali dimers are abnormally weak, with the bond dissociation energies lower than 1 eV,
making many chemical reactions involving the cleavage of the alkali dimer bonds exoer-
gic.

Figger and coworkers (1) observed chemiluminescence in their crossed-beam
experiment of alkali metal dimers with oxygen molecules. In the reactions of Cs,, Rb,,
K, and Li,, D-line emission as well as continuous chemiluminescence from the collision
zone were recorded. They attributed this emission to the formation of electronically
excited products from the reactions My + Oy —» MO, + M* and M, + Oy - MO,* + M.
No emission was observed for the Na, reactions due to their lower exothermicities.

Very recently, Goerke and coworkers (2] reported the results of their studies on the
reactions of sodium clusters with oxygen molecules using photoionization and ion time-
of-flight as detection methods. Na,O(2 < n £4) and Na;;05(Z < m < 6) products were
detected for the reactions of Na,(3 < x < 8) with O,. Angular distributions of Na,0(2 <n <
4) and Na,,0,(2, 3, 5) showed strong forward scattering with respect to the sodium cluster
beam in the center of mass frame. Although the jenergy distributions of the products were
not measured, their experimental data suggested that most of the exothermicity remained
in the internal degrees of freedom of the products. The cross sections for the reactions

were determined to be 50 ~ 80 Az, which led to their conclusion that electron harpoon-
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ing (131 (141 (153 [16] 5 the first step in the course of the reactions. However, these authors
did not include Na, reactions in their considerations. Due to the high ionization potential
of NaO and NaO, they were not able to detect these molecules with the photon energy
used in their experiments, although the presence of these molecules was almost certain.
This chapter presents our results from cross'ed-beam studies of the reactions of
sodium dimers with oxygen molecules. For this seemingly simple chemical system, there
are at least four distinct reaction pathways that were energetically accessible under our

experimental conditions:

Na, + O, - NaO, + Na, ‘ (1)
Nay + Oy - Na,O + O, ‘ (ii)
Na, + O, - NaO + NaO, ‘ ' : (iii)
Na, + Oy » Na+Na+ O,. Lo (iv)

The energetics for these reactions (81 (11101 5 plotted in Figure 2.1. Reaction (i) is the
only exothermic reaction and it becomes Reaction (iv) in the case when the internal exci-
tation of NaO, along the Na-O, bond exceeds its dissociation limit. In our experiment,
we measured the angular and velocity distribution of the products at two collision ener-
gies, which enabled us to identify the important reaction channels and learn the dynamics

underlying these molecule-molecule collision processes.

Experimental

The details of the »crc'>ssed-beam apparatus used in our experiment can be found in
mahy earlier publications. 171 (18] Briefly, the primary source generates a supersonic
beam of sodium vﬁpor/inert gas mixture. Either helium or neon were used as the carrier

gas. The Na, concentration was about 5% molar fraction of the total sodium in the beam
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when He was used as carrier gas. No substantial amount of trimers or larger clusters was
detected under our experimental conditions. The Na, beam was crossed at 90° by a neat
oxygen supersonic beam in the main collision chamber under single collision conditions.
The O, source nozzle was heated to 473°K to prevent cluster formation. At this tempera-
ture, the fraction of O, in the v = 1 (@, = 1580 cm’!) state is less than 1% assuming insuf-
ficient cooling during the expansion. Both sources were doubly differentially pumped.
The beams were skimmed and collimated to 2° FWHM in the collision chamber. Under
these conditions, the collision energies for the reaction could be varied from 8 kcal/mol to
23 keal/mol. The rotatable detector used in this experiment was described in the previous
chapter. Under our experimental conditions, we were unable to measure the signal close
to the Na, beam. At these angles, the number density of elastically scattered Na was very
high such that a certain fraction of scattered Na could be excited to long-lived Rydberg
states by electron bombardment and subsequently field-ionized in the ion counting region.
The mass spectrometer was “transparent” to these Rydberg atoms so they produced strong
interference at all the masseé of interest. We élso. recorded the spectra for O and O, but
the effort to extract any information related to these reactions was not successful because
of the high background of oxygen in the mass spectrometer and the intense nonreactive

scattering of the O,.

Results and Kinematic Analysis

In our experiment, we observed an NaO™ (m/e = 39) signal which was unambigu-
ously from the reactive scattering since it contains both Na and O. The monomer reaction
Na + O, - NaO + O has very large endothermicity (ADg = + 58 kcal/mol [9]). Under our

experimental conditions, even the highest collision energy for Na + O, was not sufficient
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for this reaction. Thus the observed NaO™ signal must be from the reactions of sodium
dimers with oxygen molecules. ~ This result is in contradiction with that reported by
Goerke et al. [12] who explicitly ruled out the possibility of the dimer reactions in their
similar experiment. Neither NaO," nor Na,O" signal was seen under our experimental
conditions. However this does not necessarily mean that only Reaction (iii) took place. In
the ionization region, electron impact fragmentation is severe, especially for the internally
excited molecules. Both NaO, from Reaction (i) and Na,O from Reaction (ii) could frag-
ment completely and both molecules could form NaO*. Additional analysis on the kine-
matics and dynamics of the reactions have to be made in order to identify the actual

reaction pathway(s).

.

Collision Energy at 8 kcal/mol

The Newton diag;am (191 201 21] g4 Na, + O, at a nominal collision energy of 8
kcal/mol is shown in Figure 22 OcpMm denotes the laboratory angle of the centér of mass
velocity vector for Na;;_ + O,. For future discussion, we also plot the center of mass veloc-
ity (dotted line) for Na + O,, which exte‘nds ﬁn angle of ©, from the Naz beam. The direc-
tion of the Na, velocity in the éenter of mass frz;me is deﬁned as 0° hereafter. At this
collision energy, only Reaction (i) could take place, so the observed NaO* signal was
entirely due to the fragmentation of NaO, products. The solid circle in Figure 2.2
encloses the zone within which NaO, might appear. .Figure 2.3 shows the NaO™ time-of-
flight spectra recorded at several laboratory angles. Beyond the range of these angles, the
signal became too weak to observe the time-of-flight peaks. It was observed that most
NaO, products appeare.d around ©;. Signal intensities obtained by integrating the time-

of-flight spectra are plotted in Figure 2.4 to give the laboratory angular distribution for
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NaO,. Compared with the range of the NaO, circle in the Newton diagram, the NaO,
angular distribution was very narrow.

In Figure 2.3 and Figure 2.4, the solid lines are the computer simulation of the data
obtained by assuming the center of mass translational c-anergy distribution (P(E)) and angu-
lar distribution (T(6)) shown in Figure 2.5. Peaking in the direction of the O, beam
(180°), the angular distribution shows remarkable anisotropy, with all the NaO, products
scattered into the hemisphere toward the O, beam. This anisotropy indicates that the reac-
tion takes place during a time that is shorter than the rotational period of the molecular
system so that the products are separated before they lose the information of the well
defined approaching direction of the reactants. (211 At this collision energy, the total avail-
able energy for the reaction (E. + ADy) is 34 kcal/mol, of which only an average of 2.6
kcal/mol appears in the translational motion of the products (cf. P(E) in Figure 2.5). The
rest of the energy has to become the internal excitation of the NaO, molecules. When
NaO, is ionized to form NaO,", the binding energy between Na* and O, becomes weaker
and the internal excitation initially stored in NaO, is likely to remain in NaO,* and causes
the complete dissociation of N adz+ into Na* and O,. This is probably the reason why the
NaO,™ parent ion was not detected. However when NaO, is excited to higher electronic
states during electron impact ionization, the dissociative ionization can produce a stable

NaO* ion.

Collision Energy at 23 kcal/mol
All the dimer reactions (i) ~ (iv) became energetically accessible at a collision
energy of 23 kcal/mol. The Newton diagram for this collision energy is shown in Figure

2.6. For Reaction (ii), the available energy was only 5 kcal/mol. The heavier products
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Na;0 (compared with O) have to be limited in the small circle. On the other hand, NaO
molecules produced by Reaction (iii) are much less confined because‘there is slightly
more available energy (9 kcal/mol) and no disparity in the masses of the products. The
time-of-flight spectra of NaO* recorded at different laboratory angles are plotted in Figure
2.7, and the laboratory angular distribution of the NaO™ intensity is shown in Figure 2.8.
There are clearly tw;> features in the time-of-flight spectra. Both features exist well out of
the Na,O limit which indicates clearly that the observed signal was not from Reaction (ii).
The slow peaks-which appear at ~120 ps have a very narrow angular distribution, \;vith the
intensity peaking sharply around ©,. The angular and velocity distributions of this slow
signal bear such strong resemblance to those of the NaO, products we saw at low collision
energy that we can with little doubt assign this signal to the same reaction channel. The
fast peaks, arriving at ~70 ps, have very different characteristics than those of the NaO,
products. Appearing weak at all angles and becoming only slightly stronger at small
angles, these fast peaks have much less variation in intensity, an indication of products
with larger recoil velocities and broader laboratory angular distributions. Therefore this
fast signal is, without any doubt, the NaO products from Reaction (iii).

The simulation of the ﬁme-of—ﬂight and angular distribution data was done by
assuming an independent set of P(E) and T(8) for each reaction channel. An additional
parameter y was assigned to each reaction channel to weight its contribution to the
observed signal. The total fits are plotted as solid lines in Figure 2.7 and Figure 2.8. The
dotted lines and the dashed lines show the contributions from Reaction (i) and Reaction
(111), respectively. Figure 2.9 shows the i’(E) and T(8) for keaction (i). As mentioned

above, these distributions are similar to those at low collision energy. T(8) again peaks
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sharply at the direction of O, beam with all the NaO, scattered into the O, hemisphere,
showing strong anisotropy. Among the 49 kcal/mol available energy, only an average of
~8 kcal/mol was released into the translationai energy of the separating products. The
P(E) had a sharp rising edge at ~7 kcal/mol, which indicates that the internal energy of
NaO; could not exceed 42 kcal/mol or else the NaO, molecule could not be held together.
The subsequent result is the collisional dissociation making Na + Na + O,. Therefore this
sharp rising edge in P(E) marks the onset of Reaction (iv), which requires at least the
energy to break the Na-Na bond. The collision energy of 23 kcal/mol less the cut off
energy of 7 kcal/mol in the P(E) is then our experimental measurement of the Na-Na bond
dissociation energy. This result of 16 kcal/mol is in agreement with the well known value
in the literature. [°]

Figure 2.10 shows the P(E) and T(6) used in the simulation of Reaction (iii). The
angular distribution is quite broad. The forward-backward symmetry in the product angu-
lar distribution is a prerequisite rather than an experimental result because in this reaction
two identical molecules are always produced with exactly opposite center of mass veloci-
ties. Under such conditions the angular distribution does not tell us the time duration of
the reaction, which is the important information for dynamics studies. The P(E) distribu-.
tion shows that an average of 3 kcal/mol is released in the translational motion of the prod-
ucts. The high energy cut off at 5.5 kcal/mol in P(E) allows us to estimate Na-O bond
strength. From conservation of energy, there is the following relation between the ener-
gies of the reactants and the products:

E'vvans * E'int = Etrans + Eine + ADp, (2.1)

where E and E' are the center of mass translational energies of the reactants and
trans trans o
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products, respectively. Similarly, E;;,; and E;;, are the internal energies, i.e. the total elec-
tronic, vibrational and rotational energies, in the reactants and the products, respectively.
ADy is the change of the bond dissociation energy for the reaction. E;, is assumed to be
negligible for the supersonic beams. E',,¢ reaches its maximum value when E';, is a
minimum, which will be assumed to be zero. Namely at the highest translational énergy
release, both NaO products are assumed to be in the ground state. From Equation (2.1)
and the maximum translational energy release in P(E), we calculated the change of bond
dissociation energy ADy, for Reaction (iii) to be -17 kcal/mol. Using the accurately known
values of Dg(0-0), 119 keal/mol, and Dg(Na-Na), 18 kcal/mol, ) we obtained Dy(Na-O)
= 60 kcal/mol, which can be compared with the literature value of 61.2 + 4.0 kcal/mol. P!

From the best fit, the relative contributions of these two reactions to the observed
signal at m/e = 39 are:

Y Yu=1:1.8: (2.2)
In Equation (2.2), we use the subscripts to denote the reaction channels.

In order to estimate cross sections for the reactions, we also measured time of
flight spectra for the Na* signal under the same experimental conditions. It is known that
both NaO and NaO, dissociate heavily to Na* under electron impact. (22 231 The colli-
sional dissociation Reaction (iv), if present, would also generate Na*. But most Na*
detected came from-elastic/inelastic scattering of the Na monomer with O, because the
number density of the monomers at the collision zone was roughly 20 times higher than
that of the dimers. Na* time-of-flight spectra at 25° and 30° are given in Figure 2.11. At
these angles, nonreactive scattering of Na, was negligible. For comparison, the scattering

signal of Na from N, at corresponding angles was also measured and is plotted in the same
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figure. The differences due to the reactions are obvious. We can fit the Na* spectra for
Na/Naj, + O, scattering with four different channels: the elastic scattering from Na + O,,
the inelastic scattering from Na + O,, Reaction (i) from Na, + O, and Reaction (iii) from
Na, + O,. We use the same translational energy and angular distributions as those for the
NaO* signals to fit the react.ive signals in the Na* spectra although we have to use differ-
ent weights (') to account for the different fragmentation patterns of NaO and NaOj in
the ionization region. The results are also plotted in Figure 2.11, where the solid lines
show the overall fit and the broken lines indicate the contribution from individual chan-
nels, as described in detail in the figure captions. The discrepancies between the fit and
the data are possibly due to the collisional dissociation Reaction (iv), which is difficult to
account for because it is a three body event. Nevertheless, leaving Reaction (iv) out will
not affect our final results of obtaining the cross sections for Reaction (i) and Reaction (iii)
because we are comparing these reaction channels with the nonreactive signal only. From
the fit, the relative weight for each channel is:
¥ etastic * ¥ ‘nelastic ¥ 5 © ¥ 'i;i =105:171:05:3.0. (2.3)
Because we did not observe any NaO, signal, it is safe to assume that NaO, mole-
cules, if ionized, dissociated completely to either NaO™ or Na*. Figure 2.12 illustrates the
relations between the parent molecules directly from the scattering and the measured sig-
nal, which will serve as a road map for our discussions in the following sections. Here o;
and oy; are the reaction cross sections for Reaction (i) and Reaction (iii), respectively.
Gelastic 21d Gipelastic 21 the cross sections for the elastic scattering and the inelastic scatter-
ing of Na + O,. 0j,(X) denotes the jonization cross section of molecule X by electron

bombardment. The ions so formed undergo further dissociation to give the observed sig-
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nal. We define & as the fraction of NaO* among the total Na-containing positive ions pro-
duced by electron bombardment. Accordir;g to the assumption that NaO, dissociate
completely upon electron bombardment, the fraction of Na* from NaQ, is (1-£). In a sim-
ilar way, we define the fraction of Na* among the total Na-containing positive ions pro-
duced from ionization of NaO products to be n. Accordingly the branching ratio between
Reaction (i) and Rea.ction (iii) can be obtained. From Equation (2.2), we have:

Y < Yii = [Oion(NaOp)xop&] : [2x0ion(NaO)xoyx(1-n)] = 1:1.8.  (2.4)
The factor “2” accounts for the fact that two NaO were produced in Reaction (iii). Simi-
larly, from Equation (2.3), we draw another relation between o; and oy;:

Y52 5 = [Oion(NaOy)xox(1-E)] : [2x0;on(NaO)xoyxn] = 0.5 : 3.0. (2.5)

In order to compare the cross section for each channel, we need the ionization
cross sections for Na, NaO and NaO, by 200 eV electron bombardment. The ionization
cross section of Na is known 4], Oion(Na) =2.46 A2, The ionization cross section of NaO
can be estimated ?°! from the ionization cross section of O, and the ratio of the polariz-
abilities(o’s) of O, B and NaO using the following equation:

Oion(O2)  Cion(NaO) = agy : onap = 1.58 : 3.05, (2.6)
where oy, Was obtained by adding the polarizability of Na*, ey, = 0.155 A3, and the
polarizability of O, ag. = 2.85 A3. The result is Cion(NaO) = 5.2 A2, Similarly, we can
calculate the ionization cross section for NaO,, which gives 6;,,(NaO;) = 6.5 A2,

Covinsky [22] measured 7 as a function of internal excitation of NaO in the Na +
O3 experiment. 7 is roughly 0.8 for internally cold NaO (which was the case in this exper-
iment because there is very little excess energy for Reaction (iii) and a considerable

amount of this excess energy was released into the translational motion of the products).
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Using this value, we obtained £ = 0.45 and o;: o;;; =1 : 2.5.
The next step is to compare the reactive signal with the total nonreactive scatter-

ing. From Equation (2.3), we have the following relations:

f _ Sin(N20y) xo;x (1-8) o5 2.7)
'Y'elastic + Y’inelastic 20x 0-ion (Na) X 0'Nonrcactivc 276 ’
and
Vi _ 2X Gy, (N2O) X oy X7 _ 30 28)

Yclastic + Ylinclastic 20 Sion (Na) x ONonreactive 276
where ongpreactive 1S the sum of the cross sections of elastic scattering and inelastic scatter-
ing of Na + O,. We added factors “20” in Equation (2.7) and Equation (2.8) because the
number density of the monomers in the collision zone was roughly 20 times higher than
that of the dimers. The interaction between Na monomer and O, becomes strong at the
crossing of the covalent and ionic surfaces because of the charge transfer. If we neglect
the long range van der Waals interaction, the internuclear distance at the surface crossing
can be estimated using the following equation which is based on the simple “Harpoon

Mechanism”; {131 (141 [15] [16]

3 14.4 '
Re = B (eV) ~EAg (&V) A, N

where IP is the jonization potential of Na %} and EA is the electron affinity of 0, P), both
in electron-volts. Equation (2.9) gives a value of 3..1 A for R., which is larger than the
averaged hard sphere radius between Na and O,. Since there is no reaction between Na
" monomer and O,, we can assume R, to be the nonreactive collision radius. Therefore we
obtain the total nonreactive scattering cross section to be: Gyonreactive = chz =30 A%

Using these numbers in Equation (2.7) and Equation (2.8), we obtain the cross sections for
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Reaction (i), o; = 0.8 A2 and Reaction (iii), o;; = 2 AZ

Discussion
The MO, molecules have been studied quite extensively in the past. Alexander generated
serniempiricel potential energy surfaces for LiO, and NaO,. [26] He showed that the
ground state NaO,, which was 1.6 eV more stable than the separated ground state Na and
O,, had C,, geometry with Na at the apex of an isosceles triangle. The interaction within
the molecule could be best described as Na*...O,” singly charged ionic bonding. This is in
accord wi;h the Infrared and Raman (271 28] o ESR [29] spectroscopy results in low tem-
perature matrices. Calculations of the NaO molecule also indicates that it is singly ionic,
Na*...0". (30 These results suggest that during the course 9f Reaction (i) and Reaction
(iii), the Nay + O, system has to experience a change from covalent to ionic character.
This resembles the well known M/M, + Halogen molecules (XY) reactions and was com-
monly characterized by the Harpoen Mechanism. Nevertheless, the Na, + O, reaction
shows very different results than the M/M, + XY system. In the case of M, + XY, 131 for
example, the main pathways have both M, and XY dissociate to form MX + M + Y or MX
+ MY with the total cross sections larger than 100 A%. For the MX + M + Y channel, the
MX product peaked strongly toward the M, direction in the center of mass velocity space.
M, + XY reactions-are model systems that proeeed via a long range electron trans-
fer mechanism. Due to the low ionization potentialv of M, and high electron affinity of
XY, the potential energy surfaces of the ionic state (M,"...XY") and the covalent state
(M,...XY) intersect at intermolecular distance R, = 7-8 A (Equation (2.9)) which is much '
larger than the “hard sphere” radius. At this internuclear distance, there is a fair chance for

the valence electron to “jump” from M, to the XY. A vertical ionization from the outer
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turning point of ground state M, puts M,* in the attractive well and vertical ionization
from the inner turning point sets M,* on the slightly repulsive (1 eV/A) surface. Because
M," is almost 50% more strongly bound than M,, 101 along with the fact that both M,
and M,* have very low vibrational frequencies, the two alkali nuclei will separate only
very slowly after electron transfer. On the other hand the XY™ bonding is much weaker
than that of XY neuéral molecule. A vertical Frank-Condon transition puts XY on a very
strong repulsive wall (6 eV/A) above its dissociation limit, primarily due to the strong
antibonding orbital op,*. As a result, X" and Y separate promptly after the vertical elec-
tron transfer while the M and M* will linger together for a longer time. The reaction pro-
ceeds as if the M, “strips” the X off to form the M,X molecules, which peak
preferentially towards the M, direction, leaving the other halogen atom Y as a “spectator”.
The highly vibrationally excited M,X nascent molecule then boils off an M atom to form
the final MX product. The initial repulsive force between the two halogens is offset by
their attraction at longer distance as the two halogen atoms separate. Consequently, the
spectator Y does not carry away much of the excess energy.

For the Na, + O, system, the scenario is quite different. O, has the much lower
electron affinity of 0.44 eV [! so that the nominal crossing distance R, calculated from
Equation (2.9) is only 3.2 A and only collisions with impact parameter smaller than R,
will experience the electron transfer. This limits the total cross section for charge transfer
to 32 A2 at most. Nevertheless, at such short intermolecular distance, the interaction
between the ionic surface and the covalent surface is very strong. Once the system arrives
at this region, it will have almost unit probability to switch adiabatically from covalent

surface to ionic surface. The final outcome of the reaction is determined by the interaction
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between Na,™ and O, after electron transfer. Unlike the case of XY, the O, bond is only
slightly longer than that of O, and the binding energy is almost as large. A vertical transi-
tion from O, to the ground state of O, would put O," in a deep potential well. It takes
some extra 90 kcal/mol in order to break O,” to form O + O". On the other hand, the
weakly bound Na,* is much more vulnerable to dissociate into Na + Na* under the influ-
ence of the strong éoulomb attraction. In the case when the impact parameter is large,
there is little chance to cleave the O,” molecule during the time when two molecules
glance off each other. The strong Coulomb interaction between Na* and O, leads to the
formation of NaO, molecules that are highly excited along the newly formed bonds. The
departing Na atom should hardly be affected during the collision because the interaction
between Na* and Na is relatively weak compared with the Coulomb interaction between
Na* and O,". Therefore it acts similarly as a “spectator” in the case of the halogen reac-
tions. -The most important role for this Na atom is to carry away excess energy partly
through breaking of the Na-Na bond, much like a “third body” as in the recombination
reactions, which is the reason why the NaO, products are most likely to appear at ©,, —
the result is just like a simple recombination of Na and O,. Using this “spectator strip-
ping” model, we calculate the translational energy releases for E; = 8 and 23 kcal/mol to
be 2.4 and 6.6 kcal/mol, respectively, matching well with the peaks in the corresponding
P(E)’s.

It is worth pointing out that the formation of NaO, results from the transfer of only
one electron from Na, to O,. If both valence electrons are transferred to O,, the molecular
system is likely to sample the deep well on-the potential energy surface, forming the

Na, 0O, complex (cf. Figure 2.1). Since the Na,O, complex dissociates mainly through the
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low energy channel, forming NaO, + Na, we would expect to see for the NaO, products a
forward-backward symmetric angular distribution, which is a characteristic of the com-
plex formation. However, in the experiments we observe a very anisotropic angular distri-
bution. Therefore complex formation mechanism can be excluded.

Contrary to the spectator mechanism of Reaction (i), Reaction (iii) requires consid-
erable rearrangement of the electronic configuration of the system. First of all, both
valence electrons have to be transferred because each NaO molecule has Na*...O" singly
ionic character. This requires a close collision and a favorable approaching geometry
between the reactants. This was not directly observed for this reaction because the sym-
metric angular distribution determined by the kinematics does not provide us much infor-
mation on the scattering; But evidence could be found from the chemi-ionization reaction
Ba + Cl, — BaCI" + CI" in which case BaCl™ is backward scattered with respect to the Ba
beam, demonstrating that the favored geometry for transferring two electrons is a collinear
head-on collision. [33] Second, the strong O-O bond has to be broken. The exact pathways
leading to the breaking of the O-O bond could not be deduced from our data, but some
insights could be gained by looking at early results of dissociative attachment of O,, and
the results of our recent Ab initio calculations [3%) using Gaussian 92 . The formation of O
+ O by electron attachment was studied in great detail and a single electronically excited
state 2I‘Iu was found to be responsible for this process, although there are many other states
in the vicinity. The state specificity is largely due to the symmetry restriction which could
be removed in the case of chemical reaction with the presence of the Ng atoms. But the
results do suggest that breaking of the O-O bond is likely initiated by electron transfer to

the excited O, orbital, which will result in substantial bond stretching in O,". The argu-
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ment that the excited O,” orbital is important to the NaO + NaO reaction is further sup-

ported by our recent calculations in which we computed the energetics for the molecular

system at various geometries. It is found for all potential energy surfaces with ground

state O, characteristics, NaO, is the dominant product in the exit channel. The details of

the calculations will be reported in a forthcoming paper.
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Figure Captions

Figure 2.1 The energy level diagram for Na, + O,. Shaded regions indicate the uncer-

tainties in the energetics. Computation is done bgsed on changes in the bond
diséociation energies ADy for each.reactions. Values for Dg(Na-0), Dy(0-0)
and Dy(Na-Na) are from sfandard haqdbooks. (8 (91 {10] Dy(Na-ONa) is from
the results of M. Steinberg and K. Schofield (23], Dy(Na-0,) is from the
‘results of H. Figger and éoworkers. (1 The energy of Na,O, complex is

obtained from our ab initio calculation using Gaussian 92. [34]

Figure 2.2 Newton Diagram for Na, + O, at nominal collision energy E. = 8 kcal/mol.

The Circle indicates the limiting velocity of the ground state NaO, products
obtained using Equation (2.1). ©¢yp is the Nay/O, center of mass angle. O,

indicates the angle of Na/O, center of mass, where we observed maximum
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Figure 2.4

Figure 2.5

Figure 2.6
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signal fog‘NaOZ channel.

Time-of-flight spectra measured for m/e = 39 (NaO*) at collision energy 8
kcal/mol. NaO¥ is from the electron impact fragmentation of NaO,. Open
circles are the experimental data. Solid lines indicate the best fit using P(E)
and T(6) shown in Figure 2.5.

Laborat.ory angular distribution of NaO* signal at E_ = 8 kcal/mol. Open cir-
cles are experimental data. Solid line is the fit using P(E) and T(8) shown in
Figure 2.5.

Product center of mass translational energy distribution P(E) and angular dis-
tribution T(6) that best fit the experimental data.

Newton Diagram for Na, -+ O, at nominal collision energy E, = 23 kcal/mol.
The circles indicate the limiting velocities of the ground state products. ©¢y
is the Na,/O, center of mass angle. @, indicates the angle of Na/O, center of
mass, where we observed maximum signal for NaO, channel.

Time-of-flight spectra measured for m/e = 39 (NaO™) at collision energy 23
kcal/mol. NaO™ is from both the NaO, and NaO channels. Open circles are
the experimental data. Solid lines indicate the total fit. Dotted lines indicate
the contribution from the NaO, + Na channel and dashed lines indicate the
contribution from the NaO + NaO channel.

Laboratory angular distribution of NaO™ signal at E; = 23 kcal/mol. Solid
line indicates the total fit. The dotted line indicates the contribution from the
NaO, + Na reaction channel and the dashed line is for the NaO + NaO chan-

nel.
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Figure 2.9 Translational energy distribution P(E) and angular distribution T(6) that best

fit the NaO, channel (Reaction (i)).

Figure 2.10 Translational energy distribution P(E) and angular distribution T(6) that best

fit the NaO channel (Reaction (iii)).

Figure 2.11 Na™ time-of-flight spectra from Na/Na, + O, (Left) and Na/Na, + N, (Right).

Open circles are the experimental data. The total fit (solid lines) is composed
of four channeéls including elastic scattering (the fastest, dash-dot-dot), inelas-
tic scattering (the second fastest, long dash ), NaO, channel (dash-dot) and

NaO channel (short dash).

Figure 2.12 Schematic drawing that illustrates the relations between the observed signal

and various products. o; and oj; are the reaction cross sections for Reaction
(1) and Reaction (iii), respectively. - Ogjagric and Gipejastic are the cross sections
for the elastic scattering and the inelastic scattering of Na + O,. oc;,,’s are the
ionization cross sections by electron bombardment. The ions so formed
undergo further dissociation to give the observed signal. & is defined as the
fraction of NaO™ among the total Na-containing positive ions produced by
electron bombardment of NaO,. According to the assumption that NaO, dis-
sociates completely upon electron bombardment, the fraction of Na* from
NaO, is (1-£). m is defined as the fraction of Na* among the total Na-contain-

ing positive ions from the ionization of NaO.




Figures

51



Energy (kcal/mol)

N
o

N
o

-

52

.Na+Na+O2 Nagm% C)NaO + NaO

I Y oS

PR ]

Naz + O2

Reaction Coordinate

Figure 2.1



Ec = 8 kcal/mol

500 m/s

Figure 2.2

53



Counts (Arbitrary Units)

200+

1001

200

100

o

200

100

o

200+

100}

Flight Time (microseconds)

Figure 2.3



2500

@)
2000
o
=
D 1500 0
>
©
:'é
<
o 1000} o
E
s
@]
@)
500}
joon_, |
0 | | | | |
15 20 25 30 35 40 45 50
Lab Angles (©)

Figure 2.4

55



0.6

56

0.5
0.4
= 0.3
0.2
0.1

0.0

| ] ]
. ]

1.0

2 4 6 8 10
E (kcal/mol)

0.8

0.6

T(6)

0.4

0.2

] | ]

0.0
0

45 90 135 180
0 (Degrees)

Figure 2.5



Ec =23 kcal/mol
NaOz2

VNaz

NaO

A

®cm ’
Om

/ | I |
500 m/s

Vo2

Figure 2.6

57



800

58

600

400

200

Counts(Arbitrary Units)

800

o

600

400

200

I
200 300

100

200

Flight Time (microseconds)

Figure 2.7

30C



Counts(Arbitrary Units)

6000

5000 -

4000 |-

3000 |-

2000

1000

Lab Angles (©)

Figure 2.8

59



60

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

0.0

)

3.5

s 10 12
E (kcal/mol)

3.0
2.5
2.0
1.5
1.0
0.5

0.0

45 90 135 180
0 (Degrees)

Figure 2.9



61

0.35

0.30|
0.25|
—~ 0.20-
D 0151
0.10|
0.05}
0.00 N W R— L\L
0 1 2 3 4 5
E (kcal/mol)

0.12

OJO;
0.08}
L 0.06-
0.04}

0.02

0.00 : ' ;
0 45 90 135 180

0 (Degrees)

Figure 2.10




62

. 40

30

20

-t
o

o

Counts (arbitrary Units)
- - N N W
o (6] o 01 O

50 100 150 200 50

100

Flight Time (microseconds)

Figure 2.11



" Naz + O2 ‘Na + Oz

Nll Gelastmnelas’nc

NaO:2 NaO

G'ion(NaOZ)l O'ion(NaO)l

Gion(Na)l Gion(Na)
lons lons

g 1-€ 1n M ‘

NaO™ NaO" Na" Na" Na“ Na

Figure 2.12

63



Chapter 3
The Reactions of Na, with NH; and CH3OH*

Abstract

The reactions of Na, with NH3 and CH;OH were studied in a crossed-beam exper-
iment under single collision conditions. Reaction of Na, + NH; led to the formation of
NaNHj; + Na at a nominal collisioh energy of 15.5 kcal/mol, with the angular distributions
of NaNH; in the center of mass coordinates peaking strongly forward with respect to the
direction of the NHj beam in both cases, suggesting that the reaction is completed in a
time that is shorter than one rotational period of the molecular system. Only 38% of the
total available energy is released to the translation energy of the NaNH; product, indicat-
ing that the products are internally excited. A similar angular distribution but a much
broader translation energy distribution was observed for NaCH3;OH, a novel molecule
from the reaction Na, + CH3;0H — NaCH3;OH + Na at a nominal collision energy of 26
kcal/mol. From the translation energy distribution, we found that the newly formed
NaCH;O0H molecules are also internally excited, with an average of 42% of the available
energy appearing in the translational motion of the separating products. These results sug-
gest that the reactions are initiated by impulsive collisions between the reactants, followed
by swift contraction of the newly formed chemical .bonds, which provide the necessary
energy to break the Na—Na bonds. From the high energy tails in the translation energy

distributions,.the bond dissociation energies, Dy(NaNHj3) and Dy(Na(CH30H)), are calcu-

* This chapter is based on H. Hou, K. T. Lu, A. G. Suits, and Y. T. Lee, submitted to J. Chem.
Phys. The experimental work is that of H. Hou, who is the responsible author.
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lated to be 19 and 27.6 kcal/mol, respectively. The strong binding energies suggest that
the chemical bonds are formed between the 3s orbital of Na and the Rydberg 3s orbitals of

the molecules.

Introduction

The reactions of alkali dimer molecules have been studied for nearly 30 years.
From the early M, + H/D (1) and M, + M’ (21 reactions which disclosed the importance of
the ionic-covalent interactions and the long-lived complex formation, to the prototype M,
+ Xo/X reactions [3] which are initiated by long range electron transfer and characterizeci
by the celebrated “Harpoon Mechanism”, up to the recent M, + O, studies ] which
revealed the involvement of the electronically excited states of O, in the dynamic process
of the breaking of the O-O bond, these investigations reflect the progress in studies of
alkali dimer molecular dynamics. Alkali dimers have many interesting properties b5 that
make their chemistry unique (cf. Table 1 on page 79). The ionization potentials of the
dimer molecules are even lower than those of the corresponding monomers such that
when dimers interact with electron accepting molecules, the ionic and covalent potential
energy surfaces cross at larger intermolecular distances, strongly affecting the charge
transfer probabilities and the overall reaction cross sections. The bond lengths of M, and
M," are extraordinarily long and although the bond length of M,* is longer, the bond dis-
sociation energy of M,* ion is ~50% higher than tﬁose of M, neutrals. The covalent
bonds of the alkali dimers are abnormally weak, with the bond dissociation energies
lower than 1 eV, making many chemical reactions involving the cleavage of the alkali
dimer bonds exoergic.

The solvation processes of the alkali metal in the liquid of polar molecules have
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been studied since last century. (6] Alkali metal in liquid ammonia, known to be a source
of solvated electrons, is widely applied in organic synthesis to reduce free radicals R to
carbanion R” or to initiate Birch reduction reactions which reduce the aromatic rings by
adding hydrogen atoms. [7} However, because of the strong influence of the lone pair elec-
trons on the nitrogen atom, the ability of a single ammonium molecule to accommodate an
additional electron is limited. Single anion NH3™ was ’not previously observed in the gas
phase, so the electron affinity of NHj is not well known. Neverthel’ess, it is reasonable to
compare NHj with its isoelectronic molecule H,0, whose \;ertical electron affinity was
found to be nearly -6 eV (8] and gain some insight to the energy requirement to put an
electron on a single NHj mole.cule. Previoﬁs studies found that solvated electrons exist
only in a dilute alkali metal-ammonia solﬁtion, where the electron is separated from the
cation and both are screened individually by the surrounding dielectric medium to form
‘two-center localized states. The first evidence on a microscopic lével that indicate the
existence of these two-center localized states in the mlatal-liquid solutions was put forward
by Hertel and coworkers iﬁ their pioneer studies of the ionizz;tion potentials of Na(NH3),
and Na(H;0),, as functions of cluster sizes n and m ( n < 35, m <20 ), respectively, using
photoionization and ion time of flight mass sp;actrometry techniques. 1 At the same time,
similar experiments were also carried out by Misaizu and coworkers for Cs(H,0),, and
Cs(NHs),, systems. 1% Assuming their measured ionization ‘potential of NaNHj is truly
the adiabatic value of the electron binding energy, Hertel’s group calculated the value of

tﬁe bond dissociation energy U from the equation:
Dy(Na-NH3) = IP (NaNH3) + Do(Na*-NH3) - IP (Na). (3.1)

The result, Do(Na-NH;3) = 0.39 eV (9 kcal/mol), was obtained using the known value for
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Dy(Na*-NH;). U2] Hertel’s group also reported their spectroscopic studies of the electron-
ically excited states of NaNHj3 via a resonant two color two photon ionization scheme, in
which case a complex vibrational progression is observed and assigned to the A%E «
X2A, transition. [?]

The early theoretical calculations of alkali-hydride complexes appeared some 20
years ago. [14] Recent experimental efforts have stimulated theoretical interest in the
structural, bonding and spectroscopic properties of the metal-molecule clusters. Greer et
al. ] calculated the potential energy surfaces for the ground state. and a number of
excited states of NaNHj3 using multiconfiguration SCF methods. The resultant binding
energy, Do(Na-NHj3), of 5 kcal/mol (0.22 eV) [15] is substantially lower than the experi-
mental result (1], possibly due to the exclusion of electron correlation in their calculation.
Recently the structure and stability of Na(Hz(.))n and Na(NH3), (n = 1 - 6) have been cal-
culated by Hashimoto and coworkers first at the HF/3-21G level [16) and then at HF/6-
3+G(d) level. [} U8 9] 1y the HF/3-21G calculation Na(NH;), was found to be an
inclusion complex where Na is surrounded by NH; molecules. Water-water hydrogen
bonds play an essential role in stabilizing Na(H,0),, whereas stabilization by the Na-N
bond formation is more important for Na(NH3),. This disparity can qﬁalitatively explain
the different trends of the ionization potentials between Na(H,0), and Na(NHj),
observed by experiment. ) The calculated binding.energy between Na and NHj in the
NaNH; molecule is 16.93 kcal/mol, considerably larger than the previously mentioned
experimental value of 9 kcal/mol. In the HF/6-3+G(d) calculation, the geometries of
Na(NHj3), were only slightlydifferent from those from the HF/3-21G calculation, but the

bond strength of Na-NH; was just 7.0 kcal/mole, almost 10 kcal/mole lower than the pre-
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vious HF/3-21G calculation.

In addition to their importance for understanding -the mechanism of hydration,
alkali-ammonium and alkali-methanol interactions are also interesting because NH3 and
CH3O0H possess only Rydberg-like unfilled molecular orbitals. As a result, the reactions
are not expected to be initiated by long range electron transfer, and the well-known “har-
poon mechanism” i; not generally applicable. Instead a close collision is necessary to
bring about the chemical reactions, as was the case found in the experiments of Ba + H,0
and Ba + CH30H. [20] Therefore the reactions are expected to have very s.,mall Cross sec-
tions ( < 10 A?). For this reason, very little gas phase work on the reaction dynamics of
NH; and CH3OH with neutral alkali atoms and molecules using crossed molecular beams
has been performed.

In this chapter, we present our results from crossed-beam studies of the reactions
of sodium dimers with ammonium and methanol molecules. The reactions were investi-
gated under single collision conditions by measuring the angular and velocity distributions
of the reaction products. Our results allow us to gain considerable insight into the dynam-
ics of the reactions and to broaden our knowledge of the reactions of the alkali family.
Quantitatively, our measurements provide lower limits for the bond dissociation energies

of Na-NHj3 and Na-(CH3;OH) molecules, which are the reaction products.

Experimental

The details of ti’le crossed-beam apparatus can be found in many earlier publica-
tions. The primary beam was essentially the same as described in previous chapters. The
Na, beam was crossed at 90° by a secondary superéonic beam of either neat ammonia or

methanol seeded in helium in the main collision chamber under single collision condi-
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tions. The secondary source nozzle was heated to 473°K to prevent cluster formation.
Both sources were doubly differentially pumped. The beams were skimmed and colli-
mated to 2° FWHM in the collision chamber. Under these conditions, the nominal colli-
sion energies for the reaction are 15.5 kcal/mol for Na, + NHj, and 26 kcal/mol for Na, +
CH;30H, respectively.

The detectorl configurations were also described in previous chapters. In the cur-
rent experiment, since we are looking at very weakly bonded products, the energy of the
electron beam used té ionize neutral molecules has to be lowered from 200 to 60 volts in

order to minimize the fragmentation of the products by electron impact.

Results and Analysis
As mentioned above, the intensity of sodium monomer is very strong in the

sodium beam. However, the monomer reactions

Na + NH; — NaNH, + H, . )
Na + CH;0H - NaOCH; + H, (i)
Na + CH30H — NaOH + CH, (iif)

were not observed. For sodium dimer molecules, there are several thermodynamically
accessible reaction pathways as listed in Table 2 on page 79 of this thesis. The energetics
for most of these reactions are not known because there exist very few gas phase experi-

ments providing the needed bond dissociation energies.

A. Na, + NH;3 at E_ = 15.5 kcal/mol
The Newton diagram for Na, + NHj3 at a nominal collision energy of 15.5 kcal/mol

is shown in Figure 3.1. ¢y denotes the laboratory angle of the center of mass velocity
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vector for Nay + NH3. In the center of mass coordinate, the direction of the Na, beam is
defined as 6 = 0°, whereas the direction of the NH3 beam is 6 = 180°. According to the
binding energy of Na-NHj given by Hashimoto et al. [16] the total available energy is ~ 15
kcal/mol for the NaNH; -+ Na channel so the NaNHj3 products should be confined within
the solid circle in Figure 3.1. The other reaction channel, NaNH, + NaH is not shown for
the following reasons: First, the bond dissociation energy of Na-NH, is unknown. Never-
theless, this channel js likely to be significantly more endoergic than the NaNH; + Na
channel so that it is not accessible with the 15.5 kcal/mol collision energy. Second, this
reaction channel is not observed in the experiment.
The time of flight spectra recorded for m/e = 40 (NaN'H3+) are shown in Figure 3.2
(open circles) for several laboratory angles. A number of checks were carefully conducted
to prove that the m/e = 40 signal we;s in fact due to the reaction:
Na, + NH; — NaNH; + Na. ‘ | (iv)
First, the diameter of the primary source wz;s varied while other operation conditions
remained the same so that the dimer concentration became negligible whereas the Na
.monomer intensity was nearly unchanged in the primary beam. (23] With this configura-
tion, the m/e = 40 signal disappeared, wilich is by far the str(;ngest evidence to prove that
the observed signal was indeed from Na,. Second, it is‘possible that the residual argon in
the gas feeding lines could also give rise to a nonreactive signal at m/e = 40. Therefore
each gas line was flushed many times with helium before each run and the beams were
examined carefully using the mass spectrometer to make sure there was no m/e = 40 in the
beams. Third, the NH; beam was scrutinized and ammonium dimers were not seen.

Therefore the reaction:
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Na + (NH;3), - NaNH; + NHj, )
can be safely excluded.

In the same figure, the solid lines represent the simulation using the forward-con-
volution method, which is done by assuming the center of mass angular distribution T(6)
and translation energy distribution P(E). The laboratory angular distribution of the
NaNHj signal is shown in Figure 3.3 where the solid line is the fit using the same P(E) and
T(6). It is evident that most of the NaNH; products are scattered into angles larger than
the center of mass angle ©¢y, toward the NH; beam.

The center of mass translation energy distribution P(E) and angular distribution
T(0) are plotted in Figure 3.4. Based on P(E) and T(8), the contour map for the flux of the
products is constructed and shown in Figure 3.5. The shape of P(E) is quite narrow, with a
sharp rising edge at ~ 4 kcal/mol and a long tail to ~23 kcal/mol at the high energy end. If
we assume 23 kcal/mol is the total available energy E,, for this reaction, and the internal
energy of each reactant in the supersonic beam is negligible, the bond dissociation energy
Dy(Na-NHj3) can be estimated using the following relation:

E,, = E o + Do(Na-NH3) - Do(Na-Na), (3.2)
where E_ is the collision energy. Using the known value of 17.5 kcal/mol for Dg(Na-
Na), Dy(Na-NH3) is calculated to be 25 kcal/mol.

The lower translation energy release corresponds to higher internally excited prod-
ucts. The sharp cut off at low energy in P(E) strongly suggests that the internal excitation
of the products has exceeded the dissociation limit of the newly formed bond so that Na
and NHj can no longer be held together, leading to the collisional dissociation reaction:

Nay + NH; — Na + Na + NH;, AH = 17.6 kcal/mol. (vi)
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However, the collision energy is only 15.5 kcal/mol, not enough to initiate Reaction (vi),
unless the reactants carry some internal energy prior to the reaction.

As described in the experimental section, the secondary beam was formed by a
supersonic expansion of neat NH;. Therefore the expansion is not as “hard” as a seeded
beam. It is possible that the expansion led to no vibrational cooling. The vibrational fre-
quencies of the grou-nd state NHj as well as the thermal population on each v = 1 state rel-
ative to the ground vibrational state are listed in Table 3 on page 79. 4] At473 K, thev =
932.5 cm’! state is appreciably populated. The ro-vibrational excitation of this state can
bring a few kilocalories of energy into. the reaction coordinates. If these vibrationally
excited NH3 molecules dominate the reaction, there will be excess energy in the newly
formed Na-NH; coordinate, leading to its further dissociation into Na + NH;. The energy
equation for Reaction (vi) can be written as: |

Do(Na-Na) = Eo + Ejp - Eg. ‘ (3.3)
where Ej;, is the sum of the internal energy in the reactants and Ej is the cutting energy in
P(E) for the NaNHj; products. It follows from Equation (3.3) that the total internal energy
carried by the reactants, E;,, is 6 kcal/mol. Taking E;, into account, Equation (3.2)
should be modified to:

E,y = E¢o1 + Do(Na-NH3) - Do(Na-Na) + E;p,. : (3.4)
Subsequently the value for Dy(Na-NHj) is offset to 19 kcal/mol. This number is consider-
ably larger than any of the previously réported values. However the fact that these mole-
cules had survived electron bombardment in the ionization region seems to support a
strong binding between Na and NH3. From P(E), the average translational energy release

is 9 kcal/mol, only 39% of the total available energy. This result suggests that nascent
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NaNHj is internally excited, most likely along the newly formed Na-NH; bond.

The center of mass angular distribution T(6) peaks narrowly towards the NH;
beam, exhibiting remarkable anisotropy in the forward (0°) and backward (180°) direc-
tions. This anisotropy indicates that the reaction takes place during a time that is shorter
than the rotational period of the molecular system so that the products are separated before

they lose the sense of the well defined approaching direction of the reactants. [%)

B. Na, + CH;0H at E; = 26 kcal/mol

The Newton diagram for Na, + CH30H at a nominal collision energy of 26 kcal/
mol is shown in Figure 3.6. ©¢) denotes the laboratory angle of the center of mass veloc-
ity vector for Na, + CH30H. In the center of mass coordinate, the direction of the Na,
beam is defined as 6 = 0°, whereas the direction of the CH30H beam is 8 = 180°. Since
the bond dissociation energy of Na-(CH3OH) is not known, the circle in the Newton dia-
gram is actually drawn for the Na-(CH3OH) products using Dg(Na-(CH;0H)) = 27.6 kcal/
mol, one of the results of this experiment. At tﬁis collision energy, CH3;0H cﬁn transfer as
much as 21 kcal/mol to Na, at a collinez;r “impulsive” impact. (cf. Discussion section)
This much energy is enough to break the Na-Na bond, leading directly to the collisional
dissociation reaction:

Naj + CH30H — Na + Na + CH;0H, AH = 17.6 kcal/mol. (vii)

However this channel is difficult to measure because .of strong non-reactive scattering.

The time of flight spectra recorded for m/e = 55 (Na(CH30H)") are shown in Fig-
ure 3.7 for several laboratory angles. Similar checks to those in the Na, + NHj experi-
ment were made to ensure the;t the observed signal is indeed from the reaction:

Na, + CH30H — Na(CH;0H) + Na. (viii)
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To our knowledge, this is the first time that the Na(CH;OH) molecule has been observed
in the gas phase. In each time of flight spectrum, the solid lines represent the simulation
using the forward-convolution method by assuming independent T(6) and P(E), which
also simultaneously fit the laboratory angular distribution shown in Figure 3.8. Similar to
the Na, + NHj case, the Na(CH30H) products are also scattered into angles larger than
the center of mass ar;gle Ocpm and toward the CH;0H beam. -

Center of mass translation energy distribution P(E) apd angular distribution T(6)
are plotted in Figure 3.9. Based on P(E) and T(6), the contour map for the flux of the prod-
uctg is constructed and shown in Figure 3.10. Compared with the distributions of NaNH3,
the P(E) for Na(CH3;0H) lacks thé sharp rising edge and is also much broader. If we
assume that the internzﬂ energy of the plro.ducts is zero at maximum translatién energy
releése, the total available energy E,, obtained from P(E) is 36 kcal/mol. Since methanol
is seeded in helium, it‘is less likely to have a substantial fraction of vibrationally hot
CH30H molecules in the beam. Using Equation (3.2) with NH; replaced by CH30H,
Dy(Na(CH3;0H)) is calculated to' be 27.6 kcal/mol, assuming no internal excitation in the
reactants prior to the collision.

The missing c;f the sharp rising edge in P(E) suggests that CH3OH is more flexible
in adapting the excess energy, which could be rationalized by the fact that there exist many
more vibrational modés in the molecule. P(E) peaks at 12 kcal/mol and the average trans-
lation energy release is - 15 kecal/mol, which is 42% of the total available eneréy. So on
average, the nascent Na(CH;OH) méleﬁule is also quite hot internally.

The angular‘distribution of Na(CH30H) is also peaked in the backward direction

with respect to the Na, beam. Therefore Reaction (viii) follows a similar mechanism to
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Reaction (iv), i. e. an impulsive collision which leads to the products in less than the rota-
tional period of the molecular system. T(8) is only slightly broader than for NaNHs,
whereas P(E) is much broader, and accordingly Na(CH30H) is scattered into a wider

range in the center of mass coordinates as compared with NaNHj.
Discussion

A. Na2 + NH3 - NaNH3 + Na.
‘The molecular orbitals for the ground state NHj are: (2a1)2(le)4(3a1)2, 'Al. The

first electronic transition to state: (2a,)2(le)4(3a,)(4a1), 'AZ" occurs from 2170 to 1700 A

(Amax at ca. 1900 A). [26] The excitation energy at Apq, Of this transition is ~ 6.5 eV, which

can be used to estimate the vertical electron affinity of NH3 (EA,(NH3) = - 6.5 eV). Using
the equation:

_ 14.4 ’
Re = IP (Na,) —EA, (NH,) () (3:2)

where IP and EA are in units of eV, the crossing radius of the ionic and covalent potential
energy curves can be calculated to be 1.3 A. Since this distance is of the same order as a
bond length, it is inappropriate to describe the reaction dynamics using the; celebrated
“Harpoon” mechanism, i. e. a long range electron transfer followed by the decay of an
ionic intermediate. Based on our measurement, Dg(Na-NH3) = 19 kcal/mol, it is clear that
NaNHj3 is a chemically stable molecule. The Na-NHj bond is much stronger than if it
were just a van der Waals interaction. However, the previously mentioned excited state:
(2a1)2( 1e)4(3a,)(4a1), lAl, is. unlikely to participate in the bond formation, because this

state is strongly anti-bonding between the H; group and N. This anti-bonding nature tends



76

to cause the breaking of one or more N-H bond, as in the similar case of the Ba + H,0 —
BaO + H, reaction. (2%

Spectroscopy data shows that the region 2170 — 1700 A may also contain the first

Rydberg transition of NH;. This Rydberg transition can be formulated as:

(2ay)(1e)*(3ar)(a;3s), 'A; « (2a)X(1e)f* (3212 ‘A, (3.6)
The upper orbital closely resembles a 3s orbital of the N atom and the transition is opti-
cally allowed. Since this upl;er orbital is non-bonding in nature, the formation of a chem-
ical bond with the 3s electron of Na should not cause sufficient change in the NHj
structure to induce the dissociation of the molecule. It is possible, therefore, that the
newly formed bond is between the 3s orbital of Na and the 3s Rydberg orbital of NHj,
with the ammonium molecule acting as a united atom. An additional factor, the close
proximity in energy of these two orbitals, also favors bond formation between them. If
this speculation is indeed true, the binding energy could be reasonably strong. For com-
parison, one may cite Na,™ which has a bond dissociation energy of 22 kcal/mol.

An open 3s orbital is quite large, with a radius of 1.713 A for Na. *7] Instead of
long range electron transfer, a direct intéraction between Na and NH; may cause the over-
lap of their 3s orbitals. As mentioned earlier, the center of mass angular distribution peaks
strongly backward with respect to the Na, beam. This anisotropic angular distribution
suggésts that the interaction which causes the reaction lasts a shorter time than the charac-
teristic rotationz;l period of the system, which is typicﬁlly on the order of a picosecond.
Sir¥cé the Na-Na bond and the Na-NH3 bond are— of the same strength, it is essential that
the co]lisionA energy and thé energy from the formation of Na-NH; bond be channelled

into the Na-Na coordinate “impulsively”. To illustrate this, we borrow the concept of the
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impulse approximation which is formulated to estimate the energy transfer of a collinear
collision between an atom A and a diatomic molecule B-C. 28] It follows that the most
efficient energy coupling of the translational motion between A and B-C into the B-C bond

occurs with:

AE _ 4M,MgM¢ (M, +Mj + M)
- 2 2
E (M, +Mp) > (Mg + M)

, (3.7)

where M is the mass of each individual atom. Applying Equation (3.7) to A= NHj and B,
C = Na, the fractional energy transfer, AE/E, is calculated to be 67%, which is ~ 10 kcal/
mol out of the 15.5 kcal/mol collision energy. This amount of energy is not sufficient to
break the Na-Na bond. Additional energy must be found from the newly formed Na-NH;
- bond. In a collinear configuration, a fast contraction of the Na-NHj distance can effec-
tively provide the necessary energy. At the same time, it also causes the vibrational exci-

tation of the Na-NHj bond.

B. Na, + CH;0H — Na(CH3;0H) + Na.

The lowest electronic transition of CH;OH was observed around 54,500 cm™! (=
6.8 eV) by Harrison and coworkers. (2] Using this excitation energy as the electron affin-
ity of CH;0H (EA, = - 6.8 eV), the crossing distanc-e of the ionic and covalent potential
curves of Nay + CH30H can be calculated to be 1.2 A.(Equation (3.5)) As in the Na, +
NHj; case, the “Harpoon” Mechanism is again not applicable. The similarity between the
angular distributions of Na(CH;OH) and Na(NH;) strongly suggests that both reactions

follow the same mechanism, i. e. a close collision between Na, and CH30H followed by
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bond formation between Na and CH3;OH. The necessary energy required to break the Na-
Na bond is provided by initial impulsive impact as well as contraction of the newly
formed chemical bond. The translation energy distribution of Na(CH3OH) is broader and
the percentage of the average translation energy release out of the total available energy is
higher.(cf. Table 4 on page 80) This can be explained qualitatively based on the results of
the impulse approxir'nation. In this model, the energy transferred from NH; to Na, is only
10 kcal/mol, while it is 21 kcal/mol for Na, »+ Cﬁ3OH. It follows that less energy from the
formation of the new chemical bond is needed for Na, + CH30H to break a Na-Na bond.
Therefore on average Na(CH3;OH) products are internally cooler.

The strong binding between Na and CH;0H suggests that the bond could also be
Na*-like, i. e. the bond is formed between the 3s orbital of Na and the 3s Rydberg orbital

of CH3OH.

Conclusions |

We have observed NaNH;3 and Na(CH3OH) molecules in crossed molecular beam
experiments from Na + NHj and Na, + CH30H. The binding energies Dy(NaNH3) and
Dy(Na(CH30H)) are obtained to be 19 kcal/mol and 27.6 kcal/mol, respectively. The

strong bonding between Na and close shell molecules suggests that the Rydberg orbitals of

the molecules may play important roles in the chemical bonds.
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Tables
Table 1: Properties of Na, Na,, and Na,* P!
Na Na, Na,*
IP (eV) 5.139 4.9 —_
Dy(eV) — 0.72 0.96
o (A) — 3.1 3.5
Table 2: Reaction pathways for Na, + NH; and Na, + CH;0H
Reactants Products ADg (kcal/mol)
Na, + NHj3 — NaNH; + Na -0.6161122]
(E, = 15.5 keal/mol) NaNH, + NaH —
Na, + CH30H — Na(CH;0H) + Na —_
(E. = 26 kcal/mol) NaOCHj; + NaH —
NaOH + NaCHj; —

Table 3: The vibrational frequencies of NH; and the thermal population at 473 K

Vibrational Modes Frequencies (cm") N (v=1)/N (v=0) (%)
Symmetric Deformation 932.5 5.9
Degenerate Deformation 1626.1 0.7

Symmetric Stretch 3336.2 7 0.0

Degenerate Stretch 3443.6 0.0
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Table 4: Translation energy transfer in the impulse model and the average
translation energy release

. E; :

Reactions (kcal}nl;lol) Ein/Eco1 (%)  E'WE,, (%)
Na, + NH; - NaNH; + Na 10 67 38
Na, + CH30H — Na(CH;0H) + Na 21 82 42
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Figure Captions

Figure 3.1 The Newton diagram for Na, + NH; at a nominal collision energy of 15.5

kcal/mol. ©cyps denotes the laboratory angle of the center of mass velocity
vector for Na, + NH3 In the center of mass coordinate, the direction of the
Na, beam is defined as 6 = 0°, whereas the direction of the NH3 beam is 6 =
180°. The circle encloses the region in which the NaNH; products are

expected to appear.

Figure 3.2 Time-of-flight spectra measured for m/e = 40 (NaNH;") at a collision energy

of 15.5 kcal/mol. The open circles are the experimental data, whereas the

solid lines indicate the best fit using P(E) and T(6) shown in Figure 3.4.

Figuré 3.3 Laboratory angular distribution of the NalNHj prdducts. The open circles are

L
the experimental data, whereas the solid line is the best fit using P(E) and

T(6) shown in Figure 3.4.



Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9
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Product center of mass translational energy distribution P(E) and angular dis-
tribution T(6) that best fit the experimental data.

The flux contour map for NaNHj products, constructed from the center of
mass translational energy distribution P(E) and angular distribution T(6)
shown in Figure 3.4.

The Ne\';vton diagram for Na, + CH3OH at a nominal collision energy of 26
kcal/mol. ©c)y; denotes the laboratory angle of the center of mass velocity
vector for Na; + NHj. In the center of mass coordinate, the direction of the
Na, beam is defined as 8 = 0°, whereas the direction of the NH; beam is 6 =
180°. The circle encloses the region in which the Na(CH30H) products are
expected to appear.

Time-of-flight spectra measured for m/e = 55 (NaCH;0HY) at a collision
energy of 26 kcal/mol. The open circles are the experimental data, whereas
the solid lines indicate the best fit using P(E) and T(8) shown in Figure 3.9.
Laboratory angular distribution for Na(CH30H) products. The open circles
are the experimental data, whereas the solid line is the best fit using P(E) and
T(6) shown in Figure 3.9.

Product center of mass translational energy distribution P(E) and angular dis-
tribution T(6) that best fit the experimental time of flight and lab angular dis-

tribution data shown in Figure 3.7 and Figure 3.8.

Figure 3.10 The flux contour map for Na(CH30H) products, constructed from the center

of mass translational energy distribution P(E) and angular distribution T(6)

shown in Figure 3.9.
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Chapter 4
Collisional Excitation of Na(4D) by Oxygen Molecules™

Abstract

Scattering of Na(4D) with ground state O,, N5, NO and CO molecules at a colli-
sion energy of 16 kcal/mol was studied in a crossed molecular beam apparatus. An inelas-
tic scattering process producing Rydberg Na was observed only for the Na(4D) + 0,
system. The time of flight spectra and angular distribution of the Rydberg products show
that most of the collision energy is turned into the electronic excitation of Na. High lying
Rydberg states were observed with lifetime as long as 350 ps. A simple treatment based

on classical mechanics is carried out to account for the experimental data.

Introduction

Chemical reactions can be affected or even controlled by judicious choice of the
electronic states of the reactants, as demonstrated in the study of the reactions of Ba(6s>-
lSo) and Ba(655d-lD2) with water and methanol. [} Electronic excitation can change the
course of a reaction by either simply adding energy into the chemical system to overcome
barriers along the reaction coordinates, or changing the topologies of the potential energy
surfaces. It is important to understand the role ’of the electronic excitation in the study of
reaction dynamics.

The interactions of the sodium atoms in their 3S, 3P, 4D and 58 states with oxygen

* This chapter is based on H. Hou, K. T. Lu, A. G. Suits, and Y. T. Lee, to be sub-
mitted to J. Chem. Phys. The experimental work is that of H. Hou, who is the
responsible author.
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molecules were studied in a previous crossed beam experiment in which a strong inelastic
scattering signal was observed only when Na was excited to the 4D state. [ 3] The signal
appeared at a threshold translational energy-of ~ 11 kcal/mol. The angular distribution of
the signal showed a strong dependence on the alignment of the 4D orbital of Na with
respect to the relative velocity, implying that the symmetry of the electronic configuration
is crucial in detemﬁr;iﬁg the outcome of the scatiering. In spite of the great effort made in
the study, the identity of the préducts remained uncertain. In‘this paper, we report our fol-
low-up méasurements which definitively determined the chemical nature of the products

from Na(4D) + O, scattering. A simple model to interpret the data is proposed.

Experimental

The details of the experimental setup can be found in many previous publications.
[4] Briefly, a supersonic beam of Na and a supersonic beam of O, are crossed orthogonally
under single collision conditions. Na(4D) was prepared at the interaction region using two
single frequency ring dye lasers via a stepwisé excitation scheme. ¥} The laser beams are
perpendicular to the scattering plane. Both lasers are linearly polarizéd and the direction
of the polarization can be rotated in the scattering plane. Scattered products are detected
with a triply differentially pumped mass sp[actfométér which is rotatable about the interac-
tion region in the scattering plane. A mechénical chopper wheel can be mounted just out-
side the e;ltrance of the detector for the time of fiight measurement. The schematic
drawing of the detector is shown in Figure 4.1.

In the experiment, the detector could be 'setlin two detection configurations: The
first configuration(Configuration I), which was used in most of vthe previous measure-

ments, uses a tungsten filament as the electron bombardment ionizer, with the ion lenses
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set at the optimal voltages to extract ions formed at the ionizer region, the quadrupole
mass filter tuned at a certain mass to charge ratio, and the high voltage electrode in the
Daly counter region at -30 kV. Using this configuration, time-of-flight spectra for the neu-
tral scattering products could be recorded, with the flight length measured from the chop-
per wheel to the ionizer.

In the cases when the scattering processes produce long-lived Rydberg state atoms
or molecules, which can survive the long flight path until they arrive at the Daly detector
region, where they can be field ionized, the detector can be set at a different configuration
(Configuration II). In this configuration the electron bombardment ionizer and its associ-
ated ion optics are all turned off while the settings of the Daly detector are unchanged. In
this way the time-of-flight spectra of the products can be recorded as the products fly from
the chopper wheel to the Daly detector region. If the Rydberg signal is laser related as is
the case in our experiment, no ions are produced when either or both of the lasers are
tuned off the excitation line because under our experimental conditions only the Rydberg
atoms or molecules can be ionized by the electric field. Therefore the angular distribution

of the products can be obtained by directly measuring the ion counts at different angles.

Results and Analysis

For Na(4D, 3S) + O, at a nominal collision energy of 16 kcal/mol, the time of
flight spectra at a lab angle of 25 degrees taken under Configuration I with the éuadrupole
mass filter set at m/e = 23 for Na* are shown in (a) and (b) of Figure 4.2. The correspond-
ing Newton diagram is given in Figure 4.3. The fast peaks at ~50 s are the elastic scatter-
ing signals which are nearly tﬁe same for the ground and excited Na. This implies that the

attenuation of ground state scattering by laser excitation is insignificant and the fraction of
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the excited Na is very small, unless elastic scattering of the ground and excited Na off O,
follow exactly the same mechanism. The most striking feature arrives at ~ 120 ps for the
Na(4D) scattering, and appears even stronger than the elastic scattering. Besides this
strong peak, there are also laser dependent products arriving at a much later time (~ 330
1s), corresponding to the atoms that fly extremely slowly in the laboratory frame and also
ionized at the electron bombardment ionizer. In the center of mass coordinates, these
extremely slow products could only be the ones that were produced with large velocities
flying away from the detector. Due to the cylindrical symmetry with respect to the relative
velocity in this experiment, there should exist a fast signal corresponding to the extremely
slow one that scatters toward the detector. This faster signal was not seen. The slow sig-
nal was also seen in the previous experiment 21 B3) but the mechanism was not fully under-
stood.

Two simple tests were done to examine the nature of the slow signal in (a) of Fig-
ure 4.2. The first test was to tune the mass filter to allow an odd m/e other than m/e =23 to
transmit. In this way, Na* ions formed in the electron bombardment region were not able
to reach the Daly ion counter. The second test was to turn the ionizer off so that no ions
were formed in the electron bombardment region. The time of flight spectra thus obtained
are shown in (c) and (d) of Figure 4.2 respectively for the same lab angle. In both tests the
elastic scattering peaks disappeared, as expected. The strong laser related peak at ~ 120
Hs also went away, proving that it is truly the Na* from electron bombardment ionization.
On the other hand, the latér-arﬂving signals persist in both tests. These results reveal two
facts: First, these signals are not aff;acted by the mass filter, which shows that the ions are

not formed in the electron bombardment region. Second, there exist means other than
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electron bombardment that can ionize the scattered products at farther distances away
from the chopper wheel than the filament ionizer. In fact, we found that an electric field as
low as 25 V/cm would give rise to the ion signal, which became stronger with the increase
of the electric field.

These facts lead to one logical conclusion: Long-lived Rydberg state Na(nl) are
formed in the collision of Na(4D) with O,. Some of these Rydberg products are ionized
by electron bombardment and then mass selected and counted, while some of the remain-
ing ones are subsequently field ionized by the electric field along the flight path, resulting
in multiple peaks in the time of flight spectra. |

Since the distance from the chopper wheel to the filament can be accurately deter-
mined, it is the best to analyze the ion signals generated by the electron bombardment.
Figure 4.4 shows the time of flight signals at selected laboratory angles for the Rydberg
products which are ionized in the electron bombardment region. In the same figure, the
simulation of the experimental data B is also given for each angle, assuming the center of
mass angular distribution T(8) and energy distribution P(E) shown in Figure 4.5.

The angular distribution of the Rydberg products measured using detector Config-
uration II described in the experimental section of this chapter is shown in Figure 4.6.
Strictly speaking the signals so measured are not exactly the same as those measured with
Configuration I because some Rydberg state Na might décay to lower lying states along
the path from the filament to the Daly counter and the field strength in the latter region is
not sufficient to ionize these decayed atoms. Nevertheless, after comparing this angular
distribution with the one obtained by integrating the time of flight spectra shown in Figure

4.4, we find no noticeable difference between them. The same T(6) and P(E) used for the
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simulation of time of flight spectra also generate a satisfactory fit to the angular distribu-
tion.

The alignment effects reported previously (21 B are not observed in the current
experiment. NaO molecules from the reactive scattering Na + O, — NaO + O, which
were proposed previously as the sources of the laser related Na* signal, ¥} 3] were not
observed either. Similar experiments were also carried out using Ny, NO and CO mole-

cules in place of O,, in which cases no Rydberg products were detected.

Discussion

The energetics of the Na(nl) + O, system is shown in Figure 4.7. Two-photon
excitation brings 98.7 kéal/mol to the ‘sodium ato‘ms which iin their 4D staté are only 19
. kcal/mol below their ionizaﬁon limit. The additional 16 kcal/mol nominal collision
energy is certainly enough to produce Rydberg state Na. The ionic state Na* + O, is also
withiﬁ the rea;:h of the system. |

From the translational energy distribution P(E), it is évident that most of the colli-
sign eneréy is transferred to the electronic excitation of Na‘ and possibly the vibrational
and rotational excitation of the O, so that the center of mass velocity of the Rydberg prod-
ucts is very slow. Consequently most of the signal appeared in a range that is very c;lose to
the center of mass angle, resulting in a very narrow angular distribution as shown in Fig-
ure 4.6. For the same reason, th¢ Jacobian for the cénter of mass — laboratory transfor-
mation [ v/u? is very large, where v and u are velocities iﬁ the lab and center of mass
coordinates, respectively. Therefore the recorded signals are severely distorted, especially

near the center of mass angle. This is one of the reasons that at some angles the Rydberg

signals appear even stronger than the elastic scattering signal. A second reason lies in the
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fact that the ionization probability for the Rydberg products could be orders of magnitude
higher in the electron bombardment region compared with that of the ground state Na,
which is typically 104,021 Taking these factors into account, the cross section for produc-
ing Rydberg Na is estimated to be of the same order of magnitude as that for the elastic
scattering.

The time tha;t Rydberg products remain in the highly excited electronic states has
to be extremely loﬁg in order for them to survive the long flight into the Daly counter
region and became field ionized. Figure 4.2 shows that the products live in these Rydberg
states for at least 350 ps (without even taking into account the flight time from the interac-
tion region to the chopper wheel) before they are finally ionized, indicating that the prod-
ucts are in very high n and/or | states. [7) Evidence is also found from the fact that an
electric field as low as 25 V/cm can produce an ion signal. Classically, the field required

to ionize a Rydberg atom in state nl is: (71, 18]

E=I/16n* au ‘ ‘ (4.1)
Thus a field of 25 V/cm can ionize atoms with n = 40.

Therefore we can conclude that during the collision, most of the translational
energy is turned into the electronic excitation of Na to form the highly excited Rydberg
products. However, we have also learned from similar experiments where N,, NO and
CO molecules were used in place of dz that “brute force” collisions do not lead to Ryd-
berg products. In these parallel experiments, N,, NO and CO molecules have nearly the
same mass as O, so that the kinematics of the scattering system are virtually unchanged.
These results suggest that an unique intermediate leading to electronic excitation must

exist during the collisional process for Na(4D) + O,.
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The various collisional processes of alkali atoms with oxygen molecules have been
investigated extensively during the past fifteen years. Previous laboratory studies showed
that electronic excitations of the alkali atoms M + O, — M* + O, were the main processes
in the collisions of ground state alkali atoms with oxygen molecules at collision energies
of 2~10eV.P! In the Na + O, collision, Na D-line fluorescence was observed as soon as
the collision energy was above the 3P « 3S excitation energy of 2.1 eV, with its intensity
becoming stronger as the collision energy was increased. When the collision energy was
above 8 eV, fluorescence from higher electronic states appeared. The cross section for this
process was found to be 26 A? at a collision energy of 5.eV. Hertel’s group studied
quenching in the collisions of electronically excited sodium with O,. 0] 1n all these
investigations, the ionic intermediate M*O,” was found to be necessary to cause the
change of the electronic states of the alkali atoms. -

It is therefore reasonable to conclude that the production of the Rydberg Na pro-
ceeds via the formation of an Na*O,™ ionic complex which possesses unique characteris-
tics distinguishing it from the complexes formed between Na and other molecules. The
uniqueness of the Na(4D) + O, system could also come from the non-adiabatic interac-
tions between the covalent and ionic potential energy surfaces. A detailed solution of the
dynamics is difficult to obtain because there exist a large number of electronic states in the
vicinity of the ionic-covalent interactions of the system over a wide range of the scattering
coordinate. Still, it is useful to describe the behavior of the system qualitatively with a
simple classica} mode] [11] whi_ch can also provide a straight forward method in predicting
the outcomes for other scattering systems.

Electronic excitation of Na can be viewed as a process in which one electron is
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promoted t'o the orbitals having larger radii. Because the radius of a Rydberg atom is usu-
ally a few hundred angstroms, Na can be excited to long-lived Rydberg states in the colli-
sion with O, only if O, has the chance and ability to pull an electron to a much larger
distance from the core of the sodium atom. One necessary condition is that after charge
transfer, the two charged particles in the coulomb field can be separated to a distance that
is much greater than at charge transfer. In the center of mass coordinates, this is equiva-
lent to:

Fanax > T ’ (4.2)
where rp,,, is the maximum separation between the positive and negative charge centers in
the ionic complex and r is the charge transfer radius. At rp,,,, the radial velocity becomes
zero, and the centrifugal force resulting from the angular motion is balanced by the Cou-

lomb attraction between the ions:

2
2Eb" 144
iy (4.3)
I nax Iax /

where E, is the collision energy in eV and b is the impact parameter in A. It follows that:
Fmax = (2E.b%/14.4). (4.4)

Therefore Equation (4.2) can be re-written as:

by [ (4.5)

c
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Here E, takes the unit of eV while b is in A. Equation (4.5) is equivalent to the require-
ment that after charge transfer, the system is set at the outer turning point on the effective
potential energy surface (including the centrifugal term) because the condition

(dr/dt),epe >> 0 (4.6)

will lead to the same result as Equation (4.5). At the same time the simple condition,

b<r, (4.7)

has to be satisfied for the charge transfer to take place. It follows from Equation (4.5) and

Equation (4.7) that

14.4
I, » 2, (A). (4.8)

For a typical value, E; = 16 kcal/mol (0.7 eV), 1 has to be much larger than 10 A. In
Table 1, numerical values for the charge transfer distance r. and the maximum separation
Imax are listed for several (Na(nl) + Molecule) systems at E = 16 kcal/mol. 1 is calcu-

lated using the equation:

_ 144
. = p-gA (49)

where IP is the ionization potential of Na(nl) and EA is the electron affinity of the mole-
cule, both in eV. 1p,,, is calculated for b = .. The equation shows that at this collision
energy, only Na(4D) + O, system has the opportunity to produce a well separated

(Na*...0y") ion pair, largely due to the close match of the ionization potential of Na(4D)
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with the electron affinity of O, and the resulting large electron transfer radius r,. Under
these conditions, the nearly parallel covalent and ionic potential energy curves could have
a strong interaction over a wide range and the probability for the electron to undergo a
nonadiabatic transition is strongly enhanced. It is also worth noticing how sensitive r,,
is to the slight difference in (IP - EA), which is likely to be the reason why no long-lived
Rydberg products were observed in Na(5S) + O, scattering. For the systems having small
electron transfer radius, increasing the collision enefgy might help to excite Né, although
in an inefficient way. For instance, let us examine.the collisional excitation process
Na(3S) + O, — Na(Rydberg) + O,, which has a charge transfer distance of 3.1 A.
According to Equation (4.4), in order to reach a maximum separation of 100 A, E. must be
at least 75 eV. Confirmation can be found in the experiments of Kleyn and coworkers on
the charge transfer processes M + O, — M* + O, at collision energies ranging from 4 to
2000 eV, 121 {13} which is high enough to remove an electron from the alkali atom com-

pletely.

Conclusion
It appears that the inelastic signal observed in the Na(4D) + O, experiment results
from a energy resonance between the covalent and ionic states. The topologies of the

potential energy surfaces have little influence on the scattering results.

Tables
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Table 1: Charge transfer distances (r.) and maximum separations of the ion pairs at
a collisional energy of 16 kcal/mol, calculated with Equation (4.4) and Equation (4.9).

Chemical System  IP- EA (eV) 14 r. (A) Imax (0 =15) (A)

Na(3S) + O, T 47 3.1 0.9

Na(3P) + O, : 2.6 55 3.0

Na(5S) + O, 0.57 . 253 62.0

Na(4D) + O, ’ 041 35.1 120.0

Na(4D) + N, | 2.8 52 2.6

Na(4D) + NO | 0.83 - 17.3 29.0

Na(4D) + CO 2.4 “ 6.1 3.6
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Figure Captions

Figure 4.1 Schematic drawing of the rotatable detector. c.c. is the interaction region of

the molecular beams. The products pass through a series of defining slits

before they reach the electron bombardment ionization region (1). The ions
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are then mass selected by the quadrupole mass filter (2) and focused by ion
lenses (3) into the Daly ion counter, which houses a high voltage electrode
(4) and a scintillator-PMT assembly (5).

Time of flight spectra recorded at a lab angle of 25 degrees. (a) is recorded at
m/e = 23, with both lasers tuned on resonances. The electron bombardment
ionizer and its associated ion lenses are in operation. (b) is taken under the
same conditions as in (a) except the 4D <« 3P laser is tuned off resonance.
The spectrum looks the same when either or both lasers are tuned off reso-
nance. (c) is take>n under the same conditions as in (a) except that the mass
filter is set to allow an odd mass to transmit. In this case, m/e = 10. (d) is
taken for m/e = 23 under the same conditions as in (a) except the electron
bombardment ionizer is turned off.

Newton diagram for Na + O, at a nominal collisional energy of 16 kcal/mol.
© is the center of mass angle and @ is the lab angles. It is shown in Figure 4.5
that most products appear with less than 1 kcal/mol of translational energy.
Na* time of flight spectra recorded under same conditions as in (a), Figure
4.2, at E; = 16 kcal/mol. The open circles are the experimental data and the
solid lines are simulations using the center of mass energy and angular distri-
butions shown in Figure 4.5.

Center of mass angular and energy distributions of the Rydberg products at
E. = 16 kcal/mol.

Laboratory angular distﬁbﬁtion of the Rydberg products at E; = 16 kcal/mol.

The open circles are experimental data recorded with the electron bombard-

-~ - P
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ment ionizer and the ion lenses turned off. The solid line is the simulation
using the center of mass energy and angular distributions shown in Figure
4.5.

Figure 4.7 Energetics for the Na + O, system. Data are adapted from reference (4]
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