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INTRODUCTION

The catalytic hydrogenation reactions and dehydrogenation reactions
of the series benzene, cyclohexadiene, cyclohexene, and cyclohexanc
have been studied rather extensively. Bond (6) and Smith (30) have
presented reviews of the problen., There is still rather little known,
however, about the catalytic steps that are taken in the interconversion
of this seriass.,

The thermodynamics of this series has been discussed by Janz (21).
The following table gives the details of his discussion. It will be

Table 1. Change in free energy per molecule of hydrogen added in the
hydrogenation of benzene (reference benzene at 0.0)

Change in free energy (keal./mole) at:
Yoles Hy Product

added 2989 LO0C%K 550°K 7TO0PK 1000°K
1 Cyclohexadiene 13.2 15.7 19.6 235 313

2 Cyclohe)cene _1&05 . 0.9 9.4 1800 3505

3 Cyclohexane =234 ~14.8 0.0 13.6 42.0

noted that the hydrogenation is favored, that is the standard free en-
_ergy change in the reaction is negative, below 550°K and that dehydro-
genation is favored above 550°K. At no time, however, are the products
cyclohexene, 1,3-cyclohexadiene, or l,4-cyclohexadiene favored; these

compounds would tend to disproportionate to cyclohexane and benzene at

550%K,



It is often assumed in the catalytic studies of these corpounds that
the only reactions occurring are interconversions in the series. ‘Thus
deuterium exchange reactions are often used in an effort to illwilnate
the individual stepse. There is danger in this assumbtion (3) and the
present work could indeed indicate that exchange might proceed as an in-

dependent processe.

The Reasons for Using Tungsten as the Active Surface

Although tungsten is a vory poor catalyst for at lsast hydrogenation
of benzene it should exhibit some of the basic characteristics of all
the transition metals in catalytic activity.

The purposes for using tungsten are threefold. Firstly, tungsten
is an easy metal to work with in the field enission ricroscope. It is
an easy netal from which to make field emission tips which arc durable.
Secondly, tungsten is easily cleaned thermally. This second point is
verifiable with the use of a field enission microscope. The only treat-
nent needed to eliminate surface carbon or tungsten carbides is a o=~
mentary heating to 2800°K. Cleaning of other metals such as nickel is
not quite so easily accomplished. Thirdly, a considerable amount of
work has been done and is still being done by ny coworkers with tungsten
and other hydrocarbons. This makes it possible to gain some insight
into possible mechanisms for interconversion and decomposition by analogy

to these similar systems.

The Investigative Tools
The investigative methods used in this study are the field emission

microscopy which can follow the characteristics of adsorbed species and



flash filament rass spectroscopy which can nonitor gas phase products.

There are serious limitations to the field emission microscope. As
a nicroscope the resolution is at best only 203 and because of this it
is most useful for migration studies and detection of preferential ad-
sorption on various crystal planes of the metal. The relation between
field emission current and applied voltags in the ideroscope yiclds
as additional information the surface dipole and tae surface polariza-
bility. rom these pisces of information one must iﬂfer waat the cherd-
sorbed species is on the surface. Thus, in studies such as the present
one, more than one nodel can be proposed to explain the experimental re-
sults.e It is very possible, as the present work will illustratc, to elimi-
nate a great number of other models that are inconsistent with the ficld
emission results.

Surface reaction mechanisms can only be inferred from flash fila-
ment data even with mass speptrometric gas phase monitoring. The in-
ference is again ambiguous; results obtained over widely varying experi-
rniental conditions permit rejection of many but not all conceivable reac-
tion paths. "Proof® of a reaction mechanism consists of eliminating
reasonable alternatives, and the quotation marks are used because the
process ray well depend as much on exhaustion of imagination as on dili-
gence in elimination. This comment is not limited to surface reaction
rmechanisms but applies to reaction mechanisms in general.

Within these limitations the models proposed in this work are the
most tenable in light of experimental evidence of this work and works

of other investigators. It is hoped that the conclusions can be used
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to help explain and possibly predict metallic catalytic activity with

respect to aromatic compounds and related hydrogenated derivatives.

The Need for Ultra High Vacuum Conditions
The need for ultra high vacuum conditions with background pressures
in the 10710 torr (mm Hg) range or better for both field emission and
flash filament experiments is readily underst;ndable in light of the

kinetic equation

J = P 1.
JZTR KT

where J is the flux of particles striking a surface, P is the pressure,
n is the mass of the particle, k is Boltzmann's constant, and T is the
absolute temperature. This means that for hydrogen at a pressure of ZLO_6
torr, if cvery molecule of hydrogen striking the surface stuck, a mono-
layer would form in one seconds In order to carry out an experiment of
a minute duration where less than 1% of a monolayer of undesirable back-
ground gas is formed, a vacuum of 10710 torr is nceded. A typical flash
filament experiment takes about 5 minutes to complete. In order to con-
trol conditions it is therefore imperative to use an ultra hign vacuum
system (which is defined as a system that will obtain pressures of l()'9
torr or lower). '

In field emission experiments the situation is much worse. It takes
four hours to do a typical field emission experiment. In this case a
vacuum of lO-':l'3 torr is needed. These vacuums are obtained by using sealed

field emission tubes cooled to 4°K. If these tubes had becn previously



punped on an ultra high vacuwu system and care is taken that Little hy-
drogen accumulates during the course of the experiment then a vacuwna

of 10714 torr is maintained.
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THUORSTICAL BACKGROUND FOR FILLD &{ISSION MICROSCOPY

The field emission microscope has two main uses. Firstly, it is
a microscope of magnification of 105 but resolution of only 208, Sec-
ondly, it can measure the change in the netal's work function which
in turn is related to a changed surface dipole. Changes in the surface
polarizability can also be obtained by field emission, but only with
poor precision and ambiguous meaninge

Field emission is the emission of eluctrons from a cold metal under
the influence of a high electric fielde The field required for measurable
emission is about 108 volts per cme Such fields are most easily obtained
by applying about 2000 volts between a very small metallic needle or tip
of around 10008 radius and ground. If the tip end is nearly spherical,

the field F is given byl
2e

=<

where V is the applied voltage and r the tip radius; the field for the

8 volts per cm. The tip is other

values of V and'r given is about 2 x 10
than spherical; therefore r should be replaced by a parameter B that is

referred to as the geometry factor. This gives
y
F = ﬁ. 3.

The necessary resort to metal tips of radius of around lOOOX produces

a magnification of the metal emission areas. By using a phosphorescent

“1For derivation of equations of this nature see Corson, Dale and Paul

Lorrain, Introduction to ilectromagnetic Fields and Waves, San Francisco,
Cal., W. H. Freeman and Company, 1962, or similar text books.



screen at the position of the applied high voltage one cén observe the fi-
nal point in the electron's trajectory. To first approximation, electron
trajectories are straight lines perpendicular to the tip surface., The
screen therefore gives a magnified mapping of emission areas; in this

work the tip-ﬁo-screen distance was about 5 cm, the tip radius about lOOOX,
and the magnification factor 5 x 105. A tangential velocity component

on emission is chiefly responsible for loss of resolution. With a screen |
size of around 5 cm. this will give a magnification of 5 x 105. Figure 1
shows a clean tungsten field emission pattern with some of the crystal
faces indexed. Since usually adsorbed chemical species change the emis-
sion characteristics, it is quite easy to observe such things as the
migration of adsorbed layers over distances as small as lOOX.

Field emission is a quantum mechanical tunnel effect and was first
explained by Fowler and Nordheim in 1928 (13). The derivation of the
equation was exact for the model presenteds An approximate treatment
was given by Good and Mueller (17) and is much better suited to treatment

of realistic metal surface models. In low temperature field emission,

the current and field are related to good approximation by

I = 6.2x10° 55 L %f AP exp(-6.80 x 107 P/%/p) e

where @ is the work function, u is the Fermi energy, and A the emitting

area. This equation in terms of applied voltage and in logarithmic form

is then

log I/V:2 = -_p_ﬂa_ + C ' 5e
v



Figure 1. A clean tungsten field emission micrograph with some of the
principal crystal plancs indexed

This is a mapping of the work function of the field emission
tip with. the low work function planes indicated by the light
areas and the high work function planes indicated by the dark

areas.
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where I is the field endission current and b and C are constants if the_

geometry factor does not change. The factor

2
log =
%‘;+ 5;

does not change greatly and is included in C. Upon adsorption of raterial
on the metal surface this equation must be modified due to the additional
dipole and polarizable layer. On I surface sites an evenly distributed
layer of adsorbate molecules (or adatoms) each with a normal dipole
component M, will by classical electrostatics create a surface potential

of
A¢ = —LTTNSQHO 6o

(where © is the surface coverage) which will result in a work function
shift., Field emission measures a work function averaged over all emitting
areas (an emitting area being defined as a region of common work funétion)
and the weighting of the average depends on the variations in the work
function from area to area and the size of the areas. Where the arcas
are larger than 503 in.diameter the field emission work function will
be nearly that of the areas of lowest work fuﬁction. This "window® effect
explains why the field emission work function of clean tungsten is approxi-
mately that for the 100 and 111 planes. If the areas are smaller than 208
diameter and evenly distributed the work function will be the average
weighted by area; this case has been examined by Young (35) to explain
deviations found in measuring the work function on single crystal planes.
Interpretation of a work function shift during the course of a reac-

tion depends on whether the "window!" effect or the geometric averaging
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model applies. If adsorbate and chemisorbed pro@ucts migrate and agglon-
erate or bond preferentially to a particular crystal plane then the former
nodel should be useds The latter model is preferred when the adsorbate
molecules (and adatoms) are fairly evenly distributeds The decision as
to which model to use is dictated by the field emission micrographs;
with little change in anisotopy during the course of the reaction the
geometric averaging model is used and with large variations in patterns,
the "window" effaect applies.

To determine @ one can assume that the geometry of the tip does
not change appreciably upoﬁ adsorption of gases and heating. This as-
sumption is a very good one up to 800°K for a thermally annealed tung-
sten tip. This means that since b is a constant and if S is the slope

of the plot logI/V2 vs. 1/V then

#h/d = (51 7 500 . Te

The -subscripts O and 1 in this equation designate the values for the
clean tungsten and the tungsten with adsorbed material. Using the value

of Le5 eV for the work function for clean tungsten this yields

B o= bes (51 / 500 8.
or
AF = 45 (1.0 - (5 / 50)*/3). 9.

The "single point method" provides another convenient work function
comparison. If one adjusts the experiments such that only one field

emission current is used and if it is assumed that the constant C never
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changes from one determination te the next then the equation
- $ /8 = (V/ Vo)z/g 10,

is true, Unfortunately the "constant® C in Equatiod'h depends on the
surface polarizability, e , which can change greatly during surface ro-

actions; the rclation is

0y = Cp = Re5 log @y - 1.633 + [4ek3 x 107 (g - ¢b)d]/¢l§

8

+1.67 x 10° N 0 @ 1.

where d is the thickness of the layer (13).
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THZORY AND OPsRATION OF FLASH FILAGWNT

The flash filament apparatus may be operated in an isothermal mode.
In this case the filament (the sample with an active surface) is kept
at constant temperature and gases are admitted to the reaction cell.
The gases are monitored with a mass spectrometer to identify the type
and quantity of products and reactants. This method of operation requires
control experiments to make certain the reactions observed are taking
placs on the filament only.

Another method of cperation utilizes the change in reaction rates
with increased temperatures. <y monitoring products with continuous
heating from a low temperature one may utilize the Polanyi-Wigner equa-
tion, )

-dn = v n% exp (- AH*/RT) 12.
dt
where q is the order of the reaction, to gain insight into the reaction

mechanism.

Kinetics and Low Pumped Systems
In the second method of operation gases are adsorbed on the fila-
ment at a low temperature, usually 90°K, and the filament is resistance
heated. During this heating the gas phase is monitored with either the
mass spectrometer or ion gauge. Very often a constant current is used
" to heat the filament. In this case the temperature T and time t are
approximately related by 1/T = g + ht, where g and h are constants,

as shown in Figure 2, With the inverse relationship the kinetic analysis



Figure 2. The heating rate obtainad by passing 1 amp through a 5 mil tungsten wire

This figure shows the near linear relationship between time (abscissa) and the inverse of
the t.emperature (ordinate) when constant current heating is used.
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is simplified greatly. The equations for this analysis have been dis-
cussed by Redhead (26) and Ehrlich (12).
For a system with some pumping the amount of gas evolved, n, from

the surface is given by

VB SS b
n = (P - Po * (p - Po) dt) 13.
RTg Vg
to

where Vg is the volume of the system, Ty is the temperature of the system,
Sg is the pumping speed in liters per second, t designates time, and the
subscript O indicates the initial values.

To obtain the frequency factor and activation energy for simple mech-

anisms one uses the correct values for the amount of gas evolved and the

equations:
loged(n) = logy vR_ - M* 1.
° RAH AT
where Qn) = logy n/ng for a first order reaction 15.
ng - 0
and A(n) = for a second order reaction. 16.
ngn

By plotting log,Q(n) vs. 1/RT the activation energy is obtained from the
slope and the frequency factor is obtained from the intercept wﬁere
T =, If 1/T does not vary linearly with time the above equations
must be modified (23,26).

It is clear from Equation 13 that the greater the pumping speed in
the system the more difficult it is to correct for pumping. A slight
error in the estimation of the pumping speed can result in a very large
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error in a plot of n vss t. This difficulty is overcome by reducing
the pumping speed to a minimum and decreasing the length of time required
for a flash.

Reaction paths other than a one step reaction with constant activa-
tion energy require a more complex analysis. llodels assuming a variation
in activation energy with coverage have been suggested (19,34) and for
the simplest case (23) the variation is assumed linear. The Polanyi-
Wigner equation in this case becomes

-dn = v n9 exp(-(AH* - @'0)/RT) 17.
dt ' :
where © is the surface coverage and @' is a constant. For models in-
volving reaction sequences', intermediate equilibria or steady states
more ‘complex equations must be derived to obtain quantities for compari-

son with experimental data.

High Pumped Systems
It is often advantageous to work in systems that are highly pumped.
It has been shown by Redhead (26) that for a particular species coming
off the surface with an activation energy of AH' the concentration of
the species in the gas phase will reach a maximum at a temperature given

by
T (°%K) = AH' (keal.) /0.06 18.

The resolution of desorption peaks depends on the pumping speed, the
heating rate and the reaction path. It is also affected by any change
in AH' with surface coverage. This technique is useful in identifying
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with the mass spectrometer the various species and the relative Ak! 1s
for their formation. High pumping can be accomplished with an open path

10 a vacuum pump.

Isothermal Operation

For isothermal operation the filament is kept at a constant tempera-
ture either with a constant temperature bath in the reentrant dewar of
the reaction cell or the temperature of the entire flask is kept constant
as with room terperaturse operation.

To follow reactions the filament is preconditioned and gases are
admitted to the systems The products are then monitored with the mass
spectrometer. The preconditioning of the surface can constitute cleaning
and possibly predosing with another gas.

To eliminate the possibility that the products observed may be pro-
duced in other portions of the system, control experiments must be per-
formeds The easiest method for control is to contaminate the filament
to such an extent that it becomes inactive. If no reactions occur with
a contaminated filament during this control experiment then the reactions
observed otherwise occur only on the filament. ILuckily this was the case

in all the reactions studied.

Very rapid reactions can be followed using this technique. By using
the rapid scanning capabilities of the quadrupole mass spectrometer and
a very high speed recorder, complete mass scans from mass 2 amie. to rass

80 amu. can be taken every O.l second.
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FLASH FILAMENT ZXPARIMENTAL

Vacuum System

The necessity for ultrahigh vacuum has already been discussed.

In the present case these vacuums were obtained with the aid of an Ultex
D, I. vacuum pump with a pumping speed of 20 liters per second. Figure 3
is a schematic of the system used.

In order to achieve ultra high vacuum the pumping must be great
enough to overcome the evolution of gases from leaks, including desorp-
tion from the system's walls. Since there is a limit on the pumping
speed it is best to try to reduce gas evolution to a minimum. To reduce
desorption of gases, mostly water, at room temperature operation the sys-
tem is operated for about 8 hours at 400°C. This'was done by enclosing
rnost of the system in a portable oven. Those portions of the system not
inside the oven, with the exception of the gas bulb, were heated with
heating tapes or infra red lamps. This 'bake out! allows an increased
rate of desorption from the system's walls for a short time. When the
temperature of the system is reduced to room temperature and all fila-
nents thoroughly outgassed the residual gas pressure is no greater than
2 x 10710 torr.

The system was made of metal and Pyrex glass. The mass spectrometer
used was an Ultex quadrupole 150. The ion gauges were Westinghouse type
5966. The valves used for gas handling were either Granville-Fhillip
variable leak or type "C'" valves. All connections made on the system
were welded, brazed, glass-metal seals, or ultra high vacuum flanges.

The hydrocarbons were contained in gas bulbs with a break off seal



Figure 3. Schematic of flash filament apparatus with the components listed below

OCvQamRZrRT“OPOYHW N

gas ampule

break off seal

iron slug

section of system bakeable befors break off seal is broken
Granville-Phillips type “C" valve

Granville-Phillips type variable leak valve

Ultex 150 quadrupole mass spactrcmster

ionization gauge

evacuated reentrant dewar

tungsten lead ins

nickel wrappings for spot welding filament to lead ins
3 mil tungsten sensing leads

5 mil tungsten sarmple filanent

reaction cell

sliding ground glass valve

Ultex D. I. vacuum purmp

area baked out (D. I. purp heated with infra red lamps)
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inside the systems They were introduced into the system by raising a
glass encased iron slug with a magnet and dropping it on the break off
seal, The hydrogen was admitted and at the same time purified by means
of a palladium hydrogen diffuser. Gas flew rogulation was achicved with
the Granville~Phillip variable leak valves. It was cénwcniunt to use

type "C" valves in serios with the variable leaks. These were placed

on the gas side of the variable leaks and wére closed during bakeouts

so that the variable leak valves could be baked out opone The leak valves
could not be baked closed.

For some experiments it is convenient to lower the pumping speed
from the reaction cell. A magnetically operated ground glass valve
served the purpose effectively. Since ion gauges were situated on both
sides of the glass valve, the pressure could be followed in the reaction
cell or the pumped side independently. The D. I. pump also could be used
as a pressure measwring device. This permitted estimation of the pres-

sure drop &P across the valve from Equation 193

S
-Q = - P ._s_ + m 19 .
at T,

for if dP/dt is small then AP is directly proportional to P. This can
be used to advantage in hydrogen monitoring. Since hydrogen is rapidly
purped by an ion gauge with a hot filament (20) the ion gauge in the
reaction cell must be off during a non-pumped flash filament experiment.
The D, I. pump or the ion gauge on the pumped side can be used together
with equation 19 to obtain P; indeed, with the valve adjusted to a

pumping speed of only 0.02 liter per second the pressure rise on the
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punped side was 15 the cell pressure, and was readily observed. It was
also observed that no measurable time lag existed for a pressure rise
to occur on the pumped side of the valve in response to a pressure rise
in the reaction cell.

The reaction bulb was a 500 ml. bulb with a press seal on a reen-
trant dewar and ports leading to the ground glass valve, the mass spec-
trometer, the ion gauge and the variable leak valves. The filament was
spot welded to the four lead press seals and sensing leads were spot
welded to the filament, The temperature of the filament could thus be
detected by measuring the resistance between the sensing leads. The
following equations give the relationship between resistance and tempera-

ture for pure tungsten. For below 620°K

T = 239 _&_ + 55, ‘ 20.
‘:295
and for above 620°K
T = 195 &+ 159 21.
G295

where {3is the resistance and 0295 is the measured resistance at 2959,
Figure /4 compares fquations 20 and 21 with experimental data of Robert

Rye (27).

Mass Spectrometor
The mass spectrometer was attached directly to the reaction cell.
In the ionization region of the mass spectrometer hydrocarbons are frag-

mented, each with a characteristic fragmentation or cracking pattern. --



Figure 4. A plot of the quotient of tungsten's resistance by its resistance at 295°%K vs. absolute
: temperature (27)

This plot can be fit by two equations, one below 620°K which is
T(°K) = 239 R+ 55
R295

and one above 620°K which is
T(°K) = 196 R _ + 159
Ry9s5

where R is the resistance, R 295 (shown as Ryg5 in figure) is the resistance at 2G50K and
T is the absolute temperature.



TUNGSTEN

12—

S
I

TEK) X 1072
I

o
[

ABOVE 620°K
T=-0.820Te + 114

R
T.=239 =P— +55
€ Rogs

T=196

+ 159
5 .

—

194



26

Figures 5 through 8. show the latest certified cracking patterns for thosc
hydrocarbons of interest taken from American Petroleum Institute (API)
Tables (2). These values were taken with a mass spectrometer which used
| as an ion collector a faraday cup. In the present work a particle rul-
tiplier was used, with sensitivity roughly proportional to mass (25).
This relation was verified for the present system by analysis of a cyclo-
hexane mass spectra obtained in a flow system (cyclohexene source valve
and valve to pump both partly open) at a pressurs of 10~0 torr. The
ratio of current to API intensity should be nearly inversely proportional
to mass. More generally

i = D 22,
iprpr
_or
log _i = log D + xlogm 23,
1APT

where i is the obsex;ved intensity, ispr the values given in the API
tables, m th{e mass of the fragment and D and x are constants. Figure 9
compares data obtained with Equation 23; the line drawn has a slope -1
(i.e. x = ~1) and agrees quite well with thé data. Many other variables
such as differences in pressure and differences in the'me.ss spectrometers
and espccially differences in method of resolution can lead to devia-
tions from behavior shown in API tables.

The foregoing considerations make cross calibration of relative
sensitivities for the va.rioug gases rather difficult. Most of these

difficulties, however, can be minimized by choosing the mass peaks to

-/



Figure 5. The cracki tterns of n-pentane and n-hexane as given in the American Petroleum Insti-
tute ta.bleu% ga

Both n-pentane and n-hexane have a 57 arm. peake The relative sensitivities of the 1008
peaks are with respect to the 43 am. peak of n-butans.
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Figure 6. The cra.t(:k:'sng patterns of cyclohexene and cyclohexa.ne as given in the American Petroleunm
' tables (2 i

Cyclohexene has a major peak at 54 amu. whereas cyclohexane has a major peak at 56 arwu.
with the 55 amu. peak only 33.3% of the 56 peak. The relative sensitivities of the 100:

peaks are with respect to the 43 amu. peak of n-butane.
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Figure 7. The cracking patterns of benzene and 1,3-cyclohexadiene as given in the Arerican Pstro-
leum Institute tables (2)

The 50 am. peak of benzene was used to monitor benzene. Tas 20 anu. peak was used to
establish the absence of cyclohexadiene. The relative sensitivities of the 1003 peaks
are with respect to the 43 amu. peak of n-butane.
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Figure 8., The cracking patterns of l—hexéne and 2-hexene as given in the Anerican Petroleux Insti-
tute tables (2)

In l-hexene the 56 amu. peak is 70% the 57 am. peak. The relative sensitivities of the
1003 peaks are with respect to the 43 amm. peak of n-butane.
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Figure 9. A log-log plot of the atomic mass units for the peaks of cy-
clohexene vs. the quotient of the observed peak intensities
in the quadrupole mass spectrometer by the API listed rela-
tive peak intensities (28

This figure illustrates the dependence of the gain of the
particle multiplier on the collected fragment's nass. The
line shown with a slope of =1 is the dependence determined
by Ploch and Walcher (25).
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be followed in a small range. In Egg present case masses 50, 54, and
56 were picked to follow benzene, cyclohexene and cyclohexane. Scans

in other mass ranges were used to determine the presence of other reason-
able products, except for hydrogen, none was found in the present worke
The mass peak 80 was missing in all the experiments, and therefore no
cyclohexadiene was evolveds The mass 55 peak never exceeded 354 of

the mass 56 peak; this information plus API tables suffices to prove

that no l-hexene was evolved. This range of peaks (50 to 56) was suf-
ficient to calculate relative pressures of the products.

Absolute pressures in these experiments are unknown since the only
pressure indicator used is the ion gauge. The ion gauge will read the
pressure within an order of magnitude and is a reproduceable reference
for a particular gas since its sensitivity will not change much with
time. The mass spectrometer sensitivity, however, does change. This
is due to the change in gain of the electron multiplier with gas adsorp-
tion on its diode surfaces, For each experiment the mass spectrometer
| was cross calibrated with the ion gauge so that relative pressures were
known from cxperiment to experiment.

For calibration if P; is the pressure reading on the ion gauge and
i is the current from the multiplier of the mass spectrometer for a major
mass peak of the species, then SA,'the sensitivity relative to the ion
gauge of species "A", is given by Sy = i/Pi. ?he relative sensitivities
to various gases can also be calculated from the relative sensitivities
cormpared to n-butane given in the API Tables. It is convenient to define

" a quantity Spas the relative sensitivity of A with respect to n-butane,
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as Spp = iMp/in-putanes Where ipa is the absolute sensitivity to the
nmajor peak of A and ij_putane the absolute sensitivity to mass 43 of
n-butane according to the API tables. The pressure of gas B is given
in terms of the relative and absolute sensitivities of another gas A

that has been calibrated with the ion gauge by

TR
PB - ——— o ® 21&'
Sp  SA
If poaks othor than tho major poaks are used thon the percuntagus, 2,
relative to the major peaks are taken into account by modifying the

equation to

Sop 4, i
RA B
P B = A — @ 250
SRB ZB SA
The supporting electronics for the Ultex 150 mass spectrometer
included the 150 control unit, a Keithley 601 electrometer for measure-
ment of the multiplier current and a Beckman high speed Hoffmann recorder

Dynograph model R.
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Because of the length of time required in a field emission experi-
ment ordinary ultra high vacuums will not suffice and vacuu.s of 10713
torr or better are neededs These vacuums are easily obtained by imuer-
sing a closed field emission microscope in liquid helium. At these tem-
peratures all gases except hydrogen and helium freeze with a residual
pressure of less than 10714 torr. Helium is no problem either since

its partial pressure in an evacuated field emission tube is less than
10713 torr and at 4°K the diffusion of helium.through pyrex is extremely
slow. Hydrogen is the only gas which may be present and with suitable

means can be controlled.

The Field Emission Microscope

A schematic for the field emission tube is given in Figure 10.

The basic parts of this tube are the tip filament assembly, the plati-
nun foil on a reentrant dewar for condensing gases, and the high voltage
phosphorescent screen for detection of emitted electrons.

The field emitter tip is mounted on a tungsten filament. This
filament is spot welded to a press seal via Nichrome inserts. The in-
serts help reduce thermal conductivity from the wire to the tungsten
leads of the press seal; this facilitates temperature control at the
tip. Sensing leads on either side of the tip provide a means of measuring
the voltage drop across a standard section of the filament. Knowing
the resistance of this section at 295°%K and the current through the fila-

ment, the temperature is obtainable from Equations 20 and 21. Using

~



Figure 10,

The field emission microscope tube with the components listed

below

A high voltage lead in

B tungsten hair spring to make electrical contact to
screen's conductive coating

C the field emission tip

D phosphorescent screen

i) thick wall tubing for sealing off vacuum system

F getter bulb

G electrical lcads to platinum foil

H platinum foil for storage of condensable gases

I  conductive coating (tin oxide film)

J tungsten sensing leads

K nichrome heat barriers
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the sensed voltage and the current one can electronically control the
temperature by comparing the resistance of this section to an external
resistor.

To make the field emitter tip, a 5 mil tungsten'wire is electrically
etched in dilute KOH solution to a very fine tungsten fiber., This fibor
is spot woldud noarly in tho conter of the filament betwuen the sensing
loadse It is then etched further until only a small tip remains. Usu-
ally, inspection of this tip under 500 power white light, air microscope
shows the tip to be too small for resolution. The tip must point toward
the screen after the press seal is resealed to the tube.-

when the press seal holding the filament tip assembly is sealed to
the tube an unobstructed path exists between the field emission tip and
the platinum foil; this is essential because of the trapping ability
of any surface at 4%K.

The platinum foil is used as a storage place for condensible gases.
This foil is spot welded to a two lead press seal which is part of a
reentrant dewar. Most hydrocarbons can be stored on such a foil provided
the reentrant dewar is cooled with liquid nitrogen. Reentrant walls
extending beyond the foil help reduce radiati&e heating to the foil.
When the gas is needed for dosing the tip, the foil is heated slightly
by electrical resistance heatinge.

In operation a magnified image of the field emission tip can be
seen on a phosphorescent screen. This screen is biased to a positive
potential of 2 to 6 kilovolts with respect to ground. Electrical con-
tact to the screen is accomplished by coating the inside of the tube
with tin oxide. A small tungsten spring spot welded on a press seal
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contacts this codting by spring pressure.

To eliminate hydrogen a getter bulb is connected to the field eris-
sion tubes DBy vaporizing the titanium wire a metallic coating is built
up on the inside of the bulb. Hydrogen adsorbs on this metallic film
and is subsequently buried when another layer of metal is deposited.
Since the vapor pressure of hydrogen 1s appreciable at L°K it is essen-
tial to have this getter pump, especially in the case of serial runs

without reloading the tube.

Gas Loading of the Field Emission Tube

The field emission tube is initially pumped out on an ultra high -
vacuum gas handling system. Figure 11 indicates the main features of
the system used, with diffusion pumps providing evacuation. The tube
was sealed to the gas handling system, and system plus tube baked with
the pumps on for 8 hours at 400°C by means of a portable oven. Fila-
ment and foil were degassed by resistance heating. Following this treat-
ment the pressure in the system (at room temperature) was usually 2 x 10'9
torr. This pressure is certainly low enough for a gas handling system
(10).

Gas was admitted to the system by a Granville-Phillips variablé
leak valve. Before admission to the system the gas was stored in a gas
ampule on the non-baked portion of the systems This ampule was opened
by breaking a break-off seal with a glass encased iron sluge. The ampules
of purified benéene and cyclohexene had been previously prepared. An
extra ampule was provided to condense out and save unused purified ben-

zene or cyclohexene,



Figure 11. Gas handling high vacuur syster with the components listed below

HONmUORBZZGH>

Granville-Phillips variable leak valve
Granville-Phillips type "L" valve

ion gauge

distillation thimbles

thick wall tubing for sealing from the vacuum systen

field emission tube

liquid nitrogen cooled traps
diffusion pumps

fore pump

gas ampule for saving unused gases
gas ampule with sample gas

break off seals

iron slug encased in pyrex
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By closing a type "L" Granville-Fhillips valve between the pumps
and the systen a closed system was obtained. This valve prevented ex-
cessive'loss of the gas used to load the tube.

To load the tube the reentrant dewar was filled with liquid nitro-
gen to cool the platinum foil, With the "L' valve closed the gas was
admitted to the system through the variable leak and condensed on the
foil. Znough gas condensed on the foil to form a visible deposit.
After pumping on the tube with the "L" valve open and the variable leak
valve shut, the tube was sealed off and removed from the system, A
section of thick wall tubing between the system and the tube helped
in this process. The thick wall tubing collapsed evenly upon heating
with a glass-blowing torch, making sealing and separation simple. At
no time from the admission of the gas to the tube until the placeﬁent of
the tube in the liquid nitrogen cooled cryostat was the temperature of

the foil allowed to exceed 77%K.

The Cryostat

A diagram of the cryostat used is given in Figure 12. The main
parts of the cryostat were two silvered dewars. The outer dewar for
liquid nitrogen coolant had a permanently evacuated jacket. The inner
dewar vacuum jacket was provided with a pump out port. This was for
flushing with dry nitrogen gas and pumping to eliminatc any helium gas
(which diffuses through pyrex at such a rate as to destroy the insulating
properties of the jacket after several days). Slits permitted observa-
tion of liquid nitrogen and liquid helium levels inside the dewars.

A 60 x 100 mm. window to the inside of the cryostat permitted the field



Figure 12. The c¢ryostat with the components listed below

rubber 0" ring

tightening bolts

rubber gasket

evacuated glass high voltage probe
liquid helium pyrex dewar

liquid nitrogen pyrex dewar

steel safety casing

field emission tube

cork ring

liquid helium transfer inlet

BNC electrical feed throughs

pump out port

pipe flange fitting

rubber gasket

stop cock

pump out port to liquid helium dewar jacket
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eriission pattern to be observed and photographed. A metal casing with
appropriate slit and window surrounded these dewars. An air tight col-
lar closed off the inner space to the inner dewar. The removable top

of this collar contained electrical feed throughs, a special high voltage
probe and a tubular opening for the liquid helium transfer tube. A pump
out port was also provided on this collar for flushing out and pumping
the inner space.

To prepare for an experiment the outer dewar was filled with liquid
nitrogen and the collar top was reélaced with a plexiglass plate to keep
moisture out of the inner space. The field emission tube was connected
to the high voltage probe, which is attached to the collar top, and all
electrical connections were made. The plexiglass plate was then removed
and the tube lowered into the inner space. With the collar top bolted
in place the vacuum jacket of the inner dewar was flushed with nitrogen
gas and then pumped to less than a micron pressure. A lower pressure
of nitrogen was not necessary since it condenses on the dewar wall at
L°K. To eliminate thé possibility of a fogged window due to condensed
nitrogen the inner space was cyclically flushed with helium gas and pumped.

With helium gas in the inner space, helium was then transferred.

Zlectronics for Field fmission
A block diagram of the electronics used is given in Figure 13.
The high voltage source used was a Fluke model 4103, A Keithley 601
or 610B or a Cary vibrating reed model 31 electrometer was used for cur-
rent measurements. All electrometers used were accurate to within 2%

generally and 1% relatively on a single current range; accuracy was



Figure 13. Block diagram of electronics used in field emission
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limited by specifications of the feedback resistors. A simple power
supply was used for heating the platinum foil gas supply. The special
Kelvin double bridge tip temperature controller was built and designed
by the Ames Laboratory Instrumentation Group. A circuit diagram of this
controller is given in Figure l4. The differential amplifier used in
conjunction with this bridge was a Sanborn model 860-4300.

The principle of operation of the tip temperature controller is as
follows. A resistance corresponding to resistance between the sensing
leads at the desired tip temperature is dialed in on a ten turn poten-
tiometer., With the power current going through both this resistor and
the filament any difference in resistance can be sensed as a difference
in two potential drops, one between the sensing leads, the other across
the potentiometer, With the aid of a differential amplifier this dif;
ference is used to control the power source. With proper damping and
gain, the resistance of the section between the sensing leads can be

controlled to within 1%.



Figure 14. Kelvin double bridge tip temperature controller
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GAS PREPARATION

The benzene and cyclohexene were supplied by James Hinton, Valpa-
raiso, Florida. Manufacturer's analysis specified maximum total impuri-
ties of 0,025 for cyclohexens and 0.001% for benzene. These chericals
were always handled in vacuums of 1 x 1078 torr ambient or less. The
chemicals originally were contained in ampules with break off necks.
These necks were broken under high vacuum using metal bellows (Figure
15) to transmit torque. Before admission to the vacuum system the am-
pules were cleaned externally with acetone and dried.

After breaking the neck of the ampule the gas to be transferred
was vacuum distilled several times. The gas was then transferred to
gas ampules provided with break off seals. The gas was condensed on
the inside of the ampule by cooling the ampule to liquid nitrogen tem-
perature. These ampules were then sealed by collapsing a thick wall

tube under vacuum,



Figure 15. Vacuum tight container for opening gas ampules

The metal bellows which are sealed well enough for wltra
high vacuums are flexible even with the tube evacuated.

To admit a new ampule the top of this tube was glass blown
open and the ampule replaced; the tube was then resealed
and leak tested.
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Migration Studies

Migration studies using the field emission microscope can be help-
ful in determining the number of bonds a species initially rakes to the
surface. Multiple bonding of benzene to mcﬂals has been suggested by
Agzronomov and Mishehenho (1) and Selwood (29), and preferential adsorp-
tion on planes of proper geometry is the fundamental assunption of the
multiplet theory of catalysis (5,33). It has also been shown that pre-
ferential adsorption will lead to an irregular migration boundary (14).

The migratién studies were carried out by dosing the field emission
tip in the absence of the electrical field. It is necessary to leave
the field off for these shadowing experiments since the benzene is hijnly
polarizable and an electric field will make the benzene travel in a curved
trajectory. This deflection with the field on will result in the entire
tip being dosed. With the field off a shadowed deposit can be obtained.
The tip is hcated until the boundary moves.

Figure 16 shows the migration at about 85°K. Initially the upper
portion of the tip is covered with a multilayer, a monolayer band crosses
the tip equatorially and the bottom half is bare. The monolayer lowers
the work function whereas the multilayer acts as a dielectric layer and
inhibits emission. This gives the field emission pattern the appearance
of a narrow band.

Upon further heating the boundaries of both layers move away from

the central rogion. Doth layors move uniformly and are not slowed or

stopped by a particular plane.



Figure 1l6.

Migration of benzene on a tungsten field emission tip

Dosing of this tip was fron the top in these picturese.
After shadowing at 4°K only a narrow low work function band
erits above which is an insulating dielectric multilayer

and below the higher work function clean tungsten. Upon

" successive heatings first the boundary between the cheri-

sorbed layer and the clean tungsten and then the boundary
betwesn the chemisorbed layer and the nultilayer nove away
fron the equator of the tip. Both migration fronts are
linear. The bottom portion of the pictures at 90°K and
95°%K shows a pattern which is referred to as a pseudo-clean
pattern.
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Shadowed Benzene Migration at 80°K
Dose at 4°K. for 10 sec.

Migration at 80°K Migration at 90°K

for 60 sec. for 20 sec.

Migration at 90°K Migration at 95°K

for 60 sec. for 10 sec.
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If the nultiplet idea (5) were applicable for benzene adsorbed on
tungsten a preferential adsorption should occur on certain plancs, which
is not consistant with the migration behavior. This should also apply to
other types of multiple bohding, such as acetylenic end ethylenic t&pc (14)
bonding. Singular bonding, such as w-complexing or.single siga bonding,
is the only alternative left to explain the exporimental results.

The exclusion of the multiplet idea for benzene is tenable in lignt
of Taylor's (32) thermodynamic arguments to explain catalytic activity.
This is also in agrecment with recent hydrogen exchange work for oenzenc
adsorbed on nickel (15). The absence of any patterns resembling ethyl-
ene or acetylene adsorbed on tungsten up to 800°K also lends weight to
a singularly bonded species; this will be seen in the next section.

The increase in field emission current following dosing at a given
voltage indicates benzene must be chemisorbed, otherwise the dielectric
layer would lower the current. If a non-chemisorbed polar species were
produced it would line up in the high electric field with the negative
portion away from the surface; this would be true even at very low tem-

peratures due to the high electric field as cAn be seen by the Langevin

relation
F kT
}_l = Mo (COth'.‘iO__ - ) 26,
k T. #oF

where ﬁ is the average effective dipole moment. Therefore, chemical
bonding to the surface has been proven since the work function decreased

and field emission current at a particular voltage increased with adserp-

tione.
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Depondence of Field suission on deaction Temperature
Information regardiné the reaction path can be deduced by following
the dosed tip work function dependence on temperature. The change in
the work function can be taken as a measure of the extent of a reaction.
If no "window" effect occurs one can assign a A@ for a monolayer for
each species, and assume linearity with coverage for each adsorbate
according to Lquation 5, and assume further that changes in work func-

tion contributed by each species are additive (8). Then

j )

where each species is assigned a particular j. From this, if one reaction

is assumed to occur, the extent of the reaction, a, occurring on the sur-

face can be written as
- A¢l "A¢

AF, < B%;

where i and f designate initial and final valves. This assunies that

a 28,

each product is either completely adsorbed or completely desorbed, at
least to the extent that no difference can be detected experimentally.
During dosage with the field on, the field emission current increases
to a maximun and thon drops to below the curront for the clean tungsten.
This is to be expected since initially a chemisorbed layer is forming
which changes the work function linearly with coverage. In this case
the work function decreases with adsorption of benzene or cyclohexene.
This is followed by second layer formation and a dielectric barrier.

This second layer is often accompanied by the formation of 'molecular
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images" which were first obsecrved by Mueller and Melmed (24). Presencq

of "molecular images" produces Fowler-ilordheim plots with breaks or curves.
In thé present case the second layer and "molecular inages® are of no
interest and dosage to only a simple nonolayer was studied.

The simplest method of dosing at 4°K is to heat up the platinum foil
with constant voltage heating. By gradually increasing the voltage passed
through the foil and monitoring the field emission current a point is fi-
nally reached where the field emission current increases. when the current
then reached a maximum heating of the foil was stopped. The decrease in
the work function observed for dosing in this manner with benzene was about
1.0 eV and for cyclohexene usually 0.8 eV. If the tip was dosed at 150°K
with benzene a second layer did not form. For a tip dosed heavily at 4°K
the second layer usually desorbed readily around 175%K.
| To measure the extent of the reaction at various temperatures, the
tip was dosed and heated for 20 seconds to successively higher terpera-
tures. After each heating the tip was allowed to cool back to 4°K and
series of voltage and current readings were taken for a Fowler-Nordheim
plots Additional heating at a given temperature did not significantly
change the work function. This behavior has been previously observed by
Arthur (4).

Benzene-dosed tungsten produced a pattern, similar to that for clean
tungsten, characterized by large non-emitting roughly circular areas
corresponding to principle crystal faces set in a nearly uniformly emit-
ting background. For simplicity this type of pattern will hercaftcr be
referred to as "pseudo~clean'. Figure 17 shows such a pattern with a

few molecular images appearing as bright spots. No evidence of a pattern



Figure 17. Fiold cmission micrograph of a benzene dosed tungsten tip

The patterns seen in these pictures are pseudo-clean with
a few molecular images showing as bright emission areas.
Very little change in the pattern can be detected below

800°K.
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Benzene on W Heated to 300°K
Heated to 200°

Heated to 500°K Heated to 550°K

Heated to 700°K Heated to 850°K
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characteristic of hydrogen appeared on a fully covered surface.

In the plot of work function vs. tenperature Figure 18 shows that
there appears to be a ﬁniform decompositions The behavior of the decom~
position seems to be independent of the starting dose temperature.
Figure 19 shows three plots of work function vs. temperature for tips
that were dosed to about the same extent. The curves agree well and the
small differences could easily be due to differences in dosage.

Figures 20 thru 23 show a seriss of field emission patterns of a
tip that had been dosed very lightly on one side (bottom side) and heavily
on the other (top side). Very little change appears until around 437°K.
Up to this point the upper portion of the tip had a lower work function
than the lower portion and consequently emitted more intensely. This
shows the pseudo-clean pattern as seen in previous patterns. Beyond
437°K the bottom portion is seen better and at 580°K predominates due
to the high work function of the upper portion. From this temperature
up to 9129K the bottom part of the pattern is similar to the atomic ni-
trogen pattern observed by ihrlich (11). This suggests a chemisorbed
species similar to chemisorbed atomic nitrogen. The radical C-H is ‘
isoelectromic with atomic nitrogen and is a likely possibility. C-H
| radical has been proposed to account for poisoning of tungsten by ethyl-
ene and acetylene (14). Atomic carbon or both atomic carbon and C-H
radical are alternate possibilities. Beyond 912°K a typical carbon on
tungsten pattern (14,22) is observed and above 1000°K a pattern that

might be typical of surface WoC (18,22) appears. Figure 2/ presents the

single-point work function determinations for this series with regions

where changes are occurring indicated.



Figure 18.

Work function despendence on reaction terperature for clsan tungsten dosed with a benzene
monolayer and for tungsten with the dezradation products of ZCCOn originally on the
surface and then dosad with benzene

After the initial doses and work function determinations the iip was successively heated
to higher temperaturess (abscissa), cooled to 49K and the work function (ordinate) de-
termined. The work function was determined fron the slopes of the Fowler-lordneim plot
with the clean turgsten work function assumed to be 4.5 eV. It was assumed that no
change occurred in tne slope of the clean tungsten Fowler-!lordaein plct since the same
tip was used throushout both experiments,



¢leV)

50

3.5

l I | | o I
BENZENE ON TUNGSTEN

& BENZENE ON CLEAN W

o BENZENE ON PARTIALLY COVERED W
WITH BENZENE RESIDUE OF 800°K

300 500 700 900
TEMPERATURE °K



Figure 19.

Work function dependence on reaction temperature for tungsten dosed with benzene with
the tungsten at three different dosing terperaturss -

After the initial dose (with the tip at 49K, 150°Kk or 300°K) and wori: function deter-
mination the tip was successively heated to higher temperatures (abscissa), coolad to
L°K and the work function (ordirate) dster:ined. The work functicn was determined by
the Fowler-licrdneim method with the clean tungster work function assu-=d to be L.5 eV,
In these experiments the benzene flux and dosing tize were sufficient to develop mors
than a monolayer.
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Figure 20,

Field emission micrograph of a tungsten tip with a monolayer
of benzenc on the upper half and less than monolayer of ben-
zene on the lower half

Since chemisorbed benzene lowers the work function only the
upper half is observed initially. The tip was heatoed for
30 secs to each of the indicated temperatures and allowed
to cool to 49K for photographing. A very slight change is
observed at the reaction temperature of 307°K.



Clean Tungsten Benzene Dosed at 4°K
$=4.50eV P=4.18 eV

Heated to 98°K Heated to 105°K
D=4.15eV P=4.13 eV

Heated to 148°K Heated to 307°K
(D=4.15 eV 4):4.37 eV



Figure 2.

A continuation of the series of photographs of Figurc 20

A zradual change occurs from reaction temperatures of 3500K

to 510°K due to the increasing work function of the heavily
dosed upper portion. Increased work function of this por-

tion requires an increase in applied voltage to obtain an
image and consequently increasing the emission from the lightly
dosed lower portion.
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Heat to 350°K Heated to 365°K
P=4.49 eV 0=4.53 eV

Heated to 402°K Heated to 437°K
d=4.62 eV D=4.71 eV

Heated to 472°K Heated to 510°K
$=4.80 eV b=4.85eV



Figure 22.

A continuation of the series of photographs of Figure 2l.

With increasing reaction temperature tne work function in-
creases and the upper portion becomes considerably less
emitting than the lightly dosed lower portion. The latter
starts emitting a pattern similar to tungsten with atomically
adsorbed nitrogen (11).



Heated to 545°K Heated to 580°K
$=4.89eV b=4.9ev

Heated to 615°K Heated to 645°K
0=4.91eV : 0=4.91 eV

Heated to 675°K Heated to 792°K
$=4.91eVv $=4.88¢eV



Figure 23. A continuation of the series of photographs of Figure 22.

Degradation products start to migrate at reaction tempera-
ture of 9129K to produce a pattern typical of carbon on
tungsten at 970°K (14). This changes with increased reac-
tion temperature to a pattern believed typical of surface
Wt (18,22).
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Heated to 852°K Heated to 912°K
b=4.86 eV $=4.83 eV

Heated to 940°K Heated to 970°K
$=4.78 eV $=4.75 eV

Heated to 1032°K Heated to 1230°K
0=4.66 eV O=4.62 eV



Figure 24. Work function depsndence on reaction temperature for tungsten dosed with benzene as
shown in Figurss 20 through 23

This is the sinzle point work function deterziinations which accoipany the field erds-
sion micrograpns showvn in Figures 20 throuzh 23. Regions arz labelled to show emitting
portion of tip (which shows bright in microjrapghs). iotice that the bottom half of the
tip can only be szen if the total measured wori functicon is greater than the work func-
tion of clean tun;sten.
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The entire series of field emission experiments of benzene on tung-
sten suggests a simple uniform decomposition. The benzene might possibly
decompose first to acetylenic type species or to C-H radicals before
breaking down to adsorbed carbon and hydrogen. This series also shows
that benzene or the residue left in its decorposition if once cheni-
sorbed is not mobile.

Figure 25 presents the field emission micrograph sequence for tung-
sten dosed with cyclohexene and successively heated. Below 300°K the
pseudo-clean pattern prevails and at 300°K and above a pattern identical
to that obtained with acetylene adsorbed on tungsten develops. This is
in contrast to'benzene which retains the péeudo-clean pattern until
surface carbon begins to appear at 800°K. iquation 5 would imply that,
lacking any crystal plane preferential adsorption, the cyclohexene would
creéte a pseudo-clean pattern. OQuite the contrary occurs and anisotropy
of the work function, implying anisotropy of adsorption, implies acety-
lene like adsorption. If two point attachment of cyclohexene is assumed
to explain the peculiar anisotropy, a reasonable explanation for the
identity of the cyclohexene and acetylene patterns above 300°%K is two
site bonding of cyclohexene with the site spacings the same as for acety-
lene. In the cyclohexene case below 300°K there may be other species
prescnt on the surface, such as chemisorbed benzene, which would produce
a pseudo-clean pattern; this is indeed consistent with what is found by
flash filament experiments to be discussed in later sections.

For the assumed two site adsorption for cyclohexene there are two
considerations indicating adsorption on adjacent sites spaced 2.7&2

or 3.162 apart; the other prevalent site spacing on tungsten is h.h?x.



Figure 25.

Field emission micrographs of tungsten dosed with cyclohexene

The c¢yclohexene chemisorbed on tungsten produces a pseudo-
clean pattern at 4OK. Heating to higher terperaturss for
20 sec. produced little change in the pattern until a rcac-
tion tenperature of 300°K was reached. It is assumed at
this temperaturc adsorbed benzene (produced in the dispro-
portionation reaction and responsible for the pseudo-clean
patterns) is desorbed. Above 300°K reaction temperatures
patterns identical to those produced with chemisorbed acety-

lene are observed.



Clean Tungsten Cyclohexene dose at
$=4.50 eV 4°K 0=4.08eV

Heated 175°K Heated to 300°K

$=3.75eV $=4.08evV

Heated to 375°K Heated to 500°K
$=4.35eV O=4.62 eV
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First, patterns are markedly similar to those for acetylecne, as previ-
ously stated; migration studies of acetylene on tungsten (14) indicate
preference for planes with a large nunber of 2.7&2 and 3.162 spacings
and indeed adsorption of acetylene on sites separated by A.A7X would
require severe strain. Secondly, trans addition of cyclohexene to the
surface which is required for adsorption on A.A?X spacings would neces-—
sitate ring strain whercas cis addition would not. The cis addition re-
quires the small Z.VAX and 3.163 spacings for two point attachment. Jven
if bonds formed in trans addition were stronger than for c¢is addition
it seems unlikely that the difference in enérgy would pay the cost of
ring strainz. This cis addition is in contrast to the ethylene chemi-
sorption where trans addition seems predominant (14).

Cis addition of cyclqhexene to tungsten would force adsorption in
a boat form and, on the surface, this has two possible configurations.

In one form the points of the boat are pointed away from the surface

and in the other form they are pointed toward the surface. The differ
ence in the two forms can be seen in Figure 26 along with the cis and
trans configurations of adsorbed ethylene.

The plot of work function against temperature for cyclohexene on
tungsten shown in Figure 27 is similar to that for benzene on tungsten
su/pesting duocomposition via bonzone intermodiate or decomposition via
the same intermediates as benzene deconpositions One outstanding dif-

ference was the marked work function instability in the intermediate

2The "strained" ring needed here, with four atoms coplanar, would
require about 10 kcal.



Figure 26,

ilodels for possible confijurations of ethylene and cyclo-
hexene chemisorbed on a tungsten surface

Sthylene can form two ¢~bonds to thec surface by trans addi-
tlon across the 4 47 tun~sten spa01nb and oy cis addition
across the 2.74% and 3. spa01nbs. Cyclonexene can add
only cis across the 2.74A and 3.168 spa01ngs in the boat
form but in two configurations, one in which the points of
the boat are away from the surface and one with the points
toward the surface.



"trans' adsorbed cis' adsorbed
ethylene ethylene

adsorbed cyclohexene adsorbed cyclohexene
boat points up boat points up
side view top view

adsorbed cyclohexene adsorbed cyclohexene
boat points down boat points down
side view angle view



Figure 27.

Jork functicn depandence on reactilon tenperature for tungsten dosed with cyclchsxare

After initial dose and work funciion determination the tip was successively hsated to
higher terperature (abscissa) fcr 30 sec., cooled to 4°K and the work functicn (ord:-
nate) deterined. The work funciZon was deteriiined by both the Fowler-.crdaziw methed
and th2 sinzls point rethod with the clean work function assw.ed tc bs 4.5 V. In
the rszion dotween 350°K and ACCP: considerable hydrojen descrpiion creatad scatiz

in the Fouwler-lordhein points. Since the sinzle point dstesrminations can vz talen
rapidly less scatiter Is cbserved with this msthod. The hwip in the plet, indiecative
of surfacz hydrozen, is therefors resolved by the single point methcd.
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temperature range in the cyclohexcne casce The work function tended to
lower under the influence of the eclectrical field. This indicates a
field induced recaction, probably the desorption of hydrogen since hy-

drogen increases the work function (16).
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FLASil FILAMSNT QuSULTS

Hydrogenation of Surface Residue

Attempts wore made to hydrogenate the residue of benzene decorposi-
tion in an effort to obtain some clue as to the composition of the sur-
face intermediates. With the reentrant dewar filled with liquid nitro-
gen the filament was cleaned by heating to incandescence and allowed to
cool for 4 minutes. A pressure of about 10—7 torr of benzene was main-
tained for about 10 scconds allowing about a monolayer to adserb. The
filament was then flashed to 800°K and again allowed to cool. A pres-
surc of ZJ.O-6 torr of hydrogen was then established with the ground glass
valve closed. With the mass spectrometer scanning rapidly from mass
10 to 80 a second flash to 800°K was initiateds In this experiment as
well as in the cases where the first flash was to 500°K, hOO°K, 375°K,
and 300%K only methane was evolved.

This result would be expected if the residue were C-H or individual
carbon atoms chemisorbed. It does not, however, in any way prove this.
The experiment was carried out with the thought that if more complex
species did exist on the surface then more complex species might be seen

upon hydrogenation.

High Pumped Flash Filament Zxperiments
The integral of dosing pressure over time is proportional to the
total number of molecules striking the surface during the dose. From
iquation 1 it can be shown that a 1076 torr-sec. dose of benzene will

cause 2.5 x 1014 per cm. molecules to impact the tungsten surface; this
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value is equivalent to about one molecule of benzene per four surface
tungsten atoms.

In the present work pressures were measured with a gauge calibrated
for nitrogon and dosos reported in torr-secs nitrogen cquivalent. Since
the sensitivity of this gauge for bonzene is at least throe times uas
great as for nitrogon (28) the bonzeno doses arc one third or less the
nitrogen equivalent dose.

The filament was dosed at 90°K, then heated with a 0.5 amp heating
current with the ground glass valve open; the pressure was recorded for
the duration of the flashs. Two distinct results were obtained, depending
6

on dosage. For doses of less than 2.7 x 10" torr-sec. (nitrogen equi-
valent) only hydrogen was evolved upon flashing; above this value both
benzene and hydrogen would desorb.

These two facts are most easily rationalized in terms of the dis-

sociative w-complex model proposed by Garnett and Sollich-Baungartner

(15) as represented in quation 29,

@z@lz©+}j%

. * %
Here.ﬂgij designates a metal m-complexed benzene, is a phenyl sroup

0 -bonded to metal and I is chemisorbed hydrogen. Retention of rcsorance
energy is in conflict with some current ideas of benzene chemisorption
where it is believed the resonance cnergy is destroyed (31)s. The postu-
lated intermediate is a phenyl group 0-bonded to both metal and hydrogen
with a great deal of its resonance energy retained. As coverage increases
the 7-complex, requiring only one site per molecule, would be increasingly

favored.
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To test this mechanism a series of experihents was carried out with’
hydrogen preadsorbed on the tungsten filament and benzene subsequently
adsorbeds The evolution of benzene was then followed in a high pumped
system. Control experiments without preadsorbed hydrogen were also con-
ducteds Figure 28 shows the resulis of this serics. The pressures of
bonzune shown in this fipure are thu naxina of obsorved desorption poaks
and are only roughly proportional to the total amount of benzene evolved.
The important fcature of the figure is that without preadsorbed hydrogen
no benzenc is evolved below 2.7 x lO"6 torr-sec. dosagc whereas with
hydrogen preadsorbed this is not the case. Wwhen this experiment was car-
ricd out using deuterium in place of hydrogen, however, no deutcrated
benzene was formed although benzene was still evolved below dosages of
2.7 x 10_6 torr-secs This surprising result suggests two interprotations.
First, the hydrogen may be so immobile at the tenperature of adsorption
that only the hydrogen on a site adjacent to the g-bonded phenyl group
can react to regenerate f~bonded benzene. This would be reasonable if
hydrogen migration were slow and definitely involved jurps to adjacent
sites, as shown symbolically in iquation 30.

+ U & H + 30.
*1 3#2 #*1 32
Here the symbols #1 and *2 designate distinct and neighboring hydrogen
bonding sites. Indeed, Gomer (16) has shown that hydrogen is not ap-
preciably robile on a scale of the size of a field emission tip below

200°K. Gomer's studies concerned hydrogen migration into regions devoid

of chemisorbed molecules. Second, chemisorbed hydrogen may block the



Figure 28. Bengzene evolution fren a tungsten surface as a function of dosa;e and hydrogen pre-
dosage

The pressure burst of benzene in a high pwped system is shovm as a function of dos-
age. This was done for both initially clean tungsten and tungsten predesed with hy-
drogen. In the rszgion left of the dashed line banzene evolution does not cccur witih-
out hydrogen preadscrption.
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chemisorption of benzene. This second assumption would imply that if
deuterium were adsorbed and then benzene the hydrogen products in the
flash would be only deuterium. This is not the case; the hydrogen pro-
ducts are statistically mixed H,, HD, and D,.

The high pumped flash of Figure 29 has another peculiar feature,
that is hydrogen is evolved in large amounts at 1000°K and above. This
rieans that the kinetic analysis will be complicated by the fact that
hydrogen is still being evolved in a region where the filament itself
will start to pump hydrogen by pyrolytic production of atomic hydrogen.
This implies a constantly changing pumping speed and hydrogen production
in the temperature range from 800°K to 1500°K. Correction for the purping
speed is therefore very difficult. A new experimental technique will
need to be introduced to overcome this situation.

During the course of these experiments no hydrogenated species were
detected in the gas phase; only the cracking pattern of pure benzene was
observed. Thus, tungsten will not catalyse the hydrogenation of benzene.

Figure 30 shows the total pressure curves for the flash decorposi-
tion of cyclohexene from tungsten in the high pumped system. Figure 31
shows a similar curve with the ion current for mass 2 read from the mass
spectrometer., This mass 2 reading also includes in it the mass 2 por-
tion of the cracking pattern of cyclohexene, cyclohexane, and benzene.
These are shown to be evolved and correspond to the mass 2 peaks observed
below 300°K, The rest of the mass 2 current corresponds to hydrogen
evolution only. Figure 32 shows the partial pressures of cyclohexehe,
cyclohexane, and benzene produced in a similar experiment. The peaks

monitored for these species were 54, 56, and 50 respectively. No other



Figure 29.

Hydrogen desorption fron a benzene coverad tungsten surface

Hydrogen evolution in a high purped system is given as a funciZon cf the filameons ten~
J o . <3 y J & N

perature. A heating rates of abcut 20° per sec. and a pupin; spzad of about 20 1. per
sec. were used. The curvs indicatss that nydrogen is evclvad tc a consideradbla =xtant

at 1000°K.
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Figure 30,

Total gas desorption frem heating tungsten filament dosed with cyclohexene in a hnigh
purped systen
Four different dosages, 0.56, 0.80, l.4 and 3.1 x 1076 torr-ssc., of cyclohexene on

tungsten ars followed by a flash and the total pressure ronitorad with an ion gauge.
The pressure is given as a function of flash time and filament terperaturs.
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Total pressurs and rass 2 ion currert in a hizh punpsd system during the heating of a

Figure 31.
tungsten filament initially covered with crclonexsns

The total pressure and rass 2 ion currsent ars shown as functions of filament tenpera-
ture which increased at about 20° per szc.
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Figzure 32.

Total pressure and partial pressures of cyclohexene, cyclohexane and benzerns during the
heating in a high purped systen of a tungsten filament in‘tially coversd with cyclo-
hexene

¥ass peaks 50, 54 and 56 were used to monitor the partzal prsssures of bsnzene, cyclo-
hexenes and cyclohexanc raspectivel;-. Thesec p%rtial pressures arzs snowrn: as functicns of
filarment temperature which increased about 20" per sec.
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spccies were observeds The cyclohexane and benzene were given off in
ratio of abouﬁ 2:1 as would be expected from stoichiometric dispropor-
tionation of cyclohexene. Cyclohexane and benzene differ in desorption
temperature suggesting thal disproportionation occurred and the products
were held either in a physically adsorbed layer or as the case of ben-
zene in a weak chemisorbed state as a m-conplex.s The following sets

of reactions are therefore proposed.

(physi-~

[:::](8);: cally g - +h 4 31.

_ adsorbed ) .

» * )
+ H o= =2 @ (g) 32+

*

+ 2H 2 (physically & O (g)

» 4 adsorbed) 33.

Reaction 31 of this series suggests possible rapid hydrogenation
of cyclohexene in contrast to benavior reported on other metals and the
behavior expected in a Rideal-iley type mechanism (6) for hydrogenation
of alkenes as proposed by Ne C.‘'Gardner (14). There is also no provi-
sion for poisoning the surface if it is assuned that the w-complexed
benzene is easily desorbed. According to Figure 32 m-complexed benzene
will rapidly leave the surface at temperatures of 250°%K to 300°K or
higher. This is in contrast to the ethylene case where it is believed
that at room temperature the ethylene will leave a considerable number of

C-H radicals on the tungsten surface which poison the hydrogenation.
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Room Tenperature Hydrogenation and Disproportionation

As a control cxperiment a tungsten filament at room tenperature
was exposed to ambient CO pressure for several hours. llydrogen was ad-
ritted to the reaction cell with the ground glass valve shut. This was
followed by admission of cyclohexene. During and after admission of cy-
clohexene the gas phase was monitored with the mass spectrometer using
O.i second scans. Absolutely no benzene or cyclohexane was observed.
For another control the filament was contaminated by adsorbing cyclohexsne
and flashing to 1000°K producing a carbon covered surface. Again, admis-
sion of cyclohexene did not result in benzene or cyclohexane production.

With a clean tungsten surface, however, a very rapid hydrogenation
of cyclohexene was observed. This was followed by a slow but continuous
disproportionation. These results are shown in Figure 33.. The benzene
was difficult to observe below 1 x 107€ torr partial pressure. This
is because the 50 mass peak for benzene is only a 15, peak; cyclchecxene
also has a small 50 peak in its cracking pattern and this must be sub-
tracted before the benzene pressure can be calculatede To obtain pres-
sures a cross calibration with the ion gauge was made immediately after
the experiment with the glass valve open and 10-'7 torr cyclohexene pres-
sure. This flow system made it possible for nearly all the gas to be
cyclohexene.

Since the hydrogenation starts immediately upon admission of cyclo-
hexene to the reaction cell at a pressure of Il.O'9 torr and less, any
mechanism which requires abstraction of hydrogen from chemisorbed cyclo-

hexene must be ruled out. Further, in absence of preadsorbed hydrogen

the self-hydrogenation is accompanied by benzene production. This



Figure 33 .

The hydrogenation and disproportionation of cyclonsxene on hydrcgen coverad tungsten at
roor: terperature

Masses 50, 54 and 56 (benzens, cyclohexene and cyclohexare raspectively) were nonitored
when cyclohexznz was exposed at room terperature to a tungsten wires that had bzen
cleaned and predosed with hydrogen. An initial fast hydrogeration is followsd b a
continuous disproportiionation.
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strongly indicates reaction of adsorbed cyclohexene with chemisorbed
hydrogen. Field emission patterns indicate that cyclohexene is choemi-

sorbaed. Thorefore, aevidence favors the reactions

. O (g) — O - 3l

*

©+ 2 H :’O(g) 35,

13
The double attachment model is proposed to account for the lack of pscudo-

clean field emission patterns above 300%K for cyclohexene on tungsten.

Decomposition of Benzene and Cyclohexene

Figures 34 and 35 show the pressure behavior during.a slow flash
in the system with the ground glass valve shut. These two figures are
for benzene decomposition and cyclohexene decomposition respectively.
With the valve shut a neafiy closed system is obtained. There is enough
of a leak through the valve to the D. I. pump to allow relative pressure
readings. The flashes were accomplished using a current density of about
3.1 x 105 amps pér cme? (0.5 amp through 5 mil wire) through the fila-
ment. At this rate large pumping corrections are needed to compensate
for the leak through the ground glass valve.

The shoulder on the cyclohexene desorption peak makes the kinetic a-
nalysis very difficult. This shoulder, as seen before, is due to evolu-
tion of cyclohexene, cyclohexane, and benzene. The benzene decomposition
curve, however, presents no complication of this type and it could be as-

sumed that cyclohexene decomposition proceeds via a benzene intermediate.,



Figure 34.

Total pressurs rises during the nzating of a tungsten wire desed with benzene

The heating currsnt passed tnrcugn the 5 mil tungsten wire was 0.5 arp. and the pres-
sure rise in the reaction cell is proportiornal to the D. I. pump current on the purped
side of the ground zlass valve. A fairly larsze correction is needad to corpsnsatz for

purpinge.
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Figure 35.

Total pressure risz during the heating of a tungsten wire dosed with cyclohexens

The heating current passed through the 5 r:il tungsten wire was 0.5 arpe. and the pres-

sure rise in the reaction cell is prcportional to the De I. pw.p currsnt on the purped
side of the ground glass valve. The srall hurp in the pressure riss at 300°K randers

the kinetic analysis difficult.
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Interpretation of the decomposition curve Figure 34 is complicated
by filament pumping of hydrogen above 1100°K, as explained proeviously.
The pumping speed corrections were made after 35 sec. at which time the
filament was pumping considerably. The hydrogen that is desorbing above
1100°K is important for kinetic analysis; the total hjdrogen desorbed
is a vital picce of information in this analysis.

To overcome these difficulties the experiment was carried out in
the following fashion. The filament was flashed with 1.85 amps fron
90°%K to about 800°K. At this point an A. C. current of constant voltage
was applied taking the temperature to 2000°K in less than 0.1 sec. Since
the flash to 800°K occurs in 2 seconds the pumping correction from the
class valve leak is ncgligible (less than 14). Above 1500°K the purmping
speed is essentially constant. Therefore, the observed purping speed
in the A. C. region can be assumed to start immediately after applica-'
tion of the A. C. voltage.

Figure 36 shows a typical desorption trace with the accompanying
heating rate curve. The desorption curve corrected for pumping in the
A. C. heating region is given as a broken line. This curve is normalized;
that is all pressures are given relative to the final corrected pressure
as 1. The pressure was measured with an ion gauge on the purped side of
the ground glass valve.

Figure 37 shows first and second order kinetic plots for this ex-~
periment. It is clear that the second order plot is linear and the first
order plot is not. Figure 38 gives second srder plots for various cov-
erages of benzene. There appears to be a slight trend toward a more

negative slope with decreased coverage. Figure 39 gives a comparison



Figure 26.

An exampls of the pressure burst and temperature rise durinz a fast flash

1.85 arps was passed through a 5 nil tungsten wire that was dosad with benzens. The
pressure riss was reasured on the punped side of the ground glass valve with an ion
gauge. o purping correction is necessary due to the low puping and high heating rate
until the filament is rapidly heated witn A. C.; this corraction is sacwn as a dashed
line.
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Figure 37. First and second order kinetic analysis of ben:eore decomposi -~
tion on tungsten

The log logen,/n vse 1/T and log ng = n vs. 1/T are

n
plotted to deterrine the kinetic order and activation eneszy
for the degradation of benzene on a tungsten surface. Sinc:
hydrogen is being monitored n refers to the amount of hydro-
gen remaining on the surface (either as surface hydrogen
or bonded to benzene) and n, is the final amount of hydro-
gen desorbed (and also the amount initially present on the
surface).
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Figure 38, Second order kinetic plots of benzene degradation on tung-
sten for five different initial dosages as indicated
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Figure 39. A conparison of second order kinetic plots found by flash
filament and field emission techniques

With field emission results the extent of reaction a is
taken as proportional to ny - ne
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of the flash filament with the field emission results using Lquation 28,
The activation energy of 5 kcal. and frequency factor of about lO2
cbtained from data presented in Figures 36 and 37 scuem rather improbable
and the former is in marked disagreement with the valuc of around 27
kcale expectod from the high pumped flash (Figure 29) using itedhcad's
rule (Zquation 18)s To think of the decomposition reaction, however,
as a sinmple second order reaction is unrealistic. If the hydrogen is
produced by a second order combination of atomically adsorbed hydrogen,
it is surely preceded by some reaction, or reactions, involving produc-
tion of the hydrogen from the chemisorbed hydrocarbon.

One possibility is a reaction sequence represented by the following

K
MM 2 A + H 36.
¥* 3 *

k
= Hyl 37

3

where K is an equilibrium constant and k is a second order rate constant.
Assuming monolayer initial coverage and expressing the chemical species

in terms of monolayers then

1 = [AH] + [A] 38,

and
1 = [MH) + [H] + 2(i] 39.

where the brackets designate amounts in terms of monolayers. Since

K = [ALI 40.
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and

2d [1-12 ]

= k [HJZ l}lo
dt '

thon the equation

alaH] (1 + (K+1) - 2 ) = -kk® 12,
at Caf]

[ a)?
can be derived. If K>3 then this equétion can be approximated by

-d [!\HJ l = kK l&3 .
dt 2
(AH]

which is the second order rate expression with the rate constant modi-
fied by multiplication with the equilibrium constant. Since K can be

expressed as
K = exp(AS/R - AH,/a1) bl

where AS is the entropy change and Ail, is the enthalpy change in the
equilibrium reaction as written, then the observed Al in Figures 37
and 38 is the suu of Al e‘ for the equilibrium and A1t from the rate con-

stant. AH* for reaction 37 should be at least 10 keal; this is the

activation energy for desorption of hydrogen from a surface highly covered

with hydrogen, and it is greater at lower coverages. This mecansAH e
would be about ~5 kcal. For the assumption, then, that K>1 between
250°K and 800°K for the duration of the observed desorption AS need only

be slightly positive. If the frequency factor is taken to be 1072 as
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expected3 if the migration of the atomic hydrogen were completely un-
hindered then this would give AS~6 e.u. It would not be too surpii—
sing if the frequency factor were lower since there should be consider-
able hindrance to free motion on the surface. This would give a higher
value for AS. A value of K»1, as asswied in obtalning iquation 43,

is therefore not physically unrcasonable.

This treatment of the problem is probably still an oversinplifica-
tion. The species designated A that has not yet been identified could
be the phenyl group or C from the proposed C-li radical, The second al-
ternative would imply easy breakdown of benzene chemisorbed to C-LE. The
first case would require that the phenyl group once formed will break
down rapidly to yield all six hydrogens.

A stepwise reaction path involving all species from 06H6 down to
C¢ could also be proposeds The seven rate constants furnish more para-
reters than can profitably be enployed with the present data; similar

corments would apply to any mechanism involving a large number of steps.

3Although often referred to as the frequency factor for the second
order rate expression, this factor also contains a term to take into ac-
count the density of adsorbed molecules (or adatoms) on the surface_(i.e.,
10L% molecules cmfz). The dimensions of v are em® molecules—l sec™
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DISCUSSION

It is apparont from this investigation that tungsten is catalytically
active for both hydrojenation and disproportionation. It docs not, how-
ever, appear to be active for the hydrogenation of benzenc. It is casily
poisoned by €O, and probably by other gases, but is not poisoncd by the
products from cyclohexene or benzene abt least at room temperature. This
freedon from the self-poisoning reaction is probably duo‘to vhe stability
of the bunzenoe ring.

Ficld omdssion obscrvation indicatues that benzene chendsorbs with g
single bond to the tungsten surface. This bond is probaoly of a w-type.
Cyclohexene oh the other nand exhibits bonding behavior similar to acety-
lene suggesting two bonds to the tungsten surface. In such a case, as
rnentioned earlier, cyclohexene would most likely be chemisorbed in the
boat forms as illustrated in Figure 26.

In the boat form on a fully covered surface it is hard to imagine
how hydrogenation of cyclohexene could occur by a reaction in which cyclo-
hexene impinges on a chermisorbed cyclohexene and extracts two hydrogen
atoms. It would seem that only those hydrogens bonded to the alkene
carbons which are bonded to the tungsten would be active enough to be
extracted in such a fashion. These hydrogen would be sterically difficult
to reach. There is, furthermore, the experimental evidence of hydrogena-
tion at a rapid rate when the surface coverage of cyclohexene could not
possibly be great enough for this type of mechanism to operate. It is
also'interesting that hydrogenation occurs rapidly in spite of acetylenic

site adsorption, in contrast to ethylenic type adsorption. Acetylene,
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however, hydrogenates very poorly; this indicates that it is not now ad-
sbrption occurs on the surface but what it is that is adsorbed. This
apparent independénce of adsorption geometry could lend support to the
half hydrogenated state that has been proposed by many authors. This

mechanism proposes the steps

4 H
— R
RY R /
g — CH + B R R'—y 45
3 3 3 H
H_H
¢—R
/ R R
R1— G + H = B — ¢H L6
H ¢ 3 H H

In this case the original geometric arrangement of the carbon atons on
the surface has little effect on the progress of the reaction. Regardless
of the mechanism proposed it must include chemisorbed hydrogen as its
hydrogen source,

The absolute absence of the intermediate cyclohexadiens in the dis~
proportionation indicates that this species in the chemisorbed state is
strongly bonded and unstable toward production of chemisorbed benzene.
It would be interesting to see if a similar thing could be said about '
cyclohexene if cyclohexadiene were adsorbed. From the temperature range
over which it desorbs it secems likely that only physically adsorbed cy-
clohexene can be removed from the surface.

The decomposition reaction responsible for poisoning of hydrogena-
tion reactions well above room temperature, appears to occur by a se-

quence of two or more reactions. This type of mechanism may be rather
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general. For example a two step desorption for hydrogen could be pro-
posed in the following way

21 & (1)
it 3¢ 3t

(71': ,l'pc = Hyt
in which the symool (% ﬁ)c denotes two hydrogen atoms chéndsorbed on
adjacent sites. Thisﬁcomplex would behave nuch like a caged complex

in solution reactions. The reaction sequence could account for the varia-
tion in desorption rate with coverage without necessity for assuming an
activation energy for desorption which varied with coverage. Similar
mechanisms could be proposed as an alternative to «' of squation 17 for
simple hydrocarbons as well (4).

The ﬂ;cohplex model differs importantly from that proposed by Smith
and Meriwether (31,6). According to their model, beﬁzene loses its re-
sonance energy on chemisorption, and this happens before any addition
of hydrogen can occur. If this latter were not the case the activation
energy for hydrogenation would be at least equal to the resonance energy
of 35 kcal. The experimentally determined activation energy was 7.4
kcale. so that Smith and Meriwether claim benzene must be adsorbed in such
a manner that its resonance is destroyed. The #-complex model does not
require destruction of resonance and the activated species could easily
be similar to 1,3- or l,4-cyclohexadiene which respectively have heats

of formation only 5.6 kcale. and 7.4 kcal. greater thah that for benzene.
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SUMHARY

The following conclusions have been drawn from field erission and

flash filament studies for the adsorption and reactions of benzene and

cyclohexene on tungsten surface:

1)

2)

3)

4)

5)

6)

Disproportionation and hydrogenation of cyclohexene can occur
on a tungsten surface.

Benzene does not hydrogenate at low pressures and terperatures
ranging from.90°K to 800°K, Since the rate of chemisorption
of benzene would be limited by the rate of desorption of pro-
ducts it seems unlikely that at higher pressures that this
situation could be changed.

Bénzene chemisorbs in the first layer initially with a weak
single bond, presumably a f~complex type bond and is not the
type of bond expected in the multiplet theory, This weak bond
is locally strong enough to prevent migration of the chemisorbed
benzene. Below 150°%K a second physically adsorbed layer can
be deposited on top of the chemisorbed layer. This physically
adsorbed layer is mobile on top of the chemisorbed layer above
85°%K.

Cyclohexene chemisorbs associatively with two sigma bonds to
the tungsten surface and probably in the boat form.
Chemisorbed phenyl groups and chemisorbed hydrogen appear to
exist in an equilibrium with m-bonded benzenc.

Hydrogen does not appear to migrate readily with adsorbed ben-

zene present even up to room temperature. This suggests that
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a hydrogen adatom requires an adjacent vacant site for mobility.

7) Cyclohexcne can be hydrogenated continuously on tungsten at
room temperature; in contrast to ethylene and acetylene, sclf
poisoning does not occur at room tenpcratufc. The degradations
of cyclohexene (to hydrogen and benzene) and of ethylene (to
hydrogen and acetylenc or carbon frabments) on tungsten are
both irreversible. In the former case degradation products are
desorbable in the presence of surface hydrogen and so the re-
action does not self-poison, whereas in the latter case the
acetylene (or carbon fragments) is not desorbable and eventu-
ally olocks the surface.

8) No cyclohexadiene is desorbed during flash or isothermal dis-
proportionation of cyclohexene whether or not the surface is
predosed with hydrogen. The cyclohexadiene intermediate in
the disproportionation of cyclohexene is either too strongly
chemisorbed or short lived and possibly both.

9) The final decorposition product is probably chemisorbed atomic
carbon which above 1000°K converts to WoCe WoC is decomposed
when tungsten is heated po incandescence to generate a clean
tungsten surface.

These conclusions can be swmmarized in the following formulas.

[:::](833) [::;J(phy31cally
adsorbed) 7.
150°K
(1= Q(:) = O (@)

i 350K
decomposition -
products

ot
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*], 3#2 #1 *2
The symbol () designates positive dipole away from the surface whereas

(3) designates negative dipole away. Furthermore if the reactions

K -
(£ @ @ @ + H 49
3
3 #*
fast .
3¢ 3%

%
2K - i,t 51e

have some basis in fact then the sum of the activation eneryy for the
kinetic step and the enthalpy for the equilibrium reaction is 5 kcal.
With the assumption of a reasonable frequency factor, i.e. v==10“2,
then the entropy change for the equalibrium step is equai to or greater

than 6 e.u.
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LIST OF SYN3OLS

(in order of appearance)

2 Symbol designating Angstroms, 1% = 1078 cn.
J Molecular flux
P Pressure, usually expressed in torr

k Boltzmann's constant

=3

Absolute temperature
F ilectric field
v clectrical potential

r Field emission tip radius

B The geometry factor

I Field emission current

4 Fermi energy

g  Work function

A Zmitting area

b dxponential constant in Fowler-Nordheim equation

C Intercept in the Fowler-liordheim plot
A Designates change

Ng DNumber of surface sites

e Surface coverage

40 Perminate dipole moment

S Slope of the Fowler-Nordheim plot

d Thickness of adsorbed layer

o Surface polarizability

n Amount of reactant on surface
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AS
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Tine

Frequency factor

Kinetic order of the reaction

Activation energy

Gas constant

Intercept of 1/T vs. t plot

Slope of 1/T vs. t plot

Volune of system

Temperature of system

Punping speed

Kinetic expression

Slope of plot of H dependence on ©

ilectrical resistance

Mass peak intensity

Relative mass peak intensity recorded in API table
Proportionality constant

isxponential dependence of mass peak intensity
Relative sensitivities of various gases in a mass spectrometer as
recorded in API table |
ixtent of the reaction

dguilibriun constant

Kinetic rate constant

Change in entropy in an equilibriun

Change in enthalpy in an equilibrium
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