Lawrence Berkeley National Laboratory
Recent Work

Title
TRANSITION STATE THEORY FOR VAPORIZATION AND CONDENSATION

Permalink
https://escholarship.org/uc/item/0p8406an

Authors

Searcy, Alan W.
Beruto, Dario.

Publication Date
1973-11-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0p8406gp
https://escholarship.org
http://www.cdlib.org/

LBL-2215

Preprint & ‘
TRANSITION STATE THEORY FOR
VAPORIZATION AND CONDENSATION
Alan W. Searcy and Dario Beruto RE&:WERE'N!'E‘“;
RADIATION LABORATORY

JAN

November 1973 251974
LiIBRARY AND

UMENTS section

Prepared for the U. S. Atomic Energy Commission
under Contract W-7405-ENG-48

~

For Reference

Y

Not to be taken from this room

—

q12Z-1d71

\ 2




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or représents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. :



TRANSITION‘STATE THEORY FOR VAPORIZATION AND CONDENSATION
Alan W. Searcy and Dario Befuto*
Ihorganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering,
College of Engineering; University of California,
Berkeley, California 9LkT20
ABSTRACT
A theory of Langmuir exactly predicts the rates of many vaporization
reaétions.as‘functions of temperature.. For these reactions his theory is
shoﬁn to be superior to absolute reaction rate theory, which cen be made
to yield'the‘same rate equation, in requiring fewer and more generélA
hypotheses and in utilizing a kinetic factor that has been directly
verified By'experiment. Langmuir's theory is extended to provide an
exact description of the kinetics of some dissociative vaporization
reactions. |
It is pointed out tﬁat Langmuir's gas-like kinetic factor has been
ekperimentally verified for the desorption step of two substances that

undergo retarded vaporization. It is argued that the transition state

particles for desorption are free gis molecules and for surface diffusion

in the self-adsorption layer are particles with gas-like velocities

parallel to the surface. Rate equations which utilize gas-translation

kinetic factors are derived for substances that vaporized with non-

"equilibrium distributions of electronic states and for substances with

vaporization rates limited by'separation of self adsorbed particles from

i

. ¥Present address: Fac. Ing. Universita ai Genova, Via Opera Pia 11,

16145 Genova, Italy.
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catalytic surface sites or particles. The equations for dissociative
veporization reactions require that the concept of the transition state
be broadened to recognize that transition state particles consist some-

times of & coupled flux of particles of two or more different kinds.
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"INTRODUCTION

Vaporization reactions are exceptional among chemical processes in
that they are characterized by maximum possible rates that can be pre-
‘cisely predicted for any substance from thermodynamic data and from the
‘, kinetic theory of gases.l"3 Furthermore, many substances have been found
to vaporize into vacuum at their maximum possible rates--a result pre-
'_ dicted by Langmuirl by means of a theoretical analysis that included the
first expiicif_formulation of what is now usually called the principle
of ﬁicroscopic reversibility.u Vaporization at this maximum possible
.rate caﬁ be called unretarded vaporization, as distinct from retarded
vaporization, a férm ghiéh can be applied to describe vaporization at any
lower rate.5 o fﬁ
The rate of unretarded vaporization J in vacuum in moles per unit

time per unit area'is given for a substance which has only one major °

vapor species by the Hertz-Knudsen-Langmuir (HKL) equation:
g = (emmr) /% - (1a)

where M is the molecular weight of the vapor, R the gaé constant, T the
temperature and P is the.equilibrium vapor pressure. Elimination of P
Aby means of the Clagsius-Clapyron relation yields the HKL equation in
.terms of the standard‘pressﬁré P° of the vapor, the standard enthalpy
of vaporization, AHi, and the standard entropy of vaporizétioﬁ, AS::

-1/2 p°

J = (2mMRT) exp (ASD/R) exp (-AKO/RT)" - (1b)
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This equatioh is readily generalized for dissociative‘congruent vaporiza-
tion reactions (e.g. AB = mA(g) + nB(g)) in which the individual vapor
3,6

molecules do not have the same composition as the condensed phase.

It has been clai‘m.ed3

for substances that obey Eq. (1), that (a) the
activated complex is identical to the“vapor molecule produced in the
reaction and that (b) the product of the frequency factor v and trans-

. 7.8

mission ooefficiont K, as ordinarily defined in transition state theory
is identified with the numerical value of;(KT/2Hm )1/2 Qt where Q is the
standard tranolational partition function of tho vapor molecules. - A
éubstantiation of fhese claims is of considerable importance because in
most types of chemical reactions the activated'gomplex cannot be‘directly
studied;‘its’composition and properties must be inferred from the depen-
dence of the reaction rate on system varisbles, and its inferred thermo;
dynamic properties. depend upon an estimoted value of- the frequency of
decomposition of the3presumed activated complex. In this peaper the
assumptions made by Langmuir in deduc1ng Eq. (la) are compared to the
assumptlons that lead through the theory of ebsolute reactlon ratesg to
an: equivalent relation, and it is then shown that experimental data for
several substonces that undergo unretarded Qgporization cohfirm the
kinetic factor and'thermodynamic factor assumed by Langﬁuif rather than
. those of absolute reaction rate théory.

Tﬁe analysis of unretarded vaporization provides insights into .the
nature of diffusion in the self-adsorbed layer. It will be afgued that
the product of the frequency factor and transmission coefficient for

movement in the self-adsorption 1ayer can be evaluated by means of the

- assumption that the activated complex is a two-dimentional gas, whether

/
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the veporization proceés is reiarded or not. This conclusion is used in
simplifying a rate equation which is'derived for vaporization when the
rate is retarded by the availsbility of catalytic redction sites or of
caialytic adsorbed particles.

The paper concludes with a discussion of experiments that might fest
‘"whether the rate limiting step in Qaporization reactions is the desorp-
tibn of excited moleéules, vhether it is the catalyzed dissociation of
molecules from activé sites or particles, or whether it is some other
surface step of the vaporiiétion process..

UNRETARDED VAPORIZATION AND CONDENSATION
WITHOUT DISSOCIATION

Langmuir's pre‘dictionl that vaporization rates would obey Eq. (1a)
was derived from three postulates: (1) Molecules of the equilibrium
vapor come to complete eguilibrium with the condensed phase upon every
collision. (2) Vaporization equilibrium is maintained by detaiied
balancing of independent fluxes of vaporizing and cdndensing molecules.
(A generalized form of this postuléte, microscopiec reversibility, haé
been proved for equilibrium processes by methods of statistical mech-
anics.)lo' (3) The flux of molecules.that escape from the condensed
phase to the vapor is unchanged durihg vaporization into vacuum from its
value under equilibrium conditions. This kind of postulate is also
commonly made in transition state theofy.8> Sugh postulates are expected
sometimes to fail because any changes in the reacﬁion environmgnt can
influence the reaction paths.

The first of Langmuir's postulates asserts tha% there is no thermo-

dynemic barrier to condensation at equilibrium, so that the rate of
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condensation is a function of the equilibrium properties of the vapor
molecules and of theif dynemics of Qovement under eguilibrium conditions.
 The second énd third postulates then lead to the prediction that
vapo;ization iﬁ vacuum occurs by exactly the reverse of the path(s)
defined for condensation under equilibrium conditionms.

Langmuir's theory, which he developed primarily to describe the
vaporization of metals, p;edated transition étate tﬁeory; 'But it can be
viewed as equivalent to the special case in transition state theory in
which the'aétivated compléx is identical to the reaction product. )

For consideration of Langmuir's theory as a form of transition state
theory, it is convenient to substitute different thermodynamic varisbles
into thé temperature-dependent form of Langmuir's rate equation. No new

assumptions or approximations are required for the substitutions, which

yield
' 1/2 L -
s = kT 1/2 _[Xo] [ 211mng 2] TI'Q.g exp (- AEg/_kT) (2)
ng ‘e h L :

Here J is the number of molecules that vaporize per unit area per second,
m  is their mass, k is the Boltzmann constant, h is Planck's constant,
[X;] is the standard concentration of vapor, and AEZ is the energy dif-

ference per molecule at absolute zero between the vapor and the condensed

phase. The term (lezmn.g)l/2 is the velocity of a thermally equilibrated.

gas, while the quantity (2nmng)l/?2 n~! is the standard translstional
partition function of the vapor in dimehsign L hormal to the surface.
This quantity has been separated from the remainder of the total par-

tition function of the vapor, which is symbolized by nqz, for subsequent
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comparison with the equation of absolute reaction rate theory. The
quantity'ﬂQc is the total partition function of the condensed phase.

- The general rate equation for vaporization in terms of absolute

9

reaction rate theory is

: *
0] T oyp (- AE. /xT) | (32)

= ¢ KL
d=x5 [z ™,

- For comparison of Eq. (3a) with the Lengmuir equation (2), the term

kT/h, which is vieved as a universal frequency term, can be interpreted

as the product of the average velocity of the activated éomplex particles

moving in one direction over the potential energy barrier of length §

times the translational partition function correéponding to the motion

* .

of a particle of massm ‘in a one-dimensional box of length 6.9 When this

procedure, which -is equivalent to other derivations accepted for the

general rate Eg. (3)3 is followed Eq. (3) becomes:

* h (o)

N2 R/, %
5 = .<< kT > L. emED ;%) 18 o (- as’/r)  (30)
2mm ' ‘c

The transmission coefficient, K, is intfoduced in transition state theory
to account for possible reflection of molécules that have crossed the
potential energy barrier to reéctioﬁ. The.term'ﬂQ* is the parﬁition
function for the activated compiex, as defined by-Gbsstdneahd coworkers;gl
ﬂQc is the total partition function for the condensed phase and‘AE: is

the energy of formation of the activated complex from the condensed phase

at absolute zero.
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To derive the Langmuir Eq. (2) from the rate Eq. (3p)i1s12 requires

some further assumptions beside the basic ones made in transition state
theory. It is assﬁmed that TQ is the same as the partition function for
the ‘gas, aside from the omitted trahslational motion away from‘surfa.ce.11
The energy of activation AE: is assumed to be identical to the energy of
the equilibrium vaporization reaction,ithe transmission coefficient K is
assumed to have unit value, and the mass of the activated com@lex'is
assumed to be equal to.the mass of the vapor modules. Equ;tion (3p)

then becomes identical to Eq. (2), the Langmuir rate equation, because

£ = 1, and the quantity [Z*o] and [XZ], which are the standard concen-
trations of the assumed activated gomplex and of the vapor molecules_'
vhich impinge on the surface, are choséﬁ, as is usual, to be one particle
per cm? and thérefore can be omitted from both equations.

While thg expression for the molecul#r flux thus derived from
absolute reaction rate theory is identical to that in Langmuir's theory,
the kinetic and thermodynamic contributions which are assumed to enter
the rate equation are different. In sbsolute reaction rate theory the
activated complex is assumed to have a smaller total partition function
than the #apor molecules, which implies a lower concentration. And each
activatéd compiex is assumed to be converted to vapor (if the complex was
_formed by equiiibration of the condensed phase) or to the condensed phase
(if the complex was formed from the vapor)lwith the frequency #T/h.
Langmuir's theory views the rate of condensation as governed only by the
rate of a.rriva;l of vapor molecules at the surface, and the rate of
vaporization in consequence éf his postulates is the identicel rate at

which thermsl equilibration on the condensed phése surface generates a
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Maxwell-Boltzmann flux of vapor molecﬁles leaving the surface.

It is well established that molecules of an equilibrium vapor
irpinge on Surfaces at the rate‘given by kinetic theory, which is the
rate assumed byl Langmuir in considering the condensation of vapors.
Since by the definition of unit condensation coefficient, each collision
of a vapor molecule with the surface must result in condensation,
Langmuir's postuiated kinetic factor is appropriate for unretarded con-
densation processes. But since ﬁhen the COndénsation coefficient is
uhity, every vapor molecule that strikes the surface must condense, the
concept that the reactién rate is governed in any fundamental sense by
‘the rate at Vhich the vapor molecules pass through a postulated inter-
mediate statelat a frequency kT/h is contradictory.

13 of the forces

3

Direét measﬁrements by thg torsion-Langmuir method
produced in free Surface vaporization confirm for several solids” the
ﬂangmuir hypothesié'that moleéuies which leave a surface in free surface
vaporization have a kinetic energy distribution identical to a flux of
the equiliﬁrium vapor. But the fact that an equilibrium energy distribu-
tion is found conflicts with the hypothesis of absolute reaction rate
" theory that activated complexes which move away from the surface along
the reaction coordinate normal to the surface should each have a neg-

ligible translational partition function along that coordinate.ll

Unretarded Congruent Dissociative Vaporization and Condensation

Just as a maximum possible rate can be calculated for simple vapori-
zation prdcesses such as those of interest to Langmuir, a maximum pos-
sible rate can be calculated for vaporization of substances that undergo

dissociative congruent vaporization, that is, vaporization according to
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the general equation
A B (s) = mA(g) + nB(g) | (¥)

where A or B may represent either étomsbor molecules such as Oé or 82.

The maximum possible rate for congruent vaporization is given by3’6

(33" = (enrm)~(R)/2 ()2 (g0 ) B/2 (pO)R (B
exp (8SO/R) exp (- aHO/RT) (5)

where JA é.nd_JB are the molar fluxes of the two vapor species, MA and
Mﬁ are their molecular weights,'gnd Aﬂz and As: are the standard enthalpy
and entropy of the eéuilibrium reaction (k).

Equation (5) can be readily transformed into a more‘conventional
rate equation which gives the flux of AmBn that vaporizes or condenses,
but the form given in (5) has the advantage of emphasizing the essential
. connection between the rate equation for unretarded vaporization and the
equatidn fér flux through the orifice of an effusion cell insidé which
the equilibrium pressures of the vapor speciés have been established:
The kinetic exﬁression that describes free surface vaporization for any
particular vaporization reaction and the expressién'for the rate of
effusion from a cell of the equilibrium vepors from that feaction.are

identical functions of heat and entropy of the equilibrium reaction end

of the kinetics of vapor movement.
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It is an important expérimental fact thai the rate.of at least two
substances that vaporize diééociatively, cadmium telluridelh and cadmium
selenide,l5 have been demonstrated to be unretarded or nearly unretarded
(vaporization éoefficients 0.8 + 0.2 and 0.7). Furthermore, since both
'demonstfations were made by means éflphe torsion-Langmuir method, they
also showed that the vapor species leave the surface with a distribution
of kinetic energies that>must be close to Maxwellian normal to the sur-
face,

To extend Langmuir's theory to unretarded dissociative reactions, it
is 6n1y necessary to generalize the first of Langmuir's postulatés while
:etaining the postulates of microscopic reversibility and independence
ofvfluxes.  We assume that molecules of A and B at equilibrium in the
vepor of near stoichiometric'composition always come to complete equili-
brium with their solid upon striking the surface. Then by the postulates
of microscopic reversibility and independence of fluxes, free surface
vaporization in vacuum must yield a flux of molecules directed away from
the surface which is indistinguisheble in energy distribution and angﬁlar
disfribution from the flux of molecules that WOuld pass through a plane
in the équilibrium vapor.

To derive Eq. (5) from transition state theory and at the same time
to predict correctly the experimentally obsérvea pressure exerted against
the surface by the vaporizing molecules,'the transitioﬁ state particlés
must be assumed to be identical in thermodynamic properties and in
kinetic energy and energy distribution to the A and B molecules which
pass through a plane in the equilibrium vapor. Such a transition state

is of an unfamiliar kind in that the A and B molecules which together
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. constitute the transition state‘particles are not even loosely bonded to |
each other. The unfamiliar nature of the transition state is a con-'
sequence of the fact that the'highesf potential energy along thé reaction
path in unretarded vaporization or condensation is coincident with the
potenﬁial.energy of the separated gastoleculeé.

To summarize the conclusions that can be drawn from what we have
'discussed.up to this point for unretarded vaporization processes,
Langmuir's theory is more satisfactory than transition state theory in
thaﬁ'it requires fewer and more general postulates with no subséquent
spproximations. Furthermore, Langmuir's tﬁeory is superior to transition
state theory in that it assumes, instead of a single average velocity
for all transition state particles along the reaction coordinate, a
Maxwellian velocity distribution normel to the surface of vaporizationm,
an assumﬁfion which has been teéfed and proved“correct for some vaporiza-
tion procesées. Dissociativevunretarded veporization can be understood
by extending Léngmuir's original assumptions té both (or all) vapor
‘species that leave tﬁe surface. Langmuir's theory is inadequate to
describe fetarded vaporization reactions, but in the next section,
modificatiﬁns of transition state theory that adopt two §f Langmuir's
fhree,hypotheseslare déveldped. The resultant équatioﬁs should provide
an impro&ed basis for analyses for some retarded vaporization processes.

TRANSITION STATES FOR SQME.RETARDED'VAPORIZATION ?ROCESSES

Several substances that undergo retarded vaporization have apparent
enthalpies of activation which are greater than the enthalpy of the
equilibrium reaction and apparent entropies of activation, when Langmuir's

frequency factor is assumed, which are close to the entropy of the
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equiliﬁfiﬁﬁ feaetioﬁ. It has BeenAsuggested.that for such substances
the rate limiting vaporization precess may probably be either (1) desorp-
tion of tﬁe reaction produets in excited states;-or (2) desorption of
equilibrium preducts to leave excited particles on the suiface.3

fhe second of these suggested‘ppqcesses requires more detailed
analysis because direct desorption of vapor ﬁolecules, like direct
vaporization from ledgeior'kink sites, must be a higher energy and there-
fore probably a less important process than is dissociation from the
catalyeic sites of particles to non—catalytic adsorption sites of the
surface, followed later by desorption.l6’17 A model for vaporizatlen by
this more probable eequence of steps can be developed by eonsidering |
first the eondensexion process. | | |

It will be assumed that the vapor molecules can Be brogghf tb'comp
plete equilibrium witﬁ the bulk condensed phase (a) onlj if they encounter
' thermally activated surface sites'or molecules of the~self adsorbed layer
whose equlllbrium mole fraction of total surface sites X is glven byl
XS = exp (-AG /RT) and (b) a fraction of the encounters of vapor mole~
- cules with these sites or molecules given by exp (-AG /RT) results in |
complete equilibration. If AG is small relative to RT_ exp (-AG /RT) =1,
and essentlally all encounters with the catalyst sites or molecules w1ll
cause equllibratlon. But in general, the fraction of the collisions of
the vapor that result in immediate equlllbratlon is- given by exp (AG /RT) x
“exp (-AG /RT) = exp (-AG /RT). | |

The equation for the net molar flux Jn of the vaéor which not only
strikes the eurface, but comes to.equilibrium with the bulk condensed.

phase at a catalytic site or molecule can be written
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J = (emRT)"1/2 P | exp (-AG:/RT) +

{1-exp (-AG_/RT)} Ymg;p (-AG;/RT)exp (-AG:/RT)

L e I

} % ° (68-)
Y eXP (~AG_/RT)exp (-AGr/RT) * Y4 exp(-AGd/RT)

B

' "The terms outside the bracket constitute the Langmuir expression
for the total number of moleé that strike the surface. .The first éerm
inside the bréckef expresées the probability for direct reactive colli-
sions of vapor molecules wifh the thermallj activated catalytic sites.
The quanfity'{l-exb (-AG:/RT)} ekpresses the probsbility that molecules
of the vapor will make non-reactive collisions with the surface. These
molecules that make non-reactive collisiéns can be assumed, in agreement
with Langmuir's original hypothesis, to come to equilibrium with the
surface ﬁith respect to their kinetic energies and rotational, and
vibrational states.v But some process necessary for complefe equilibra-
tion such as a change’in electronic state or a bond bresking and molecular
rearrangement is assumed not to be possible except at the catalytic sites.

The adsorbed vapor molecules will still come t§‘complete equilibrium

if they_make a reactive collision with an active site before desorbing.
The remainder of the second term inside the brackets is an expression
for the fraétion of those molecules thﬁt initially adsorb without
reaction, but that, rather than desorbing, undergo reactive collisions

as a result of surface diffusion. The fraction is formed of a numerator

7
!

'
el
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that describes the frequency of reactive collislons by molecules that.
were initially adsorhed without reaction and a denominator that consists
of the sum of the frequencies with which molecules either desorb or
react. Here AGg is the standard molar free energy for desorption of
self—adsorbed vapor molecules,rAG* ishthe standard molar free energy-of
activation for surface diffusion, and the term exp (—AG /RT); as before,
4 gives the probability that those molecules which move to a new surface
‘81te will there undergo a reactive collls1on. " The constants Ys and Ym
are.the molar frequencies with which molecules pass through the tran-
sition states for desorption and surface diffusion;zv | | \:
DeBoer has concluded that the frequency terms for surface Jumps and
for desorption‘arevof the:same magnitude.18 There appears good reason
for concluding they are'often essentially equal. As noted above, the
demonstration of unretarded vaporization by direct measurements of the
force exerted by the vapor which leaves the surface proves a Maxwelllan
dlstrlbut1on of kinetic energles for molecules which acqulre suff1c1ent
energy to escape. Furthermore, by comparing the mass flux and pressure
for the vaporization of gallium'nitride by the reéaction 2GaN(s) =
19 gemonstrated the kinmetic energy of the'

2Ga(g) + N_,, Mar and Searcy

29
products of this retarded reaction to also be Maxwellian and Stickneyzo
proved the kinetic energy and angular dlstrlbutlon of Ash produced in
retarded vapor1zat10n of arsenic both to be Maxwelllan

Surface dlffus1on 1s often. 1nterpreted in terms of random walk
models for movement in near-surface crystal 1ayers and in the self—

adsorptlon layer. Observations such as those which have Just been

mentioned suggest that both desorption and diffusion in the self-
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adsorptioh'layer can be vieﬁed'as manifestations of what might be called
a random rocket launch model for movemenﬁ of molecules of the adsorbed
la&er° | |

| If a largé number of rockets weré randomly loaded with a felatively
small amount éf fuel and rgndomly pointed for launching without any limit
to the minimum amount.of fuel assigned to any rocket, relatively few
rockets would have suffiqieﬁt energy to escape from a.gravitational
field. Many rockets would fall back to the surface af vérious distances
froﬁ their.launching sites. ©Still more of the rockets would have insuf-
| ficient energy to lift clear of the launching sifes at all and would fall

back on those sites. If the launches were from a stationary source into

a frictionless atmosphere, components of movement parallel to the launch-

ing surfééé could be viewed as unrestrained translation, even though
_gravity acted on the rocket in a direction normal to the surface of the
launching site. | |

Similarly, those molecules which vépérize are known to escape from
the field of attraction of the condensed phase with kinetic energy dis;
tributions in all three coordinates fhat are random, that is with equi-

1librium or near equilibrium kinetic energy distributions for free gas

molecules. More molecules must leave adsorption sites with insufficient

kinetic energy normal to the surface for. escape, but wifh energies and
diréctions vhich can carry them out of the potential energy well formed
b& the surface particles that lie immediately adjéqent to their adsorp-
tion sites. Those moleculeé‘which have left their potential energy wells
would eXperienge negligible forces in the plane parallel to the surface,

‘and could in that plane achieve essentially gas-like,veloéity distribu-
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tions. If motions in the two dimensions parallei to the sufface are gas-
like, the kinetic faétor for surface diffusion in the sélf-adsorption
layer Ym should approach that for deéorption. |
A qﬁantitative evaluation of the contribution to suffaée'diffusion

oprarticles.moving by the random rocket 1aunchbﬁechanism'requifes‘com_
plex sﬁmmationé,zl which weihope to complete iﬂ'Our labdratbry. Fortun-
ately; the model for catalyzed.vaporizatiOn does not'reqﬁire solution of
this problem; the probability of a reactive ‘collision by surface diffu-
sion should depend mainiy on the number of Jjumps 5efore deéorpfibnfand
should be insensitive to.thé_distance:of movement in a single jump. This
conclusion follows because molecules, viéwed.és préjecfiies\lapncﬁed.from
the surface, will.éncounter catalytic sites of thé surface layer only at
their points of impact and will seldom encouﬁter other adsorbed particles
in midjump. | .

" When we accept the‘argument that Y4 = Y usé'Langmuir;s conélusion
that vaporiiation in vacuum will occur by'just the reverse of the steps
followed for condensation‘ in the equilibrium~ vapor, and make the ‘sub-

stitution Peq = p° exp (—AGz/RT) we obtain from Eq. (6a)

Poexp(—AGz/RT) '

Jv B 1/2

exp(;AG*/RT) +
(2mMRT) , * ‘

'{1-exp(-AG:/RT)} exp{—(AG; + AG:)/RT}

- * 5 > - (6b)
exp{—(AGm +vAGr)/RT} + exp(—éGd/RT) o

where AGz is the standard free energy of vaporization.
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If AG:.is small relative to RT or is small relative to AGquGZ, the
expreésion inside the square brackets of Eq. (6b) reduces to unity, and
Eq. (1b), the temperature;dependent form of Langmuir's equation for
vaporization iﬁ vacuum, is recovered. This result is éonsistept with the
argumentsbthat led to Eq. (6b) because at temperatures high enough so
that AG: is small compared to RT, all surface sites should be active in
causing complete equilibration of vépo; particlez.*

If'AG: is greater than RT so thﬁt O<exp (- §;£)<< 1, Eq. (6b) can‘

be approximated

»

o 6 ' ey .
;. P exp (-AGv/RT) expi— (AGI:el + AGr)/RT} | 1)
vV (ommr)l/2 exp(~ (AG_ + AG_)/RT} + exp(-AG3/RT)

The-phjsicai meaniné of this'eqﬁation is that the vapor molecules commonly
reach compléte equilibrium'witﬁ fhe condgnsed phase only after‘undergbing
. surface diffusion. ‘For AG: much greater than AGZ - AG;; the first term
of the denominator inside.the square brackefs of Eq. (7) is negligible

in comparison to the second, and Eq. (7) becomes:

p° exp(-AGC/RT)
J_= 7
' )1/2

v [expub-(AG:l + AG: - Acg)/m'] (8)

(2nMRT
k] . - -
But (AGs;— AGE + AGm) is Just the standard molar free energy difference
* ' ,
AGa between molecules in the two dimensional gas transition state for
surface diffusion.and in the bulk condensed phase. Accordingly, Eq. (8)

becomes
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p° exp{-(AG: + AG:)/RT) :

Jv B 1/2

- (2nMRT)

(9)

Equation (9) differs from the result for a modelwﬁhich assumes that direct
desorption.oécurs'from active sites in that Eq. (9) has AG: where the
direct dgsorﬁtion model wQuld_place AGg. |

Equation (9) can be generalized to describe the steady state coupled
fluxes of molecules in cataiyzed dissociative vaporizatibn.' As an
example, supposé for reaction b, AmBn(s)'= mA(g) + nB(g), vaporization
" of A atoms or molecules is unretarded, but B atoms or molecules vaporize

at a rate limited by their dissociation from thermally activated surface

sites. Then
PZ exp.(-zaz/RT) 7
Iy = —1/> | (10)
- v (2nMART) ' -
and

o —
) Py exp (-AGB/RT)
1/2

(11)

'(z‘mB'RT)

: whereAZEX is the partial molar standard free enéégy‘of vaporfzatidn of
A in the equilibrium reaction and also the partial.ﬁolar frée energ& 6f
activation 6f A to the transition state for faborization; ZE;'is £he
partial_molar free ehergy of acfivétion for the retarded procesé tha£

involves dissociation of B\molecules from cataljtic sites or particles.
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With the standard pressures chosen asnl atm,

Tpeay = (emr)) = R2 gy B2 ()2 e (a6 /mm) )

where AG = mAG, + nAG,. Note that Eq. (12) is identical to Eq. (5)

_ B
-which describes unretarded dissociative vaporization except that AG.>A63 =

DISCUSSION

As pointed out in earlier papers, plots of the logarithm of pressures
in freé surface vaporization against the reciprocal of the.temperature
provide useful tests of the nature of the‘probable rate limiting step.3’6
Three of the'conclusioné of the earlier papérs'are: (1) When. the
- apparent enthalﬁy of activation for the reaction, which can be_calculaﬁed
from the slope of the.piét,_isAsmaller than the enthalpy of the equilib-
rium reaction;‘the rate limiting step must be a surface step rather than
desorption. (2) The apparent activation enthélﬁy should be the same to
‘within expected experimental error as the enthalpy of
"~ the equilibrium reaction, if the free angle ratio theory,'ﬁhich has been
.used to explain retarded vaporizstion for polar molecular substance512’22
is appiicdble. (3) Non-lineaiity in the plot is evidence that two suc-
.cessive steps of different activation enthalpies have comparable rates
. in thevrange of study.17

It was argued in previous papers that whén the Langmuir equation or
ité generéliiaxion for dissociative vaporization is used for'a'substance

with retarded vaporization to calculate the apparent‘entropy of activa-

tion and that entropy is found to be nearly.identical to the entropy of
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the corresponding equilibrium vaporization reaction, the near identity
constitutes strong, but not conclusive, evidence that the rate limiting

process is either desorption of vapor in excited states or desorption of

vapor molecules in a process that leaves excited surface sites or surface

3,6

particles behind. We wish to disCuss here in more detail -and on the

. grounds of the analysis made in the pfe#ious section, the vaporization

of such substances.

We can conveniently discuss in terms of Eq. (9) the range of possible

appareht enthalpies and entropies of activation for vaporization when its

rate is limited by dissociation from catalytic sites or particles, since
the generalization for congruent dissOciativé-vaporizatioh follows

. v * *
directly. The entropy contributions to AGa + AGr of Eq. (5) or Eq. (9)

are ASa, the entropy of formation of a two dimensional gas transition

. % .
state, ASs the entropy of formation of the activated site or surface

# . . , . .
particle, and‘ASe, which would represent an extra thermal éntropy of

- excitation if not all collisions between the two dimensional gas mole-

" cules and catalytic sites or particles are reactive.

The entropy of formation of a two dimensional gas from a bulk con-
densed phase should be less than for formation of the corresponding three

dimensional gas by the difference between the entropy contribution of one

 translational degree of freedom and the low frequency vibrational‘entropy

that acts on the two-dimensional gas normal to the éurface. "For a gas

L ‘ ' *
molecule of molecular weight 100 at 1000°K, the difference between ASd
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and Asz the entropy of vaporizétioﬁ lies between -16 and 0 cal per mole
per Qeg; Thepmolar entropy of formation of surfaces for metals can be
calculated éroﬁ the temperéture dependence of their SUiféce tenéions to
range from 1 to 6 cal per mole of surface atoms per deg,_ Entropies of
formation of special surface sites sich as kinks in ledges must be more
positive ﬁhan the average for surface formation, and the entropies
associated with extra thefmal excitétions for reactive colliisions are
also positive.» |

A range of apparent activation entropies frém perhaps 15 cal per

mole per degree less than the entropy of the equilibrium reaction to

perhaps 6 cal per mole per deg. more could be consistent with a catalyzed

vaporization process of the kind considered in this.paper.

But the apparent activation free energy for any retarded process
must exceed the standard free energy of the equilibrium réaction. Con-.
seéuently, vwhen. apparent activation entropies for vaporization are equal
to or gresater then the entrbpies of thé equilibrium‘reaction, the
apparent activatién enthalpies for retarded vaporization must be_greater
than the:entﬁalpies of the equilibrium reactioné.. This means that
me#sureﬁents of vaporization fluxes and of their temperatufe dependence
do not yieid sufficient evidence to distinguish vaporization reactions
which yield vapor species in activated states from reactions which are
retarded by catalyzed reactions in the.self adsorption layer.

Forfuhamely, tﬁe properties of the'véporvmoleculés that leave the
surface can be S£udied to further delineafe the probable rate 1imiting '
sfep: The saddle point potential enqrgy fo; the desorption step must

coincide with the energy of the molecules that escape from the surface
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so that those molecules must be the transition state particles for the
desorption stép of the vaporiiation process whether or not the overall
reaction rate is‘limited by desorption.

Unless high energy encounters with catalytic sites or particles is
rate limiting for condensation, the &ssumed reversibility:of paths makes
it unlikeiy that molecules woﬁld vaporize with significant excess
kinetic enefgy. Consequéntly, an experimental observation of .excess,
kinetiec enefgy or of a non-equilibrium angular distribution of spacial
-trajectories of mq;ecules that leave the surface would constitute evidence

for a catalyzed surface step; ’ |

However, the observation of an equilibrium distribution of énergies
‘does not prove thgtxa catalyzed surface step can be ruled out as rate
limiting. Excess kihetic energy may be'lost to the surface after”a mole-~
cule separates from a catalytic site. Brumbach and,Rosenblatt23 have
used.a Lennard-Jones 9-3 potential to calculate for Ash the eitent‘to
which-ga#eous ané evaporating molecules should equilibrate with- the sur-
face for various‘assumed potentiél energy wellé. Our Eq. (9), when only
a8 fraction of gas molecule encounters with catalytic sites given .by
exp (-AG:/RT)<1 results in equilibration, corresponds‘with their assumed
conditions. They conclude that some detectable fraction of evaporating
Ash molecules may leave the surface thermally excited, but that a sig-
nificant fraction wou;d attain equilibrium. | |

Some &aporization processes may be retarded because the formation
of vapor moleéules in theip ground electronic states from atoms adsorbed
on the condensed phase surface requirés forbidden spectroscopic tran-

sitions. The products of free surfaée vaporization may then include a
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lower thah equilibrium cbncentration of moleéules in ground electronic
states. Whether or not a non-equilibrium concentration of ground state
molecules is formed in free surface véporizatibn should be determinable
by épectroscopic means. In our laboratdry an inhomogeneous field electro-

magnet coupled with a quadrﬁpole deteetor will be used to seek evidence

2

of non-equilibrium singlet state/triplet'state ratios for S, molecules
produced in a retarded dissociative vaporization'reactioh;
CONCLUSIONS | |

It has been shown that.the prediction of Langmuir that molecules
should leave a surface in free surface veporization with an equilibrium _
distribution of kinetic and internal energy states has been confirmed
experimentally for a number of substances, including two that undergo
congruent dissociative vaporization.‘_To reconcile transition state
theory to'the experimental observations for these unretarded vaporization.
reactioﬁs,requires that the kinetic term of the rate expression be
derived from the average velocity of the equilibrium gas molecule normal
to the surface. And to predict rates of unretarded dissociative vapori-
zation from ffansition state theory requires thax the transition state
particles be identified, not as clusters of a single kind of particie,.
but as the separatéd molecular products of the equilibrium veporization
reaction.

Those substances that experience a potential eﬂergy barrier to
complete eqﬁilibration when their vapor molecules strike theirvsurfaces
need not vaporize to molecules that are equilibrated with respect to
translational and internal excitations. Expgrimental data for two

such substances, however, show that their translational states are
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equilibrated.

These observations make it appear probable that particles of the
.self—adéorption layer of substances which undergo retarded vaporization
often almost fﬁlly equilibrate with respect to vibrational, rotational,
and translational degrees -of freedom,.though they may not be at equilib;
rium with the bulk condensed phase with respect to forbidden electronic
transitions or with respect to bond—breaking and rearrangement procesees.
An expression for catalyzed vaporizetion that assumes the rate of arrival
at catalytic sites to depend upon gas-like translation in the self-
adsorption layer parallel to the surface was derived to accord with these
inferences. The model is generally consistent with the extensive experi-
mental observations and the theoretieal conclusions fqrmed by Rosenblatt
and co-workers as fo the critical rate of sites associated with ledges
in arsenic vaporizatiqn.-eh’25

»It should‘be emphasized that we do not cqnsidervthat the postulates
that we have described need be appropriate to all retarded vaporization
reactions. In particular,_for vaporization that occurs with an activa-
tion energy much lower than the energy‘of the equilibrium reaction, such
as amonium chloride dissociative vaporization,26_28 rate_equations that
employ a frequency factor such as that used in absolute reaction rate

theory may well be superior. But the kinetic factor for the desorption

step, whether or not that step is maintained at equilibrium with the bulk

condensed phase; is better derived from the average translational

velocities of the equilibriﬁm products of the desorption process.
Fortunately, as pointed out above, this assumption is subject to direct

experimental test.

~
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