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The useful life of mater::'als in a variety 01'- high temperature appli

cations maybe limited by the rate at which the materials vaporize or 

react to form gaseous products. Some industrial processes for production 

of high purity single crystals and for product ion of specialized poly

crystalline refractories include condensation from the vapor ~ reaction 

of a vapor at a surface as a ,crit ical step. 

The obvious practical importance of rate studies for vaporization 

reactions, condensation reactions, and gas-condensed phase reactions is 

matched by unusual theoretical importance as weIll Evaporation and con

densation reaction kinetics have commonly been considered less tractible 

to experimental study and theoretical analysis than have gas phase and 

solution reaction kinetics. But some evaporation proc~sses lend them

selves to simple mechanistic interpretations, and one of the objectives 

of this chapter will be to illustrate the significance ·01' evaporation 

kinetic studies to the general theory of reaction kinetics. 

The chapter begins with ananalys is of evaporat i on react ion,S as two 

step processes in which, either a surface or a desorption step may be rate 

limiting. EXperimental kinet ic data are compared with the model to es

tablish whether for various types of reac"t ions the nature of the rate 

limiting step can be identified. With this background, generalizations 

about rates of vapol'Jization of different types of refractories are given, 

and the kinetics of condensation reactions are more briefly discussed. 

Space does not permit specific discussion of gas-condensed phase reactions 

but the means for extension of the analysis to such reactions should be 

consulted ,for additional informat ion nat· included here (1-5). References 
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(1-3) in particular include excellent discussion of experimental tech-

niques. 

The Relationship of Evaporation Studies to Kinetic Theory 

Pioneering investigations by Hertz, Langmuir and Knudsen established 

and exploited the relationship. between the kinetic theory of gases and the 

rate of evaporation (6-8). The equations and conceptual approaches ·ci1.at 

they developed still remain central to most thermodynamic and kinetic 

studies of evaporation and condensation. 

Hertz was the first to show that a consequence of the kinetic theory 

of gases and of the Maxwellian distribution of molecular velocities is 

that the flux J in moles of vapor molecules that strike a unit area of 

surface per unit time is given by t~e expression 

(1) 

where P is the pressure, R is the gas constant, M is the molecular weight, 

and T is the absolute temperature. 

Langmuir argued from an analysis of the energetics of the collision 

process that every moleculf;; of vapor which strikes the condensed phase 

surface should be captured in the attractive field of the surface and be 

condensed. Equilibrium between the vapor and the condensed phase would 

be maintained by an equal flux of molecules evaporating from the condensed 

phase surface. Condensation and evaporation could then be. viewed as two 

independent processes that are in balance at equilibrium. . He further 

argued that the flux of evaporating molecules should remain unchanged from 

the equilibrium flux if evaporation occurs into a vacuum. As a consequence, 

the equilibrium pressure should be given by Peq == J(27T'MRT)1/2, whereJ is 

• 

• 
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now the flux evaporating into vacuum .. But the equilibrium pressure is 

related to the standard ent:rop~r of vapor::'zation .6S; and to the standard 

enthalpy of vaporizatio~.6H° by the equation P == exp(.6S0jR) exp(-.6H.~/RT), . . . v . eq v v 

so these thermodynamic quantities should be related to the flux during 

free surface evaporation by the expression 

Knudsen showed, however, that pressures calculated from weight losses 

may sometimes be orders of magnitude lower than pressures measured under 

proved equilibrium conditions. He introduced into the Hertz-Langmuir 

equation a factor a, so that it becomes 

Then a has a value of unity when every molecule of vapor that strikes the 

surface is condensed, but may take smaller values when equilibrium is not 

established between the .condensed phase and each vapor molecule which 

strikes the surface •. , 

Sometimes a is described as the factor that accounts for the number 

of vapor molecules that are reflected upon collision with the surface. 

But a vapor molecule may be adsorbed and yet fail to come to equilibrium 

with the bulk condensed phase. It is preferable to define a as that 

fraction of vapor molecules that upon striking the surface attain complete 

thermodynamic equilibrium with the condensed phase. 

An essential condition for equilibrium is that there be no net flux 

between condensed phase and vapor •. It is apparent, therefore, for, 

equilibrium conditions that if only a fraction a
c 

(the condensation coeffi

cient) of the vapor molecules striking a surface come to equilibrium with 
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the condensed phase, the nux of mo~_ecules that evaporate is correctly 

predicted from the equilibrium vapOT pressure by the Hertz-Langmuir 

equation ohly if a numerically identical :'actor Ci.
v 

(the vaporization or 

evaporation coefficient) is in-croduced. Under nonequilibrium conditions 

Ci. and Ci. need not have equal values, anc. ~t has been argued that Ci. and c v c 

Ci. can be expected to be very different l..L"lder usual conditions of experiv 

mental study (10). But it will be shown here that Ci. and Ci. probably do v c 

remain equal, or very nearly so, over a wide range of nonequilibrium con-

ditions. 

To explain the experimental'observation that Ci.
v 

can be unity for 

, -6 
some condensed phases and at least as small as 10 for other, three 

principal theo.retical approaches have been used. 

The approach that has reached the most sophisticated level of develop-

ment is the evaluation of Ci. and Ci. for solids in terms of the details v c 

of movement of atoms through a series of reaction steps on the surface 

to positions of successively lower binding energies: From bulk sites to 

positions in ledges, to kink $ites in ledges, to adsorption sites on 

ledges, to surface adsorption sites. (Fig. 1) Notable contributors 

to the theory have been Kossel, Stanski, Knacke,Burton, Cabrerra, Frank, 

and Hirth and Pound. (See references 1-4) , ... ' 

The atomistic approach per'~ is recognized to be adequi:l;te only for 

analysis of sublimation rates for metals and non-polar, molecular solids. 

The quantitative prediction of the model as developed by Hirth and Pound 

(3,11) for steady state sublimation of low index, single crystal planes 

of such solids in vacuum is that Ci.v should be about 1/3. The prediction 

for high index planes of any size, or for lOiv index planes of small size 

. 5 2 
or with dislocation densities greater than 10 cm- is thatCi.

v 
:: 1. 

• 
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Because dislocation densities ::'ess~~e..n 105 cm,,"2 are hard to attain 

and because free surface sUblimation rates are difficult to establish 
. I 

unequivocally within a factor of three, conclusive experimental tests 

of the predictions have not been available (5,12). However, a recent 

experimental study appea.rs rather t.efini ~ely to prove that (Xv :: 1 for the 

(0001) plane of high purity zinc under conditions for which the theory 

predicts 1/3 (13). 

The atomistic approach, therefore, while extremely useful in shaping 

our understanding of surface morphology and of the qualitative effects of 

impurities, vapor supersaturation, and other variables on crystal growth 

or evaporation, in its present form is wrong in its quantitative predic-

tions. In any event the atomistic model does not direct itself to the 

analysis of· the chemical processes that Lead to the wide range of observed 

evaporation coe fficients. 

A second approach to theoretical evaluation of evaporation kinetics 

is through use of the formalism of irreversible thermodynamics (10). This 

approach will probably become an important one, but so far only very 

general predictions can be derived from it. The third approach, the 

adapt ion of transition state theory of reaction kinetics to the special 

conditions of the heterogeneous evaporation reaction, appears the most 

fruitful now available. This approach, which can be fused with the 

atomistic approach whenever it appears useful to do so (12), is explored 

in the remainder of the chapter. 

The analysis here will differ in several important respects from 

previous analyses (2,12,14,15) of evaporation or condensation reactions 

in terms of transition state theory. First, a particular effort will 

be made to identify a surface step or the desorption step as the probable 
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rate limiting step in evaporatio~ Discussions of evaporation kinetics 

appear usually to tacitly assume that the activated complex for the slow,' 

step in evaporation is physically located., on the reaction surface (1-5). 

It will be shown that for some evaporation reactions the activated complex 

is in the vapor phase. Second, a means (16) of evaluating the frequency 

factor v and the transition probability K of the desorption step will be 

used. In previous studies, v was cOJllIIlonly assumed to be either the Debye 

frequency for the solid or kT/h per molecule: where k is the Boltzmann 

constant and h is Planck I s constant, and K was assumed to be 0.5 or 1. 

Third, the temperature dependence of evaporation rates will be more fully 

used than has usually been done (the paper of Gregory (17) and recent 

rev:ia>ls by Somorjai (5) are important exceptions) to evaluate apparent 

activation enthalpies and entropies for comparison with enthalpies and 

entropies of the equilibrium reactions and for prediction of the tempera

ture dependence of the evaporation and condensation rates. Finally, the 

relationship between the kinetics of evaporation and of condensation will 

be more strongly emphasized and explicitly discussed than in other reviews •. 

"rb:.e. Rate Equation for a Two step Evaporation Reaction 

Analysis of the stepwise evaporation process for a particular example 

will demonstrate the gerteral approach, which can be extended as necessary 

to more complex reactions. Suppose that a particular liquid or solid 

evaporates to a single important vapor species of the same elemental 

,composition as the condensed phase, and further suppose that the evaporation 

takes place in two steps; the formation of a surface complex followed 

by desorption of the complex from the surface·. If the condensed phase 

and vapor are at equilibrium,thetwo step process can be written as 

• 
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n Y(b) ~ Y (a) ~ 

k2 
n 

k 
Y (a) ~ Y (g) 

n .~ n 
(4) 

k2 

where Y(b) is an atom or molecule in the bulk crystal, Yn(a) is a complex 

of n atoms or molecules. adsorbed on the surface, and Y
n 

(g) is the vapor. 

molecule. 

At equilibrium the net flux of molecules must be zero, with the 

material balance described by 

[y (a) ] 
n 

and 

(6) 

where the bracketed expressions indicate activities of the adsorbed and 

gaseous species relative to their respective standard states. The ac-

tivity of the bulk molecules does not appear explicitly in Eg. (5) be-

cause .it remains unity for all conditions of present interest. 

If the concentration of vapor molecules is reduced by evacuating the 

system in which the solid is heated or by flushing the reaction chamber 

with a fast-movip..g stream of inert gas, the value of the expression 

k4 [Yb(g)] can be made negligibly small. If we provisionally apply the 

usual hypothesis of chemical kinetics, that the specific rate constants 

are nearly independent of concentrations of the reactant and intermediate 

species, the flux of molecules Jy which will now lease the surface can 
n 

be described by 

Jy == k3 [Yn(a) J 
n 
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where k3 is unchanged. If kl is much greater than k4[Yn (g)], then 

[Y (a)Jwill also be essentially unchanged. But if not, [Y (a)] may n n 

decrease significantly below i"'Vs equilibrium value. 

For steady state sublimation in vacuum [Y (a)] will have a time 
n 

independent value so thatd[Yn(a)]/ct = kl -k2 [Yn(a)] - k3[Yn (a)] = 0, 

and [Yn(a)] = kl /(k2 + k
3

}. Substitution of this expression into Eq .. (7) 

yields 

(8 ) 

While various approaches to the theory of reaction rates differ in 

details, there is general agreement that the specific rates constant, k., 
~ 

for an elementary reaction step,i, at constant pressure and temperature 

* has the value ki = Ki vi exp( ....t:,Gi/RT), where Ki is the transmis,sion co-

* efficient, Vi is the frequency factor, and ~Gi is the Gibbs free energy 

of activation (17,18). Accordingly, Eq. (8) can be written in the form 

= 
. * * K

I
V

1
K

3
V

3 
exp( ,:"(.0;Gl + G3)/RT} 

. . * . * . 
K2V2 exp(-~G2/RT} + K3v3 exp (....t:,G

3
/RT} 

and since from Eq. (2), a = J (2TIMRT)1/2/p 
Y . eq n . 

x 
(21LMRT) 1/2 

exp( -.0.G;!RT} 

(9) 

(10) 

where .6.Go is the standard Gibbs free energy of the evaporation reaction. 
v 

Equation (10) is an expression, then, for a in terms of fundamental 

thermodynamic parameters for tpe overall reaction and of fundamental 

kinetic parameters for two elementary reaction steps either of which, we 

have tentatively assumed, may control the rate of evaporation. 

'",. 
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The Significance of Unit Evaporation Coefficients 

It is generally assumed, and :9robab J::J correctly, that the evapora-

t ion coefficient is unity independent of temperature for clean liquid 

metals that evaporate to their' atoms anc for 'non-polar molecular liquids, 

though experimental evidence is available for only a few examples (3,5). 

Although the vaporization character:,-sitcs of solids are of more practical 

importance for materials applications, solid vaporization behavior is less 

well established. Table 1 lists solids which have been reported to have 

temperature independent evaporation coefficients of unity within estimated 

experimental uncertainities. From comparison of evaporation rates of the 

solid and liquid at the meJ,ting point, Burns, Jason, and Inghram conclude 

that solid copper, silver, gold, silicon and boron also have unit evapora-

tion coe:f:ficients' (26)~ e 

! 
For several, additional solid metals which are not included in the 

Table there are conflicting reports with sane authors finding evaporation 

coefficients in the range from 0.1 to 0.5 and ather finding values close 

to 1 (3). The correctness of measured evaporation coefficients is some-

times difficult to assess. But the author is convinced that the values 

reported in Table 1 ,are substantially correct and that the solids listed 

represent just a small sampling of those that will eventually be proved to 

have unit or near unit evaporation coefficients, including tho se metals 

for which the present evi'dence is conflict ing. 

For substances with unit evaporation coefficient, ,Eq. (10) leads 

directly and unambiguously to some important quantitative reJ,ationships 

between the k:i.netlc parameters and thermodynamic parameters for evapora-

tion. If ex is unity the ratio of the kinetic terms in equation (10) 
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must reduce to exp (-:-.6 GO /RT)/(2mtfR~~)1/2 ~ In other words when a = 1, the 
v v 

rate expression of equat ion 9 reduces to an expression characteristic of 

a single step process for which tne free energy of activation is ~~, the 

standard free energy for the c:weral::.. equilibrium reaction nY(b) = Y (g), 
n 

and for which K v vv 
(2mtfRT)-1/2. 

Equation 10 will reduce to the correct single step expression only 

,if k3 - K:/3 exp C;';'.0..G;/RT) is small relative to k2 = K2V2 exp ('":"~;/RT). 

This condition k3 < < k2 means that the intermediat e reaction product 

(and any other reaction intermediate) remains for practical purposes at 

complete equilibrium with the bulk condensed phase during steady state 

SUblimation in vacuum. The principle of microscopic reversibilHy then 

requires that KIV
l 

= /(2V 2 so K3v3 = KyVy = (2mtfRT}-1/2,. that is the product 

of the transmission coefficient and frequency factor forthedisorption 

( .,1/2 * /\,... * /\,..* /\,... * step must, when O:v = 1, be 2mtfRT)· . And .0..Gl + ~3 - '-'li2 = t...JUy ' Wheni~ 

0: = 1, intermediates that remain at equilibrium with the bulk phase v 

need not be explicitly introduced into the description of the reaction 

,kinetics. Since for any reaction .6G = .0..H - ~S, it is apparent that for 

0: to be unity over a range .of temperatures implies the additional equalities 

.0..H* -.6H* + .0..H* = b. li* = .0..H~ ,andD.s* _ b.S* = b,.s*= Ago • 
1 2 3 . v . v',. 1 3 v v 

In transition state theory for reaction kinetics, the acitvated 

complex is the aggregate of atoms at the saddle point free energy position 

of the rate determining step of the reaction (18,19). For an evaporation 

coefficient of unity, the saddle point enthalpy and entropy have here 

been shown to differ from the enthalpy and entropy of the bulk condensed 

phase by just the amounts necessary to produce a flux from the surface 

whj.ch is identical to the flux which would cross an imaginary plane in a 

given direction in the equ.ilibrium yapor. From these facts it is apparent 
) 

" 

.' 
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that the rate determini:!1g step is nY(b) = Yn (g), and that' the activated 

complex is Y (g), the ?roduct of the e~~:librium reaction. The saddle 
n 

point free energy position can be viewed &8 an imaginary plane drawn 

parallel with the plane of evaporat~on at a distance above the surface 

just sufficient to make neglibibly small the energy of interaction between 

the surface and molecules that have sufficient energy to evaporate. 

It can now be seen that reactions w::_th unit evaporat ion coeff.icients 

provide clear-cut ·verifications· of several assumPtions of transition state 

theory. The importance of these verifications can be judged from the 

comment in a recent monograph on reaction kinetics, !!Unfortunately in 

the case of transition-state theory, an adequate experimental test of the 

theory is not possible at present, nor does it seem 'likely that this situa-

tion will change in the foreseeable futurett (27)~ 

In agreem~nt with equilibrium transition state theory, the enthalpy 

and entropy of formation of the activated complex if ex = 1 remain at their 

'equilibrium values when the reverse reaction becomes negligible. The 

rate of formation of the activated complelXfrom the reactant under non-

equilibrium conditions is identical wHh the maximum possible rate of 

formation from the reactant under equilibrium conditions. 

A point of some uncertainty in application of transition state theory 

has been whether the transmission coefficient should be assumed tobe 

unity one-half, or some other value at the saddle point reaction coordinate, 

Experimental values have not been ~vailable. For these reactions with 

evaporat ion coefficients 91' unity, there is clearly nothing to reflect 

molecules at the saddlepoint, so K must be unity •. :And Since KV has 

been already shown to be (27fMRT)-1!2 it follows that v = (271MRT)-1!: 

It is extremely important to recognize that every point on the 

surface of a condensed phase that displays a unit evaporation coefficient 
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supplies a fluX of molecules to the vapor that is the maximum predictable 

from equilibrium data. It follows that every point on the surface of a 

solid with unit evaporation coeffic~ent must Be at equilibrium with til e 

bulk solid even when the solid is held in a vacuum. The difference in 

entropy between atoms on various kinds of surface sites and the entropy 

of atoms at bulk lattice sites is not negligible as commonly assumed 

(4,11). The activity of adsorbed atoms is the same as the activity of 

atoms of kink sites, in ledge sites or in the bulk. The lower bonding 

energies that hold adsorbed atoms are just compensated for by increaserr 

configurational and vibrational entropies (see Chapter 7 and 8 for discussion 

of these entropy terms). Thus the free energy change for transfer .·of an 

atom from a bulk to a kink site is not one-nalf the molar heataf subli-

mation as commonly assumed, but zero if a = 1, and does not normally 
v 

exceed RT£~ if a < 1. The idea (4) that special significance should v v 

be attributed to the kink positions in surface ledges because atoms at such 

positions are bound by energies that are approximately half the energies 

with which atoms are bound at bulk lattice sites is mistaken. 

The Interpretation of Kinetics of Reactions When avo < 1. 

The analysis in terms of equilibrium transition state theory of 

evaporation react ions with unit evaporat ion coeffici:ents has led to un-

ambiguous identifications of the composition, physical location, and 

enthalpy and entropy states of the activated complex and to the values of 

the transmission coefficient and freque1;lcy factor at the reaction saddle-

point. These unambiguous identifications are only possible because, 

when a v = 1, the equilibrium reaction product is itself the activated 

complex. There is no reason"however, why if the activated complex were· 
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a gas moleculE) other than the equilibrium product, the values of K and v 

should be different from their values 'I.,hen ex = 1. We can assume that 
v 

for all vaporation reactions K3v3 of reaction 4 will be equal to (2nMRT)-1/2. 

This assumption will enable us to calculate from experimental values of 

vaporation rates as a function of temperature what the values of 6 83 and 

6 H* would have to be if the desorption step is rate determining. From 3 . . 

the plausibility of these calculated values of 68:3 and 6 H:3 we can decide 

whether the descrption step or a surface step is more like~ to be rate 

determining for any particular evaporation reaction. 

Figure 2 compares the temperature dependence of the flux for a sub

stance with unit evaporation coefficient with the three different types of 

behavior which have been emperically observed for sUbstances with low 

evaporation coefficients; Evaporation coefficients may remain essentially 

independent of temperature or increase or decrease with temperature. The 

flux for ex = 1 is, of course, identical to the flux that would escape through v 

a small hole in the wall of a chamber in which the equilibrium pressure 

is maintained. If for example ex increases with temperature, the slope of 

the 2nJ versus l/Tplot is less than the slope of the plot for the equili-

brium flux and the enthalpy of activation for evaporation 6H* is less than 
v 

the enthalpy of the equilibrium vaporization react ion, 6Ho. 
. . v 

The displacement from the equilibrium shown for· each of the curves 

of Fig. 1 is arbitrary. A SUbstance for which the apparent enthalpy of 

activation 6 H~ is larger than 6H~ (type 1) may for example have a smaller 

ex in the experimental range than do substances for which 6H* is smaller 
vv 

than 6Ho (type 3). 
v 

Table 2 includes data for reactions for which the apparent enthalpies 

of activation have been measured. ·The empd.rically measured activation 
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enthalpies should properly be called apparent enthalpies of act ivation 

because there is no'assurance that the reaction assumed to be rate deter-

mining really is so. 

The variation in evapora~ion rates with temperature may be fixed by 

the rates of two or more simuL;aneous reactions. Even if only a single 

reaction step is rate determining, the calculated enthalpies and entropies 

may not be the true values for the actual activated complex. All activation 

enthalpies and entropies reported in this chapter are calculated on the 

assumption that the activated complex has the same composition as the equili-

brium reaction products. For dissociative sublimation reactions this 

procedure is different from that convent ionally used for reporting act iva';' 

tion energies. For example Somorjai (31) reports for CdS sublimation 

Lili* = 50.3 kcal, which is the enthalpy calculated from the temperature 
v' . 

, -1/2 
dependence of the expression JCdS(s) = (27lMRT) exp (6s~/R) exp (-4i~/RT), 

while the value in Table 2 is 1~o.9 kcal, the value of 6H* calculated from 

The values of 6H* and ~S* are then directly comparable to the enthalpies 

and entropies of the equilibrium reaction, which for CdS sublimation is 

obtained from K = P 2 X 
eqccl 

Ps = exp(6s° /R) exp( ~L:ili0 jRT) so that (Jo
Cd

)2 
2' . v v 

(J~2) = (27TRT) -3/2 ~d:-l MB -1/2 exp (~So/R) exp (~o/RT), where the 
2 V· v 

J
o t S are equilibrium (maximum) fluxes. Then for'a substance for which 

a: = 1, ~ H* = ~Ho 
v v v 

relative magnitude 

and ~S* = ~So and for a subtance for which ex < 1, the 
v v' v 

of ~H-><- and ~Ho indicate immediately whether the flux v 
for free surface evaporation has a greater or smaller temperature depen-

d0.nce than does the equilibrium flu..'{. 

Activation enthalpies calculated in this manner would be the true 

values if the rate limiting elementary stress is desorption. If in the 

• 
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cadmium sulphide example,the rate limgi::1g step were formation of a 

[ CdS (ads)l complex, tne true activation enthalpy for the elementary step 

of formation of this complex ruight be given byJ[CdS(ads)] = K V exp (6S*/R) 

',exp(~6H*/RT) for which 6H* would be 1/3 the value reported in Table 2~ i.e. 

the value reported bY Somorjai. 

If the rate deterrriining step occurs on the condensed phase surface, 

the frequency factor will no longer be (2TIMRT)-1/~ so that the calculated 

entropies of activation cannot be correct even if the composition of the 

activated complex has been correctly assigned. 

The striking differences between the unit evaporation coefficients 

for arsenolith modification of As 4°6 and white phosophorous (see Table 1) 

on the one hand and the very low evaporation coefficients for the claudetite 

modific~tion of As(s), and for -red phosphoroU:s on the other, have been 

attributed to the fact that the first two solids contain as distinct units 

of the crystal the molecules which are the principal equilibrium vapor species, 

while the second two solids are made up of atoms or ions linked into infi-' 

nite networks (21" 22). The equilibrium vapor molecules from red phos-

phorous can only be formed by a process of breaking and reforming of bonds, 

a process that is unnecessary for vaproization of arseno1ith or white phos-

phorous. Of course, whether a low evaporation coefficient will be found 

when evaporation requires breaking and reforming of bonds depends not only 

on bond strength but also on ,bond type and on the complexity of the struc-

tural change that is required to form the vapor molecules. Recent measure-

ment~ for barium fluoride, lanthanum fluoride, and praseodymium flouride 
.:> 

(23~24, 16) show t.hat ionic solids can vaporize with unit evaporation co-

efficent even though the vapor molecular units are not present in the solid. 

Data are not yet available to demonstrate for metals whether vaporization 
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to vapor phase molecules such as the dimer -Na2 do or do not occur with 

low evaporation coefficients . 

. It is striking that several of the solids of Table 2 have apparent 

enthalpies of activation which are greater than the enthalpies of the equili-

brium reactions but have apparent entropies that are close to those of the 

equilibrium reaction. Arsenic sUblimation provides a good example to 

illustrate how the reactions of this type can be interpreted in terms of 

equation 10. 

Rosenblatt, et aL (29) measured the r~te of sublimation of As 4(g) 

from the trigonal face of arsenic single crystals and report the apparent 

, activation enthalpy at 5500 K to be 43.8 ± L4 kcal per mole of AS 4 compared 

to 33.1 kcal for enthalpy of the equilibrium sUblimation reaction. They 

calculate the apparent entropy of activation to be 37.6 ± 2.7 eu per mole 

of AS
4 

compared to 38.0 eu for the equilibrium reaction. 

Rosenblatt has presented ingeneous and very convincing evidence and 

arguements in support of the conclusion that the slow vaporization step is 

the formation of As 4 molecules at kink. sites of crystal ledges (38). In 

particular, correlation of the approach to'steady state conditions with 

the concentration, form, and size of thermal etch pits lends strong support 

to the interpretation that the rate of sUblimation depends directly on the 

cmcentration of kink sites. 

However, implicit in the calculation of the apparent activation en

tropy of"the equilibrium reaction, is the assumption that KV' = (27!MRT)-1/2 

for the rate limiting step. Despite the very strong evidence of Rosen-

bla:tt, et al., the fact tha.t. tbe steady state value for KV exp (6S*/R) 
v 

is very close to (27TI11R'l,)-1/2 exp (b.S~/R) invites the alternate inter-

pretation that desorption is the rate limiting step and that the activated 

complex is an excitedAs
4 

gas molecules. The mechanism of Rosenblatt, 

. " 
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et ala is of a kind that is p!'edicted from equation 8 when ~ is large 

* ' For this condit:"on equation 9 reduces to J =KV exp (-ml/RT). 
Yn 

And substitution in equation 10, y:"iHds when the experimental behavior is 

that of arsenic 

(11) 

In terms of Rosenblatt's model, 6Sy would be the entropy of formation of 

AS 4 complexes bound to only that small fraction of surface sites wbich are 

kink sites.. Both the low thermodynamic probability of kink sites and the 

restriction in AS 4 complex movement that results from the binding enElrgy 

would, reduce 68* below 6S~., The near equality of equation 11 could only 

be maintained if KIV
I 

were fortuitously to exceed (2TIMRT)-1/2 by an amount 

that just compensates for the entropy difference. Fortuitous compensation 

seems an unlikely explanai; ion of the experimentally observed Ie ar equality 

of equation 11 for both arsenic and antimony. 

The model developed in this chapter would be cansistent with the 

concept of a mobile adsorption layer of arsenic atoms which occasi anally 

cluster to AS4 units. Of any AS4 units only those which acquire the 

energy necessary to escape from the surf'acewould be a.ctivated complexes 

for the evaporation reaction. 

Since 6H* > 6Ho the molecules that escape may carry excess excitation 
v v 

energy. Confirmation of the mechanism might be obtained by demonstrat:io n 

that the molecules which leave the surface are in excited energy states 

not necessarily an easy task since lifetimes for excited states are some-

times so short that spontaneous dea.ctivation may occur before a beam of 

I 

vapor can traverse the ,distance of the order of 10cm necessary to reach a 

detector.' The fact that AS 4 molecules from free surface sublimation have 

the same fragmentation 'pattern at various electron voltages in a mass 
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spectrometer as do AS 4 molecules from a near equilibrium vapor beam 

implies that negligible excess internal energy is carried as far as 10cm 

by the molecules in the non-equilibrium free surface sUblimations. 

Even though their apparerrt activat ion enthalpies of sUblimation are 

high, the rate limiting steps for gallium nitride and beryllium nitride 

sublimation may well be surface rather than desorption steps, because 

for ~ach 6S* is much less than 6So • 
v v If desorption to an activated 

complex that is, a free vapor molecule is rate limiting, the experimentally 

determined activation entropy should be comparable to the entropy of 

equilibrium species of the same formula instead of much lower, as observed. 

For gallium nitride sublimation, mass spectrometric measurements (39) 

definitely show the particles that leave the sutiace to be gallium atoms 

and nitrogen molecules. For SUblimation of these two nitrides, either a 

surface step must be rate determining or the desorption step must occur 

from only a severely limited number of surface sites. 

Mar and Searcy have . proved that the N2 molecules and gallIum 

nitride surface do not have excess kinetic'energy (40). It had been 

hypothesized that molecules that evaporate by a process that has an acti-

vat ion energy greater than the enthalpy of the equilibrium reaction would 

be at a higher average temperature than the temperature of the surface (41). 

The experimental results show that the hypothesis is wrong for gallium 

nitride. The hypothesis could only be valid if desorption is rate deter;,. 

min:in g but probably is hot valid even then. 

For the second class of evaporation reactions, those which have low, 

but temperature independent, evaporation coefficients, the s~nplest 

assumption is that evaporation is limited by the number of suitable sites 

for the desorption process or by the probability that atoms which form 

,",' 
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a product gas molecule will collide in the adsorption layer. Cadmium 

sulphide SUblimation will be discussed as a prototype for this second class 

of evaporation reactions. As a result of· the . outstanding studies of 

Somorjai and coworkers, ~hose results are summarized in reference 5, more 

is known about factors that influence cadmium sulphide sublimation than 

is known for any other .materiah Somorjai and coworkers (5) not only mea-

sured the influence of temperat ure on cadmium sulfide sublimat ion, but 

also the influence of a beam of sulphur, and cadmium vapor impinged on the 

surface, the influence of changes in solid composition, and the influence 

of light. 

The C)bservedeffects of directing cadmium atom and S2 molecule beams 

against the surface are particularly interesting. When an 82 beam flux 

became comparable to the vaporization flux, the loss of cadmium sulfide 

from the surface was found to vary inversely with the square root of the 

sulphur vapor pressure. A cadmium beam, however, did not influence 

the sublimation rate. This behavior appears to indicate rather clearly 

that the SUblimation rate is limited by .availability of surface sites at. 

which sulphur atoms can react to form S2molecu1.es. Since ~H* ~ ~o 
v v 

it. can be hypothesized that the probability is low for sulphur atom colli-

sion on the surface except at a limited number of sites, but when collisions 

occur between' atoms at these, presumably adjacent, sites there is no 

excess free energy barrier for 8 gas desorption. If the number of sur-
2 

face sites is in fact critical to the SUblimation rate, some other non-

metal vapor beams should act like the 82 beam in reducing the evaporat ion 

rate. 
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It has been shown that for liquids and solids that contain polar 

molecular units the observed values of a are approximately equal. to . v 

the ratios of the partition function for the condensed phase molecules 
. . 

to the partition function for the vapor molecules. The observed low values 

of a in the range from 0.01 to 0.5, have been interpreted, therefore, 
v 

as arising because the rot at ional stat es do not 'equilibriate during the 

vaporization step with the result that the value of 68* is smaller than 
v 

6S~ by the difference between the rot at ional entropies of the vapor and 

condensed phase molecules (14,42,43). It is argued that since the enthalpy 

of molecules that escape is little affected by the degree of rotational 

excitation, the vaporization coefficient reflects only the unfavorable 

entropy, and a is independent of temperature. 
v 

While this explanation is appealing, i tshould be noted that experi-

mental values for evaporation of polar molecu.C1.es are for the most part not 

firmly established, and most of .the data to which' this theory has been 

compared are for single temperatures, so that it is not known whether or 

not the evaporation coefficients are really temJ?erature independent. Care-

ful measurements of evaporation coefficients over substantial temperature 

ranges are needed to test this theory~:; 

No~ included in Table 2 are data for iodine and ferric choloride 

SUblimation (17) because there is some question about the reliability 

with which activation enthalpies, and especially, activation entropies 

can be calculated from the dependence of measured Knudsen effusion pres-

sures of effusion orifice area. There is no doubt, howeve:r; that solid 

iodine shows type 3 evaporation behavior (17,37). For a molecular 

solid like I 2, a unit evaporation coefficient is expected. Adsorbed 

impurities may explain thediscrepancyo 

.,.. 

" 



f' 

• 
-21-

For the desorption step of evaporat:!.on to be rate determining with 

an activation enthalpy lower than the equilibrium enthalpy of reaction 

(type 3 of Fig. 1) would require that the activated complex have an average 

bond energy per atom that is higher than that of the equilibrium reaction 

product, but have an entropy that is enough lower than that of the equili-

brium product to make the activated complex a less stable gas species at 

the temperature of study than is tj~e equilibrium product. (At sufficiently 

law temperatures the higher bond energy per atom of the activated complex 

w::mld make it· more stable.). Evaporation reactions for which these condi-

tions are met can be expected under certain circumstances. As one example, 

if the vapor flux from free surface sublimation of a single crystal of 

sulphur were measured with sUfficient accuracy, the enthalpy of activation 

should be found to be several percent below the equilibrium enthalpy of 

SUblimation. The only vapor molecule that is produced at a high flux level 

during free surface sublimation, Ss( 44) has a bond energy per atom that 

is slightly higher than the average bond energy per atom in the equili-

brium mixture of sulphur vapor species., The equilibrium mixtUre of mole-

cules of formulas varying from S2 through Ss is stable r~,lative to pure Ss 

gas because . of entropy of the mixture is higher than that of SS' 

A related, but more subtle, possibility is, that a condensed phase 

might evaporate exclusively to its ground state vapor molecules rather than 

to an equilibrium mixture of the ground state and low lying excited states. 

Such behavior would be possible for substances fer which the spectroscopic 

selection rule.s forbid the transition between'the groui1dstateafld the' low 

'~', lying excited state as could be true, for example, if the ground state were 
,,:,~ . 

a singlet state and the low lying state were a triplet. In neither of the 

cases just described ,wuld the experimentally measured enthalpy of act iva-

tion be expected to lie .more than ten percent below the enthalpy of the 
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equilibrium reaction, and. if the CO~T"pOS:::.:c:"on of the vapor were determined 

in the first example and if the gaseous molecular energy· states were 

determined in the second example, the expected discrepa.ncy could be cal

culated for comparison with the experimental observations. 

When the apparent enthalpy of activat ion is found to be cons iderably 

smaller than the enthalpy of the equilibrium reaction, as is found for the 

ammonium halides of Table 2, a desorption step cannot be rate limiting. 

Thus while some details of Spingler's analysis of his pioneering study of 

ammonium chloride (37) are probably wrong- - he made the usual assurnpt ions 

that only enthalpy changes need be considered and that the' kink. poisition 

can be expected to have special mechanistic importance his central con-

clusions are correct. The rate limiting process occurs on the surface and 

it probably is the reaction of an ammonium ion with a chloride ion to 

produce adsorbed ammonia and hydrogen chloride. 

The Dependence of Evaporation Coeffic ients on other Variables. 

In the discussion of evaporation kinetics to this point, congruent 

vaporization has been assumed. That is, it has been assumed that the ga,sphase 

produced by vaporization has a compos it iori identical to that of the con

densed phase. For dissociative reactions such as, for example the reaction 

2CdS(s) = 2Cd(g) + S2(g), deviations from congruent evaporation cause an 

increase in the equilibrium pressure of one vapor species and a decrease 

in pressure of the other. The changes in pressure of the two species are 

so related by the Gibbs-Duhem equation that there is a net pressure in-

crease (45). An increase' in: the flux of vapor might therefore be expected 

for free surface vaporization when the composition is changed away from that 

for congruent evaporation. 

• 
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But for both cadmium sulfide (5) and zinc oxide ( 46), the only solids 

for which the effect of composition on sUblimation rates appears to have 

been studied, variations from the composition for congruent sublimation 

give decreased sUblimation rates. Both of these solids sublime by dissocia

tion to metal atoms and a diatomic molecule of the non-metallic element. 

It will be interesting to see if composition changes have similar effects 

on sUblimation rates when other types of vapor species are formed. 

One factor that must influence the vaporization kinetics when the 

condensed phase compos it ion is altered is the rate of diffusion ·of the com

ponent that is present in excess of its compos it ion for congruent vaporiza

tion. Ifa component that is present in excess can diffuse rapidly in the 

condensed. phase, and if there is .no particular barrier to its vaporization, 

that component should diffuse to the surface andevaporat e preferentially 

(47). Vaporization would then be characterized by a transient' 

period during which the composition of the condensed phase and vaporization 

flux both vary continuously t award characteristic steady state values. 

These steady state values would be the same for a particular phase regard

less of the initial compos ition chosen, (unless as may occasionally happen, 

there is more than one compos ition of congruent evaporation). But if 

diffusion of the component in excess is slow relative to the rate of 

vaporization, the rate of. vaporization may have a different steady. state 

value characteristic of each particular composition. Such behavior m:ight 

be expected for 'Some s.olid phases, .sinced:iffusionrates in solids are' 

slower than those in liquids. 

Knudsen showed that the rate of evaporation of liquid mercury is 

reduced by several orders of magnitude if t.he surface is dirty( 48). Non

volatile impurit ies might be expected to accumulate at the surface of 

a solid as the surface recedes during sublimation, and the accumulation 
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of impurities might be expectee, to progressively lower the Bublimation 

rate. 

Most studies of sublimation kinetics have ignored thep::lssibly signi-

ficant effects of the residual pressures in the vacuum system., but Blank 

and Searcy showed that when nitrogen or argon gases were introduced into 

.their system at pressures comparable to the pressures calculated from 

their Hertz-Langmuir data for magnesium nitride, the evaporation flux 

significantly decreased and its temperature dependence changed, (49): 

Somorjai and Lyon have shown that small concentrations of copper 

will slightly reduce the rate of cadmium sulfide sublimation (5,50). But 

the data indicate that the copper can diffuse in cadmium sulfide at a 

rate that is high relative to the rate of sublimation, and the copp~r 

apparently does',not concentrate preferentially at the SUblimation surface, 

Copper appears to diffuse away from the surface during sUblimation to main-

tain a relatively uniform concentration throughout the solid. 

Mar (13) has calculat.ed that in a system which has a residual pres

sure of 10-6 torr the zinc oxide formed on a zinc metal surface by reaction 

with the residual oxygen should produce s~rioUB impedence to zinc subli-

rmtion if t'he' oxide formed as a protective cca.iling. He observed, however, 

that the oxide appeared to collect in fluffy and loosely bound particles 

which impeded sublimation only in very local areas. 

ProperlY chosen reagents may catalyze rather than impede SUblimation 

. reactions. Brewer and Kane (21,28) showed that the rate of SUblimation 

of red phosphorous or of arsenic was increased two to three orders of magni-

tude in the presence of liquid -thallium. Schoonmaker, Buhl, and Lemley 

(5,1) have shown that the rate of dissociative Bublimation of gallium 

nitride is increased by either liquid indium or liquid gallium. In each 

• 

• 
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case the liquid phase is believed to provide a solvent that reduces the 

activation enthalpy for the rate determintng reaction step. A catalyzed 

reaction will usually have a lower activation enthalpy than an uncatalyzed 

reaction. As a consequence the effectiveness of catalysis usually wilL 

decrease with increasing temperature. 

Since the evidence is strong that f>or certain vaporization reactions 

the rate at which bonds can be broken or the rate at which electrons can 

be transferred is rate determining, it is not surprising that the activation 

energy for sublimat ion of the claudetite modificat ion of arsenous oxide 

can be reduced more than 2C1'/o by neutron irradiation (52). Presumably the 

reduction reflects assistance provided by the radiation in the bond rup-

turing step necessary to sublination ofcla.udetite. 

Photons of energy high enough to excite electrons across the band gap 

in cadmium sulfide increases the rate of SUblimation for that material at 

certain composition but depresses the rate of sublimation of cadmium doped 

cadmium sulfide (53,54). Somorjai explains that for the cadmium-doped 

solid, the effect of light in reducing the rate of out-diffusion of the 

excess cadmium is apparently more important than its effect in increasing 

the already high free carrier concentration. It is interesting that the 

composition for steady state sublimat ion in light is slightly different 

from the composition in the dark. 

In concluding this brief discussIon of the effects of other variables '. 
on the evaporation coefficient, the effect of surface roughness or porosity 

• should be ment loned. Roughening the surface will not, of course, affect 

the true evaporat ion coeffic ient except .insofar as the evaporat ion co-

efficients for different crystaLplanes my differ from each other, and 

differences in ex for different planes of a given crystal are probably 
v -

usually small unless the crystals arehtghly anisotropic. Rideal and 
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Wiggins report slightly different evapora.tion coefficients for four -differ

ent crystal faces of rhombic sulphur (55). 

However, surface roughness anti, especially, sample porosity can 

greatly increase the flux of va:por that escapes from a sample, if the 

material has a law evaporation coefficient. In the limit of a very low· 

evaporation coefficient, almost all the molecules that evaporate within 

sample pores as well as the molecules from the sample surface will contri

bute to the flux that leaves the sample. This behavior follows because, 

as will be shown in the next sect ion, samples with low evaporation coefficients 

will usually also have low condensation coefficients, so that molecules 

which evaporate within a pore can strike the pore walls many times without 

recondensing. Once evaporated, thirefore, there is a relatively high prob- . 

ability that molecules from substances with low-evaporation coefficients 

will escape from t.hemouth of a pore rather than recondense on the pore 

wall. 

For a substance that has a unit evaporation coefficient, on the ather 

hand, the flux leaving a body of a part icular geometric shape will not be 

increased by the introduct ion of pores into the sample. The pressure 

inside the pores cannot ,exceed the equilibrium vapor pressure, so that the 

flux emitted from the mouth of any pore is identical with that from a 

sample surface. A number of authors have contributed to our understand

ing of how the evaporation coefficient (7,56-59) and its temperature (32) 

dependence are related to rates of vapor effusion from a Knudsen cell or 

from a porous solid. 

Generalizations About Evaporation Coefficients for Various Classes of Solids 

We have seen that rate.s of SUblimation vary widely from material to 

material and are influenced by the same kinds of var:ia bles that influence 

.. 

• 
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• 
other surface reactions: the activ:'tie.s af the reactants, the surface 

structure and area, adsorbed cateJ.:ysts or poisons, light, and nuclear radia-

tion. Because systematic studies of the effects of these variables have 

been made for only a few mater:"als, generalizations about rat.es of subli-

mation can only be tentative. But it may be helpful to summarize the 

generalization that can be made about sUblimation behavior ·of various classes 

of inorganic solids as a result of the experimental data and the analysis 

of this chapter. Predictions are guided by the observation'that, in the 

absence of protective coatings, many classes of substances evaporate at 

rates· close to those predicted from equilibrium data by means of the un-

corrected Hertz-Langmuir equat ion. Furthermore, various broad classes of 

react ions tend to show similar deviat ions from the predict ions of the 

Hertz ~Langmuir equat ion. 

For steady state sublimat ion of pure metals and molecular cyrstals 

into vacuum, CX
v 

is unity for~he metal atoms and the molecular units of the 

crystal. For ather equilibrium species, suchas S7from rhombic sulfur for 

example (44), CX may be orders of magnitude less :than unity. How far below 
v 

unity the evaporat ion coefficient will be dependS on the complexity of the 

rearrangement reaction necessary ahd the strength of the bonds that must 

be broken to effect the rearrangement. 

For vaporization of elemental solids such as sulphur, carbon, or 

white phosphorous that yield polyatomic vapor species, the smalle~ the 

the value of CX for a given speCies the more rapidly CX for that species 
v v 

can be expected to increase withtemperat ure. This conclusion follows 

because for these reactions a high errthalpy barrier usually governs the 

value of CX and the higher the barrier is, the greater is its temperature· v 

depende nc e 0 
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For condensed phases made up of dipolar molecular units, evaporation 

coefficients, have been found to range from 0.01 to 0.5. The hypothesis that 

these values reflect the difference in rotational partition functions be-

bleen liq'-;1id and condensed phases (4,42,43) has not been adequately tested 

by measurement of the temperature dependence of avo If the hypothesis is 

correct (42,43) values pf a for polar molecules should be independent of 
v 

temperature. 

For two rare earth'trifluoridesand one alkaline earth difluoride of 

unknown dislocation densities, the evaporation coefficients have been 

shown to be unity to within a small estimated experimental error over a 

range of temperatures. For the monomer, dimer and trimer of LiF the mea-

sured evaporation coefficients have been shown to lie in the' range between 

.5 'and" 1 (,68)... for s0dium chloride an increas e in the dialocat ion 

-6 2 -7 2 density from about 10. per cm to about 10 per cm raised the value of 

a from.5 to ;1.." (25) ~ The evaporation coefficient for vaporizat ion 
v 

:Fe2C16(g) from' solia. FeCly'however appears'to be less than 10-
2 (:IH). It 

would be of value to invest igate whether or nat the low value reflects 

poisoning of the surface by some impurity. 

Evaporation coefficients for solids that sublime by dissociative 

SUblimation reactions tend to be smaller than evaporation coefficients 

for similar solids that sublime to vapor species of the same simplest 

formulas as the solid phase. Ferric chloride which evaporates by both 

kinds of reaction illustrates this point (17). For 2FeC1
3

(s) = 

(g), a
v 

is 7 x 10-~ while for :Fec~(s) := FeC12 (g) + 1/2C12 (g), 

(FeC~)2 
-6 ._ 

a is about 10, • I) 

V 

Sublimation kinetic data areavailable for several solid oxides in 

addit ion to those listed in Table 2 which dissociate to two or more gas 

species on sublimation Stannic oxide (62) a,nd gallium sesquioxide (63) have 
;,:;" . 

nearly temperature independent evaporatioii'"coefficients of 10-1 and 0.3 
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respectively below their melting points. For solid aluminum oxide and 

solid indium oxide the vaporation coefficients of the principal evapora-

tion reactions increase with temperature. The values at the melting points 

are 0.3 and 0.03 respectively. It seems probable that evaporation coeffi-

-3 cients for most dissociating solid oxides will lie in the range 10 to 0.5. 
I 

For cadmium sulphide and selenide the sublimation reaction products 

are metal atoms and S2(g) or Se2 (g) ~ Both have evaporation coefficients of 

ahout 10-5 (5). Blank (61) finds ex = 0.3 for ZnS and. ex = 0.9 
v v 

forCdTe • Values of the order of 0.01 to 1 can be expected for most 

sulphides, selenides, and tellurides. Metal nitrides which yield the metal 

atoms and N2 molecules as gaseous products have evaporation coefficients 

. -2-6 lying in the range from 10 to 10 • 

No clear regularities in the temperature dependence of the evapora-

tion coefficients of the oxides, sulfides, and nitrides is apparent. Some 

values increase, some decrease, and some are nearly constant with tempera-

ture. Perhaps for some of these solids selective adsorption of one of the 

sublimation reaction products or of foreign substances significantly 

affected the reported values of ex. An effect of atmosphere has been demon
v 

strated for magnesium nitride d:l.ssociation sublimation (49). The evapora-

tion coefficients of aluminum oxide and gallium oxide increase discon-

tinuously apparently to unity, when the solids melt (63). It is probable 

that most relatively ionic salts have unit or near unit evaporation co-

efficients, for congruent vaporization above the melting points even when 

vaporization is by dissociative reactions. 

The Relationship of Condensation Coefficients to Evaporation Coefficients 

The principle of microscopic reversibility requires that even if 

a reaction occurs by more than one path, under equilibrium conditions the 

flux of molecules which cross a saddle point free energy barrier between 



-30-· 

reactants and products o~ ~ given reaction be identical in the two directions. 

The arguments o~ this chapter demonstrate that the saddle point free energies 

for reactions with a = 1, remain unaltered when the flux of vapor that 
v 

impinges on a condensed phase surface is reduced from the equilibrium 

flux to zero. It seems most probable that the saddle point free energy 

will also not be altered when the flux of vapor is increased above the 

equilibrium flux so that condensation predominates over evaporation. Sub-

stances that have unit evaporation coefficients, therefore, can be expected 

to have unit condensation coe~ficients, at least at relatively modest 

su:persitttiI'ations.,: , 

In the more general case o~ evaporation coefficients less than unity, 

if a single reaction step is predominan-Lly responSible for limiting the 

evaporation rate, Eq. (10) reduces to the ratio of KV exp (-6G*/RT) for 

-th&t st ep to exp, ( ..:t.G~/RT) / (27T'MRT) 1/2. At equilibrium, the flux of mole-

cules that condense must equal the flux o~ evaporating molecules so that 

this same ratio must also give the value of the condensation coefficient 

a • 
c-

When the flux of vapor molecules that strike the condensed phase 

surface is increased above the equilibrium value, the normal assumption 

of reaction kinetics can be applied, i.e., that the free energy barrier 

height is not changed by the change in ~lux. The expectation is then, 

at least for modest supersaturation, a
c 

will rema.inequal to a
v 

and have 

the same temperature dependence. Ii' k4 of equation 4 is small coin:r;:ared to 

k2 the adsorption step would be rate determining. But at high supersatura

tion, the flux of molecules that adsorb can become large compared to the 

flux for the Yn(a) ~ nY(b) step under equilibrium conditions and trans~er 

of matter from the adsorptj_on sites to bulk lattice sites could then be 

,-, 
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As a result 0: would become smaller than predicted from 
c 

evaporation data • Alternately at high supersaturations the vapor may con-

tinue to condense at about the predicted rate but produce a non-equilibrium 

condensed phase . mat erial. 

The extent to which the evap.oration and coniensation coefficients 

can be expected to differ has somet mes been overstressed.. For example, 

Ackermann, Thorn, and Winslow (10) have posed an amusing pair .of para-

doxes which they say could result from an incomplete und~rstanding of the 

dist inct ion between evap or at ion and sublimat ion coeffic ients : l! One can 

show that at equilibrium the vaporizat ion coefficient must equal the con-

densation coefficient. Therefore (one might argue), if the vaporization 

coefficient clecreases monatonically with decreasing temperature [the con-

densation coefficient must also decrease, and] the substance cannot be 

condensed by decreasing the temperature. Or, if the vaporization coefficient 

increases monatonically with decreasing temperature - it must approach 

unity at low temperatures and zero at high temperatures. Then a (high) 

temperature will be attained at which vaporization ceases,,"*" 

Ackermann, et ale cons ider that the resolutions of these paradoxes 

lie in the fact that for the non-equilibrium condit ions under which 

evaporat i on and condensat ion coeffioient s are studied, Q( need not equal . v 

0:. Since Ackermann; et ale do not identi:f'y and discuss the kind of 
c 

non-equal values of 0: and 0: which would resolve the paradoxes, it is . v c 

difficult to assess the results of their approach, but any appeal to non-

equal values of 0: and 0: is unnec.essary. v c 

The paradoxes are easilY resolved when 0: and 0: are identified as c v 

functions of the excess free energy barrier to the condensat ion and sub-

limation processes" 

* 

A substance for which 0: decreases with temperature 
v 

Parentheses were inorigin~l, the bracketed phrase was added for clarity. 
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will be found to have, as the liquid-vapor eritical point is approached, 

a temperature dependence of the form exu [-(6H* - 6HO) /RT] where 6H* < 6H
o 

• 
. - v V V V 

But 6H* will always be greater than zero, and even though a decreases 
v v 

with temperature, the rate of evaporat ion nonetheless increases exponentially" 

with te~rature according to the expression k v exp (.6S*/R) exp (-6H*/RT). v v v v 

The value of a at the crit ical point may be small, but can never be zero 
v 

as concluded in the statement of the paradox. 

Since at the critical point the properties of liquid and vapor become 

identical, the values of a anC: a, even if different under other condit ions, 
vo 

must approach the critical point values. A low evaporat ion coefficient 

at the critical point would reflect a finite free energy barrier to trans-

fer of a molecule or atom from on.e cluster of fluid particles to another. 

Above the critical point, ac and a
v 

have no physical significance except 

that the rate of transfer of particles between. clUsters in the fluid 

above-the crit i~al' paim-might pepredictable frdn1 measurements of 

a ora -near the critical point • 
c v 

The paradox concerning the predict ion of non-condensat i on at· iow 

temperature s wit h gases for which a decreases with decreasing temperature c .. . 

has a simple, but more dramatic resolution.. The vapor will in fact not 

condense at low temperatures to the equilibrium solid. It will, however, 

condense. The product will be a metastable condensed phase which can be 

prdduced fran the vapor without passage aver a high free energy barrier. 

The predicted behavior has been observed. For example, a
c 

becomes 

very small at low temperatures for condensation of E4(g) moiecules to red 

phosphorous because there is a high enthalpy barrier to "breaking bonds 

of the Pl~ moleculfs in order to free atoms for formation of the three 

dimens ional bond ingnetw'ork of red phosphorus • White phosphorus, which is 

thermo<\.ynamical~v unstable relative- ,t.o red phosphorous, is the product 
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obtained when P4 vapor is condensed at low temperatures. Because white phos

phorous is a molecular lattice formed of P4 units there is a negligible free 

energy barrier to its formation from P4 vapor. 

As this example illustrates, if condit ions are shifted' far enough 

from equilibrium, the assumption that condensation occurs by simply the 

reverse of the path for vaporization completely breaks down. But even so, 

the analysis of kinetics of the evaporation reaction in terms of transition 

state theory washelpf)ll in understanding the kinetics of the condensation 

reaction. Tlie 'same high enthalpy barrier that reduces the rate of the red 

phosphorus sublimat ion react ion is responsible for the failure of P4 vapor 

to condense to red phosphorus when P4 is condensed at low temperature. 

Furthermore, it is highly probable that at moderate supersaturations 

and relat ively high temperatures P4 vapor could. be recondensed to red phos-

phorus at a rate predicted from the assumption that a = a or theequi:.. " v c 

valent assumption, that J = P exp [-(6a* - ~O)/RTJ!(~TIMRT)1/2 where J , c v v c 

is the flux of molecules from the vapor that condense to the equilibrium 

reaction product and P is the pressure maintained for the vapor reactant •. 

The riet rate of condensation is predicted to be the difference betwe.en 

this expression and.the rate of evaporation J
v

= exp (-L':G~/RT) /(271MRT) 1/2. 

,For any kind of a reaction the rate determining steps may be differ-

ent for the forward and reverse directions when the reaction is not at 

equilibrium. But t hey also may be the same, and the reaction steps traced 

by the reverse reaction usually will be the same as the steps traced by 

the forward reaction. In studying the rates of condensation and evapora-

tion reactions, the working hypothesis should be that the reaction paths 

and rate determining step for evaporation and condensation are related 

unt il experimental or theoretical information is developed that indicates 

the hypothesis is invalid,. 
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TABLE 1 

Sublimation Reactions for Which Evaporation 

Coef'.ficients Are Unity 

Reaction 

Ag ( s ) = Ag ( g) 

Zn(s) = Zn(g) 

P4(s) = P4(g) 

As406(s)= As406(g) 

BaF
2

(S) = BaF
2

(g) 

LaF
3

(s) = LaF
3

(g) 

PrF3(S) PrF3(g) 

NaGl(s) = NaCl(g) 

Remarks 

single crystal, high 
dislocation density 

(0001) face, low dis
locat ion density, 
(0010) . face 

polycrystalline 

polycrystalline 
arsinblith 

(111) face 

(0001) face 

(0001) face 

(100) face, high 
dislocation density 

(100) face, high 
dislocation density 

Evaporat ion 
Coefficierit 

~l 

0.9 ±<:O.l 

0.95 ± 0.1 

0.9 ± 0.1 

1 

1 

References 

20 

13 

21 

22 

23 

24 

16 

25 



TABLE 2 

Activation Entha1pies For Reactions With Law Evaporation Coefficients 

Reaction Enthalpy of Entropy of Apparent Enthalpy Apparent Average Average Reference Reaction Reaction of Activation Entropy of Evaporat ion Tempe rat ure 
~Kca1Lmo1e2 ~eu2 (Kca1Lmo1e 2 Activation Coefficient (DeEE..,,:._ID 

2As20
3

(s) = As406(s) 24.2 50 55.5 ~74 ~10-6 475 21 

4p(s) = P4(g) 28 49.4 52 ~10-6 -600 21,28 

4As(~) :: AS 4 (g) 3301 38.0 43.8 37.6 5.10-5 550 . 29 

4Sb(~) = Sb4 (g) 47.4 ·35.7 49.5 35.5 2.10-1 650 29 

2ZnO(s) = 2Zn(g)+b2(g) 222 96 264 90 ~10-3 1400 30 

. 2CdSe(s) = 2Cd(g)+Se2(g) 144.6 92 .. 8 167.7 ~94 ~10-1 1000 31 

Be
3

N2 (s) = 3Be(g)+N2(g) 361 124 408 -60 ~10-5 1800 32 
J 

2GaN(s) = 2Ga(g)+N2(g) (173) Ci01)' 219 74 < 10-3 1300 33 
+:-
0 
I 

Type 2 

2CdS(:) = 2Cd(g)+S2(g) 150.4 '96".8 150.9 77 10-1 1000 31 

Type 3 

l\TH4F( s) c NH
9

(g)+HF(g) 36 (63) 24.4 21 3.10-3 600 34 

NH4C1(s) = ms (g)+HC1(g) 39.5 61 27~0 4 3 :10-5 600 34,35,36 

NH4Br(s) . = NH
3

(g)+HBr(g) 43.3 61 30.0 8 3.10-5 600 34 

NH4I(s) = NH
3

(g)+HI(g) 44 (62) 33.2 14 3.10-5 600 34 

* Single Crystal 

.. ~} 
" ... ( .. e 
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FIGURE ,CAPl'IONS 

Koss,el-Stranski model of a close-packed surface. A is an 

atom in the surface;~ is an atom in a ledge; £ is at kink; 

D is at a led~e; ~ is an adsorbed atom;! is in the vapor. 

Three observed types of temperature dependence for rates 

of evaporation. 
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XBB 687-4159 

A - atom in surface 

B - atom in ledge 

C - atom i n k ink 

D - atom at ledge 

E - adsor bed atom 

F - vapor atom 

Fig. 1 



log J 

1 / T 

Three types ,of experimentally observed 
sublimation behavior in vacuum. J is the 

.. 

flu x of mol e c ul e s from a sample surface..·· 

XBL688-35·20 

Fig. 2 
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