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I. INTRODUCTION 

The interaction of a gas with a metal surface has been 

of scientific interest because of its importance in a variety 

of problems, such as catalysis, corrosion and electron emis

sion. As a result of this interest, much work has been done 

on the chemical, physical and electrical properties of clean 

surfaces. Clean surfaces are essential for investigating the 

interaction of extremely dilute gases with solids. 

Flash desorption spectrometry is a sensitive tool for 

investigating the interaction of dilute gases with macro

scopic wire samples. It consists of rapidly heating a metal 

filament on which adsorption has taken place at a given tem

perature and pressure. As the filament temperature increases, 

the rate of gas evolution in the closed system increases, 

resulting in an increase of the gas density. From the tem

perature dependence of this increase, one can obtain informa

tion concerning the rate processes which control the transfer 

of molecules from the adsorbed phase to the gas phase. The 

maximum increase in the gas density is a direct measure of 

the quantity of gas that was initially present on the metal 

surface. This technique is also suitable for observing the 

effect of surface coverage on these rate processes. If the 

adsorbate is capable of a complex sequence of reactions, as 

may be the case with hydrocarbons, a sensitive mass spec
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trometer may be used to identify the desorption products. A 

study of isotopic mixing in the adsorbed layer is useful for 

better defining the nature of the adsorbed species, and here, 

a mass spectrometer is essential. 

These dynamic measurements of the adsorption of gases on 

metals are important not only for studying the nature of the 

adsorbed species, but also for better defining the adsorbing 

surfaces, and, hopefully, gaining an insight into what char

acteristics of the adsorbent are important in adsorption. 

This technique together with other powerful techniques, such 

as field emission microscopy and low energy electron dif

fraction, offers a route to a thorough understanding of sur

face phenomena. 

This pro.lect is an application of the flash-filament 

principle to the study of the adsorption-desorption char

acteristics of simple diatomic molecules (Hg, and CO) on 

tungsten and the catalytically active transition metals 

iridium and rhodium including a study of isotopic exchange 

in dilute layers of co-adsorbed Hg-Dg and mixtures. 
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II. LITERATURE REVIEW 

A. General Background 

The literature covered In this review will deal mainly 

with the study of adsorption phenomena in ultra high vacuum 

systems. Techniques for the production of ultra high 

vacuum (<10~^ torr) have only been developed within the last 

fifteen years and the review will be limited to this period. 

Apker (1) was the first to apply the flash filament 

technique to determine pressures beyond the limit of the 

ionization gauge. At that time, all his observations were 

not understood in detail, but he realized the importance of 

surface phenomena in vacuum technology and vice versa. 

Becker and Hartman (2) used the ionization gauge developed 

by Bayard and Alpert (3) to study the adsorption of nitrogen 

on tungsten. They made use of the sensitivity and speed of 

this ionization gauge to study the initial stages of adsorp

tion and the variation of sticking probability with surface 

coverage. Becker (4) summarized in a review article his 

findings on the variation of sticking probability with sur

face coverage for a variety of gases and vapors. The char

acter of his results suggested that the uptake of some gases 

by a metal surface is not a simple monotonically decreasing 

function of the amount present on the surface. Kisliuk 
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(5, 6) has derived values for the sticking probability as-

sumli.g that zhe rates of nigration and de orption for 

physically adsorbed r.'.oleoules when ûhey are above sites oo-

vupied by chemisoroed molecules pre not equal to these rates 

^hen they are above unoccupied sites for chemisorption. His 

results agree with experiment for low surface coverages but 

do not account for the variation of the sticking probability 

as the surface covirags approaches a -.onolayer. Ehrlich (7, 

8) also investigated the interaction of nitrogen with tung

sten, but extended his invescig&wicns ^o lower temperatures. 

In addition to the primary chemisorbed staze reported by 

Becker and Hartman (2), he observed two other states of lower 

binding energy. One of these stages is significantly popu

lated at room temperature, the other can only be detected 

below 203^K. Kisliul: (9/ also investigated the chemisorption 

of nitrogen on tungsten. The aim of his investigation was to 

obta_n a family of curves establishing t.ie amount of nitrogen 

adsorbed at equilibrium on a tungsten ribbon as a function of 

temperature and pressure. These data can then be represented 

as isobars, isotherms or isosteres, from which he was able to 

obtain the isosteric heat of adsorption, the differential 

free energy, and hence the differential change in entropy 

during adsorption. Kickmott and Ehrlich (10), in an extensive 

article, described the mechanism of desorption of several 

diatomic molecules from tungsten. From this article, it was 
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clear that a sensitive mass spectrometer was essential to 

identify the desorption products, even in the case of simple 

diatomic gases, such as N^, CO and 0^. Apker (1) real

ized that the mass spectrometer would play a valuable role 

in investigating surface phenomena, but it was not so used 

until i960, when Hickmott (11, 12) used a small ion-

resonance mass spectrometer to identify the desorption 

products and the products of the interaction of these 

species with the glass envelope of the reaction cell. Becker, 

Becker and Brandes (13) used a mass spectrometer to investi

gate the reactions of oxygen with tungsten containing 

carbon. Eisinger (14, 15) used the flash filament tech

nique to investigate the properties of hydrogen and oxygen 

chemisorbed on a single crystal tungsten ribbon. He also 

measured the work function of the tungsten ribbon during 

adsorption of hydrogen by determining the ribbon's photo

electric threshold when it was illuminated by ultraviolet 

light. 

Redhead (I6) and Ehrlich (1?) investigated the desorp

tion of carbon monoxide from polycrystalline tungsten fila

ments. The desorption spectrum they obtained was quite 

complex, consisting of four binding states with different 

heats of adsorption. There is a primary chemisorbed state 

3, with an activation energy of desorption of 80 kcal per 

mole and a weaker state a, with a desorption energy of 20 
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kcal per mole, which forms as the rate of growth of 3 dimin

ishes. Ehrlich (I7) found no additional weak binding even 

at low temperatures. The more tightly bound 3 state is 

attributed to carbon monoxide chemisorbed in the bridged 

0 
II 

structure (viz, M M), and the a state, to the linear 

0 
, II 

structure ( C ). The 3 peak itself is made up of three sub-

M 

peaks, which are attributed to surface heterogeneity. 

Hickraott (11) found in his study of hydrogen desorption 

from tungsten that the temperature of the cathode in the 

detector had to be less than 1100°K to prevent dissociation 

and hence rapid pumping of molecular hydrogen. Instead of 

using a common ion gauge with tungsten filaments, he re

placed one of the filaments with a lanthanum-boride coated 

tantalum filament. The low work function of this emitter 

enables the gauge to operate at a temperature below 1100°K, 

so that the formation of atomic hydrogen by thermal dissocia

tion is sufficiently reduced that both ion gauge pumping and 

production of contaminants from reaction between atomic 

hydrogen and glass are reduced to easily manageable levels. 

Pasternak and Weisendanger (18) investigated the inter

action of hydrogen and nitrogen with a molybdenum ribbon by 
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means of the flash, filament technique, with modifications 

designed to reduce the problem of contamination and to im

prove the resolution of overlapping peaks. They used a high 

steady flow rate and a conventional ion gauge mounted in a 

half-liter flask to reduce heating and degassing of the 

glass envelope. One of the main modifications was the.use 

of high heating rates, approximately 10,000°K per second. 

Adsorption of hydrogen above 320°K yielded single pressure 

peaks In the desorption spectra, whereas adsorption at 22^°K 

yielded two pressure peaks one at 350°K and the other at 

550°K. The low temperature peak increased with adsorption 

time, whereas the height of the high temperature peak re

mained essentially constant. Moore and Unterwald (19) 

studied the interaction of hydrogen with, tungsten and molyb

denum ribbons, with the sample mounted adjacent to the 

ionization cage of a mass spectrometer. They estimated the 

heat of adsorption of hydrogen on tungsten to be 7 kcal at 

9 = 0.6, by comparing desorption peaks at various tempera

tures for a given amount of adsorbed hydrogen. 

Arthur (20) was the first to apply the flash-filament 

principle in conjunction with field emission microscopy (21) 

to investigate the surface reactions of hydrocarbons and 

hydrogen on Iridium. He studied the adsorption and subse

quent dehydrogenation of ethylene, acetylene and ethane 
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on iridium. Harvey (22) used this technique to study the 

- decomposition of a sterically hindered acetylenic hydrocarbon 

on rhodium. 

Weisendanger (23) studied the chemisorption of hydrogen 

and nitrogen on a polycrystalline platinum wire by analyzing 

the desorption spectra obtained on flash-heating the filament 

after adsorption from a gas stream of constant flow rate. He 

identified the desorbed gases by comparing these desorption 

curves with equivalent ones obtained with a tungsten fila

ment in the same ultra high vacuum system under identical 

conditions. 

Madey, Yates and Stern (24) used an omegatron mass 

spectrometer to study the kinetics of isotope mixing in car

bon monoxide adsorbed on tungsten. They found that rapid 

isotopic mixing occurred at temperatures above 850°K. No 

evidence was found for dissociation of CO into mobile ad

sorbed carbon and oxygen atoms. A four-center bimolecular 

exchange intermediate on the surface was postulated which is 

consistant with a model for molecular CO adsorption, involving 

surface bonding through both the carbon and oxygen. They 

(25) also investigated the isotopic mixing in nitrogen 

chemisorbed on tungsten. The molecular identity of the low 

temperature state was confirmed by the absence of in 

the desorption spectrum. The strongly held 3-nitrogen was 

completely isotopically mixed on desorption. A study of the 
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P-peak revealed two overlapping binding states associated 

with su'^face heterogeneity in :hs tungsten substrate. 

Moore and Unterwald (26) studied H^-Dg exchange and 

lb 1 < 
N) exchanged on molybdenum with a nass spectrometer, 

-hey found that the H^-D^ exchange reaction equilibrates on 

the surface during a single adsorption, throughout the 

temperature rangu ;^0°-1900°K for covers from 0.05 to 1.0 

monolayer, and regardless of concaminaûion by carbon monoxide 

cr by nitrogen. I'hey found ûha, tne nitrogen was completely 

isotoplcally m.xed within experimental error. Evidence was 

given that nitrogen enters the bulk of the substrate either 

as a compound or solute or be :h. 

Rigby (2?) made a thorough s.udy of the adsorption of 

nitrogen on polycrystailine tungsten wires. He found that 

two p-phases were iesorbed, 3- with first-order kinetics and 

an activation energy of 73 kcal per mole and .Sg with second-

order kinetics and an activation energy of 75 kcal per mole. 

Surface im-urz^ies reduced the size of the ,3^ phase. Xass 

spectrometric evidence showed that the small a-phase wss 

adsorbed as molecules and the 3-phgse as atoms. Recently, 

Rigby (23) has reported on the adsorption and replacement of 

hydrogen on polycrystailine tungsten wires. The desorption 

spectra obtained showed that thers are three 3-phases o." 

hydrogen as indicated by the three partially resolved peaks 

desorbing over the temperature range 300-600°K. Ricca, 
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Medana and Sainl (29) also investigated the adsorption-de-

sorption characteristics of hydrogen on polycrystalline 

tungsten. To observe the contributions of different crystal 

faces, they desorbed the gas from the adsorbent by slow 

heating (~2-3 deg/sec ). The adsorbent was a cylindrically 

shaped tungsten sheet with a geometric surface area of 30 

2 
cm . The sample was heated by means of induced eddy currents 

which makes it difficult to determine accurately the range 

of temperatures for the desorption of different chemisorbed 

species and does not permit the corresponding desorption 

energies to be calculated. They observe six different peaks 

all attributed to hydrogen which desorb in groupings of two 

in the three temperature regions 77-190°K, 190-300°K and 

3OO-6OO°K. 

Delchar and Ehrlich (30) studied the effects of surface 

structure on the adsorption of nitrogen by contact-potential 

measurements on macroscopic planes cut from single crystal 

tungsten. On the (100) face room temperature desorption re

veals only one state, 3, in which nitrogen is bound as atoms. 

On the less reactive (ill) face, they found two states, a and 

3 and at higher concentrations, a second 3 state is isolated 

by flash desorption. No adsorption on the (110) face was 

observed at 300°K and P = 10"^ torr. 

Methods of analyzing desorption spectra for the kinetic 

parameters have been described by many investigators. 
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Smith's (31) treatment of the thermodesorption of gases from 

solids is analogous to thermoluminescence, where the energy 

to free electrons from traps is determined. He treats the 

case of desorption into a constant volume and the case where 

there is a large leak into a vacuum. The most extensive 

treatment has been that of Ehrlich (32), in which he treats 

both the kinetic and experimental problems associated with 

the flash, filament technique. He describes the procedure 

for deriving both qualitative and quantitative information 

on the kinetics of gas desorption. He also analyzes the ef

fect of the ionization gauge on desorption measurements. In 

a-recent review article, Ehrlich (33) has surveyed the modern 

methods used in studying surface kinetics, namely flash de

sorption, field emission microscopy and the role played by 

vacuum technology in these investigations. Redhead's (3^) 

method of analysis deals mainly with the determination of the 

kinetic parameters from the shape of the desorption spectrum. 

The activation energy of desorption is estimated from the 

temperature at which the desorption rate is a maximum for 

first-order reactions and from the change of this temperature 

with surface coverage for second-order reactions. - The order 

of the reaction is determined from the shape of the desorp

tion rate versus time curve. This treatment is also appli

cable to the desorption of ionically trapped gases. Carter's 

(35) treatment of desorption energy spectra is similar to 
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Redhead's (14), but in addition, he treats desorption from 

heterogeneous sites of different discrete desorption energies. 

Ke alsc describes the generality cf the numerical technique 

for .ne analy.ns of continuous energy spectra. In a later 

arjlc^e, Carter ['J6) consiu^red the effect of the heating 

schedule on uhe resolution of desorption ^pectra from two 

types of adsorption sites of slightly different adsorption 

energy. He concluded t.iat in order to achieve adequate 

resolution of a ~iven region of an energy spectrum, it is 

necessary to suitably control the heating rate. 

3. Current Status and Helotion to Present Work 

At the time this work was begun, the flash filament 

technique had been used principally to investigate the 

adsorption-desorption characteristics of nitrogen, hydrogen 

and carbon monoxide from a single adsorbent, namely tungsten. 

Only the work of Ehrlich, Kickmott and Redhead combined the 

features of impur'ty partial pressures less than 5 x 10"^^ 

torr, ultraclean surface preparation and gauge operation pre-

cautLont with kinetic analysis of reasonable versatility 

necessary for reliable investigation of surface reactions and 

these workers limited their studies to the systems just named. 

None had combined the^ ' methods with mass spectrometry to 

permit supplementary exchange studies, detailed product 
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analysis and impurity partial pressure monitoring. The 

methods of kinetic analysis used were insufficiently precise 

to permit quantitative estimates of good precision of the 

variation in activation energies with surface coverage. 

Prom the work of Ehrlich, Hickmott and Redhead it was 

known that each of the three gases hydrogen, nitrogen and 

carbon monoxide exhibited at least two binding states when 

adsorbed on tungsten as indicated by the multiple peaks in 

the desorption spectrum. These were designated as a, de-

sorbing at low temperature, and 3, desorbing at high temper

ature. In the case of carbon monoxide it was further known 

that the 3-peak was split into at least three components 

and it was suggested, by comparison with infrared spectra 

of chemisorbed carbon monoxide, that the 3-group of peaks 

resulted from the desorption of bridged-bonded molecules 

from the various crystal faces exposed on the surface of the 

adsorbent. It was also known that the desorption of 3-hydro-

gen and 3-nitrogen from tungsten was kinetically second order 

and kinetic parameters (frequency factor and activation 

energies) of apparently good quality were available for these 

systems at low coverage. The desorption of a-nitrogen was 

kinetically first order, but the kinetic data in this case 

were of much poorer quality. The desorption of a-hydrogen 

appeared to be kinetically first order, but the data in this 

case permitted little more than a subjective judgement. 
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The exo. lie it 3-hydrogen ai.i iS-nitro^'sn desorption data 

en tungsten provia.es an excellent basis for calibration of 

experimental and theoretical techniques with a system of 

known characteristics. No exchange experiments had been done 

on these systems, and it was therefore considered desirable 

to check the atomic nature of the adsorbed species in these 

states, as indicated by the second-order desorption kinetics, 

1̂ ' "I c 
by Hg-Dg and exchange experiments. Because the 

'(In J tic evidence concerning the a-states was only moderately 

good in the case of nitrogen and fair, at best, in the case 

of hydrogen, similar exchange investigations of these states 

were strongly suggested. 

Hydrogen is the s.mplest chemisorbing element, and a 

fundamental study of its chsmisorption is therefore of great 

theoretical interest. T'he chemisorption of hydrogen on 

transition metals is also of great technical interest because 

of its relation to catalytic hydrogénation, catalytic ammonia 

synthesis, and fuel cell operation. Hydrogen chemisorption 

also exhibits a wide vr.riety of phenomena, including multiple 

binding states, marked variation in adsorption enthalpy with 

surface coverage and marked variation in surface mobility 

with temperature. The dissociation of hydrogen by hot fila

ments (as in conventional ion gauges) with corresponding 

pumping and contaminant production, is much more pronounced 

in the case of hydrogen than in other simple diatomic gases. 
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such as nitrogen and carbon monoxide, so that an experimental 

procedure developed for the study of these less reactive 

gases must be modified for investigating hydrogen. This 

modified procedure is then suitable for studying many other 

systems. 

The Group VIII transition metals include the metals that 

are most active in catalytic hydrogénation and ammonia 

synthesis. Two of these metals, iridium (m.p. = 2443°C, a^ = 

3.84 A, f.c.c.) and rhodium (m.p. = 1966°C, a^ = 3.80 A, 

f.c.c.) were selected for the present study, because both are 

active in a number of catalytic reactions and their surface 

oxide decomposes at relatively low temperatures. Nickel 

would have been more desirable to use, since it is active in 

a wider variety of catalytic reactions and hence a large 

amount of experimental data is available on its catalytic 

behavior. Unfortunately its melting point is too low (m.p. 

= 1^1-55°^) for use in flash desorption. 

As a result of this past work, the present study was 

carried out to gain a thorough understanding of the flash, 

filament technique by supplementing the work of previous in

vestigators and extending this investigation to more catalyti-

cally active metals. 

The system nitrogen-tungsten was used as a calibration 

of the flash filament technique. Also, since it exhibits two 

binding states, it was investigated to gain further informa-
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tion on'tbe kinetics and energetics of desorption from 

these binding states. The behavior of a co-adsorbed 

mixture of and on desorption was investigated to 

gain additional information on the nature of the adsorbed 

species. 

Carbon monoxide does not dissociate on adsorption, but 

it does exhibit multiple binding modes on tungsten. Since 

iridium and rhodium have a different crystal structure than 

tungsten and since there exists some Infrared data for 

carbon monoxide adsorbed on rhodium, the desorption char

acteristics of carbon monoxide from tungsten, iridium, and 

rhodium were investigated to observe the effect of crystal 

structure (interatomic spacing) on these binding modes. 

The most extensive work was carried out with hydrogen. 

The experimental techniques, particularly those concerned 

with ion gauge operation, were investigated to determine 

their effect on the desorption spectrum of hydrogen. A 

general method of analysis, accounting for the variation of 

the activation energy of desorption with surface coverage 

was developed and applied to hydrogen desorption data. 

Hydrogen-deuterium exchange was Investigated to complement 

the results obtained from kinetic analysis of the desorption 

of each component. 
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III. FLASH DESORPTION SPECTROMETRY 

Flash desorption spectrometry is in principle a simple 

technique for gaining information about the rate processes 

which govern the transfer of molecules from the adsorbed 

phase to the gas phase. If a metal sample, in the form of 

a wire or ribbon, is rapidly heated in a closed system at a 

low background pressure, then the pressure increase in the 

system is a direct measure of the total number of molecules 

which have desorbed from the sample. The temperature de

pendence of this gas evolution yields information on various 

adsorption parameters, namely, the number of desorbing phases, 

the activation energy of desorption and the kinetic order of 

the rate controlling step in the desorption process. 

In a closed system, the number of molecules desorbed 

from the filament on heating can be obtained from the ideal 

gas law. 

2 
where n^ is the number of adsorbed molecules per cm , V is 

the volume of the system in liters and A is the surface area 

2 
of the filament in cm . In practice, no system is completely 

closed, since some molecules are removed from the system by 

the pressure measuring devices. 
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The rate at which the number of molecules in the gas 

phase changes on heating the sample depends on the rate law 

followed by the desorbing gases, the heating schedule, the 

rate of removal of gases from the system and the rate of 

supply of gas from the reservoir. In a flash desorption 

experiment, the rate of change of the number of molecules 

in the gas phase is 

E - -A # - # N + L (2) 

where N is the number of molecules in the ambient, -A ̂  is 

the number of molecules released into the system per second 

from a filament of surface area A, S is the pumping speed of 

all gas sinks in liters per second and L is the leak rate of 

the test gas from the reservoir in molecules per second. We 

have assumed that, during the interval in which desorption 

occurs, gas flow from the walls and readsorption by the sample 

is negligible. 

Since the mean free path of the molecules at this pres

sure is much larger than the dimensions of the cell and 

tubulation, the desorbing molecules must undergo many 

collisions with the glass envelope before they reach the 

detector. Hence, we will assume that the molecules have 

equilibrated with the glass walls. 

In an actual experiment the gas density is measured by 

a detector at some distance from the reaction cell. This 
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separation of sample and detector is due to the size of the 

detector and the necessity to minimize electrical inter

ference. The detector and cell are mounted in two separate 

flasks connected by larg^ bore tubulation. As a result of 

this tubulation, density gradients may exist during ad

sorption and desorption. This problem is treated in detail 

in Section XIII. 

If we let T = T , where T^ is the temperature of the 

glass envelope, then from the ideal gas law we obtain 

s = i# (3) 
* 0  

Substituting t .is result into Equation 2 and rearranging, 

we find 

- 6- m 4- - ̂  o — —^ 

At steady stace prior-to the flash, ̂  = 0, ̂  = 0 and P = 

?Q. This implies that 

LkT 
fo = (5) 

Substituting this value of into Ecuation 4 and letting AP 

= ? - P , we obtain 

o — 

Integrating Ecuation 6 yields 
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-An= V 
AkT^ 

S ̂  
AP + VJ APdt 

t_ 
(7) 

where -An = n_ - n. 
o 

Equation 7 gives the amount of material desorbing from 

the surface as a function of time, corrected for the amount 

lost by pumping. To obtain the kinetic parameters of 

Interest from the dependence of An on time, obtained from 

Equation ?» we assume that the isothermal rate of gas 

evolution is given by the Polanyi-Wigner equation, 

" i t  =  " k ( 8 )  

2 
where n is the number of molecules adsorbed per cm , is 

the frequency factor and k is the kinetic order of the re

action. Let X = Y and suppose that t = f(x). Presumably t 

can be made nearly linear in x, but for completeness, we will 

assume that it is an arbitrary function of x. 

Then 

(9) 

Substituting this in Equation 8 and rearranging, we obtain 

-dn 
dx = V y. f (x) expjj^ 3^ (10) 

2 
Let n = 6 n , where n is the number of molecules per cm in 

m m ^ 

a monolayer. 

Then 
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•dn • 

•7 

M (11) 

Substituting this in Equation 10 and rearranging, we obtain 

% = "k «"p [- ¥ il 
-d_0 

e 
(12) 

AH 
We suppose that is a function of 9, presumably 

nearly linear in 6. Let ̂  = g(9)> and un^"^ = /i . 

Then 

-de — = /if (x) exp Q-gC©))^ dx (13) 

y X 

"J f'(y) exp |^g(9)^ dy 

0 <P 
o 

Integration of the left hand side yields 

0 

0. 

In 2° 
Q 

k=l 

L 1 J 
k-1 

1 _1 
vgk-1 gk 

(14) 

(15a) 

(15b) 

Evaluation of the right hand side of Equation 14 is somewhat 

more complicated. Let y = x + u; then u = 0 when y = x and 

u = x q  -  x ,  wnen y = x^. 

Then 

X 
(16) 

x_-x 

f ' (y) exp [jg(9)^dy = -mJ f ' ( x + u) exp |^g(0) (x+u)Jdu 



www.manaraa.com

22 

Most of the value of this integral will come from values of 

u near zero, and we can therefore use Taylor series termi

nated after two terms advantageously. We set 

f (x + u) = f (x) + u f"(x) (17a) 

g(e)(x + u) = xg(9) + u(xg)' (17b) 

and substituting this into Equation 16,  obtain, 

x  - x  x  - x  

uf 

f'(y)exp f-g(e)3Mdy = -^exp(-xg) f  [f'(x) + 

0 o 

"(x)^ exp j^u(xg)'^du (18) 

1-exp ~ (xg) • (x^-x)~î 
f'(x) ° = - ̂ exp(-xg) 

+ f"J u exp 

o 

Qu(xg) 'J 

(xg) • 

du (19) 

uf'(x)exp(-xg) 
(xg) ' 1 - expQ(xg) ' (x^-x)J 

f"(x)(xg)' J.-(X Q-x) exp p(xg) ' (x^-x)"! 

+ t (lEiP 

exp^l(xg) ' (x^-x)J 

Qxg)*j^ Qxg)'J 

} (20) 
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Mf'(x)exp(-xg) 
5) ' (xg] 

1 + 
f"(x) 

f'(x)(xg) " • { 
1 + 

(x^-x)f"(x) 

rTx] 

•(x)(xg)' } [-(Xg)'(x^-x)] (21) 

Now 

din 
-r -

«0 / 
zL _ 1 

2^ âi 
k dx 

dx P® 

- 4 ^  
O (p 

( 2 2 )  

e 

But _ ^ is given by Equation 13 and - J ^ by Equa-
<P 

tion 21. 

Hence. 

e 

din i (xg) ' 
dx 

expj^(xg) • (Xq-x)J (23) 

If we neglect all terms other than 1 in the denominator, al

though they can be determined, then Equation 23 reduces to 

© 

- J ^ 
din 

_ J 

dx 
« -(xg) '  (24) 
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Now x  = l/T, g = •^ and AH depends on 9 

Hence, 

(xg)' = g + xg' = # + ̂ ( #) # 
R RT ' de ' dx 

e 

In an actual experiment, In 
-J ^ 

9. 

(25) 

is experimentally avail

able once a value of k is assumed, and can be plotted against 

x  =  y »  For small values of 0, where AH is essentially 

1 
1 d T 

constant, and if ^ = a + bt, (where, b = ), then Equation 

21 can be integrated to yield, if we neglect all terms other 

than 1 inside the brackets. 

in in ̂  + in { 
R IL 

AH-
d l/T } ̂ if k = 1 (26a) 

dt 

In 
n. -n 
o 
nn 

= #+ ln{ 
R V 

RT ' AH-^.y^ 
dt 

} if k = 2 (26b) 

If either the left side of Equation 26a or 26b varies 

linearly with then the reaction is correspondingly first 

—AH 
or second order, and the slope of the linear plot is ~-g- . 

Equations 26a and 26b are obtained assuming that AH and u 

are independent of surface coverage. Experimentally it is 

found that both. AH and v are essentially constant at low 
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coverages. For nitrogen on tungsten (8), AH is constant for 

all coverages while for. hydrogen on tungsten (11), AH is 

12 ? 
constant up to a surface coverage of 30 x 10 molecules/cm , 

but decreases at higher coverages. Hence, the results 

given by Equations 26a and 26b are no longer valid for 

large values of n, when the heat of desorption is a function 

of surface coverage. The deviation from linearity of plots 

derived from Equations 26a or 26b is a measure of the vari

ation of the activation energy of desorption with increasing 

surface coverage. If we assume a linear variation in the 

heat of desorption, i.e. AH = AH^ - an, then a can be 

obtained from Equation 24 and 25. When determined this way, 

a is somewhat inaccurate due to the difficulty in obtaining 

There are at least two other ways to determine a. 

Substituting AH = AH^ - an into Equation 8, yields, 

"a# exp 
AH -an 

o 
RT ] (27) 

for a second order reaction. This expression cannot be 

integrated analytically. But a can be determined by solving 

d^n 
Equation 27 at the point of inflection, i.e. —5- = 0, of the 

dt^ 

desorption curve for large initial coverages and using AH^ 

and ^ obtained, for low coverages, from Equation 26b. This 

method is also inaccurate for the reason mentioned above. 

In the second method, the parameters AH^ and i> are again 
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established from low coverage experiments and a minimum 

search routine (Section XIII) is carried out with respect 

to a, using a computer to integrate numerically Equation 27. 

This latter method .liveF good pzent between the ex

perimental and the generated values. 

Continuous recording of the pressure rise during a 

flash desorption experiment has revealed that the adsorption 

process is complex as Indicated by the presence of multiple 

peaks in :he iesorption spectrum. In most cases only one 

of the binding states can be treated by : he above analysis: 

the others are usually pre.;en: in small amounts and/or are 

not adequately resolved. The activation energy of these 

other states can be estimated from the temperature range 

over which desorption occurs. 

Hence, flash filament desorptlon spectrometry can be 

used to d- termine the kinetics and energetics of the rate 

controlling step in the desorptlon process, the variation 

of the activation energy of desorptlon with surface coverage 

and the quantity of material which is adsorbed. 
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IV. EXPERIMENTAL PROCEDURES 

A. Introduction 

Recent developments In the field of vacuum technology 

have made the generation and preservation of clean surfaces 

a routine procedure. It can be shown from kinetic theory 

that extremely low pressures are required to maintain a 

clean surface; at 10"^ torr, enough molecules strike the 

surface in three seconds to form a complete monolayer, where

as, at 10"^^ torr, clean surfaces can be generated and 

maintained for a period of several hours. Since the number 

1< 2 
of atoms on the surface is about 10 ^ per cm , impurity 

concentrations of 1% either in the test gas or sample sur

face may markedly alter the adsorption characteristics of 

the system under investigation. Surface impurities can 

generally be removed by high temperature heating and since 

the impurity level of the test gas is determined by the 

quantity of residual gases, the advantages of investigating 

adsorption phenomena in ultra high vacuum systems are evident. 
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B. Ultra High Vacuum Techniques 

Pressures in the ultra high vacuum range (below 10"^ 

torr^) are essential for the measurement of the properties 

of clean surfaces and for investigating the Interaction of 

extremely pure gases with these surfaces. These investiga

tions of surface phenomena can be most conveniently carried 

out in glass systems of small volume (about 2 liters). 

Such ultra high vacuum techniques have only become 

known within the past twelve years. In 1953, Alpert (37) 

described in detail the methods used for obtaining ultra

high vacuum. His chief contribution was the introduction 

of an ionization gauge which could measure pressures as low 

as 10"^^ torr. This lower limit is determined by the 

photoelectron current from the collector caused by soft 

x-rays emanating from the electron bombarded grid and is 

referred to as the x-ray limit of the gauge. Venema (38) 

12 
was able to obtain a pressure of 10" torr by means of a 

specially designed mercury diffusion pump. The omegatron, 

originally developed by Sommer, Thomas and Hippie (39) for 

measuring atomic constants, was used by Alpert and Buritz 

(40) as a mass spectrometer for measuring the partial pres-

^1 torr = 1 mm of Hg. 
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sures of the residual gases in an ultra high vacuum system. 

The omegatron paved the way for the development of more 

sophisticated partial pressure analyzers (higher sensi

tivity and better resolution) that could be used with ultra 

high vacuum systems. 

The ultimate pressure in any vacuum system is established 

when the rate of removal of gas by the pumps and the rate 

of production of gas from all sources are equal. The rates 

of processes controlling gas production all increase greatly 

as the temperature is increased. It is therefore possible, 

by baking out the apparatus for a suitable period, to 

markedly reduce the amount of gas absorbed on walls, gauge 

parts, etc. so that, at experimental temperatures, the rates 

of supply of gas from these sources is markedly reduced and 

much lower limiting pressures can therefore be achieved. 

Evolution of water from the glass is the dominant source of 

gas during bake-out. This water, which is chemically bonded 

to the glass (41, 42) is adequately removed by normal baking 

(350°C-400°C) although the depletion process is not a simple 

desorption. 

The various components of the vacuum system and the 

associated electronic equipment are shown schematically in 

Figure 1 and the actual physical arrangement of the components 

is shown in Figure 2. 
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The vacuum system was constructed of borosilicate glass 

(Corning 7740). It consisted of two, two-stage mercury dif

fusion pumps in series backed by a rotary forepump. 

Following the diffusion pumps were two cold traps, separated 

from the working area by a magnetically operated ground 

glass valve. The entire system beyond the first trap can 

be enclosed in a portable oven and baked to 350°C to drive 

off the adsorbed gas. Gases to be used in adsorption 

studies were kept in glass ampoules provided with a break-

tip and separated from the working area by Granville-Phillips 

variable leak values. The working area contained a desorp-

tion cell, two ion gauges and a mass spectrometer. 

The desorption cell shown in Figure 3, was a flask with 

five outlets connected to a mass spectrometer, two ion 

gauges, gas supply and diffusion pumps. It was constructed 

with a reservoir just above the filament assembly which could 

be filled with the proper coolant to maintain the filament at 

a fixed temperature during adsorption. Liquids used for this 

purpose were liquid nitrogen (~100°K) and water (300°K). Two 

types of reservoirs were used in this work. One was the 

conventional cold-finger design (Figure 3), similar to the 

one used by Arthur (20) and it was used to study the desorp

tion of hydrogen, nitrogen and carbon monoxide. The other 

consisted of a specially designed dewar, containing the 

tungsten leads, which could be sealed to the reaction cell. 
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This design minimized the cold surface exposed to the re

acting gases and the area of the cold surface was further 

independent of the level of coolant in the dewar. This type 

of reservoir is better suited for studying the decomposition 

of hydrocarbons and other condensable gases. 

Three types of total pressure gauges were used with 

this system, the cold-cathode magnetron gauge developed by 

Redhead (43), a Nottingham gauge (44), which is a modified 

form of the hot-cathode Bayard-Alpert (3) gauge, and a 

modulated ion gauge developed by Redhead (45, 4?). The 

magnetron gauge is a cold-cathode ionization gauge with axial 

magnetic field and radial electric field which is capable of 

—12 
measuring pressures in the range 10"^ to 10" torr. The 

gauge is operated with an anode voltage of 6000 volts and a 

magnetic field of 1000 gauss. It has been shown (43, 46) that 

the relationship between ion current and pressure, at the 

normal operating point, is linear in the pressure range 

10"-^ to 5 X 10"^^ torr. At lower pressures, the relationship 

is = CP^, where the exponent n is approximately 1.5. The 

magnetron gauge has a sensitivity about 45 times greater than 

that of à standard ionization gauge. Since it contains no 

hot filaments, it is capable of measuring pressures of 

hydrogen and other active gases, which would be decomposed 

by the hot filament of a thermionic ionization gauge. All of 

these advantages appear to make the magnetron gauge ideally 
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suited for investigating tK 3 interaction of active gases, 

such as ethylene, acetylene and hydrogen with nietal surfaces 

"by the flesh filament technl 'e. There are, however, yet 

mere important limitations. Redhead (4?) claims that cold-

cathode gavges are not suitable for accurate pressure 

measurements because of their high pumping speed which can

not be easily reducad. Zhrli^h (32) has shown that a high 

pumping s^eed is advantageous in resolving overlapping peaks 

but is not conducive to a quantitative analysis of the 

desorption spectrum. We hi.v-3 observed a variable pumping 

speed for the magnetron gauge which _s dependent on the 

stite of contamination of the gauge. Immediately after 

bakeout, the gauge has a high pumping speed, but after ex

tended use the net pumping speed of the gauge is reduced to 

abou. C.2 liters per second Tor h/drogen. Oscillations of 

the ion current were observed in the magnetron gauge under 

almost all conditions. îhes . oscillations varied both in 

frequency and amplitude. The discontinuities observed in 

the pressure-current characteristics (Section XIII). 

may be due to a jump in frequency from one made of oscillation 

to another as reported by Peakes and Torney (48). The 

magnetron g; uge was investigated as a possible detector in 

flash filament experiments, but it was observed ^hat the 

gauge instability and oscillatory behavior of the ion cur

rent made it unsuitable for this purpose. 
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The Nottingham ionization gauge differs from the con

ventional Eayard-Alpert (3. A.) type gauge in that the 

cylindrical grid is closed at top and bottom and a second 

grid, acting as a screen grid, is installed around all the 

electrodes. The purpose of closing the cylindrical grid is 

to prevent %he ions, with a component of velocity parallel 

to the collector, from escaping to the negatively charged 

glass wall. This increases the collection efficiency of the 

ions. The screen grid shields the gauge from the wall po

tential. In the present case, the screen grid wi.s a platinum 

film deposited on the inner wall of the gauge and connected 

to an external lead. The screen grid was operated at a 

given potential (rround) relative to the filament, which in

creased the average path length of the electrons, thereby in

creasing the probability of a collision with the ambient gas 

molecules. The ion gauge was connected to the reaction cell 

by 25 mm tubulation to increase the conductance between the 

reaction cell and detector. These modifications increase 

the sensitivity of this gauge by a factor of two or three 

over the conventional B. A. gauge. 

The Nottingham ionization gauge was normally operated 

with a g'"'id-to-filament voltage of +I50 volts and a f^lament-

to-collector voltage of +^5 volts. Under these conditions 

the ion current from this gauge was a linear function of the 

ion current from the magnetron gauge (Section XIII). 
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If we assume the sensitivity of the magnetron gauge to be 

4.5 amps/torr for nitrogen (49, p. 377) then the sensitivity 

of the Nottingham gauge is 25 torr~^ for nitrogen, in good 

agreement with Redhead's (47) value of 22 torr"^ for the 

modulated B. A. gauge. 

An additional feature of the ionization gauge is its 

ability to act as a pump. If the gauge is connected to the 

system through small tubulation, then this pumping action 

may result in misleading pressure indications in both steady 

state and transient measurements. The removal of gases by 

an ionization gauge may proceed by several mechanisms. 

Initially the clean surfaces of the electrodes and/or the 

glass envelope may adsorb certain gases. The gauge may act 

as an ion-pump, in which the ions formed outside the grid 

are trapped at the negatively charged electrodes or walls. 

The hot filament of the gauge may cause thermal dissociation 

of some gases, with dissociation products removed by attach

ment or recombination at the walls of the gauge. 

In flash desorption experiments it is necessary to re

duce the pumping speed of the ion gauge to a minimum. The 

ionic pumping speed of the gauge can be reduced by decreasing 

the electron emission current. Reducing the electron current 

not only decreases the pumping but also reduces the tempera

ture of the filament, thereby reducing the thermal decomposi

tion of chemically active gases. But reducing the electron 
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curr-int also decreases the ion current proportionately for 

a given pressure, and associated with this small ion current 

is a longer response time of the electrometer when measuring 

pressure bursts. Ideally, one would like an ion gauge that 

has a low temperature of operation for a relatively high 

emission current and/or an electrometer that has a fast 

response for small ion currents (~10~^ amps). 

The other ion gauge that was used in this work appeared 

to meet all the ideal requirements mentioned above. The 

electrode structure of the modulated B. A. gauge is mounted 

in a half-liter flask coated with stannous oxide. The 

larger dimensions of this gauge minimized heating of the 

glass envelope, thereby reducing the outgassing of the 

gauge. This gauge differed from the Nottingham gauge in the 

emitting temperature of the filament for a given electron 

current. Two low work-function filaments were used in this 

gauge. One was a tungsten filament coated with thorium 

oxide which delivered 40^a electron current at ~1050°K and 

4 ma at ~1400°K. The other filament was a platinum ribbon 

coated with a mixture of lanthanum oxide and barium oxide, 

which when properly activated, delivered 40/ia at ~900°K and 

4 ma at ~1200°K. This gauge was normally operated with a 

grid-to-filament voltage of +135 volts and a filament-to-

collector voltage of +^5 volts. Under these conditions the 
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ion current from this gauge was a linear function of the 

ion current from the Nottingham gauge. The gauge factor 

for nitrogen was taken to be 20 torr~^ (Section XIII). 

A more complete understanding of the vacuum conditions 

can be obtained by incorporating a sensitive mass spectrom

eter into the vacuum system. There are several advantages 

to using a mass spectrometer rather than a total pressure 

gauge; first, composition of both residual and desorbing 

gases can be obtained, second, mass spectrometers do not 

usually have an x-ray limit, and third, the ionic pumping 

speed is usually much lower than that of an ion gauge. 

The mass spectrometer used in this work was a deflec

tion type developed by Davis and Vanderslice (50). This 

instrument consists of an electron-bombardment ion source, 

a 90° sector type magnetic analyzer and a 10-stage electron 

multiplier ion detector. It is capable of measuring pressures 

as low as 10"^^ torr, resolving adjacent masses up to mass 

100 and detecting masses up to mass 200. For quantitative 

analysis of the desorption spectra using the mass spectrometer 

as the detector, focussed on a given species, the output of 

the electron multiplier was connected to a high speed 

picoameter (Keithley 41^). With this arrangement, one was not 

only able to identify the products formed on flashing but also 

the temperature at which desorption occurs and hence, some 
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information about the kinetics and energetics of the rate-

determining step. It was also possible to obtain the rela

tive quantities of the desorption products and their depend

ence upon surface coverage, since the ion current is directly 

proportional to the molecular density. 

The system was evacuated in the following way. The 

vacuum system was initially pumped down to about 10"^ torr 

with the diffusion pumps. The oven was then placed in 

position and the temperature raised to 300^C slowly enough 

so that the pressure in the system did not increase above 

10"-^ torr. When the pressure had decreased to about 1 x 

— 7 
10" torr, the oven was removed and the pressure further de

creased by an order of magnitude. All the metal parts in the 

system were then extensively outgassed. Following this out-

gassing the oven was put in place and the whole system, 

including the second trap, was heated to 350°C. During this 

baking cycle, the filaments in the ion gauge were operated at 

1 ma emission current. This current was high enough to 

prevent adsorption on the filament and low enough to prevent 

overheating of the glass envelope. After the pressure in the 

— 7 
system decreased to less than 10~ torr, the oven was shut 

off, and the ion gauges were carefully outgassed. In this 

way, most of the gas given off by the gauge was removed by 

the diffusion pumps, since the system was too hot for ad

sorption to take place on the walls. The oxide coated fila-
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ments produce large quantities of carbon monoxide during 

activation, so that activation during bakeout drastically 

reduces the time required to activate them. In the case of 

the oxide-coated platinum filament, the lower the pressure 

of activation, the lower is the final temperature of opera

tion. After outgassing the gauges, the second trap was then 

cooled with liquid nitrogen and the ovens were removed. The 

sample filament was then outgassed. The pressure in the 

system as indicated by the magnetron gauge was usually 2 

X 10"^^ torr and it decreased to 5 x 10"^^ torr after a few 

hours, where it could be maintained for a period of weeks. 

Over such a period of time, the total pressure may not vary 

by more than 10-20%, but the ordering of the residual 

components may be completely altered. Hence, it is evident 

that a mass spectrometer is extremely useful in analyzing the 

varying composition of residual gases and the effect they 

have on the adsorption of the test gas. 

Pressures in the ultra high vacuum range have become a 

routine procedure in investigating surface phenomena. The 

above discussion in no way exhausts the fascinating subject 

of ultra high vacuum, but it does illustrate the basic 

principle of vacuum work, namely, the ultimate pressure in 

the vacuum system is dictated by a balance between rate of 

removal and rate of evolution of gas. A more detailed dis

cussion of vacuum technique and of the various components 

used in vacuum systems is given in references 49, 33» 51» 
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C. Temperature Measurement and Control 

For kinetic studies of surface reactions, it is es

sential to know the filament temperature as a function of 

time during adsorption and desorption. The temperature of 

the filament can be determined by using the filament as a 

resistance thermometer. It is also desirable to be able to 

vary the rate at which the filament is heated and to 

terminate the heating at a predetermined temperature. 

The filament was heated by constant current obtained 

from the power supply shown in Figure 4. With this circuit, 

it is possible to vary the heating rate from ~40°/8ec to 

~400°/sec. The voltage drop across the filament is moni

tored on a recorder during an experiment. The voltage drop 

across the filament, for a given current, is a direct measure 

of the resistance and hence, the temperature of the filament. 

The final temperature reached by the filament in a given 

experiment was determined as follows. The voltage drop 

across the filament was monitored by a dc-level detector 

(trigger circuit) shown in Figure 4. When the voltage drop 

reached a predetermined value, the relay in the trigger 

circuit closed, switching the current from the filament to 

a dummy load. The final temperature is determined by the 

current applied to the filament and the voltage level of the 

trigger circuit. The voltage level is adjustable from 0.5 
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volts to 9.5 volts, which corresponds to a range of final 

te~oerawUres from ~150°K cc I7G:,°K. 

Tf..̂  .c.rr.psrature dependence of resistance of the metal 

filaments was determined as follows. A twenty centimeter 

1 ngvh of 5 mil wire, from cha same loc as ûhe sample fila-

:.'.ent, was ani'.ealed with direcù current for three hours. 'The 

middle ten centimeters was then spo:-welded to the calibrating 

assembly. Ihe resistance of the filament was determined by 

passing a small current '1 to 1: ma) through the filament, 

while it was immersed in various constant temperature baths, 

and measuring the voltage drop with a ûigh input impedance 

recorder. Che baths used for this purpose were: liquid 

nitrogen, 77°::; dry ice-acetone, 1S9°K; water, 295°:<; boiling 

ac-tonf, 325°:<; boiling water, 373^K; boiling decalin, 

and boiling narcoil-10, 640°K. The temperature of the low-

temperature baths was measured w^th a calibrated copper-

constantin thermocouple and a Leeds and Northrup potentiom

eter. A plot of resistance-ratio versus temperature for the 

three metals used in this investigation is shown in Figure 5-

The resistivity was not calculated, since the dimensions of 

'.he wire filaments were not accurately known. But the 

temperature coefficient of resistivity a is independent of 

filament dimensions, and for these filaments, a least squares 

analysis of the data points yielded, 4.19 x 10"̂ , 3.72 x 10"̂  
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and 3.19 X 10"-^ reciprocal degrees, for tungsten, rhodium 

and iridium respectively. 

In flash desorption spectrometry, it is assumed that 

the temperature of the filament during an experiment is uni

form over the whole length except for small portions near the 

ends of the filament which are welded to the tungsten leads. 

If the temperature were not uniform, then multiple peaks 

may arise from a single species on the surface, because dif

ferent sections of the filament are heated at different rates. 

Ehrlich (32) has actually measured the temperature distribu

tion during a flash, and in steady state by measuring the 

voltage drop across potential probes attached to the filament. 

He found that throughout the temperature range 200°K-l480°K, 

the filament temperature is considerably more uniform during 

the flash than in steady state. More precisely, the further 

away the filament is from steady state, the more uniform is 

the temperature distribution and this can be accomplished by 

using current densities of 6 x 10 to 1 x 10 amps per cm . 

Prior to an experiment the filament was cleaned by 

resistive heating and then allowed to cool to the temperature 

of the bath. At the end of the adsorption period, the fila

ment was heated, resulting in a desorption spectrum. The 

temperature of the filament only slowly approaches that of 

the bath when the cleaning sequence is terminated. For a 

— 2  
tungsten filament, 1.27 x 10" cm in diameter and approxi
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mately 18 cm. long, an interval of two minutes is required 

for the temperature of the filament to come within thirty 

degrees of a room temperature bath and about four minutes 

for a liquid nitrogen bath. Hence, quantitative measure

ments can only be made at the end of this cooling period. 

D. Flash Desorptlon Experiments 

The tungsten, iridium and rhodium used in this work 

were obtained from Engelhard Industries. The iridium and 

rhodium were specified to be >99.9# pure. A spectrographic 

analysis of the bulk metal from which the wire was drawn 

indicated that the major impurities in the case of iridium 

were: Pt <.02#, Pd = .046#, Rh <.0l6#, and Fe <.01# and in 

the case of rhodium were; Pt <100 ppm, Ir <90 ppm. Si <70 

ppm, Ca <56 ppm, Mg <36 ppm and Pd <20 ppm. 

The hydrogen used was Reagent Research Grade obtained 

from the Baker Chemical Company in one liter flasks with 

break-off tips. The deuterium was obtained from Volk Radio

chemicals in 100 ml. flasks with break-off tips and was 

specified to be 99.8# pure. was prepared by hypobromlte 

oxidation of enriched ammonium sulfate in which the nitrogen 

was specified to be 99.78# The nitrogen was collected 

in ampoules with, break-off tips. The carbon monoxide was 
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Assayed Reagent Grade obtained from the Matheson Company 

in one liter flasks with break-off tips. 

The system was pumped down in the usual manner. Par

ticular care was taken in outgassing the ion gauges and in 

activating the low work-function filaments. When the 

system pressure was 3 x 10"^^ torr or less, the Granville-

Phillips valve was closed and the gas ampoule was opened. 

The filament was flashed to a high temperature and then held 

at some lower temperature at which no adsorption occurred. 

The ground glass valve, which isolated the cell from the 

pumps, was adjusted so that the pumping speed was extremely 

small. The valve to the gas supply was then carefully opened 

- 8  
until the pressure in the tube increased to about 1 x 10" 

torr. When the pressure in the cell had stabilized, the 

filament was then cooled and held either at 100°K or 300°K 

for varying periods of time to allow adsorption to occur. 

The rate of adsorption and cooling of the filament could be 

followed on a recorder. Following the adsorption period, the 

filament was flashed at the desired heating rate, and the 

total ion current, partial ion current and voltage drop 

across filament were recorded as functions of time using a 

linear time sweep of either one or two inches per second de

pending on the heating rate. In a given experiment only two 

of these variables were recorded on a Moseley 136a two pen 

recorder. At the end of the desorption cycle, the filament 
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was clear.ed and then r.al- itained az a temperature at which no 

adsorption occurred (~SjO°X for X , and ~20G0^K for and 

CO) anc. the desorbed gases were pumped away with the valve 

partiallv closec, so as not ûo alter the valve setting. The 

next adsorption interval began only àfter ohe pressure had 

decreased to its previous value. 

The above procedure was followed 30 obtain quantitative 

results from the kinetic analysis of 0 e dasorption spectra, 

i.e. at most, a small correction had %o be made for the 

amount los% by pumping during the desorption interval. This 

procedure was modified when investigating desorption spectra 

with multiple peaks and hydrogen-deutrium exchange at room 

temperature. In these cases, the valve to tne gas supply 

was opened until the pressure in the tube increased to about 

—3 
5 X 10 torr with the valve to the pumps open. Desorption 

experiments were carried out in the same manner as above. 

The higher pumping speed and hence higher flow rate per

mitted better resolution of overlapping peaks but the de

sorption spectra were not subject to accurate kinetic analy-

£ s. 

In ,arly experiments, when hydrogen was adsorbed at room 

te .-.perature for extended per. odr of time, a second peak ap

peared in the ,otal pressure desorption spectra. The peak 

occurring at the lower temperature was small if the adsorp

tion period was relatively short, but it increased markedly 
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in size as the adsorption period was prolonged. This other 

peak has been identified with a mass spectrometer as carbon 

monoxide, which agrees with the findings of Hickmott and 

Ehrlich (10). Becker, Becker and Brandes (13) and Hickmott 

(11) have Independently shown that the carbon monoxide re

sults from a complex sequence of reactions involving carbon 

dissolved in the tungsten filaments of the ion gauge, 

hydrogen and oxygen from the glass walls. They also showed 

that the carbon could be completely removed from a tungsten 

filament by heating it to 2500°C for 24 hours in an ambient 

of oxygen at 10"^ torr. This technique was applied to the 

ion gauge filaments, and eliminated the peak due to carbon 

monoxide. 
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V. RESULTS 

A. Dssorption of Hydrogen 

The firso flash desorpclon experlr^nûs of hydrogen 

from a rhodium filament were carried out in a flow system 

using the Nottingham ion gauge to monitor the pressure 

burst. It was not immediately obvious why this experi

mental technique should not wor.-;, but it will be shown to 

give reproducible but erroneous results. The problems as

sociated with measuring hydrogen pressures with an ion gauge 

were apparently minimized by operating the Nottingham gauge 

at a reduced emission current. Also, the effect of con

tamination by residual gases was minimized by establishing 

a pressure of hydrogen in the system 100 to 1000 times great 

than t'.3 background pressure, which was about 5 % 10"^^ torr 

A typical resorption curve obtained under these conditions 

is shown in Figure 6. It is obvious that the pumping speed 

is not trivial from the rapid decay of the pressure burst. 

The pumping speed is determined as follows. Rearranging 

Equation 6, we obtain 

A V ' ' 
lA? ' ' o dn 

- T:' Û? (6a) 
dt V dt V 

At some point in the desorption process, the amount of mate

rial desorbing from the surface will be negligible and hence 
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we can set ̂  = 0 in Equation 6a. This implies that 

d (log A?) _ 1 S , „. 
dt - 2.303 V (2d) 

The pumping speed is obtained from the slope of the plot of 

log A? versus time for the backside of the desorption curve. 

S —1 
For the curve :.n Figure 6, ̂  = 1.33 sec" , which corresponds 

to an apparent pumping speed of 3.66 liters per second in a 

two liter syszem. The amounz of material desorbing from the 

filament as a function of time, corrected for the amount lost 

by pumping can then be calculated by Squazion 7. The cor

rected curve is also shown in Figure 6 . This corrected curve 

is than analyzed by Equations 26a and 26b and the resulzs are 

shown in Figure 7. The heat of desorption obtained from the 

2nd order plot is 9.6 kcal per mole, and this value was 

reproducible to 0.5 kcal per mole as indicated by the analyses 

of several desorption curves and was independent of surface 

coverage. 

Results obtained under these conditions were not con-

c 
sistent with theoretical expectations. The pumping term, 

was a function of the heating rate and surface coverage as 

shown by the results in Table 1. A plot of peak height 

versus adsorption time approached a limit, although the 

amount of material desorbed corresponded to only O.Oo of a 

monolayer at saturation. The activation energy of desorption 
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9.6 koal per mole was considerably less than 31 koal per 

mole obtained by Hickmott (11) for hydrogen on tungsten. 

The behavior of Resorption spectra similar to Figure 6, 

which were obtained as a function of increasing initial 

coverages, indicated firsô-order desorption kinetics (32), 

although the kinetic analysis of ûhe corrected desorption 

curves indicated a seccnd-order process. 

These observations can be interpreted by a model which 

takes into account the effect of a large pumping speed on 

the desorpzion spectra. 

Rearranging 3cu:iôion we obtain 

V I# = - "kTo # - - SÎ Ik, 

kz szeady-staûe prior ::o vha flash 

? = ?„ , n = n. 
U 

(29) 
^ Î T 

dt " ̂  ^ = 0 

T'-. rn, 

LkTg = S Pg (30) 

Letting A? = ? - P , Zcuation 4a becomes 
^ 0 

= II (31) 

Case 1". 

When § ' (32) 
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Then, 

dn V /dAP 
d. - - Ak'T (33) 

o 

Integrating Equation 33, yields 

"o - % = (34) 

This Kill always be true for sufficiently small A?, that is, 

Sufficiently sir.all t. 

Case II. 

If 

Q A3 
f a;» (35) 

^ (# A?) (36) 
dc AkT V 

o 

_ -/I 
Hence, Ay is then proportional to -jr rather than ûo n - n as 

in Case i. The larger the lower A? and the lower the t U & 1/ 

desorpsion curve will also be proportional ûo ̂  and since ̂  

is a function of the heating rate and surface coverage, it 

will exhibit the behavior obtained by treating the decay of 

the pressure burst as due to pumping. 

Further consideration of the experimental technique re

veals that even though the Nottingham ion gauge is operating 

at a reduced emission current, 20 microamps, the temperature 
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of the filament, 1900°K, is considerably above the tempera

ture for dissociation of molecular hydrogen, which is about 

1100°K. Hickmott (12) and Langmuir (52, 53) have shown that 

atomic hydrogen is efficiently trapped by glass. Hence, the 

large pumping speed observed for hydrogen in the present 

system is due to the dissociation of molecular hydrogen on 

ûhe ion gauge filament and subsequent removal of the atomic 

hydrogen by zhe glass envelope. This mechanism was sub

stantiated by observing the decrease in the partial pressure 

of hydrogen when the sample temperature was greater than 

1130°K. 

As a result of these findings, an ion gauge with two low 

work-function filaments was sealed to the system, Figure 2, 

and the rhodium filament was replaced with a tungsten fila

ment. With these two low work-function filaments and the 

Nottingham ion gauge on the system, it was then possible to 

systematically investigate the effect of ion gauge operation, 

particularly filament temperature and emission current, on 

the desorption spectrum of hydrogen. The effect of emission 

current was determined by using the oxide-coated platinum 

filament to monitor the pressure burst for a given adsorption 

interval at various emission currents. The results are shown 

in Figure 3. It is evident from the linear plot with slope 

unity, that the flux of energetic electrons, emission current, 

confined in a small volume in the ion gauge exhibits no 



www.manaraa.com

51 

detectable pumping of molecular hydrogen. The range of 

emission currents covered by these results is 10 microamps 

to IOC r:.iorjam:s. At higher emission currents, and hence 

higher cemperaûures, it is difficult to separate lor'.c pump

ing frcT. pumping due co thermal dibsocla'-icn of molecular 

hydrogen and sub^equsn: trapping of the atomic hydrogen. 

Q 
The effecL of heating rate on the pumping term was 

investigated using c^e ûhoria-coated filament to monitor the 

pressure burjt. As can be seen from the results in Table 1, 

the pumping term determined under these conditions is con

siderably less and essentially cc':sza::t, compared to the 

apparent pumping cerm obtained when the Nottingham ion 

gauge i s on. 

The Temperature of operation of the thoria-coated 

tungsten filament is slightly above the temperature of oper

ation of the oxide-coated platinum filament but considerably 

below that of the tungsten filaments in the Nottingham ion 

gauge. It was impossible to determine accurately the temper

ature of the filament using a pyrometer, due to a stannous 

oxide conductive coating on the inside of the ion gauge. The 

effect of operation of this filament at various emission cur

rents (temperature) on the desorption spectrum of hydrogen is 

summarized in Figures 9 and 10. It is evident from Figure 10, 

that the pumping action of the ion gauge at higher emission 

currents reduces the peak height considerably. This reduction 
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in peak height becomes appreciable for emission currents 

greater than 0.5 milliamps. Also shown in Figure 10 is the 

value of An obtained from Equation 7, for four resorption 

curves at various emission currents. The amount lost by 

pumping was about 7% for ûhe curve obtained using 10 micro-

amps and about ^0% for 10 milliamps emission. Even for 

these large corrections required for desorption curves ob

tained az high emission currents, zne corrected amount of 

material desorbed from z'ne surface agrees quite well (~5^) 

with data obtained at reduced emission currents. 

Thus, conventional hot filament ion gauges are not suit

able for quantitative analysis of the desorption of hydrogen 

from metals. We have found that two types of oxide coated 

cathodes operate at a low enough temperature, less than 

10C0°K, if properly activated, to permit a quantitative 

analysis of the desorption of hydrogen. 

k typical desorption spectrum of hydrogen from tungsten 

at low surface coverage is shown in Figure 11. The curve is 

the normalized surface coverage obtained from the change in 

the ion current as the filament is flashed. The pressure 

burst was recorded by the ion gauge with the oxide-coated 

platinum filament operating at 20 microamps emission, hence, 

no correction for pumping was required. This curve was then 

analyzed for both first and second order kinetics by Equa

tions 26a and 26b and the results are shown in Figure 12. 
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Prom the linearity of the second order plot, it was con

cluded that the rate-controlling step in the desorption of 

hydrogen from tungsten is a second order process which sug

gests that the hydrogen is on the surface as independent 

mobile hydrogen atoms. The activation energy for desorption 

was determined from the slope of the second order plot to be 

35 kcal per mole. From Equation 26b, the frequency factor v ^ 

— 3 2 1 1 
was found to be 2 x 10" cm molecule" sec" . As a check 

on the consistency of the method, Equation 8 was numerically 

integrated using a computer and the values obtained for n^, 

AH and v . The calculated points (open circles) are shown on 

the measured desorption curve of Figure 11. 

12 
For surface coverages less than 50 x 10 molecules per 

2 
cm , the second order plots were linear with constant slope 

indicating that for low surface coverages, the activation 

energy for desorption changes negligibly during desorption. 

Figure 13 shows typical normalized desorption spectra of 

hydrogen from tungsten for increasing surface coverages. The 

temperatures at which evaporation begins and at which de

sorption is complete, shift to lower values for larger 

initial coverages. This behavior is characteristic of a 

second-order desorption process (32). For values of n^ 

12 2 
greater than 50 x 10 molecules per cm , deviations from 

linearity of second-order plots, Figure 14, become apparent 

and the slopes decrease indicating a lowering of the activa-
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tion energy. This deviation from linearity is a measure of 

the variation of the activation energy of desorption with 

increasing surface coverage. If we assuce a linear variation 

in Z'ûf. of absorption, th-iû is, AH - - an, then the 

parameter a can be determined using AH and ^ obtained from 

the data at low initial coverages, '..'here the quantity an is 

negligible compared to AH^, and letting a computer carry out 

a minimum search routine on cc. That is, a computer numeri

cally integrates Equation 2?, varying a, until the sum of 

squares of the differences between the calculated value and 

the experimental value passes through a minimum. Using this 

approcch we have obtained the following results for hydrogen 

on tungsten initially at 30C°K. Using AH and v obtained for 

12 2 
an initial coverage of À ?  x  2 m o l e c u l e s  per cm , that is, 

— 3 -1 
35 kcal per mole and 2 x 1G~ cm~ molecules sec ", a value 

12 2 
of a = 28%2 cal per mole per 10 molecules per cm was 

12 
obtained for initial surface coverages ranging from 4? x 10 

12 2 
to 40C X 10 molecules per cm . 

The maximum value of n at a given temperature and pres

sure was obtained by increasing the adsorption Interval until 

n was constant. With the filament at 300°K and a hydrogen 

— 8  
pressure of 5 x 10 torr, the maximum amount adsorbed was 

~ 2 2 
480 X 10" molecules per cm . 
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The desorption specurun. of both hydrogen and deuterium 

from tungsten initially at 100°K contained two peaks as shown 

in Figure These spectra were wbc&lned by recording the 

output of the mass spectrometer, tuned to either hydrogen or . 

deuterium; this eliminated the possibility that one of the 

peaks mit ht be due to some contaminant species present in the 

residual gases. Ko attempt was made to obtain low tempera

ture desorption data au reduced pumping, since reduced pump

ing is not conducive uO resolving partially overlapping peaks 

(32, 36). As is evident from Figure 15, even at relatively 

high pumping the twc peaks are noc well resolved. 

These results indicace chat hydrogen adsorbed on tungsten 

at low temperature exists in two distinct forms with different 

binding ener^iss. Neither of these peaks can be analyzed in 

the manner described previously. It is believed that the high 

temperature peak, which we dhall designate as the 3 form, is 

due to the same species which desorbs from tungsten dosed at 

300°K, and is therefore present on the surface as atoms. The 

low temperature a-psak becomes appreciable when the 3-peak is 

approximately 80% saturated. From the relative peak heights 

of a and 3 in Figure 15, it appears that both species are 

present on the surface in equal amounts. Hickmott (11) also 

obs ;rved two forms of adsorbed hydrogen on tungsten, but the 

low temperature - form was never present in amounts comparable 
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to the 3 form. He felt that the low temperature peak was 

due to molecular hydrogen on the surface. 

A typical flash desorption curve for hydrogen adsorbed 

on iridium is shown in Pig-are lo, in which char.r-e in cell 

pressure, due to hydrogen desorption, is recorded as a 

function of filament temperature. The change in cell pres

sure w&s measured by zha ion gauge with the thorla-coared 

zungscen filament operating at 20 microamps emission. It 

is evident from the decay of the pressure burst that the 

jumping is not negligible. The pumping term was determined 

from Equation 2'. The desorption curve corrected for the 

amount of material lost by pumping is also shown in Figure 

l6. Figure 17 is the analysis of the corrected pressure-

uemperature data by both first-and second-order kinetics, and 

shows that the data at low "surface coverage, less than ^0 x 

12 2 
10"^ molecules per cm , are well represented by second-order 

desorption kinetics with an activation energy for desorption 

of AH = 24 kcal per mole and a frequency factor, u = 2.2 x 

-2 2 —1 -1 
10" cm molecules sec . At higher surface coverages, 

deviations from linearity in plots analogous to Figure 1? 

indicate that the activation energy for desorption is a 

function of surface coverage. The variation in the activation 

energy with surface coverage was obtained in the manner 

previously described for hydrogen and tungsten. and v 
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were established for an initial surface coverage of 38 x 

12 2 2 
10 molecules per cm as 24 kcal per mole and 2.2 x 10" 

2 —1 —1 
molecules per cm molecules" sec" . A value of a = 14+1 cal 

12 2 
per mole per 10 molecules per cm was then obtained for 

12 
initial surface coverages ranging from 38 x 10 to 230 x 

12 2 12 ' 2 
10 molecules per cm . Taking l400 x 10 atoms per cm 

as the mean surface density of iridium, the decrease in 

activation energy of desorption becomes noticeable, that is, 

plots analogous to Figure 18 begin to deviate noticeably 

from linearity, when the number of hydrogen atoms adsorbed 

exceeds one per seven surface iridium atoms, and the maximum 

adsorption observed at 300°K corresponds to one hydrogen 

atom per three surface iridium atoms. 

When hydrogen was adsorbed on iridium at 100°K, two 

peaks were observed in the flash desorption spectrum; 

typical results are shown in Figures 18, 19 and 20. In Figure 

18, both the output of the mass spectrometer tuned to mass 

two and the output of the ion gauge were recorded simultane

ously during an experiment. From the excellent agreement of 

the two curves, it is evident that the two peaks recorded by 

the ion gauge are due to hydrogen and not to some contaminant 

species. The low temperature a-peak becomes appreciable 

after the p-peak has reached 70-80^ of saturation as shown 

in Figure 20, which is similar to the behavior of hydrogen 

on tungsten at low temperatures. Hence, hydrogen is adsorbed 



www.manaraa.com

58 

on iridium at low temperature in two forms. The high temper

ature, 280°K, at which the cx-peak occurs, as contrasted to 

180°K in the case of tungsten, makes it unlikely that the 

peak from iridium is due to rr.olecularly adsorbed hydrogen, 

that is, to hydrogen molecules held to the surface by van 

der Waals forces, and would suggest rather that it is due to 

atomic hydrogen adsorbed with a binding energy less than in 

3he case of 3-hydrogen. The atomic nature of the 3-phase 

has already been shown. 

Flash desorption curves of hydrogen from rhodium 

initially a: 300°K are shown in Figure 21. The change in the 

ion current was measured by the ion gauge with the thoria-

colûed filament operating at 100 microamps. Also shown in 

Figure 21 is the voltage drop across the filament, at a 

fixed current, during the experiment. The rhodium sample used 

to obtain these results was the middle section of a 50 centi

meter length of 5 n:il rhodium that was annealed at 1525°K 

for 24 hours. 

Analysis of the pressure-temperature data by Equation 26a 

and 26b indicates that the data at low surface coverage are 

well represented by second-order desorption kinetics with an 

activation energy of desorption of 18 kcal per mole and a 

- 3 2 -1 -1 
frequency factor of 1.3 x 10" cm molecules" sec . The 

analysis of the data at higher coverages by second-order 

kinetics, Figure 22, does not exhibit the pronounced devia
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tions from linearity observed for iridium and tungsten. The 

maximum initial dose of hydrogen was approximately 100 x 

12 2 
10 molecules per cm . The variation of the activation 

energy of desorption with, surface coverage, was obtained as 

previously described. The best agreement between calculated 

and experimental points was obtained using AH^ = 18.5 kcal 

- 3 2 -1 __ 1 
per mole, 1.3^0.2 x 10" cm molecules" sec" and a = 

12 2 
24+2 cal per mole per 10 molecules per cm for initial 

12 
surface coverages ranging from 20 x 10 to approximately 

12 2 
100 x 10 molecules per cm . This value of a corresponds 

to a decrease of only 2.5 kcal/mole from the initial value 

for the amount of gas adsorbed at saturation namely 100 x 

12 2 
10 molecules per cm . 

The heat treatment given the filament prior to its use 

in flash filament experiments apparently has an effect on 

the adsorption-desorption characteristics of hydrogen and 

this can best be illustrated by comparison of some results 

obtained from filaments that have different thermal histories. 

Figure 23 shows desorption spectra of hydrogen from rhodium 

dosed at 100°K for two different filaments. One of the fila

ments was annealed with direct current, whereas the other 

filament was used as it was received from the manufacturer. 

In the case of the untreated filament, the a and 3 state are 

approximately equally populated, whereas in the case of the 

dc-annealed filament, the a state is only ^0% of the 3 state. 
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Ehrlich (30) has shown that the adsorption of nitrogen on 

tungsten is very dependent on surface structure. It is 

not unlikely that the adsorption of hydrogen would be 

similarly dependent. Thus, the differences in surface 

12 
coverage for hydrogen on rhodium, 100 x 10 molecules 

2 12 
per cm and hydrogen on iridium, 230 x 10 molecules per 

2 
cm , and the differences in the activation energy of 

desorption, namely 18 kcal per mole for rhodium and 24 

kcal per mole for iridium are attributed to the effect of 

surface structure resulting from the dc-annealing of the 

rhodium filament. Unfortunately these conclusions can 

only be inferred since the flash-filament technique is 

not amenable to observing specifically the effect of 

surface structure on adsorption. A field emission study 

of the adsorption of hydrogen on rhodium would be 

desirable, since this technique is better suited for 

observing the areas where adsorption predominates. 
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The desorption of hydrogen from tungsten, iridium and 

rhodium initially at room temperature proceeds by a second-

order process which strongly suggests that the hydrogen is 

on the surface as independent mobile hydrogen atoms. The 

distribution of , HD and D^ in the desorbed phase resulting 

from the c --..dcoration of a mixture of and on the 

metal& at room temperature should further clarify the 

nature of the adsorbed species. 

If hydrogen and deu:erium are adsorbed as atoms and 

combine randomly on desorption, the expected distribution of 

H^, HD and D in the desorption products can be readily 

obtained. Let and be the surface fractions of hydrogen 

atoms and deuterium atoms respectively. Let n._j , n-_-, and n^ 
"• i X ̂  ^ i iJ 2 

be the number of moles of r\, HD and D^ in the desorbed 

product respectively. Thjn 

"H, • ^HD^ ^D^ " ̂ H^ • ^^H^D = ^D^ (3?) 

n-^ 2 P.2 
1 : ^ : ^ - ^ = 1 :  M  :  - = T  ( 3 8 )  

-H2 "'Hz 

The mass spectrometer ion currents will reflect the differ

ences in mean veloci ies of H^, HD and D^; where 

and are the corresponding ion currents, we obtain finally 
2 
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1 : 1.63 p 
P r r  H 

(39)  

The results of the hydrogen-deuterium experiments on the 

three metals are summarized in Table 2. It was observed that 

even the low temperature of operation of the oxide-coated 

filament in the ion gauge, resulted in an increase in the 

amount of HD present in the ambient. As a result of this, 

all desorption spectra of H^, HD and were obtained using 

only the mass spectrometer to record the pressure change and 

the small amount of HD present in the ambient under these 

conditions is due to exchange occurring on the mass spectrom

eter filament (Figure 25). 

It is evident from Table 2 that the Isotopes in the 

desorbed phase are statistically distributed within experi

mental error, while the ambient distribution is clearly non-

statistical. This result is also consistent with a mobile 

adatom model for hydrogen adsorbed on these metals. The 

almost statistical distribution. Figure 25, of hydrogen 

isotopes in the ambient in a previous investigation of 

hydrogen-deuterium exchange on rhodium was due to the presence 

of rhodium film on the inside walls of the reaction cell 

formed by filament cleaning. 

Hydrogen-deuterium exchange on these metals is somewhat 

different at low temperature, 100°K. For iridium. Figure 26, 
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two peaks are observed for , HD and and the ratio of the 

high temperature 3-peak to the low temperature a-peak is the 

same for all three species. If we assume that the peak 

height is a measure of the amount of each species present, 

than we can calculate the distribution of the isotopes in 

each peak. The results are summarized in Table 3. The re

sults for rhodium, Table 4, are similar to those for iridium 

except that the ratio of the 3-peak to the a-peak is not the 

same for all three species. The temperature at which evap

oration occurs is also lower for rhodium than for iridium. 

Figure 2? shows the equilibrium distribution of the 

hydrogen isotopes in the ambient with the rhodium filament at 

300^K and 100°K respectively. The reduction in the relative 

amount of HD present as the filament is cooled indicates 

that adsorption and desorption are occurring simultaneously 

with the former predominating. 

Hydrogen-deuterium exchange on tungsten at low tempera

ture, 100°K, differs considerably from the results obtained 

for iridium and rhodium. Typical desorption curves are shown 

in Figure 28. The a-peak occurs at a much lower temperature, 

150°K for Dg, 190°K for K^, compared to 280°K for iridium and 

it is almost devoid of HD if the filament has been dosed with 

a mixture of H and D_. Isotopic mixing is hence negligible 

in the a-peak, indicating that the low temperature a-peak in 

the case of tungsten is due to molecularly adsorbed hydrogen. 
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C. Desorption of Nitrogen 

The desorption of nitrogen from tungsten has been the 

subject of many investigations (2, 7, 8, 54). There has 

been general agreement on the gross desorption characteristics, 

but recently, there has been some controversy (25, 27, 5^) on 

the fine structure of some of the binding states. As a re

sult of this extensive work, the system nitrogen on tungsten 

provides an excellent basis for calibration of the flash-

filament technique. Also contributing to this basis of 

calibration is the ease of generating a clean tungsten surface 

and the apparent inertness of nitrogen in the presence of hot-

filament ionization gauges. 

The flash filament technique, besides yielding informa

tion on the energetics of the desorption process, provides a 

simple means for evaluating the sticking coefficient, that 

is, the probability that a molecule colliding with a surface 

will adsorb. This was done by recording the pressure in a 

closed system as a function of time after cleaning the fila

ment. The number of molecules colliding with unit are of 

surface per second is given by kinetic theory as 

.22 
N = _ 3.5 X 10— P 

(2nmkT)l/2 (MT)^/^ 

where P is the pressure in torr and M is the molecular weight. 
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The surface concentration increases at the following rate. 

^ . 3 .5 X 10̂ 2  

O-L/ (MT) 

win ere s is the sticking coefficient. The s mount of rr.aterial 

on the surface is determined by measuring the pressure in

crease after various adsorption intervals 

Therefore s can be evaluated from 

V 1 dAP / ir.-i xl^Z 

-, r ^ --22 AkT P dt 
^ • 3 X -kO 

( 43a) 

For nitrogen on tungsten in the present system Equation 43a 

reduces to 

s = 0.22 ̂  ̂  (43b) 

It is evident from Equation 43a that the sticking coefficient 

s is independent of the gauge constant. The results for 

nitrogen on tungsten are shown in Figure 29. The maximum 

12 amount of nitrogen adsorbed is about 400 x 10 molecules per 

cm^. 

Typical flash desorption curves of nitrogen from tungsten 

initially at 300°K are shown in Figure 30. These results 

were obtained by measuring the change in ion current on 

flashing with the ion gauge containing the oxide-coated 

platinum filament operating at 15 microamps. It is evident 
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from Figure 30 that two binding states exist. The low 

temperature a-peak desorbs over the temperature range 400 

to 500°K and the high temperature 3-peak, from 1350 to 1950°K. 

Both of these peaks can be analyzed by Equations 26a and 26b, 

due to the large temperature range, approximately 900^K, 

separating the desorption peaks and the absence of pumping 

due to the reduced emission, I5 microamps, of the ion gauge. 

Kinetic analyses of the pressure-temperature data for both 

a- and 3-nitrogen on tungsten are shown in Figure 31. The 

linearity of the first order plot for a-nitrogen indicates 

that this species is due to molecularly bound nitrogen, 

that is, chemisorbed nitrogen molecules, whereas the lin

earity of the second-order plot for 3-nitrogen, indicates 

that nitrogen is dissociâtively adsorbed in this state. 

The distribution of nitrogen isotopes in the desorbed 

products formed on adsorbing a mixture of and on 

tungsten at 300°K, indicates that the low temperature a 

state is indeed molecular by the absence of in the 

desorption spectrum (Figure 32). The tightly bound 3 state 

is completely isotopically mixed on desorption, indicating 

that the nitrogen in this state is adsorbed atomically, as 

had also been indicated by its second-order desorption 

kinetics. Since the presence of any carbon monoxide in 

the desorption products would also be detected at mass 28, 

the contribution of nitrogen to the mass 28 peak on flashing 
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was determined from the ratio of the species present in the 

cracking pattern of and Hence, for a given 

adsorption period, five desorption curves were obtained, 

one each for masses 14, I5, 28, 29 and 30. 

In addition to investigating the adsorption of nitrogen 

on tungsten, we have found some evidence that nitrogen ad

sorption occurs on iridium and rhodium if the nitrogen is 

thermally activated. Nitrogen was leaked into the vacuum 

system unuil the pressure was 4 x 10"^ torr. The pressure 

increase on flashing the filament, either iridium or rhodium, 

was measured with the ion gauge containing the thoriated 

tungsten filament operating at 0.4 ma. The residual gases 

present in the background were less than 0.^% of the total 

nitrogen pressure. It was observed that under these condi

tions, no adsorption of nitrogen occurred as indicated by 

the absence of a pressure increase on flashing the filament 

after an adsorption interval of approximately fifteen minuter 

But adsorption of nitrogen can be made to occur if the 

tungsten filament in the Nottingham ion gauge is operated 

at a temperature, T^, greater than 2000°K (Figure 33). The 

amount of nitrogen desorbed varied linearly with the ad

sorption interval for a fixed filament temperature, T^. But 

the amount of nitrogen desorbed increased with the tempera

ture of the filament, T^, for a fixed adsorption interval. 

Figure 34 shows a plot of the log of the amount of nitrogen 
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desorbeâ versus the reciprocal temperature of the filament. 

The slope of this plot corresponds to an activation energy of 

53 kcal per mole which is approximately one-fourth the dis

sociation energy of molecular nitrog:er, 226 kcal per mole. 

The statistical dlatrib^bio^ of whc nitrogen isotopes in the 

desorption products (Figure 35) formed from adsorbing a mix-

1 h 
ture of Ng and indicates that the adsorbed phase is 

atomic racher than molecular; this is also indicated by the 

high temperature, approximacely lOOO^K, at which the nitrogen 

desorbs. 

The adsorption of ni.r_gen on iridium and rhodium can 

be explained by a model based on the dissociation of molec

ular r.ivrc';en on the hot tungsten filament and steady-state 

adsorption and re-emission of nitrogen atoms from the glass 

walli, together with catalytic recombination on the glass. 

Let X:, AQ and N be th ; concentration of nitrogen atoms 

on tungsten, glass surfaces and in the gas respectively. On 

the tungsten ion gauge filament, we assume 

I Ngfgas) <=^ N-. 

-60° 
K = e Ar -  e He zi ' j  

ana 

> s 
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where, 

-AHVRT 
k ' = A ' e 

Now the production of gas phase nitrogen atoms due to the 

filament is given by 

i = K'N» = k'K = k 

Where, k = Ae = A'e 

AH^ = "I AHOfNgfgas) >2N^) + AH^(N^—>N) 

2 ^NW " 

" - 2 ̂ NN 

-E^.^ = dissociation energy of Ng. 

Therefore AH^ = + 113 kcal per mole 

On the glass surfaces, we suppose 

kf 

and 

2 Kg -il-> Ng 

Hence, at steady state 

d N, 
— = k.N - k_N_ - k" n 2 = 0 

dt *f" ~ "r"G " ' G 

2 
Suppose that both k^N and k^N^ are large compared to k"N^, 
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then it follows that 

k^N - kpNg ̂  0 

or 

k 
«0:= k; K 

Also at steady state 

i = k - kfN + kyNg = 0 

Substituting, k^N - k^N^ = k"Ng^, we obtain 

k" . k 

or 

1/2 

'G ~ V k"/ "N N- = ( ÏÏ") " ' P. 
2 

Hence, 

= ié (I") 

Now the rate constant k^ is given by 

Jh 
k^ = e 

Therefore 

H = |„) e" ET- S-2ET' ^'ERT 
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where T' is the temperature of the glass envelope and T 

is the temperature of the filaments in the ion gauge. 

Hence, 

= 56 kcal per mole. 

Figure 36 shows the equilibrium distribution of the 

nitrogen isotopes as a function of the temperature of the 

ion gauge filament. The decrease in masses 28 and 30 

indicates that the nitrogen is being dissociated and that 

the resulting atoms are pumped by the glass envelope; some 

recombination is indicated by the increase in mass 29. 

D. Desorption of Carbon Monoxide 

Figure 37 shows the desorption spectra observed for 

carbon monoxide from tungsten for different surface cover

ages at an adsorption temperature of 300°K and at an equi-
Q 

librium pressure of about 6 x 10~ torr. In these spectra 

the ion current, pressure, was measured with the ion gauge 

containing the thoriated filament operating at 4.0 ma 

emission. It is evident from Figure 37 that the adsorption 

of carbon monoxide on tungsten is quite complex as indicated 

by the presence of four partially resolved peaks in the 
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desorption spectrum. The desorption peaks are divided into 

two groups: the a peak, appearing at low temperature, about 

500°K and the 0 group of peaks, appearing at higher tempera

tures, 1200-1900°K. The high temperature 3 group is made up 

of three overlapping peaks, 3^ ̂  1300°K, —IfOO^K and 3^ 

>-^l850°K; these three peaks are not sufficiently resolved 

to permit kinetic analysis. At low surface coverage, <2 x 

2 
10 molecules per cm , the a and 3^ states are barely 

detectable, but the a state grows rapidly (Figure 38) when 

the 3g and 3_ states are '^6o% saturated. At saturation, 

1 2 
which is about 8.5 x 10" molecules per cm , the a state 

makes up 22^ of the total surface concentration. 

Figure 39 shows the effect of heating rate at constant 

pumping speed and surface coverage on the resolution of the 

3 states. It was found that at low heating rates, ̂ 350° 

per sec., the 32 arid 3^ stats were clearly revealed, but 

at high heating rates, ̂ 1300° per sec, the 3, state was 

barely detectable and the 3^ and states appeared as one. 

The desorption characteristics of carbon monoxide from 

iridium and rhodium at 300°K are considerably different from 

those observed for tungsten. Typical desorption curves are 

shown in Figures 40 and 4l. The desorption spectrum in each 

case is characterized by one main peak occurring at about 

600°K for rhodium and fBO^K for iridium. In the case of 

rhodium, a shoulder is clearly detectable and reproducible 
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at 97C°K. It 1.3 obvious from Figures kO and kl that the 

puir.plng is not trivial (note the rapid decay of the pressure 

burst). The pumping is intentionally large to enhance the 

resolution of partially overlapping peaks (Figure 40). 
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VI. DISCUSSION 

A. Adsorption of Hydrogen 

H2(gas)< ^ 2 H (ads) 

The desorption of hydrogen from tungsten, iridium and 

rhodium initially at room temperature proceeds by a second-

order process indicating that the hydrogen is adsorbed 

dissociatively on these metals. Moreover, the hydrogen 

atoms on the surface must be quite mobile as indicated by 

the statistical distribution of the hydrogen isotopes in 

the desorbed phase even for adsorption at 100°K in the case 

of iridium and rhodium. The pre-exponential factor in the 

desorption rate constant is 2 x 10" , 1.35 x 10" and 2.2 

— 2 2 —1 —1 
x 10" cm molecules" sec" for tungsten, rhodium and 

iridium respectively. If the hydrogen atoms behaved as an 

ideal two-dimensional gas, the pre-exponential factor for 

evaporation would be given by 

where o* is the hard sphere collision diameter and m is the 

good agreement with the measured values when we consider 

that the experimental values are based on geometric area 

which is surely less than the true area and the predicted 

(49) 

O u 
mass of the hydrogen atom. For T = ^00 K and a = lA, then 

— 3 2 —1 —1 
1/2 = 3.6 X 10" cm molecules" sec" which is in reasonably 
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value is based on an ideal two-dimensional gas. The calcula

tion also presumes the density of hydrogen atoms to be uni

form over the surface, which is probably not the case. 

Desorption, unlike adsorption, is always activated 

since adsorption is in general exothermic. From the temper

ature coefficient of desorption, the energy of adsorption 

of hydrogen can be calculated, since adsorption of hydrogen 

on these metals occurs with negligible activation energy. 

This is confirmed by the increased work-function observed 

on adsorption of hydrogen even at 4°K (20, 55)» Hence, the 

binding energy for a hydrogen atom is then given by 

where Ey_y is the dissociation energy of hydrogen. For 

tungsten, iridium and rhodium is 69, 63.5 and 60.5 kcal 

per mole respectively which is in good agreement with Culver's 

(56) value of 75 kcal per mole obtained for hydrogen on 

tungsten films. The energy of the surface metal-hydrogen 

bond (M-H) may be calculated from Pauling's equation (57)» 

Eley (58) calculated E(M - M) from the sublimation energy of 

the metal and sets 

(45) 

E(M-H) = |ÎE(M - M) + E(H - H)l + 23-06 (X^ 
-

(46) 

- M § S (47)  

where S is the sublimation energy. 



www.manaraa.com

76 

The term involving the difference in electronegativities 

- Xy may be estimated by Pauling's (57) approximation 

which assumes that this difference is equal to the dipole 

moment of the bond expressed in debyes. This dipole moment 

may be obtained from the change in contact potential caused 

by the adsorbed layer. Calculation of the terms of Equation 

46 leads to values of of 73.4 and 63.1 kcal per mole 

for tungsten and rhodium respectively. 

Since the samples used are polycrystalline, it is diffi

cult to specify exactly which crystal planes are exposed at 

the surface. Johnson (59) has shown that in the surface of 

aged tungsten filaments (110) and (100) planes predominate. 

2 1 c 
The numbers of atoms per cm in these planes are 1.42 x 10 ^ 

and 1.01 x  10^^ respectively, giving an average of 1.21 x 

1 c 2 
10 atoms per cm . The maximum amount of hydrogen adsorbed 

at 300°K and 5 x 10~® torr is 480 x 10^^ molecules per cm^ 

which corresponds roughly to one hydrogen atom per surface 

tungsten atom. Arthur has shown (20) that for iridium the 

wire axis has a <100> orientation and from his field emission 

pictures, he concluded that the surface consisted mainly of 

100 and 110 areas, with the former being better developed. 

These observations were made on a tip that was subjected to 

both chemical and flame etching and do not necessarily hold 

for the surface of wires. On the basis of packing in the 

crystal planes, the areas of the (111), (100) and (110) faces 
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in the polycrystalllne wire satisfy A(111)>A(100)>A(110). 

Since the numbers of atoms in these planes are 1.6 x 10^^, 

1.39 X 10^^ and 0.98 x 10^^ atoms per cm^ respectively, we 

1 ̂  2 
can then assume that 1.4 x 10 ̂  atoms per cm is the 

approximate surface density and the maximum adsorption ob

served at 300°K, namely 230 x 10^^ molecules per cm^, 

corresponds to one hydrogen atom per three surface atoms. 

We have assumed a linear dependence of the heat of 

desorption on surface coverage and find that this model fits 

the data with reasonably small standard deviation, and the 

results so obtained are in good agreement with the values 

reported by other investigators (11, 60, 6l, 62) as shown 

in Figure 42. Brennan and Hayes (60) and Beeck (6l), Wahba 

and Kemball (62) obtained their results on evaporated films, 

whereas Hickmott (11) obtained his results using the flash 

filament technique and Gomer (55) obtained his by field 

emission microscopy. There is in principle a way to 

determine explicitly the variation of the activation energy 

of desorption with surface coverage. That is, a family of 

desorption traces is obtained at different initial con

centrations. For each curve, then, it is possible to obtain 

a value of the slope dn/dt for a fixed surface coverage, but 

at a different temperature. Hence, a plot of In(^) at 

constant n versus ̂  gives the heat of desorption for a given 

surface coverage and from a series of these plots we obtain 
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the heat of desorption as a function of n. Unfortunately, 

the difficulty in obtaining an accurate value for ̂  either 

numerically or electronically, makes this method unsuitable 

c..i; the present time. 

'The adsorption of hydrogen and deuterium on tungsten at 

100°X occurs in two distinct binding states with different 

binding energies. Neither s^ate lendj itself to the usual 

me'jhvd of kinetic analysis, so that conclusions about the 

molecular or atomic nature of these species are not available 

through this approach. Buz a study of isotope distribution 

provides strong evidence for dissociative or associative 

adsorption. The absence of HD in che low temperature a-peak 

indicates that this species is molec^lvr, and the statistical 

distribution of the hydrogen isotopes in the high temperature 

peak indicates that this species is atomic. This is also 

indicated by the low temperature approximately 170°K, at 

which the a-peak occurs. The activation energy for desorption 

is approximately 5-7 kcal/mole, as determined by using Hed-

I'.sad's (51) "rule of thumb", that is, 20 ( kcal/mole ) i:;T°K. 

Thin low binding energy would indicate that the a-hydrogen 

is held by weak van der Vaals forces. The temperature range 

over which the 3-peak desorbs is the same range over which 

desorption occurs when tungsten is dosed with hydrogen at 

300°K. This temperature range for desorption agrees with 

the findings of Gomer, Wortman and Lundy (55)» that hydrogen 
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on a tungsten emitter raises the work function and that 

hydrogen desorption is complete in a few seconds at 600°K. 

The adsorption of hydrogen on iridium and rhodium at 

100°A occurs in two distinct binding states, as indicated 

by the presence of two partially resolved peaks in the 

desorption spectrum. Adsorption into the 3-state at 100°K 

is quite rapid, whereas adsorption into the a state is much 

slower and only becomes appreciable when 3 is ̂ 75^ saturated. 

Pasûernak (18) has observed similar behavior for hydrogen 

on molybdenum. Hydrogen is more strongly adsorbed on 

molybdenum, so that the temperature of the two states Is 

shifted, that is, a-350°K and 3-550°K, whereas for iridium 

the peaks occur at 280°K and 4^0°K respectively. The high 

temperature (280°K) at which the a-peak occurs, together 

with the fact that it is completely isotopically mixed on 

desorption, would eliminate the possibility that this a 

phase is molecular, that is, held by van der Waals forces 

only, and would indicate rather, that it is atomic, with a 

lower binding energy, about 14 kcal/mole (^1), than the 9 

phase. Arthur (20) found in a field emission study of 

hydrogen on iridium, that adsorption at 300°K, resulted in 

an increased work function, that is, the emission decreased; 

whereas adsorption at 77°K, resulted in an initial work func

tion increase followed by a slight decrease. Since the low 

temperature a-peak begins to form after the p-peak is 
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saturated, we can then associate this 3-peak with that 

species that gives rise to an increased work function and 

the a-peak, to the species that causes a work function de

crease . 

Mignolet (63), Suhrmann, Wedler and Gentsch (64) and 

Sachtler and Dorgelo (65) have observed the effects of ad

sorbed hydrogen on the work function and the electric re

sistance of evaporated platinum films. They concluded that 

there existed two types of adsorption as had also been re

ported for hydrogen on nickel (66). 

Pliskin and Eischens (67) studied the infrared ad

sorption of hydrogen adsorbed on supported platinum. They 

observed two bands, one broad and the other sharp, the 

latter being more intense at lower temperatures. They at

tributed the band at 4.86^ to strongly bonded hydrogen 

adatoms and the band at 4.74^ to weakly bonded ones. The 

deuterium spectra show bands at 6.76jit and 6.60/i which were 

similarly attributed to strongly and weakly bonded deuterium 

respectively. They observed no new bands, when hydrogen and 

deuterium were simultaneously adsorbed, hence they concluded 

that the weakly bound form is also present as atoms. They 

suggested that the strongly bound hydrogen atoms were sit

uated between the surface atoms and held by shared bonds, 

and the weakly bound atoms were located above the surface, 

each singly bound to a platinum atom. The temperature 
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dependence of the respective band intensities as well as the 

half-widths of the bands, have been interpreted theoretically 

b y  T o y a  ( 6 8 ) .  

Plash desorption of hydrogen from tungsten, iridium 

and rhodium initially at 100°K and 300°K together with a 

study of isotopic mixing of the hydrogen isotopes at these 

temperatures has provided fairly conclusive identification 

of the various adsorbed species. 

B. Adsorption of Nitrogen 

At 300°K, nitrogen adsorbs on tungsten in two states, 

the weakly bound a and the primary chemisorbed species, 3. 

These are clearly resolved in the desorption traces. The 

a-peak passes through a maximum at higher concentrations of 

3. Our data are not sufficient, however, to characterize 

explicitly the desorption mechanism of the a state. Ehrlich 

(69) in a field emission study of nitrogen on tungsten ob

served a strong structural effect for the weakly bound a 

state and found this state to be concentrated around the 

(111) plane. In a later article (30), Ehrlich studied the 

effects of surface structure on the adsorption of nitrogen 

by contact-potential measurements on macroscopic planes cut 

from single-crystal tungsten. On the (100) plane, he found 

that room temperature adsorption lowers the work function 
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and flash desorption reveals only one state, p. On the 

(111) plane, the work function increases and both a and 3 

are present in the desorption spectrum. 

On the basis of Ehrlich's findings and the presence of 

a in the desorption spectra of nitrogen from tungsten, we 

can conclude that (111) planes exist on the surface. The 

nature of the adsorbed species which gives rise to the a-

peak is elucidated by the distribution of the nitrogen 

isotopes in the desorption products. Since the a-peak is 

devoid of and follows first order desorption kinetics, 

this would eliminate the possibility that the nitrogen is 

adsorbed as mobile atoms, but rather, it would indicate that 

the a phase is chemisorbed molecular nitrogen. The postulated 

surface complexes of nitrogen on iron (6l) are 

N = N N — N 
I \ or II \\ 
Pe Fe Fe Fe 

at low temperature and Fe = N at room temperature . But 

these complexes are not plausible on the (111) plane of 

tungsten, due to the large separation (4.4?%) of adjacent 

tungsten atoms in this plane. Further, the binding of 

nitrogen in the g phase is different on the (100) and the 

(111) planes as indicated by the opposite effects of ad

sorbed nitrogen on the work function of these planes. It is 

conceivable that the binding of 3-nitrogen is analogous to 

the two forms of adsorbed hydrogen, which also have opposite 
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effects on the work function. In addition, both phases of 

hydrogen and the 3 phase of nitrogen are completely 

isotopically mixed on desorptlon. We have found no evidence 

of a splitting of the 3 phase as reported by Rlgby (27) and 

Madey and Yates (25). This could possibly be attributed to 

the fact that our experiments were carried out at reduced 

pumping which is not conducive to resolving overlapping 

peaks. It would be desirable to obtain desorptlon spectra 

of nitrogen from tungsten at reduced heating rates and high 

pumping speeds to investigate the splitting of the g-peak 

and the effect of surface structure on this splitting. It 

would also be desirable to obtain some infrared absorption 

data for nitrogen adsorbed on tungsten, for it would 

definitely elucidate the nature of the a species on the 

surface. Recently, Eischens and Jacknow (70) have observed 

the infrared spectra of nitrogen chemlsorbed on nickel at 

low temperature. They attributed the observed band to the 

nitrogen-nitrogen stretching vibration in the structure Ni -

N = n"^. Molecular, rather than atomic adsorption, was con

firmed by the behavior of the bands formed from an adsorbed 

mixture of and 

Even though there are some questions still unresolved 

about the interaction of nitrogen with a tungsten surface, 

there is general agreement on the gross desorptlon char
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acteristics of nitrogen from tungsten and, as a result this 

system provides an excellent starting point for calibration 

of the flash filament technique. 

According to Bond (71), nitrogen is not chemisorbed on 

Group VIIIB metals. We have found this to be the case for 

iridium and rhodium by the absence of a pressure burst on 

heating the dosed sample filament. However, adsorption could 

be made to occur if the nitrogen is thermally activated. 

The source of this thermal energy is the hot tungsten fila

ment present in conventional ionization gauges. Since there 

exists no line of sight between the components of the hot 

filament ion gauge and the sample filament, the activated 

species cannot all be trapped by the surrounding glass en

velope. From the steady-state distribution of the nitrogen 

isotopes as a function of the ion gauge filament temperature, 

it is concluded that the "activated" species are nitrogen 

atoms. The statistical distribution of the nitrogen iso

topes in the desorption spectra from iridium or rhodium 

indicates that the adsorbed phase is atomic. Unfortunately 

the nitrogen desorption peak was not subject to kinetic 

analysis, due to the presence of residual contamination re

sulting from prolonged adsorption intervals. The atomic 

nature of the "activated" species is explained by a model 

based on the dissociation of molecular nitrogen on the hot 

tungsten filament and steady-state adsorption and re-
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emission of nitrogen atoms from the glass walls, together 

with catalytic recombination on the glass. It would be 

desirable to determine the kinetic order of the desorption 

of nitrogen from iridium and rhodium to further elucidate 

this mechanism. 

C. Adsorption of Carbon Monoxide 

It has been deduced, from studies in the field emis

sion microscope, that carbon monoxide is bound on the 

tungsten surface as molecules (72, 73)» Non-dissociative 

adsorption is confirmed by the rate of evolution of carbon 

monoxide on heating; this occurs as a first-order process 

( 74) . 

The nature of the chemisorption bond between carbon 

monoxide and various metals has been studied by infrared 

absorption spectroscopy (75, 76). For nickel, rhodium and 

palladium, two main absorption bands occur at 4.85 and 5«3M' 

These bands have been attributed to the linear form of 

S 0» 
bonding C and the bridged form M/ by comparison with the 

M 
infrared spectra of gaseous metal carbonyls. The other 

metals examined (copper, iron and platinum) showed only one 

adsorption band at 4.85/i. It was also shown that the bridged 

form of bond on nickel is the stronger bond. The existence 

/ 
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of two adsorbed phases of carbon monoxide on tungsten has 

also been shown in the flash filament measurements of Hick-

mott and Ehrlich (77) and Becker (4). 

Lanyon and Trapnell (78) have shown that the carbon-

o 
metal spacing in the bridged type of bond is about 2A and 

that the preferred angle between the bonds is 120°. This 

makes the separation of the metal atoms, to which the 

o 
carbon monoxide is bridged-bonded, about 3.5A. They also 

showed that equal amounts of CO and were taken up on 

molybdenum and rhodium films, suggesting a two-site 

mechanism, while on tungsten films, the CO adsorbed was 

1.40 times the hydrogen chemisorption, suggesting mixed one 

and two site mechanisms. 

From a comparison of the infrared and flash filament 

results, it is suggested that the 3-group of peaks observed 

on tungsten is the result of bridged-bonded molecules on 

the various crystal faces exposed on the surface, and that the 

a-peak is the result of linear form of bonding to single 

surface atoms occurring in gaps in the bridged-bonded layer. 

Hence in the case of tungsten, the subgroup of peaks in the 

P-phase is an indication of surface heterogeneity. 

Yang and Garland (79) find one and two site adsorption 

on rhodium, together with a third mechanism in which one 

rhodium atom adsorbs two molecules of CO. 
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In the desorption spectrum of carbon monoxide from 

iridium and rhodium, no fine structure is observed as in 

the case of tungsten. The temperature range over which de

sorption occurs is to 750°K. The shoulder that 

exists at 970°K in the desorption spectrum of CO from 

rhodium, may be due to the bridged-bonded structure, that 

is, higher temperature, stronger bond; the large peak would 

then be due to the linear form. Since the temperature range 

for desorption is very nearly the same for both iridium and 

rhodium, it is possible that the bondings of CO on iridium 

and rhodium are similar. If this main peak is due to the 

linear form, then we would expect the adsorption of CO to 

06 approximately twice that of , whereas in fact approxi

mately equal amounts are adsorbed. This indicates that two 

sites are required per CO molecule, and that the CO is 

probably in the bridged form. Hence, if the main desorption 

peak is due to the bridged form, then the shoulder observed 

at 970°X is analogous to the splitting of the 3-peaks on 

tungsten. If we attribute the appearance of many peaks to 

the bridged form of CO, then we can conclude that multiple 

peaks indicate surface heterogeneity and the absence of 

multiple peaks is indicative of fairly homogeneous surface. 

An unexpected phenomenon in CO adsorption is the iso

topic exchange between CO molecules on tungsten (24). Madey, 

Yates and Stern observed rapid isotopic mixing at temperatures 
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above 850°K, which corresponds to the temperature of de-

sorption of the more strongly adsorbed CO species. They 

found no evidence for dissociation of CO into mobile ad

sorbed C and 0 atoms, hence, they postulated a four-center 

bimolecular exchange intermediate on the surface, which, 

involves surface bonding through both the carbon and oxygen. 

Infrared spectra of CO on various metals and of metal 

carbonyls does not support this type of binding. 
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SUMMARY 

Flash desorption of hydrogen, nitrogen and carbon 

monoxide from tungsten, iridium and rhodium dosed at 300°K 

and 100°K was investigated, together with Isotoplc mixing 

in co-adsorbed mixtures of Hg-Dg and The 

effect of ion gauge pumping on flash desorption spectra and 

their analysis was also studied. 

The desorption apparatus was constructed so that 

ultimate pressures less than 5 x 10"^^ torr were easily 

attainable. Provisions were made to vary the throughput 

of gas through the reaction cell. The filament could be 

thermostated at various temperatures by placing the proper 

coolant: in the re-entrant dewar containing the filament 

assembly. The filament was heated by direct current which 

permitted a simultaneous measurement of temperature and pres

sure during an experiment and the heating could be termi

nated at any desired temperature by means of a trigger 

circuit in the power supply. The use of a small, bakeable, 

sensitive mass spectrometer permitted the unambiguous 

identification of the desorbing species. 

It was found that conventional hot filament ion gauges 

exhibited a high pumping speed for hydrogen. As a result of 

this high pumping speed, it was shown that the pressure in



www.manaraa.com

90 

crease on flashing is a measure of the time derivative of 

surface coverage, rather than a measure of the variation 

of surface coverage with time. 

The desorption of hydrogen from tungsten, iridium and 

rhodium initially at room temperature proceeds by a second 

order process with activation energies of 35» 24 and 18 kcal 

per mole respectively at low surface coverage. Iz was also 

found that the activation energy of desorption was strongly 

dependent on surface coverage. Assuming a linear variation 

in the heat of desorption (AK = AH - an), the parameter a 

was determined from desorption curves obtained at different 

initial surface coverages by programming a computer to carry 

out a minimum search routine with respects to cc. For tungsten, 

iridium and rhodium, a was found to be 28^2, 14+1, 24+2 

12 2 
cal per mole per 10"^ molecules per cm respectively. When 

these metals are dosed at •'oom temperature with a mixture of 

and Dp, the isotopes in the desorbed phase are statisti

cally distributed within experimental error, while the 

ambient distribution is clearly non-statistical. 

When hydrogen Is adsorbed on these metals at 100°K a 

second low temperature peak is observed in the desorption 

spectrum. 1'he distribution of the isotopes in the desorbed 

phase formed fro:., the co-adsorption of and indicated 

that this low temperature peak was due to an atomic species 
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in the case of iridium and rhodium and a molecular species 

in the case of tungsten. 

Flash desorption spectra of nitrogen adsorbed on tung

sten at 300°K contains two well resolved pressure peaks, a 

and 3 both subject to kinetic analysis; the a-peak was 

kinetically first order and the 3, second order with activa

tion energies of 20 and 75 kcal per mole respectively. The 

distribution of desorbed products formed on adsorbing a 

fixture of and on tungsten indicated that the low 

temperature a state is molecular (chemisorbed molecular Np) 

iLs, ]_< 
by the absence of N -^N in the desorption spectrum, whereas 

the tightly bound 3 state is completely isotopically mixed 

on desorption. 

Evidence is presented that nitrogen adsorption does 

occur on iridium and rhodium if the nitrogen is thermally 

activated. It was found that the amount of nitrogen ad

sorbed was a function of the temperature of the filament in 

the ion gauge. The distribution of the nitrogen isotopes 

in the desorbed phase indicated that the adsorbed phase is 

atomic. The results for nitrogen desorption from iridium 

and rhodium are explained by a model based on the dissocia

tion of molecular nitrogen on the hot tungsten filament and 

steady-state adsorption and re-emission of nitrogen atoms 

from the glass walls, together with catalytic recombination 

on the glass. 
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Flash desorption of carbon monoxide from tungsten 

Initially at 300°K Indicates four separate bound states, 

a, , Pg and From an infrared study of carbon monoxide 

adsorbed on various metals, it is suggested that the 3-group 

of peaks is the result of bridged-bonded molecules on the 

various crystal faces exposed on the surface, and that the 

a-peak is the result of the linear form of bonding to single 

surface atoms. The a-peak becomes appreciable only when the 

3-peak is approximately 6o^ saturated. 

The desorption spectrum of carbon monoxide from iridium 

and rhodium contains only one peak which desorbs over the 

range 4^0-7^0°K. From the equal amounts of CO and ad

sorbed, it is inferred that the desorption peak is due to 

the bridged form of adsorbed CO. Also it is inferred that 

the lack of fine structure in the desorption spectra is an 

indication of surface homogeneity, since there are several 

conceivable crystal planes that have the appropriate metal-

to-metal distance (^3.5A) to accomodate the bridge form of 

carbon monoxide. 

The results of these studies indicates that the flash 

filament technique in conjunction with mass spectrometry is 

a valuable research tool and provides a powerful approach, to 

the study of the interaction of gases with metal surfaces. 

By the proper choice of experimental conditions, a large 

amount of information can be obtained on the adsorption-
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desorption characteristics of reactive gases. This technique 

together with other techniques, such as field electron emis

sion microscopy, low energy electron diffraction and 

infrared spectroscopy offers a route to a thorough under

standing of surface phenomena. 
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VIII. SUGGESTIONS FOR FUTURE RESEARCH 

Flash Resorption of hydrogen from tungsten, iridium and 

rhodium initially at 100°K together with a study of isotopic 

mixing of the hydrogen Isotopes at this temperature has pro

vided fairly conclusive identification of the low temperature 

peak. But it would be desirable to determine the kinetic 

order of the desorption of the a-hydrogen. In the present 

low temperature experiments, the data are not subject to the 

present methods of analysis, due to the inadequate resolution 

of the peaks. The resolution of the a and 3 peaks can be im

proved by reducing the heating rate and increasing the pump

ing speed, both of which mitigate against quantitative 

analysis by the present methods. If the present methods of 

analysis can be modified to give semi-quantitative information 

about the kinetics and energetics of the desorption spectra 

obtained at high pumping speeds and low heating rates, then 

this would elucidate further the exact nature of this low 

temperature a-peak. 

It would be desirable to obtain desorption spectra of 

CO from iridium and rhodium using a slow heating rate, 

approximately 10°/sec, and a high pumping speed to increase 

the resolution of the flash filament technique and elucidate 

the existence of any fine structure. It would be informative 

to investigate the distribution of the isotopes of CO on 
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desorption and to correlate these findings with the results 

obtained by infrared spectroscopy of gaseous metal carbonyls. 

Since simple compounds containing the isotopes of 

hydrogen, nitrogen and carbon can be obtained with a known 

purity, 99%, then a study of the decomposition of these 

compounds, namely ethylene, acetylene and ammonia, by the 

flash filament technique will be greatly elucidated by using 

the isotope enriched compounds. 
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Figure k3. Sohomatic diagram of flash filament apparatus 
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liters/sec, d. F -- 20 liters/sec 



www.manaraa.com

y 

s, = 5 

F -RO LITERt /CZC 

Figure '-1-5 • 
1.0 1.4 1.0 2.2 

Generated dcsorption spoctra as a function of pumping speed, 
liters/sec, b. = 10 liters/sec, c. Si = 4o literu/sec, d. 
liters/sec 



www.manaraa.com

H-
m 

CD 

f-
o\ 

td 
i ' 
o 
o 
X' 
p' 
H* 
fO 
on 
n 
so 
3 
O 

(U 
o 
o 
4 
p' 
H-

03 "=< 
W 
Cl-
CD 
B 

>T. < 

l'I 

C> 

O 

M 



www.manaraa.com

145 

ilOdZLTV 
2D-2 

Figure 4?. Schematic diagram for measuring trie phase lag 
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Figure 48. Recorder response as a function of frequency 
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Table 1. Effect of heating rate on pumping term S/V 

Heating Current Heating Rate S/V^ S/V^ 

amps deg/sec (sec)"^ (sec)"^ 

0, S 215 0. 80 0. 31 

0. 9 292 0. 98 0 . 3 2  

1 . 0  330 1. 09 0. 32 

1 . 1  445 1. IS 0 . 3 0  

1 . 2  525 1. 26 0 . 2 9  

^Nottingham ion gauge operating at 4ma [2270 ' 'K) .  

^ Nottingham ion gauge off. 
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Table 2. Distribution of hydrogen isotopes in the desorbed products 
from sample filaments dosed at SOCK with a mixture of 

drogen and deuterium " ' 

Sample Adsorption Ambient Product 
Interval Distribution Distribution 

Rhodium 4 m in. 1. 0 0 :  2. 2 6 :  1 . 2 8 *  1. 0 0 :  1. 54: 0. 6 3 *  

— 1. C O :  1. 16 : 1 .  1 2 ^  1.  00 : 1 . 3 1 :  0. 64 b 

10 min. 1. 0 0 :  2. 2 3 :  1 . 2 5 *  1. 0 0 :  1 . 4 8 :  0. 5 5 *  

1. 0 0 :  1. 1 4 :  1.  : s^ 1. 0 0 :  1 . 3 2 :  0. 5 3 b  

Iridium 3 min. 1. 00 : ?.. 24: 1 . 3 9 *  1. 00 : 2 . 0 9 :  1. 09* 

- • 0 0 :  0. S 3 :  1 . 1 9 ^  1. 0 0 :  1 .  7 7 :  1.  03^ 

6 min. 1. 00 : 2. 5 2 :  1.60* 1. 0 0 :  2 .  0 8 :  1. 1 5 *  

' 1. 0 0 :  0. 8 0 :  1. 37'° 1. 00 : 1 . 7 5 :  1. 1 2 ^  

Tun;;s ten 5 min. 1 . G O :  0. 6 0 :  0.09* 1. 0 0 :  C . 6 8 :  0. 1 2 *  

1. 0 0 :  0. 23 : 0. 22 ° 1. 0 0 :  0 . 6 8 :  0. 1 2 ^  

10 min. 1. 0 0 :  0. 5 5 :  0 .  0 5 *  1. 00 : 0 . 6 5 :  0. 1 1 *  

1. 0 0 :  0. 1 0 :  0 . 2 4 b  1. C O :  0 . 6 1 :  0. 1 2 ^  

^Statistical distribution. 

Observed distribution. 
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Table 3. Distribution of hydrogen isotopes in the desorbed products 
from an iridium filament dosed at 100"K with a mixture of 
hydrogen and deuterium' 

Adsrrption Ambient Product Distribution 
Interval Distribution 0;-peak jB-pee-l^ 

2 m in. 1. 0 0 :  2 .  0 9 :  1. 0 9 ^  i • 0 0 :  2 . 4 0 :  1. 5 4 ^  

1. CO : 0 .  0 4 :  1. 0 4 ^  1. 00 : 1, 91 : 1. 44^ 

4 min. 1. 

1. 

00 : 

0 0 :  

2 . 1 6 :  

0 .  0 3 :  *» 

1 6 ^  

0 8 ^  

1 

1. 

0 0 :  

0 0 :  

2. 

2. 

53 : 

21 : 1. 

7 0 ^  

6/° 

1. 

1. 

00 : 

0 0 :  

2 . 4 4 :  

2 .  1 2 :  

1. 

1. 

5 9 ^  

5 2 ^  

Ô min. 1. 

1. 

O C ;  

0 0 :  

2 .  1 2 :  

0 .  0 3 :  

1 

1. 

1 2 ^  

0 6 ^  

1. 

1. 

0 0 :  

00 ; 

2. 

2. 

5 8 :  

1 7 :  

1. 

1. 

77 a 

6 6 ^  

2 

1. 

00 : 

G O :  

2 .  5 3 :  

2. 14: 

1. 

1. 

71 ̂  

62 b 

10 min. 1. 

1. 

00 : 

OC : 

2 .  1 4 :  

0 . C - :  

i. 

1. 

2 5 ^  

C 7 ^  

1. 

1. 

0 0 :  

00 : 

2. 

2, 

65 : 

1 7 :  

1. 

1. 

8 9 ^  

75'^ 

1. 

1. 

0C-: 

0 0 :  

2 .  6 4 :  

2 . 2 0 :  

1. 

1. 

8 6 ^  

7 3 ^  

Statistical distribution. 

^ Observed distribution. 
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Table 4. Distribution of hydrogea isotopes in the deaorbed products 
from a rhodium filament dosed at 100"K with a mixture of 
hydrogen and deuterium 

Adsorption A.nbient Product Distribution 
Interval Distribution a-peak jS-pes,k 

4 min. 1.00:1.70:0,73^ 1 .00 :  2 .52 :1 .69*  1 . 0 0 : 2 . 3 3 : 1 . 4 5 ^  

1 . 0 0 : 0 . 1 3 : 0 . 8 4 ^ ,  1 . 0 0 : 3 .  4 7 :  2 . 5 0  ̂  1 .  0 0  ;  2 .  4 9  :  I .  4 3  

:  3 .  0 6 :  2 .  4 9 *  1 . 0 0 : 2 . 3 3 : 1 . 4 5 *  

: 5 . 4 4 : 2 , 6 3 ^  1 . 0 0 : 2 . 4 5 : 1 . 4 7 ^  

:  3 . 1 6 :  2 .  6 6 *  1 . 0 0 : 2 . 3 9 : 1 . 5 3 *  

: 3 , 9 9 : 3 . 0 0 ^  1 . 0 0 : 2 . 7 0 : 1 . 5 9 ^  

"^Statistical distribution. 

^ Observed distribution. 

10 min. 1 _ 

o
 

o
 1. 6 3 :  0. 6 7 *  1. 

1. 

o
 

o
 0. 

CO o
 0, 8 1 ^  1. 

15 min. • C O :  1. 66 : 0, 6 9 *  1. 

1. 

o
 

o
 0. 0 9 :  0. 8 2 ^  1. 
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Table 5, Effect of tube conductance and pumping speed on the 
relaxation parameters ^2 «.nd jSg 

F (liters/sec) 

2.5 5.0 10.0 20. 0 

Si = 5.0 liters^i/sec 

^1 
.32 

h  

4... 12 

14, 50 

18.43 

4. 54 

21.42 

33. 64 

4 .83  

34, 77 

65.01 

4, 99 

61. 62 

127. 98 

Si = 10 liters/sec 

h  

'̂3 

4. 51 

16. 74 

25. 85 

5,47 

28, 54 

35.59 

6.43 

42.56 

65.62 

7, 15 

69. 03 

128.37 

Si = 20 liters/sec 

^1  

^2  

h  

4. 73 

17 .02  

45. 35 

6, lé 

31.93 

51.51 

8 .09  

56. 53 

69 .98  

10. 14 

84, 35 

129.62 

Si = 40 liters/sec 

h  

•h  

h  

4. 84 

17. 10 

S5. 16 

1.57 

32. 37 

90,66 

9.38 

62.35 

102,87 

13, 30 

112.44 

138. 86 

Si = 80 liters/sec 

^1 

h  

h  

39 

17. 13 

165 .  08  

S. 79 

32, •-•9 

170.32 

10.17 

63, 12 

181. 30 

15. 79 

123.21 

205.60 
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Phase lag of the x-y recorder as a function of frequency 

"act 0^ ''act 

dag deg 

0. 737 0. 1-^4 3. 30 0. 136 
CO 

5. 39 

0. 885 0. 169 9.75 0. 157 9. 03 5. 14 

0. 983 0. 177 10.20 0. 173 10.00 5. 46 

1. 189 0.210 12. :.3 0. 234 13.53 5. 53 

7 
X • 337 0.254 14. 70 0, 263 15.25 5. 29 

1 591 C. 262 16.40 0. 305 17. 75 •5. 41 

1. 787 0.336 19.63 0. 347 20. 30 5. 00 

1. 935 0.394 23.20 0. 389 22. 90 4. 63 

2. 479 0.466 27. 80 0. 458 27.25 4. 70 
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XIII. APPENDICES 

A. Relaxation Phenomena Associated with 

Tube Conductances and Pumping Speeds 

Consider the experimental ai'i-«ar.gciiieiit of eources, pumps 

and detectors in a flash filament system shown in Figure 4]. 

Let each of the flasks contain a leak and a pump, and in 

addition let flask 2, contain a desorbing filament. The only 

flask that actually contains a leak and a pump is flask 2; 

the other two flasks will act either as a pump or a source, 

depending on the state of outgassing, but for completeness, 

we will treat them as if leaks and sources exist in both. 

Maintaining a material balance in each flask, we obtain the 

following set of equations, 

cP. 
^l~dt = B-^i - 1 + Z^fPg-P^) (48a) 

Vdl = ' ̂2 - # - SgPg - PiCPg-?;) (48b) 

dP^ 
V^-dt = - SgP, + PzCPz-P,) (48o) 

where is the volurie of the i^^ flask, P^ is the pressure in 

torr in the i^^ flask; is the leak rate into the i^^ flask, 

in molecules per second, is the pumping speed of the pumps 

in the i^^ flask and F^ and F^ are the conductances of the 

tabulation connecting flasks 1-2 and 2-3 respectively. and 
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Pg can be made equal, but for completeness, assume that they 

are different. The i (i = 1,2,3) part of the system refers 

to the various components in Figure 43. 

At steady state, 

dn *^^1 ^^2 ^^3 
dt = 0 -at = "dt = "dt = ° 

Let P^, ?2 and be the steady state pressure. Then 

Equation 48 reduce to, 

HTL-^ - S^?° + P-^(?°-??) = 0 (49a) 

RTLg - S^P^ - = 0 (49b) 

ETL^ - SgPt + ?2(?2-?3) = 0 (49c) 

Subtracting Equation 49 from the respective Equation 48, we 

obtain 

S = - Sl'-l-?;) + (50a) 

^2-df = - - SgCFg-Fg) - {(P2-?2) " 

- Pj {(?2-?°) - (Pj-P")} .(50b) 

+ Pg {(?2-P2) - (-3"?^} (50°) 

Let U^; Ug and equal P^-P°, Pg-P^ and Py-P^ respectively, 
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:hen 

dU^ dP^ 

aô dû ' dt 

dUg dP„ 

cu dt dt 

Substituting these values into Equation 5^t yields 

V. 
au^ 

l~dt - Sl"l + ["2-"J 

V, 
dUp 

2"dt = - AHifl - SjUg - [ug-uj - [Uj-Uj] (5:b) 

V 
auo 

3 dt - ^3"3 + Fg LV°3J 

Let V , Mt  > M2 ^3 "°® "khe Laplace transforms of n, 

Ug and respectively; also, at t = 0, let n = n^, = U 

Ug = Up and = U^. Then on transforming Equation 51 and 

rearranging, we obtain 

s 
^21 V. "3 [-%] 

^(s.-n^) +-J° (52a) 

S,+F. 
= U° (52b) 

^2 I.- V g ]  Co s + 
^3 '^2 
V. 

=  u :  (52o) 
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Sn+P-i ART 
Let = o^n, Tr = -Ar-^ = and let ̂  = a . 

*1 "2 " "3 

Then, by the method of determinants 

^ = 

U. 

Ug -a(sy -^q) 

u; 

s + C7i 

-V^2 

-Pl/Vl 

s + (To 

-VV] 

-V^I 

s + a, 

-V^3 

-P/Vg 

s + or 

-P^/Vg 

8 + a. 

(53) 

Equation 53 can be evaluated to give, 

(Po)^ F.PgUS . 
^ VgV^ " V^Vg " (s-Hr^)(s-H7^)U^ 

^ (F„)2(s4i3r, ) (F, )2(s-KT,) 
VpT "*" V^Vg - (s+CT^)(s+CT2)(s+a^) 

(s-HT )F -, 
V? [Ug- ocisv -n^)] 

Ml = 

(Fgi^ts+P.) (P^)^(s-H7.) 
Vpr V^Vg - (s-HT^)(s-KT2)(s+or^) 

(s+a«)F, p ^ -, 
[u°-a(si/-n^) j + uOts+Ogits+Pj) 

(s+PiJls+PgJls+Pj) 

F.FoU? (FgjZuO 

% 
( s+Z^i ) ( 8+^2 ) ( 

(54) 

(54a) 
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where, .S^ and jS^ are defined by 

( s -r ( s + ( s H - ^ 2 )  =  ( s + a ^ )  ( s + a ^ )  ( s + ( y  

( ? 2 ) ^ ( f 5 + c r  T _ )  ( P ^ ) ~ C s +  c r - s )  

V3 
(55) 

Hence, 

( S +  C T ^ )  

(n^+sv ) 
V, 

Ml = 
'1 "(3+ f^)(8+ 2%) (8+ . 

( s +  C  ) p  P ^ P L  n  n  
^2 0-^) (s-r cr^) + V^"^3 ~ ^1 

(s- r  ( S t p'2) ( S + jS 2} 

(56) 

In a characteristic flash desorption experiment, U? = Ug = 

= 0, then Equation 56 reduces to 

oPnr ( c.- fi)(%o+ 
n _ 1 

^ 100-^2.) (3+^2) 

( a^-/32)(n^+^2^^ . ( °^3- ^3) ( V ̂3^^ 1 

(^I'/S2/(p'y/S2)(st^'2) (^i-j8^) (^2~'^3^ 

n + iS V 
The ir.verse transform of 7—;—is obtained from the convo-

[ S - r  

lution integral. 

That is 
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(5Sa, 

' r t ;?j_T -|, 
= e L "a * ̂ 1 J n(T)e &Tj (58b) 

o 

But the right hand side of Equation 58b can be simplified 

further. That is 

"^i^r a ft 
e L ̂ o i J % ( T)e dr 

= e + J nde J (59a) 
° o 

S^tp ^,t -, 
n + ne - n. - J e dn 

L  O  O  J  

-B t .n St 

° "o 

= n+ e ^ J e ^ dn (59c) 

^o 

Treating the remaining terms in Equation 57 similarly, we find 

that Equation 57 becomes 

ART 

"l = V^V2(;<3-^i)(?3-?2)(V^l) 

r -At . 

r (*^0 ^9 ̂  1 
- {n + e J e dn J-

r  -/3„t „n jS^T . 
+ {% + e 3 e ^ dnj- (60) 
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The coefficients of n in Equation 60 cancel, and there remains 

only 

ART 

r . r i  T  
[(Pj-fliffj-fg) e 1 j e 1 dn 

-j8pt «n jSpT 
- (oTq-^2) ® J ® d-ll 

n 
-#?t (.n jS^T -, 

+ e 2 J O e ? dn ] (61) 

The relaxation parameters, )3^, and jS^ are related to 

the pumping speed and the conductances by Equation 551 which 

on expansion becomes 

f(s) = (s+f^)(s+#2)(8+#2) = s^ + (a^+a2+a^)s^ 

/- (Fg)^ (Fi)2 s 

+l "I'z+'i'a+'z") - ̂  > 

, (F,)2o, (Pi)2a 

+C*1°2"3 " VgVj " V^Vg } 

The values of jS^, and j8^ for various values of P and 

are shown in Table 6. For small values of S^, the relaxation 

parameter j8^ reflects the pumping speed and not the con

ductance, whereas for large values of S^, reflects the con

ductance and not the pumping. 

Recall that in Equation 6I, = P^-P^, there is the 
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pressure increase measured in a flask separated from a flask 

by tubulation of conductance P and containing a desorbing 

filament. Hence, from Equation 6l, it is possible to observe 

the effvc) of punping speed and conductance on U^, once a rate 

process is assumed. 

Consider a second-order reaction 

-i = 6°^ (62) 

•where, 

« = - 4 s  >  0  

Integrating and rearranging XT'e obtain 

Nor 

" • : . .. 

P ^o At 2 û;r &T 
I e dn = V n s e dr (64) 
n o 

t 

= .n? r •"Pg d^ (64a) 

Substituting these integrals into Equation,61, we obtain 
L-

\ "-4 

ART (jS^-^2^ ̂ ^2""'®1^ 

, r t (cfi-^i)T 

{(cr,-^3_)(^j-^2)e J g J2 
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o 

(a+^ )T 

+ e J e (iy } (55) 
0 Y 

where Y = j^l + (e^^ -1)J 

u -
can best be determined by programming a computer to 

evaluate the right hand side of Equation 65. There are 

several parameters that can be varied, namely n^, k , F and S 

but for the purpose of the present work only P and S will be 

considered. The results are summarized in Figures 44 and 45. 

It is evident from Figure 44, that the conductance of the 

connecting tubulation has a pronounced effect on the desorp-

tion spectrum and hence, on any parameters, obtained from the 

desorption curve. Similar results are obtained for larger 

values of with a further reduction in peak height by a 

factor of four for = 80 liters per second. Since the 

conductance of a cylindrical tube is proportional to 8?/^ (49), 

where a and I are the radius and length respectively, then by 

the proper choice of a and i , the effect of conductance on 

desorption spectra can be minimized. In the present apparatus 

a = 1.6 cm and ^ = 10 cm which corresponds to a conductance of 

40 liters per second for air. 

« 
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B. Response Characteristics of a Linear Recording System 

The response characteristics of a linear recording 

system can be completely specified by the relative magnitude 

and phase input and output of sine wave test signals. Since 

the amplitude and phase vary with frequency and their de- • 

pendence on frequency is easily observable, then it is 

theoretically possible to predict exactly how any complex 

wave would be dlstorced. The dependence of phase shift on 

frequency will generate a transfer function, "and this func

tion operating on the actual recorded function will generate 

the true signal, or driving function. 

lû is possible.to state the requirements for the theo

retically ideal recording system. These are: first, constant 

amplitude response for all frequencies from zero to infinity, 

and second, a phase shift which is zero for all frequencies. 

No physically realizable system can meet these requirements 

and the problem then becomes one of trying to correlate de

parture from ideal with ûhe distortion which will result in a 

particular recording. 

Consider the sequence of operations in the recording 

Instrument by which, gn input signal is transformed into a 

permanent recorded trrce. The input signal, after.passing 

through the attenuator and input filter (Figure 46), is ap

plied to the balance circuit where it is cancelled by an 
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internally supplied opposing voltage. Under these conditions, 

there is no signal output from the balance circuit and the 

servo system is at rest. When the input signal changes to 

a new val le, it is no longer cancelled in the "balance circuit 

and the unbalance voltage or error signal, is applied to the 

chopper where it is ccMvert2d to a 6o cycle form. The,àc 

output of uhe chopper is amplified and applied to the control 

winding of a two phase ssrvo motor. The motor is mechanical

ly coupled to the balance circuit potentiometer and thus 

changes ûhe balance voltage until it again cancels the new 

value of the inpur signal. If ûhe input signal is changing 

at rates within "h^_limitations of the recorder, then this 

rebalancing action is continuous. Hence, the position of the 

balance circuit potentiometer and of the pen and carriage, 

to which they are coupled, are always directly proportional 

to the amplitudes at the respective input terminals. 

There will be an inertia, some friction and a spring 

constant associated with the mechanical motion of the pen and 

its moving parts. There will also be a net inductance, re

sistance' and capacitance associated with the electrical con

version of the input signal to the mechanical motion of the 

pen. Let J represent the moment of inertia of the pen and 

its associated moving parts and the net inductance of the 

circuit; P, the coefficient of friction associated with the 
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moving parts and the net resistance; and k, the spring 

constant and t.;e neu capacitance. Then the differential 

1 
-qvation of motion relating the recorded signal, R(t) to 

the true input signal, S(t) is, 

JR"(t) + PR'(t) + kH(t) = S(t) (66) 

Of the three parameters J, F and k, we can assume one set, 

when a scale factor is set; the other two parameters are 

related to the instrumental damping properties. Hence with

o u t  a n y  l o s s  o f  g e n e r a l i t y ,  w e  s e t  k s = S ,  j k  =  J ,  f k = P ,  

then Equation (66) reduces to, 

jE"(t) + fR'(t) 4- R(t) = s(t) (6?) 

If E(t) and the parameters j and f are known, then S(t) 

can be calculated. The determination of j and f remains an 

experimental problem. 

It appears that Equation (67) is somewhat too simple to 

adequately represent the observed dependence of the response 

on the signal. We have assumed that the parameters j and f 

are not functions of R(t), whereas in reality uhey do depend 

on R(t) as illustrated by the distortion of the sinusoidal 

test signal at high frequencies (^2.0 cycles per second). Con

sider, for example, the parameter J in Equation 66. It can be 

represented as follows, 

1 
Pearson, Eric B., Technology of Instrumentation,. London, 

England, The English Universities Press Ltd., 1957« 
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J  =  J(3) = J(0) + J'(0)R + |j"(0)R^ (68 )  

It is evident from Equation 68 that J = J(0) if R is small. 

Hence, it is possible to ad.lust R so that the distortion of 

the input test signal is small over the frequency range of 

interest, that is 0.5 ops to 2.5 ops. Therefore, if the 

parameters j and f are determined from known signals and 

responses similar to those of physical interest, and the re

sults used to correct the observed responses, then the cor

rection should ")e reasonably accurate. 

Consider tha input signal to be a sine wave. It is suf

ficiently similar to signals of physical interest and it is 

simple to treat mathematically. That is, let s = sincot; 

then R(0) = R'(0) = 0. Then on transforming Equation 67, we 

obtain 

where r is the Laplace transform of R(t), i.e. r =f Re"®^dt 

(js^ + fs + 1) r(t) = 2 (69) 

Then 

r 
.l(s^ +w2)(s + a^)(s + a^) 

(70) 

where 

(71) 
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cto = 
2,i 

1/2 
(71a) 

Hence, 

^ j I (s--lto) >' s-iwT( s+-:^) (s-ttg)J (72) 

Using the method of partial fractions, Equation 72 decomposes 

to; 

1 r 1 1 r = ^ J ^ _ 1 I 

^ s+a^) (a^+co^) (s+a^) (a^+w^) 

(a^a^-w ) (o^+Cg/S 

(s2+%f) (s^+yZ) 

(a2+w2)(a2 +io^) 
(73) 

Taking the.inverse transform of Equation 73, we obtain the 

following. 

H = 

-a. z -a^t 

(a^vto^) (a|+w^) jfag-Gi ) 

( 0. -0?) sinwc-( a.+0.^ ) wcoswt 

j(a2+kf)(a2+wf) 
(74) 

As t becomes large, the terras with e 

ûhere remains the periodic function, 

-a, t -a_t 
1 <3 9 * 

, e 

(a^a^-O) ) s in at - (a^+a2)tocos(id: 

j(cc^+^) (ttg+w^) . 

vanish and 

(75) 

= A sin(wt - 6 ) (76) 
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where, 

A = 

2 2 2 2 
(a^a^-w ) + io (a^+a^) 

1/2 

12 1 2' 

.3(a^+co ) (a^+o?) 
(77) 

A = 

a?a?+w^Ca?-.-a2)+co^ 
1/2 

(78) 

Also, tan Ô = 
(a^-i-Cg) Ji 

( cx^cxg—ty""} 
(75) 

Prom Equation 71 and 71a,-we obtain the following relations, 

*1 + *2 = j ( 8 0 )  

*lG2 = T 

0 

(81) 

(82)  

Substituting these' values in Equations 78 and 79, we get 

-1/2 
A = _1 +%f(f2 _ 2j)+k^j^ (78a) 

and 

±1L 
'^6 = 1 . jj2 (79a) 

Equation 78a can be rearranged as follows; 

= (f2-2j)+j2w2 

CO 

(78b) 
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•2 2 2 
Hence, a plot of (A" - l)/w versus co. should give a straight 

2 2 
With a slope, j , and an intercept (f  -  2 j ) .  

Also, Equation 79a can be rearranged to give 

—&d_ - % _ J. 
tanô f f 

<4^ = i - 4*2 (79b) 

from which it can be seen that a plot of w/tan6 versus 

should be linear with a slope, -j/f, and an intercept, 1/f, 

Either of the Equations 78b and 79b can be used to 

determine the parameters f and j. Equation 78b involves 

measuring the amplitude attenuation as a function of fre

quency and Equation 79b, the phase lag as a function of 

frequency. The latter method is more sensitive than the 

former method in the frequency range below I.5 cycles per 

second, which is the range of physical significance in flash 

desorption experiments. Also, in the former method, if the 

amplitude of the input signal is chosen to give full scale . 

deflection at low frequencies, then at higher frequencies, 

one not only observes aH attenuation but also a distortion 

of the sinusoidal test signal, since the parameters relating 

the response to the input signal are functions of the 

response. 

- • Measurement of the Phase Lag 

The simplest way to determine the phase lag is to measure 

the eccentricity of a Lissajous pattern. A Lissajous pattern 
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is the figure created on an oscilloscope screen when sine-

wave potentials are applied to both the horizontal and 

vertical deflecting plates. If the frequencies .of these 

two component potentials are the same but they differ in 

phase, the resulting pattern is a measure of the phase 

difference between the two waves. 

To see that this is so, suppose that the potential 

across the horizontal deflecting plates of the scope is 

sin(ajt + G^) (83) 

and that aci-oss the vertical pl^.~es is 

e^ = Sg s in (cot + Gg) (840 

Then 

G -
—- = Sin cc t cos 6^ + cos cot sin 9^ v83a) 

and 

e.j 

^ = sin wt cos 6g + coo cct sin 0, (84à) 
"2 

To eliminate the time factor vje proceed a^ follows: multiply 

Equation 83a by cos 0^ and Equation 84-a by cos 0^, subtract 

to obtain 
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Multiplying Equation 83a by sin ©g and Equation 84'a by sin 0^ 

and subtracting, there results 

e e 
^ sin 0- - ̂  sin 0-, = slnwt(co& 0-sin 0„-sin 9^ cos 0^) 

(86 )  
Squaring Equation 85 and 86 and adding, gives 

' ©v 2e c 2 
^ ~2 - "E E cosCS-^-Sg) = sir/v©^-©^) (8?) 

E.Ï 2̂ "̂2 

This is an equation of an ellipse, the orientation of which 

depends upon the phase difference. 

The experimental procedure necessary for measuring the 

phase difference between t/ie two potentials is quite direct 

and consists of measuring :he two distances E_ and E in 
. o m 

Figure 4?. The distance E^ is evidently the value of e^ 

when e^ is zero. This requires that 

E^ = 2^ sin (6^ - Gg) (38) 

Likewise, the value E^ is the maximum value of e^. and from 

Equation 84a is given by E^ = E^. Substituting this value 

into Equation 88, yields 

2 
sin 6 = (89) 

m 

where Ô = 9^ - ©g. ' 

The experimental arrangement used to measure the phase 

lag of thù icorder is shown in Figure 47* It consists of 
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applying simultaneously a sinusoidal test signal to the 

input terminals of the recorder and to the horizontal de

flection plates of the oscilloscope. The signal that ap

pears at the slidewira of the recorder is applied to the 

vertical deflection plates of the oscilloscope. The ex

istence of a phase difference between the two signals is 

indicated by the appearar.ce of an ellipse on the oscillo

scope and the eccentricity of the ellipse is equal to the 

sine of the phase lag. The results of the measurements 

are summarized in Table 6 and Figure . 

Substituting 2r:v for io in Equation 790 yields, 

V _ 1 .1 - 4 2TTy (90) 
tanô 2TTf f 

Now, substituting in Equation 90, the value of the intercept 

and the slope determined from Figure ^8, we obtain the val-

2 iL 
ues 3.1 X 10~ and 5-^5 x 10" for the parameters f and j 

respectively. 

The problem that remains is to apply these correction 

parameters to a sample desorption spectrum. This is best 

accomplished by fitting the spectrum with an analytical ex

pression. The desorption spectrum was divided into three 

intervals and an equation was obtained for each interval. 

The three equations are: 

0<t< 0.85, I = 2.466 + 8y-20y^, y = t-0.602 (91a) 

o.85<t< 1.15, I = 4.50 - I5ŷ , y = t-1.002 (91b) 
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1.50<t< 1.85, I = 41.1 exp Ul.833311. y = t (91c) 

Since the heating schedule is recorded simultaneously with • 

the deaorption spectrum, it must also be corrected. The 

analytical expression used to represent the leatln^ 

schedule is expressed in terns of a voltage drop across the 

filament and this is directly proportional to the temperature 

for a set current. That is 

0<t< 1.5, E = 2.85 + 1.27t + 0.74^2 (92) 

and this is related to the temperature of ôhe sample filament 

by the following relation,-

T°K = 154^72 + g (93) 

The result of applying the correction parameters, f and 

j, to the desorption spectrum and the heating schedule is 

shown in Figure ^9. 

Analyzing t'r.s cor ected spectrum by the method described 

previously, v.-e obtain the value of 9.60 for the slope of the 

plot of ln(n^-n)/r.. vs T~^, corpared zo the value of 9.66 for 

the uncorrected spectrum. This agreement is due to partial 

cancellation of corrections in the desorption spectrum and" 

in the heating schedule. It is clear from the equation for 

AH, that the correction of the heating schedule and of the de

sorption spectrum have opposite effects on the- value of AH. 

Therefore, we can conclude that the response time of the 

recorder may h.£..-'3 a serious effect on the driving signal, if 
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the rate of change of the true signal approaches the 

response time of the recorder. 
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Kinetic Analysis of Pressure-Temperature 

Data, Fortran Program 
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S T A R T  A C C N T A 0 O 8 7  a v j M ê  M A X T I M E  4 M I N  P C G O  
F L A G  M A P , G O  P U G U  

F L A G  P O K f , M A I , C O M P I L E , L I S T  
C 
L  F J f t r K A i ,  P R u r . n A . - i  - O K  P î l U C L ' S i t N C  
L  F L A S H  F I L A M C . - ; r  D A T A  
C  W I T H  O k  W I T H O U T  P U M P I N G  C O R R E C T I O N  
C ' 
c 
c T =T :me(sec).CURVE a 
C ÙI =IOU CUKRfcNT (SCALE UIV),CURVE A 
C OK :.|'0I ORJP ACRuSS FILAMENT (iCALE 01V),CURVE C 
L A =HÛ-N 
C  C  = V 0 L T S  C O X R C S P O N L I N G  T O  O K  
C  H I  - I 0 . \  C U R ^ c N T  ( S C A L E  0 1  V <  , C U R V E  t J  
0  T B  - T  i X c ( S k C I . C U R V E  b  
U  C U  ^ H E A T I N G  C U R R E N T  ( A M P S )  
I* 

D I M t N S I u r ;  T (  1 0 0 )  , D I (  1 0 0  J  . O i < (  1 0 Ù )  . O t L l  1 1 0 0 )  , A (  - 0  )  ,  E  1 1 0 0 )  , B  (  1 0 0  ) ,  T l  

u100i,Tr(ioûi,z(i0),AC0(8».Êcotai,cc(loo),oc;^jo),ty(ioo).Biiioo). 
2r3( IOC),blùg;100) 

R E A D  2 b , N Y , P 3 . P I , C U  
C  N Y  = N U M B i l R  U Î -  C U R V E S  T J  B E  P r . O C f c S S h O  
C  l E M H  or F I L A M E N T  G I V E N  5 Y  P U » £ / C U - . M  

2 d  F O R M A T  I  1 5 .  . F I O . O )  
KCAf. : ,(%:D(i),i = i.e),pi,p simu 

c 
C  A .  L A E L E S  F O K  P L O T ; ,  C O L  1 - 1 0  l O O O O / T ,  
U ll-is log; (NU - . N ) /  . )  , i 6 - 4 0  L0G(L0G(.\0/N)). 
C 41 Ci, 42 P, PLU" SYMBOLS 1ST AND 2K0 ORDER 
L 
C  A N A L Y S I S  O F  I S T  A N D  2 N 0  O R D E R  O A T A  P L O I T L .  U S I N G  
C  I  a x  1 6 2 7  M O D E L  I  D I G I T A L  I N C R E M E N T A L  p L O T T u R  
C 

1 4  F O R M A T [ 6 A 5 . 2 A 1 )  S i « 0  
N T P  =  1 0  S I C . C  
call L A f i E L l N T P )  S I M O  
D O  2 5  J = 1 . N Y  
READ 1,M,L,XA,VO,RU,(Z(U,1=1,81 

C 
C  M  - N U M B E R  O F  P O I N T U  I N  C U R V E  A  
C  L  - N U . - 1 3 E R  J F  P O I N I S  I N  C U R V E  B  
C  L  = v / ,  I F  / U M P I N G  T c t M  ( S / V )  I S  Z E R O  
C  X A  ^ S C A L E  F A C T O R  ( A M P S / D : V )  
L VU ^SCALE FACTOR (VLLTS/OIV) 
C  R C  = S C A L E  F A C T O R  ( M O L E C U L E S / A M P )  
C  i ' T l f L E  
C  

1  F O R M A T I I 2 , 3 E 1 0 . 4 , 8 A 6 )  
2  R E A D  3 , r i . r i i  

c 
C  T !  ^ I N I T I A L  T I M E  C U R V E  A  
C  T I I = 1 N I T I A L  T I M E  C U R V E  b  ( 0 , I F  L = 0 )  
C 

READ 3,(01(1),1=1,M) 
READ 3, (0K( n, I = 1,M) 

3 FORMAT;-'.FIO.O) 

Fortran Program 1. Kinetic Analysis of Pressure-
Temperature Data 
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PRINT ll,(ZiIi.I=:,8) 
Il FORMATI1H1,//20X&A3///| 

T(1)=T1 
DO -.!> 

lb T(.)=i1I-l)vO.O& 
C GHNCKArc TIME INTERVALS FOR CUKVc A 

ÎFiL)2V,2S,29 
26 DU 4 1 = 1 ; .M 

ClELl I) = .'I : I )*XA 
Adl^OELid )*R0 

4 E(n=DKni»VC 
GO Tu il 

29 Ts:-)=Tir 
1)0 ,0 ;=^iL 

16 ;B( n-- "iC I-l)+0.10 
C Gt cKATb TIMiI INTERVALS FOu CURVfc B 

R=AU • ;BI( I )fI = 1,L) 
.JKINT 

Vi c-ÛKMAT121X4hTIKi,7X2HDI,9X9HS/V»0I»DT,5XlCHSUMiC0L.3),6X8HDI • SUM 
I / / )  

SU.-il = 0 
SU.12 = 0 
StM3=0 
.̂ ut-;4=o 

C OETc.-.MJNE PUMP I. r. CORRECTION A.'.D 
C  'JRRECT CU..VE A 

DU . 1=1 L 
ùLu . . n-Lo."XF;8I 1 I 1 'XA) 
SUNl = SliXl+;-,LOG( : ) 
SUM2 = Su,y2 + l 6( I ) 
SJM3 = SuH3 + Ta(I )»TB(n 

If SU!',4-SLI'.4 + ùi.GG( 11 "TBI n 
AA=L 
SLOPE = ( (SUMl»SUM2-AA.SU,>'.4)/( AA*SUMi-$W2»SlJM2( M2.3Û3 
S:. jP=SLCJ<^e»0.05 
'JiC = 0 
DO 18 I -1,M 
OEL = OI{ U*KA 
J E ^ D c L ' - S L O P  

DEL = DL^"H)E 
DELI(I)-OEL+DEE 
At 1I=DELII I)«R0 
E(!J=DK(lîoVO 
PRINT 20,T(nlUtL.UEiOEL.OfcLH: I 

Id C:..\iTiNUL 
20 .•Jk..AT(2ÛXF5.2,4Elb.4J 

PRINT 19,SLOPE 
IV FORMAT I//40X4HS/V=,E15.4///) 
21 IP-1 - . 

C DETfTKMINE NO 
C 

DU 2. 1=2,N 
IFtAln-A(I-l))22,2I,21 

22 IFlIP-l)2X,24,2i 
24 IP=3 

AO=A(I-ll 
N = I-2 

21 CONTINUE 

Fortran Program 1 (continued) 



www.manaraa.com

185 

pk:nt 10 
U) FCKMATi  i .<4HT:ME: ,4X6H0SLTAI  ,9x4h. \U-N,4>.0H!>;O -\^/nûi5x8h(N0-N) / iN,AX4 

IH. \U/N,3X7HLC lX7H'0C00/T,2X<>HrEMP,3XoHt ;CLTS , 4 x 5 h [ )N/0T i5X9HD( 
y:/ri. 
\X=N 

C CALCULATE AND PKINT 
OJ 5 1=1,N 
B;1)=AU-A( I )  
C=Ai I ) /B( I )  
Û=AU/B11)  
g--logxh(u) 
CC( I )=LOOX."(C) S IMC 
CCI  I )=LÛG>:r(G)  SIMÙ 
BBr t=A( I ) /A0 
T1. I )=Pù»£(I ) /CU-PI  

• •Tr( I  )= i .o / ' r i  ;  11 
'TX=10000.0»TT(I) 

TY(  n-- : x  
IF I1-116,7 ,6  

L  ÉVALUAIS DcKIVAf lv 'ES DW/DT AND U(1 /T) /1)T  
6  X=(B; : ) -B( I - I ) i /o .uS 

V=(TT( I  ) - rT( I - l ) ) /C.05 
7 PR1. \T  fa , r ( i ) ,Dt ;Ln i ) .A( I ) ,BD3,C,D,G,TX,T l (n ,E<n,X,Y 
e F0RMATiFt> . i ! ,AE:2 . '» ,5F8.3 ,2 i£12.4)  
b 'CUi ' . r iNUK 

XMI , \=0 S I  MO 
YMIN=0 SIMC 
ZM1<\  =  0  SIML '  
DX=ù S IMG 
DY-Û SI  MU 
DZ =  0  S I  MU 
OU 30 1=1,0  SIMC 

30 ACl ) (  I  ) =  Z(  1» SIMÙ 
CALL SCALE (CC,NX,9 . ,  YHI (M,DY,1)  SIMC 
CALL SCALE (DC, iN iX,>J . ,ZMl . \ ,OZ,  1 )  SIMO 
CALL SCALE (rY,NX,V. ,XM!N,UX,1)  SIMC 
CALL AXrS (O,0 ,BCD.3) , i ;> ,<5. ,O0. ,YMIN,0Y,NrP)  S I  MO 
CALL AXIS i0 ,0 ,BCDi I )»-10,9 . ,0 ,Xr t IN,0X,NTP)  S IMO 
CALL AXIS (9 . ,û ,BCLi (6) , - l5 ,9 . ,90 . ,ZMIN,DZ,NT?)  SIMC 
XX=3.5  SIMC 
XY=5.5  SIMO 
YY-8.3  SIMu 
YX=a.C SIMC 
CALL SH3LA(XX,YY, .2 ,AC0t l ) ,0 , l3 ,NTP)  SIMC 
CALL :XBL4(XY,YX, .2 ,ACD(4) ,0 ,15,NTP j  SIMU 
: ,U 48  !  -1 ,  N S I  MO 
CALL SMb-4(TY( I ) ,CCl  I ) , .10 ,P l i0 , l , iMTP)  SIMC 
Tv(  I  ) =  rY(  n-0 .1  SIMC 

4B CALL SMBL4(TYI I ) ,DC( I  I , .10 ,P,0 ,1 ,NTP I  S IMO 
CALL PLOT(1^ . ,0 , -3 ,NTP)  SIMO 

2 ' j  CON T IME 
STOP Ou 
END 

Fortran Progra:- 1 (continued) 
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D. Variation of the Activation Energy of Desorptiorï 
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STAXr ACCNTA0087 SVJMS MAXTIME 2MIN PCGÛ 
FLAG MAP,CO PliGO 

FLAG rUi<r,HAiN,CC iPILE.LIST 
C 
u f - U l t r x A N  P R U G K Ak FUR OETfcKHI\tNG VARIATION OF 
c ACr IVAriUN C,\ERGY SURFACE COVERAGE 
c 

DELTA h D E Î E kM I N E D  FROM LOW SURFACE COVERAGE DATA 
C VARIATION OF ACTIVATION ENERGY (ALPHA) UErCRMlNED 
C FUR SUBSEijUENT SURFACE COVERAGES 
L 
C 
u A =(,'iU-NI/NO EXP. 
C T =loOO/r£MP (DEC K) 
C A1 LXP. 
C AN =(NO-N)/NO CALC. 
C V2 =S.-:CUNl>-ORUtR rREQUttNCY FACTOR 
L 

OlhcNSlON A ( 5 0 1 , r ( ! > 0 ),A1{ 5 0 ),TT(50)> V 2 ( 5 0 )lANIbO). V ( 1 2 1 . C I 5 0 ) f V 3 ( S  
101 
READ l,iMDIi,DFH,~LPHA,nAJ,UFA 

C 
C N =NlJ. OF CURVES TO BE PROCESSEP-
C DM ^INITIAL INCREMlNT OF DELTA H 
U D.-K^-flNAL INCREMENT OF JEL :A h 
C ALPHA=iNITIAL CSTIKATE :F ALPHA 
C CAJ=Ii\lIIAL INCREMENT G." ALPHA 
C D."A = FINAL INCREMENT OF ALPHA 
C 

1 FORMAT{:6,?c 2.4,ÎF10.0I 
R E A D  3 G , l C ( n , I  =  l , i )  

50 FORMAT!3E12.4) 
READ 51 ,J1, J2, J3.N>S 

u 
L :JCUrm-ORDCR FREQUENCY FACTOR MAY BE rREATED 
C SIMULTANEOUSLY IN THScE WAYS 
C 
C CASE I V2 = C(l)»V 
C CiSE : I 72 = C(2)»T 
C CASE III V2 = C(3)*SQRT(T) 
C 
C NN =Nû. OF FREO. FACTORS READ IN 
L =0, IF CASE I IS OMITTED 
C 
C SEI J1,J2.J3 AS FOLLOWS FOR VARIOUS 
C COMB I NATTONS OF CASES I.Ii, A.'.D III 
L DFjR ;,ii,in 1,3,i 
C 2)FOR 1,1! 1 , ^ , 1  
C 3IFOR I,III 1,3,2 
C 4 )FOR I ALONE 1, 1,1 
C b IFOR II ALCf.s 2,2,1 
C 61 FOR III ALONE 3,3,1 
L 

51 F0RMAT(4I51 
IF(Ji-2)41,53,b3 

41 REA.- 43, (Vt J) , J=l,NN) 
43 F0RKAT(6hl2.4) 

Fortran Program 2. Variation of the Activation 
Energy of Desorption 
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53 00 100 1=1,N 
REAU 2,Ml,AO 

2 FOKMAT( I!),E12.4) 
READ 3,(A(J),J=l,Nl) 
READ 3,IT( 
IFI l-ll n,70,7i 

70 READ 3.(Al(J),J>l,Nl) 
C 
C REOUIRtO ONLY FOR FIRST CURVE OF SET-
C 

3 F0RMATI8F10.0) 
n DU 150 JJ-J1,J2,J3 

IF(JJ-2)72,73,73 
72 UO 101 (1=1.NN 
73  TT in -11n / iooo .o  

IF(JJ-2I54,55,56 
54 V.?U)=CIJJ)»V«n) 

GO TU iV 
b5 V2(1)=C1JJ)/TT(1» 

GO TO 57 
56 V2(l)=CJJJ»,*SQRTF( 1.0/TT(l) J 
57 DO 4 J=2,N1 

IT(J)=(r|J)+TCJ-l)J/2000.0 
IF(JJ-2)58,59,60 

58 V2(J)=V2(1) 
GO TU 4 

59 V2IJ)=C(JJ)/TT(J) 
GO TO 4 

60 V2(J)=C(JJ)«SQRTF(1.0/rT(J)) 
4 CONTINUE 

IF(1-1)44,42,44 
C 
C MINIMIZE LOW SURF. COV. CURVE TO DETERMINE 
C DELTA H USING LUG((NU-N)/N) VS 1/TEMP 
C 

42 X=0.0 
Y=0.0 
Z=0.0 
W=0.0 
00 7 K=l,Nl 
TX=TU)/1000.0 
XX=L0GF(A1(K)) 
X=X+XX*TX 
Y=Y*XX 
Z=Z+TX 

/ W=h+TX*TX 
U=N1 
OELHO={Y»Z-U»X)/(U«W-Z»Z) 
LY0=1 
LX0=1 
SUM1=0.0 
DELH=DELHO 
P1=0.0 

U SUM=0.0 
9 DELN=O.U 

AX=AO 

Fortran Program 2 (continued) 
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CO 10 Jo l tNl  
f lA—CELH»TT(J)  
C A L L  EX ( A A , P 1 J  
CELN=DELN+VZ(. '  1»AX»AX»P1«0.05 
AX=AC-CELN 
!FtAX)61t63i63 

61 .'p.int 62iVZ(JJ) fTT(J)  
62 F0RHAT(1H1,/ / /20X27HEITHER V2 OR TEMP TCC LARGE,5X4HV2 * ,£10.4,5X8 

IHl /TEKP »,F10.3/ / / )  
J3=2 
go tc 99 

63 IFtLY0- l )U,12, l l  
12 A2 = LCGF(0ELN/AX)-LCGF(AU J)  )  

SUf=SUM+AZ«A2 
GO TC 10 

11 AN(J)=CELN/AO 
10 CONTINUE 

IF{LY0-1I14,13,14 
13 IF(LX0-U16,15, :6 
15 LXC=3 
17 suyi=suv 

D=LH=OELH+CH 
go TC 8 

16 I r (SUK-SUCl)17,18,18 
18 IF(AeSF(CH)-CFl- )19,20,20 
20 CH=-CH/2.0 

GO TC 17 
19 LYC=3 

GO TC 9 
14 cc=n1-1 

stcev=scrtf(suy/cc) 
CEH=CELH' l .987/1000.0 
CEHC=DELM0«1.937/1C00.0 
print 21,ac,de;-o,oem,stoev 

21 F0RMAT(1H1,10X4HN0 =,Ei r . ' \ ,5XlCHCELTA HC »,F7.3,5H KCAL,5X9HCELTA 
IH =,F7.3.5! -  KCAL.ICXSHS'  OEV =,EL2. ' . / / / )  

C 
C DELTA HO INITIAL VALUE 
C CELTA H r ' INIMTZEC VALUE 
C 

79 GO TC (80,81,82) ,JJ 
80 PRINT 83 

CO TO 89 
81 p'.int 84 

go tc 89 
62 PRINT 85 
83 FGKMAT(/ /50X13;-V2 IS A CONST// )  
84 F0RMAT(/ /50X12HV2 IS A F(T! / / )  
85 F0RMAT(/ /5CX18ï-V2 IS A FtSCRT' .T)) / / )  .  
09 print 22 
22 F0RXAT(36X6H10C0/T ,3x15hi (NO-N)/NOI EXP ,4x 16H (  '  NC-M/NC !  CALC,I5X2 

1HV2// )  
co 24 j'-unl 

2 ' *  m i N T  2 ;  , T ( , 1  ) .  A - . !  I  . A N ( . V ? (  J )  

23 FOR.:ATt :OXF15.3 ;F20.4.120.4 !  
.GO TC 99 

Fortran Program 2 (continued) 
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44 CA'OAO 
CO 25 J ' l tNl  
AA=-OELH»TT(J l  
CALL EXtAA.Pl I  

25 V3(J!=V2(J)«P1 
LX0=1 
LYC=1 
SUM'C.O 

26 SUK=0.0 ^  
27 DELN=0.0 

AX=AC 
CO 30 J=l .Nl  
Aa=ALPHA»AX»TT(J) /1.987Pl2 
CALL EX(AA,P1I  

•*« CELN=CELN + V3( J I»AX«AX«P1»0.C5 
AX=AC-CELN 
IF(LY0- l )29,28,29 

28 A2- ' (CELN/A0)-A1J)  
SUK=SUf+A2»A2 
GO TC 30 

29 ANt J)==0ELN7A0 
30 CONTINUE 

IF(LYQ-l )32,31,32 
31 IF(LX0- l )34,33,34 
33 LXC«3 
35 SUMl=SUM 

ALPHA«ALPHA+CA • 
GO TC 26 

34 IF(SUM-SUM1135,36,36 
36 IFIABSF(CA)-CFA)27,38,38 
38 CA=-CA/2.0 

GO TC 35 
37 LYC=3 

GO TC 27 
32 CC=Nl- l  

STCEV=SCRTF(SUf/CC) 
PRINT 39,AO,OEH,ALPHA,STCJV 

39 F0! ' . . - .AT1 IHl ,  iOX4HNO =,  E12. ,  5X9H0EL TA H «,F7.3,5H KC AL ,  5X7HALPHA » ,  
1F7.3,5X8HST OEV =,E12.4/ / / )  

GO TC 79 
99 IFtJJ-2) lCl , ' .5C, l50 

101 CONTINUE 
150 CONTINUE 
100 CONTINUE 

STOP 00 
ENC 

FLAG FORT,1601 16C1 
C 
C SUBROUTINE TC EVALUATE EXPONENTIALS 
C 

SUBROUTINE EX(R,S) 
IF(ABSF(R!- I10.0) l , l ,3  

1  S=EXPF!R) 
Cn TC 4 

3 5=0. 
4 RETURN 

ENC 

Fortran Program 2 (continued) 
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