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The uééful life of materials in a vﬁriety of- high temperature appli-
cétions ma& be limited by the‘raxe at which the materisls veporize or
react to form gaseous products. Some industrial pfocgsées for produption
- of high pufity singlé crystaig.andkfor produgtion of.sﬁecié}ized-poly-
'éryétalline refractories inciude condensgtion from the vapor or reaction

of a vapor at a surface‘és a critical step.

The obvious practigal importance of rate studies for vapo:ization
reactions; condensation reaétioné, and.gas—condensed phase'reacfioﬁs is
matghed by gnusual theoretical imboftancé.as wells _Evapofation and con-
: dehsation reaction kinetics have commonly been considered.less tractible
to‘expe_rimerrtal study and _’ch'eoretical a.nal‘;ysis than have gas phase and
sblutiqn‘reacﬁion kinétics. But sqﬁe e&époration processes lend them— |
' selves to simple mechanisgtic interpretationé, and one‘ofvtﬁe objectives.
éf this chapter will be to illustrate the significance-of évaporatioﬁ »
kinetic studies to the.general theory of reaqtibnvkinetiCSa

The chapter beéins_with an analysis of evaporation reactiongfas th
étep pidcesses in which;eithef a surfdée.or é'desorptionAsfep méy Ee ra?e
_limiting,-Ekpeiimenta1 kinetic date are compared Wifh the model to és;
tablish.whéﬁher for vérious types of reactions the nature of the rate
- 1limiting step can be identified. With this background, géneralizations
about ‘ra,tes of vaporiié;hion of different types of refractories are given, '
and.the kiﬁetics_of condensation reactions are more brﬁefly 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 gdditional.infqrmatioh not - included here (1-5). References
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(1-3) in particular include excellent discussion of experimental tech~-

niquese

The Relationship of Evaporation Studies 3o Kinetic Theory

@«

Pioheering.investigationslby Hertz, Iangmuir and Xnudsen established
and‘exﬁloited the relationship,between the kinetic theory of gases and the
 rate df'evapbration (658); The eqﬁations and éonceptual'approaches”thaﬁ'
they»deVéloped still remain central to most thermodynamic and kinétic )

. studigs éf evaporation and condenSation.

'Hertz wa.s the first to show that a consequence of thé_kinetic théory
of gases and of.the Maxwellian distribution of molecular velocities is
that tﬁe flux J in moles-of vapor mélecules.that strike a unit area of
surféce-pér‘unit fime is given by the expression

J = P/(2ﬂMRT)l/2 ' . | ) . (i)-~
where P is the préSéu%e, ﬁ is the gas constant, M_iS fhe-molécular WEight,' 
and T is the abéplﬁ%e temperature. |

Langmuif arguedvfrom an analysis of'the_enefgetics of the coilisiénf
procéss that'every mdieeule of vapor which sﬁrikes the condénsed phase .
surface shbuld be captured in the attractive field of the surface gna be
_cbndensed. Equilibrium between the vapor and-the condénsed phasé would
be maintained by an equal flux of molecules evaporating frém thetgéndensed
bhase surface. Condensation and evaporation could then be.viewéd gs‘twp
independent prdceSSes that‘are in balancé at equilibrium. . He further
érgued tﬁét tﬁé fluk of evaporating molecules should remain unchdnéed ffom-
the equilibrium flﬁx if evapoiatién occurs-intO»g vacuum. As a consequence,

the equilibrium pressure should be given by Peq = J(QHMRT)I/E, vhere J is
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now the flux'évaporating_into vacuum. But the equilibrium pressure is
related to‘tﬁe standard entropyvpf vaporization_Ass and to the standard
enthalpy of_vaborithixn)AHi by the ?quation Peq = exp(ASQ/R) exp(qAH%/RT),
so.these thermodynamic quantities should be related to the flux duringk

. free surface evaporation by thevexPression

J = (QWMRT)-I/Q'exp(AS;/R) exp(qAH;/RT)
Knudsen showed, however, that pressures calculated from weight losses
nay sometimes be orders of magnitude lower than pressures measured under

proved equilibfium conditions. He introduced into the Hertz-~Langmuir

equation a factor o, so that it becomes
T=op (emvrT)"Y/2 - o(ommr)-1/2 exp(AS/R) exp(-AHS/RT).  (2)

vThen d has a value of unity when every molecule of vapdr théf_Strikes the
surface is coﬁdenséd, but may fgke»smaller values‘when,equilibfium is not
established between*thevpondensed phasg and each vapor molecuie which
strikesvthe surface.'4 -

¥Sometimés o is described as the fagtor'that'accouhts for the number .
- of vapér molecules fhat are reflected upon collision with the surface.‘
But a vapor molecule may be adsorbedvand_yet féii to come to equilibrium
with the bulk condensed phase, It is pfeferable to define @ as that
fraction of vapor.molecules that upon striking tﬁe surface attain'éompleée,
thermodynamic equilibrium with the condensed phase. N

An essenfial condition for equllibrium is that there be no net‘flux:

between condensednphase and'vapér. "It is apparent, therefore, for;
equilibriﬁmvgonditions thatiif only.g fraction a, (thg-condensation coeffi~

vciént) of the vapor molecules striking a surface come to equilibrium with
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the condensed phase, the flux of molecules that evaporate is coirecfly
:predicted from the equilibrium vepor pressure by the Hertz-Langmulr
equation ehlyvif a numerically identicalvfactor o, (the vaporization or
evaporation coefficient) is iniroduced. ”nder nenequilibrium conditions
‘ ac and av need not have equal ﬁelues and it has been argued: that @, and
av can be expected te be ﬁery different under usual conditions of experi-
mental study (10). :But it will be shown here that'av and o, probably do
remain equal, or very nearly so, over a wide range of nonequilibriuﬁ con;
ditions. |

To explain the experiﬁental’ebservaﬁien thaﬁ av can be wnity for
some condensed phases and at least. as small\as 1656 for other, fhree
principal theoretical approaches have been used;

The approach that has reached the most sophisticated leyel of develop-
;ment is the evaluation of‘qv and o, for solids in terms of fhe details
© of movement of atoms through a series of reactioh steps on fhe surfaee-
to positions of‘successively lower binding energies: From bulk s1tes to
positions in ledges, to kink gites in ledges, to. adsorption s1tes on
ledges, to surface adsorption sites. (Fig‘ 1) Notable contributors'
to the theory have been Kossel, Staneki, Knacke, Burton, Cabrerra; Frenk;
and Hifth and Pound. (See referenees.lah)mf

The‘atomistic approach per se is reeogniied to be adequate‘ohlyvfor
analysis of sublimation ratee for metals and non-polar, molecuiar.eoiids;
. The quantltative predlction of the model as developed by leth and Pound
(5,11) for steady state sublimatlon of low 1ndex, single crystal planes
of such sollds in vacuum is that a should be about 1/3. The prediction
for high 1ndex planes of any s1ze, or for low 1ndex planes of small size

5

or with dlslocablon dens1t1es greater than 10 2 1s-that‘av > 1.

-

o
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Becauséfdislocation densities less'than lO5 cm-‘2 are hard to attain
and because free surface sublimétion rates are difficult to establish
uhequivocally;within a factor of three, conclusive éxperimen£a1 tests
of the predictionsihave not 5eeh,available‘(5,12). However, a recent
expgrimental study aépearg”rather cefinitely to prove that av ~ 1 for the

(OOOl) plane of high puriﬁy zine under conditions for which the theory

‘predicts 1/3 (13).

The”atomistic approdch, 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 processeé that liedd to the wide range pf obSErved.v
evaporatibn coefficienté.

A second approach to. theoretical evalﬁation of eVaporatién kinetics
is»throﬁgh use of the fbrmalism of irreversible thérmodynamics (10). This

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

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

adaption of transition state theory of reaction kinetics to the special

conditions of the heterogeneous evaporation reaction, appears thé;most
fruitful now'available. This'approach, which can‘be fused witﬁ thei
atomistie approach whenever it appégrs usgful to do sov(l2), is éXpldredi
in the remaiﬁder df'the chaptef. | |

The analysis here will differvin several important respects from

‘previous analyses (2;12)1h,15) of evaporation or condensation reactions

in terms of'traﬁsition-state ﬁheory; 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 evaporation. Discussions of evaporation kinetics
appear usually to tacitly assume that the activated complex for the slow:

step in evaporation 1s physically located.on the reacﬁion surface (1-5).

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

o

is in the vapor phase.‘ Second, a means (16) of evaluating the frequency
.faétor‘vvand the transition prbbability k- of the desorption step will be
used. in;previous studies, v was commonly assumed to be eifher the Debye
frequency for the solid or kT/h per molecule: whefe k is the Boltzmann
constanﬁ and h is Planck's constant, and k was assumed to be 0.5 or l.
Third, thg temperature dependence.of evaporation rates ﬁill be more fully .
used than has uéually been done (ﬁhe paper of Gregory (17) ahd recent
reviews by Somorjai (5) are important exceptions) to evaluate apparent
activation enthalpies and entrépiés for gomparison with enthélpies and
‘entroples éf the equilibrium reactions and for prediction of.the tempera-
ture dependence of the e&aporation~and condehsation rates. Finally, the
felationship between the kinetics of evaporation“and 6f condensatibn will

be more strongly emphasized and explicitly discussed than in other reviéWs..'

The Rate Equation for a Two Step Evaporation Reaction

Anslysis of the stepwise evaporation.process_for a particular example
'willwdemonsﬁraté the gereral approach, which cén be extended as necesséry'
to mbre complex reacﬁions,'.suppose that a particular liquid Qr,é61id m
evaporates to a single impbrtapt vépdr species of the same elemenﬁal:_
.composition as the condensed phase; and furfher suppose that‘the_e#éﬁorétion
takes place in two steps; the formation of a surface complex fbllowed ‘-: .

by desorption‘of the complex fiom'the surface, If the condensed phase

and vapor are at equilibrium, the two step proecess can be written as
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RY() == v (a) B

) &= Y W

where Y(p) is an atom or molecule in the.bulk érystal, Yn(a) is a coﬁplex
,:of n atoms or molecules adsorbed on the‘éurface,>and Yn(g)bis‘the Vaﬁor\.
‘molecule._ o

- At equilibrium the net flux of moleéules'muSt be‘zero; with the

material balance described by
ko= ko [Y (a) ] | G))

_and

o @l =y @ ©

where.the'brécketed-eﬁpressions indicate activities of fhg adsérbed and
gaseous speciés relative‘to their respective stahdard states. The ac-~ -
tivity of.the bulk molecules does not appear explicitly in_Eq. (5) be-.
cauge it remains unity for all conditions of present interest.

. Iflthé:éoncenfrationfof vapor mqiecules is reduéed by evgcuatingvtheb
system in‘ﬁﬁich the solid is heafed or by flushing:tﬁe reaétion ghémber
with a fast-:-movin‘g stream of inert gas, the value of the expression |
kh.[Yb(g)j.can be made qegligibly small. If we provisiondlly appi& the
usual hyﬁbthésis of chemical kinétics, that the specific rate consfants'.'
are nearly independent of concéntrations of the reaétant and intermédiate”
species, the’flu# of‘molecules JYV which will ﬁow lease the surface can

. . n.
be described by

. S .Jv' | = ks [Yn(é).] ' (7
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where k3 is unchanged. If kl 1s much greater than kh[Yh(g)], then
[Yh(a)]:UWill aiso be essentially unchanged. But if not,[Yn(a)]‘may
‘decrease significantly below its equilibrium value.
For steady state sublimation in vacuum [Yn(a)] will have a time
ihdependgnt value so that'd[Yn(g)]/dt = kl'kZEYh(a)] - k5[Yn(a)] = 0,
and [Yn'(a)] = kl/(k2 + kB).. Substitution of this expression into Eq. (7)
-yields = o |
. = klk‘}/(kg .'+i. kj) - o  ' (8)
While various approaches. to the théory of reacﬁion ratéS'differ in
details, thére is general>agreemént that the specific rates éonstant, ki,
for an,elémentafy4reactiqn étep,-i,.at_consﬁant pressure and temperature

i

o A *
~ effieient, vy is the frequency factor, and AGi

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

o - ' * ‘ :
‘has the value ki = Kvy exp(qAGi/RT), where Kk, is the transmission co-

is the Gibbs free energy

K VK.V exp{;éﬁG*+ G;)/RT}

o ,v”’ *1"1"%3 5 E oo L v .
Y K.V exp{wAG /RT} + K exp{ AG, /RT}
. 22, 3Y 5 3
and since from Eq. (2), a = Ji_ (EHMRT)l/z/Peq
a | (
* % - >
. KlleBVB exp{-(AGl-+ AGE)/RT] (QHMRT)l/ |
o = — - X - (10)
KoV, exp{ﬂAGé/RT} +.K3v3,exp{eAG /RT} exp{nAGv/RT} ‘

Y )

where AG; is the standard Gibbs free energy ofztﬁé evéporation réaction;

Equation (10) is an expreS§ion; then, for & in terms of fundamental ' .
thermodyhémic parameters fbrkthe,Overall reaction and of fundamental

kinetic paraﬁeters for’two.e;émeﬁtary réaction steps_eithef of which, we

have tentatively assumed, may control the rate of evaporation.
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The Significance of Unit Evaporation Coefficienmts

It isvgenerally as sumed and vrobab ly correctly, that the evapora-
tion coefficient is unity independent of temperature for clean liquid
metals that evapofate to-their-atomé and for non-polar molecular liguids,

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

' Although the vaporization characterisitcs 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 independént evaporation coefficients of unity within estimated

-~ experimental uncertainities. From comparison of evaporation rates of the

solid and>li§uid at‘the-melting pbint, Burng, Jason, and Inghram conclude
that éolid copper, silvér, gold, silicon and boron also have uﬁit evapora-
tion coefficients (26). . | |

For several, addltlonal golid metalc whlch are noﬁ included in the
Table there are_conflicting reports with some authors finding evaporation
coefficients iﬁ the'rahge from 0.1 to 0.5 and éther finding valﬁes close
to 1 (3).‘ The correctnesq of measured evaporation coefficients is some—ib

times difflcult to asgess. But the author is conv1nced that the. values

~reported in Table 1 are subqtantially correct and that the solidq listed

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

havevunlt or near unit evappratlon coefficients, 1nclud1ng tho se metals

~ for which the present evidence is conflicting.

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

~directly and unambiguously to some important quantitative relationships |

between the kinetic parameters and thermodynamic parameters for evapora-

tion. If Q is unity the ratib;Of'the kinetic terms in equation (10)
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must reduce to exp (ﬁA'G;/RT)/(EﬂMRT)l/e, In other words when a_ = 1, the

rate expression-of equation 9 reduces to an expression characteristic of
. e e AAD
a single step process for which the free energy of activation is AG_v, the

standard free energy for the overall equilibrium reaction nY(b) = Yn(g),

and for which kvvv =A<2WMRT)—1/2.

BEquation 10 will reduce to the correct single step expression only

'-A i i d = = )
Kyvs exp (=48G5 /RT) is small relative to ky = KV, exp (‘:QGQ/RT).
This condition k, < < k, means that the intermediate reaction product

3

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

C1f k5 =

complete equ111br1um.w1th the bulk condensed phase during steady state

sublimation in vacuum. The pr1n01ple of microscopic revers1b117ty then

requlreQ that K SO KV = KV, =f(2ﬂMRT):l/2

1V1 = KpVp SO Ky¥s

of the trahsmission coefficient and frequency factor for_the”disorption

, that is the product

. step musf, when o5v'=.l, be (QNMRTfl/g. Ahd AG; + AG; - AG;'='4G§. When.
Q; = 1, iﬁtermediates that remain at equilibrium'with-the bulk phase
need nct be explicitlyiintroduced into the descriétiOn bf.the reacfion .
kinetics. Since for any reaction AG = AH --TAS it is apparent thét for':
a to be unity over a range of temperatureq lmplleq the addltional equalltiec
Iy -—AH2+AH3= AH —AH andAs -A33»=ASV=ASV._ |
‘In transition state theory for reacfion'kinetics, the acitﬁated
.éomplex is fhe sggregate of atoms at fhe saddle point free energyvpésitiOn'
of the rate determining step of the reaction (18,19). For an evaporation
coefficient of unity, the saddle p01nt enthalpy and entropy have here
been shown to dlffervfrom the enthalpy and entropy of the bulk condensed
phase by jusf-thé amount s neéesséry to produce a flux from the surface

which 1is identical to the flux which would cross . an imaginary plane in a

given direction in the equilibrium vapor. From these facts it is apparent
. o J
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that £hé rate determining step is nY(b) ;lYn(g), and that the activated
complex is Y#l(g), the producﬁ of the equilibrium reaction. The saddle
point free energy positioﬁ ¢can be viewed &g an imaginary plane drawn
parallel with the plane of evaporation at a distance above the surface
vﬁust'sufficient to make neglibibly small thé enérgy éf interaction between
thevsurface and molecules:that have'sufficient energy to evaporate.

.‘ It can now be seen that reactions with unlt evaporatlon coeff1c1ent<
provide clear-cut verifications’ of several assumptions of transition state
theory. The importance of these verifications can be judged from the
commen£ in a recent monograph on reactiohvkinetics, "Unfortunately in
the casé of transition-state theory;.an adeﬁuate éXperimental test of the
thedry is not posgible at present, ndy does it éeemflikelybthat this situa-
tion will change in the foreseeable future™ (27). |

TIn agreemé’ntr»;with equi_libriu_m tra‘ns-iti_.bn_ stét_é theo'ry, the enthalpy
and entro?y of formation.of:the activaﬁéd comﬁlex if a = 1 remain at their ‘
Zequilibriﬁm.‘vaIHES- when the reverse reaction becomes'negligible. The

rate of-formatibn of the activated complex”from-the reactant under non-

equilibrium conditiéné is identical with théumximum posgible rate of

formation froﬁ the_réécﬁant-under quilibrium conditions.

A point of some uncertain%y-in application of transitiop state theoiy
has been whethe%‘fhe tfansmiSSion coefficient should be assumed_tb;be
unity one-half, or soﬁe‘other vaiﬁe at the saddle boint reactioﬁ.COOrdinaté,
Experimental valﬁes have nét‘Been available. For these.reactions With v
evaporat ion coéfficients Qf unify; there‘ié'clearly nothing to reflect
molecules at the saddleﬁbint .so k must be unity.  'And since’ Kf has

1/2 -1 /2

beeh already shown to be (emm) it follows thst v = (2mRT)

It JS extremely ¢mportant to recognize that every point on the

surface of a condensed-phase'that displays a unit evaporation cdefficient
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supplies a finx of molecules to the vepor'that is the maximum predictable
from equilibrium data; It follows that every point on the surface of a
.solid with unit eVaporation coeffieient must be at equilibrium with the
vbulk solid even when the solid is held in & vacuum. The difference in
entropy between atome on various kinds of surface sites and the entropy

of atoms at bulk lattice sites is'not negligible as commonly assumed
(h,ll). The activity of adeorbed atoms is the same as the activity of
atoms of kink sites, in_ledge gsites or in the bulk, fhe lower bonding
energiee 'vthat hold adsorbed atcams are just cempensated fon by increased
configurationaland vibrational entropies (see Chapter.Y and 8 for_discussion'
of these entropy térms). Thus the free energy ﬁhange for transfer. of an
atomifrom_a bulk to a kink site is not one-Half the molar heat of subli-
nation as commonly assumed, but zero.if av =1, and»doesenot normally
exceed RMrc, if o < 1. Tne idea (M)‘that special1significance should
be attrinuted-te.the kink positions in surface ledges.because atems at suchb
positions are bound'By energies that are approximately‘half the energiesv

with which atoms are bound at bulk lattice sites is'misteken.

‘The Interpretation of Kinetics of Reactions When<xv"< 1.

Thé analysis in terns of eguilibrium transition state theory_éf :
evaporation reactions'with‘unit evaporation coefficients has Ied’to,un-
ambiéuous identifications of-the composition, physical locatien,:end
enthalpy and entropy statee of the‘activated complex and to thevvaluesnéf'
the transmiesionicoefficient'and frequency factor at the reaction éaddle;'
point. These unamniguous identifications are only possible becauge, |
when Q= 1, the e‘q.uilibriu'm' 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 Vv

should be different from their values when <Xv = 1. We can assume that

for all vaporation reactions of reaction 4 will be equal to (QHMRT)-I/Q;

“5"3
This aSSumption will ‘enable us to calculate.from experimental values of
vaboretien rates és a fuuetion of temperature what the values of & S; and ‘
A H;-Wduld-have to be if.the desorption step is rate determining. From
the blausibility of these calculated values of AS% and & H¥ we can‘decide_

> 3
whether the descrption step or a surface qtep is more likely to be rate
determlnlng for any partlcular evaporatlon 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: coeff101ents may remaln essentlally

L 1ndependent of temperature or increase or decrease with temperature. The

flux for a = 1 is, of course, 1dentlcal to the flux that would escape through
a small hole in the wall of a chamber in which the equlllbrlum pressure .
is maintained. . If for example & increases with temperature, the slope of. -
the Ind versus l/ijlot is less thau'the slopexof the plot for the equili-
brium flux and the enthalpy,of activatien forvevaporation AH$ is less than
the euthalpy of the equilibrium vaporizetiou reaction, AHi.

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

of Fig. 1 is.arbitrary.x A substance for which the apparent,enthalpy:of:

_activation A H$ is larger than AH; (type 1) may for example have a smaller

,'a& in the experimental range than do substances for which AH$ is smaller

thau‘ AH; (type,}).

Table 2 includes data-for-reactidns for which thevapparent’enthalpies

of activation have been measwred. -The empifically measured activation
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‘enthalpies should properly be called apvarent enthalpies of activation
because there is no assurance tha% the reaction assumed to be rate deter-
mining feally is so.

The variation in evaporation rates with temperature may be fixed by

o

the rates of two or more simulzaneous reactions. Even if only a single
reéctioﬁ step is rate determining, the calculated enthalpies and entropies:_
may not be the true vélues for the actual activated complex. All activatioﬁ’
enthalpies and.entropies reported in this éhapter are calculated on the
assumption that the activéted complex has the same composition as the equili—
brium reaction products. For dissociative sublimation reactions this |
procedure is different from that conventionally used for reporting activé?
tion énergies. For example Somorjai (31) reports for CdS sublimation

 AH$ ;.50.5 kcal{ whiéh.is the enthalpy calculated from the temperature

_ dependence of the expression (ZUMRT)_]‘/2 exp (AS$/R) exp (ﬂﬁHi/RT),

Jeas(s) ~ _ _
while the value in Table 2 is 1%0.9 kcal, the value of AH* calculated_frbm .

v =L

13 G @F 13, 1 = (o) B2 by 2

a ¥, exp (AS*%/R) exp (-MHX/RT).

2
The values of AH* and_AS* are then directly comparable to the enthalpies

and entropies of the equilibrium reaction, which for C€dS sublimation isg
2 e oy  nego 6 12
= X = =
eq = Pog PSQ- exp(ASv/R) exp( AHV/RT).so that (J°..)

(J‘;}g) - _(grRT)-S-/zMC'

. " K
obtained from ca

Ty U2 exp (0°/R) exp (RU/RT), wheve the

J°ts are equilibrium (maximum) fluxes. Then for a substance for which
@ =1, & H* = AH® and A% = A5°, and for a subtance for which o < 1, the
v Ty v vy v i v L
" relative magnitude of &H* and AH; indicate immediately whefher the flux
for free surface evaporatibn:has a greater or smaller temperature depen-
dence than does the equilibrium fiﬁx.
Activation enthalpies calculated in this manner would be the true

vaues if the rate limiting elementary stress is desorption. If in the
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cadmium sulphide example, the rate limiting step were formation of a

[ cds (ads)1 complex, the true activation enthalpy for the elementary step

- of formation of this complex might be given by J[CdS(ade)] = K V exp (AS*/R)
':exp(‘AH*/RT) for which AH* would be 1/3 the value reported in Table 2, i.e.

‘the value reported by Somorjai.

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

the frequency factor will no longer be (2TMRT) l/, 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 evaporatlon coefficients

-for arsenollth modification of Ash06 and white phosophorouq (see Table 1)

on the one_hand and the very low evaporation coefficients for the claudetite
modifioetion of As(él and for red phosphoroﬁs on the other, have been
attributed to the fact that the first two solids contaln asbdistinct units

of the crystal the molecules which are the'principalf_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,j

a process that is unneceqsary for vapr01zatlon of arsenolith or white phos—
phorous. Of course, whether a low evaporation coefficient w1ll be found
when evaporation requires breaking and reforming of bonds depends not onLy
on bond strength but also on;bohd type and on the complexity of fhe strue-
tural change that is reqﬁired to formithe vapor molecules. Recent meesure-:
mehts for barium fluoride, lanthanum fluoride; and'praseodymium flouridemlﬁj
( Rk lu) show that ionic SOlldQ can vaporize with unit evaporation co-
efficent even though the vapor molecglar units are not present in the solid.

Data are not yet available to demonstrate for metals whether vaporizationv
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to vapor phase molecules such as the‘dimer'Nag do or do not occur with
low evaporation.coefficients. |
‘It is striking that several of the solids of.Table 2 have apparent

enthalpieebof activation which are greater than the enthalpies of the equili-
briun reactions but have apparent entropies that are close to those of the
~eqnilibrium reaction. Arsenic sublimation provides a good example to
illustrate’how the reactions of—this type can be interpreted in terms.of
.equation 10. | | | v

Rosenblatt, ét al. (29) aeasured the rate of sublimat_ion of Asu(g)

from the"trigonal:face_of arsenic single crystala and repoft'thevapparent
'Aactivation enthalpy at-550°K to be h3.8‘#'l.h kcal per mole.of-Ash comparedgl
to 33.1 kecal for enthalpy of the equlllbrlum sublimation reaction. They |
calculate the apparent entropy of actlvatlon to be 37. 6 i 2. 7 eu per mole
of AslL compared to 38.0 eu for the equlllbrlum react;on,

Rosenblatt has presented ingeneous and very cOnyinclng evidence and
arguements in qupport of the conclu51on that the slow vaporlzatlon step is
the formation of ASM molecules at kink <1tes of crystal ledges (38). In:"

.partlcular, correlatlon of the approach tonsteady state condltlons Wl#h.‘

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

xto the interpretation that the rate of sublimation depends directly on the f
concentiation of kink sites. |

«vHoWevef, implicit in thevcalculation of the apparent;actiyation en;

‘tropy of:the equilibfium reaction, is the assumption that K?” = (QWMRT)—I/E
faor the rate limiting step. Despite the very strong evidence of Rosen-

bblatt, et al., the fact_that,theasteady_state value for Kv ~exp (AS$/R)

is very close to (QNMRT)—I/E

exp (A8%/R) invites the alterrate inter-
pretation that desorption ig the rate limiting step and that the activated -

complex is an excited.Ash gas molecules. The mechanism of Rosenblatt,

(o
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et al. is of a kind that is predicted from equation 8‘when-k3 is large

' ' L , * e
compared to kg. For this condition equation 9 reduces to Jy =XV exp (-AGl/RT).
And substitution in equation 10, y:lélds when the experimental behavior is

that of arsenic

i H

[tH

kv, e (@s3/R) = (emm) ™2 exp (83/R) (11)

In terms of Rosenblatt’'s model, ASleould be the entropy of formationbof

Ash complexes bound ﬁo only that'small_fraction of surface gites which are

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

restriction in<Ash complex movement that results from the binding energy

Would,reduce Ag* belowvAS;s; The near equality of equation 1l could only

1

be maintained if K v. were fortuitously to exceed (QT'MRT)-.]'/2 by an amount
théfijust comﬁensates for the enﬁrbpy differenée. Fortuitous,Coﬁpensatioﬁ

seems an unlikely éxplanation_of the experimentally obsérvéd rear equalityf
of gqﬁation 11 for both arsenic and'antimony, |

The model developed in this chapter would be consistent with the

"concept of a mobi1e adsdrption layer of afsenic'atomsvwhich occasianally

cluster to Asn units. Of anyvAsu units only those which_acquiré the .

energy necessary to escape from the surface would be activated compléxés

 for the evaporation reaction.‘v

Since AH% > AH; ﬁhe.mblecules.that”escape mgy carry ekcess §xgitati§ﬁ:
energy. Confirmation of the mechanism might be{obtained byvdemonsﬁrati)n.i
that the moleculeskwhich 1éave the.surface are.in éxcited eﬁergy éﬁatés. :
not necessarily an eﬁs& tASR singé lifet imes for excited stateé are some-:]

times so short that spontaneous Qeactivation may oceur before 8 beam of

. vapor can traverse the distance of the order of 1Ocm necessary to reach a

;detedtor.‘ The fact that Ash molecules from free gsurface sublimation have

the same fragmentation ‘pattern gt various electron voltages in a mass
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spectrométer‘és do Asu molecules from-a near equilibrium vapor beam
implies that:negligible excess interndl energy is carried ag far as 1lOcm
By the molecules in the non-equilibrium free surface sublimations.

Even though their'apparent activat ion enthalpies of sublimation are
high; the rate limiting sﬁeps for gallium nitride and beryllium nitride
sublimation may well be surface rather than désorptiQn gteps, because
for each AS$ is much less than As;. If desérption to an activated
. cbmpleé thét is & ffee vapér'molecule is raté limiting, the experimentally
_determinéd éctivatiOn_entropy should be comparable fo the enfropy of
equilibrium’species of the same formula inéteadgof much lower, és observed.
.Forigallium nitride sublimation, mass spectrometric measurements (39)
definitely show the particles that leave'the.surface“50'be gallium atoms
And nitrogen moleculesﬁ For sublimation of these fwo»nitfides, éither a 7.
surface step must be rate determining or the desorptién stgp must éccur
v'from only a severely:limited number of surface sites;

Mar_aﬁd Séarcy:have;proved that the N, molecules and gallium -
ﬁitride éﬁrfade do not have excess kineticrenergy (40). it had been“
hypothesiéed'that'molecules fhat evaporate by a process that has an acti-
vation energy greater than the enthalpy of-the equilib?ium reacfion would
be at a higher average temperature thén the temperature éf the su¥faée (hl).
The experimental results show tﬁat the hypothesis is wrong for g#llium
nitride. The hypothesis.éould only be wvalid if desorption is rate deter-
mining but probably is not valid even bhen. | |

_ For_the second cléss'of evaporation reactions, those which haﬁe ldﬁ,
but temperature independént, evapbration c0efficiehts; the simplest
assumptionvis fhat évapofationﬂis limited by th§ number of sgitableisifes

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

1

R
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a product gas molecule will collide in the adsorption layer. Cadmium

sulphide sublimation will be discussed as & prototype for this second class

" of evaporatioﬁ‘reactions. As a result ofrthe.outstanding gtudies of

Somorjai and coworkers, whose results are summarized in reference 5, more

is known about factors that influence cadmium sulphide sublimation than

» is known for anylother:materialg Somorjai and coworkers (5) not iny‘mea—

sured the influence of temperature on cadmium sulfide sublimation, but
alsb the influence of a beam of sulphur, end cadmium vapor impinged on the .

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

of light.

The observed &ffects of directing cadmlum atom and S moleculé‘beams

2

.againgt the surface are,parficularly interesting. When an 82 beam flux

 became comparable to the vaporization flux, the leoss of'cadmiuﬁ sulfide

from the surface was found to vary inveisely with the square root of the
sulphur vapor presSureQ A cadmium‘béam,,hOWevér, did not inf}uence_ |

the sublimation rgte. This behavior abpears'to indicate rather clearly
that the.sﬁblimation rate is limited by avallability of surface sites at.
which sulphur atomS'can react to form Sg.molecules. Since 4H$ _; AH;

it‘can;be hypothesized that_the probability is low for sulphurfaﬁom 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 82 gas degorption. If the'number of surQ
face sites is in fact criticai‘to the sublimetion rate, some other non- -
metal vapor beams should acf'likegthe 82 beam in reducing the evaporation

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

molecular»uhifs the obServed'values of av-are'approximately equal to

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

to the partition function for tﬁe vapor molécules. The observed low values
‘of a% in the.range from 0.0l to 0.5, have been interpreted, therefore,

as arising because the rotational states do not equilibriate duriﬁg the
vaporiéation'step with thé result that the value of ASi'is smaller than

As; By thé difference between thé»rctatiohalventropies of the vspor and
" condensed phase molecules (lh,hQ;h}), ’It is argued that since the enthalpy
of mqlécules that escape is little.affécted by the degree of rotational
'-eXCitafion, the vaporization coefficient reflects only the unfavorable
'entfopy, and av is indépé#dent of tempersture.

' VWhile this explanation is appealing, it shoald be noted that experi-
mental values for‘evaporation of polar molecuiesvare for the mostvpart not
firmly established, and moét of:the;data to which'fhis thebfy has been
compared arebfbr.sihgle temperatﬁres, so that it is not knowﬁ whether or

not the evaporétioﬁ coefficients are reglly tempefature'independent. Care-
fﬁl measurements of evapératioﬁ coefficients over subétantial tempefaﬁufe
ranges ére needed to test this theory. -

Notlincluded in Taﬁle 2 are data for iodiné and feriic chdioride

. sublimation: (17) because ﬁherg is some question:about.thelreliability '

with which.gctivation enthelpies, and espééially, activation entropies . ) -
vcan be caléulated from the dépeﬁdence of measured Knudsen effusion preé;
sures of effusion orifiée area. .There is no doubt, however, that sqlidA‘ *
iodine shows tybe 3 eveporation behavior (17,37).  For a molecular
_solid like Ie, a unit evaporatioﬁ COefficieﬂt is expected. Adsorbed

impurities may explain th_édi'screpancy°



[ ¥

21-

For the desorption step of evaporation to be rate determining with
an activation enthalpy lower than the equilibrium enthalpy of reaction
(type 3 of Fig. 1) would reguire 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 stﬁdy than is the equilibrium product. (At sufficiently '
low temperatures the higher bond ehergy per atom of the activated complex
would make it more stables). 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 erystal of

sulphur were measured with gufficient accuracy, the enthalpy of activation

shoﬁld be found to bé.several percent below the equilibrium enthalpy of

V sub1imation, The only vapor molecule that is produced at a high flux level

‘duriﬁg free'surface_sublimation, 88,(hh) 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 mble—’

cules of formulas varying fromvSE through S8 is stable relative to pure 88

gas becauée . of ehtfoPy {of: the mixture is higher than that of 88.

| A related, but more subtle, possibility.is,thatfa condensed phase
might évaporate exclusively to its ground sfate vapor molecules rather than
to.an equilibrium mixture of the'grqund state and 1ow lying exéited.stéfes;'
Such behavior WOuid be possibie for substances far which the spectroscopic

selection rules forbid the transition between the ground state and the' low

&hlying excited state as couid_be true, for example, 1if the ground state were

a singlet state and the low lying state were a triplet. In neither of the
cases just described would theFexperimentallybmeasured enthalpy of activa-

tion be expected to lie .more than ten percent below the enthalpy of the
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equilibrium reaction, ahd if the corposition 5f the vapor were determined
in the first example and if the gaseous molecular energy states were
determined in the second example, the expected discrepancy could be cal-
culated for coxﬁparison with the experimental observa,tions._ ; R K
When the apparent enthalpy of activation is found to be conSiderably
smaller fhan the enthalpy of the.équilibrium‘reaction, as 1is found for the
ammonium- halides of Table. 2, a desorption.step caﬁnot_be!rate limitingf
Thus while some details of Spingler's_anal&sis of his pioneering study of
ammonium chloride (37) aré probably wrong- - he made the usual.assumptions, 
thatboﬁly énthalpy chahges need be:considered and that thg’kihk poisition
can bé expected to have special mechanistic importance - - his central con-
clusibns are correcf. .The rate limiting process occurs on the surface and g

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

produce adsorbed ammonia and hydrogen chloride.

The Dependence of Evaporatibn Coefficients on Other Variables.

In the discﬁssion of évaporation kinetics fo this point, congruent -
vaporizétion hasg beeﬁ assumed. That is, it has beén assumed that the gas phase
pfoduced by vaporization has a cqﬁposition "identical to that éf the con-
densed phése. For_dissociative reactions such as, for example the reaction.
2cds(s) = 2cd(g) + Sg(g), deviations frbm congrﬁént evaporation‘éause‘an
increase in fhe equilibrium pressﬁre bf one. vapor species and a decreéser
in pressure of the other. The changes in pressure of the twé Spéciésvare : &
'so_related by the Gibbs—Duﬂém‘equatibn_that there is é nét pressure in-V .
crease. (45% An increase in the flux of vapor might fherefore be exﬁectéd
for free surface vdporizatién whgn‘the composition is changea away from that

for congruent evaporation.
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But for“bothcaamiwmsulfide (5) and zinc oxide (U46), the only solids
for which the;effect_of composition on subiimation rates appears to have
been studied, variations from the composition for congruent sublimation
give decreased sublimation rates. Bch'of these solids sublime by dissocia-
tion to metal atoms aﬁd a diatomic molecule of the non-metallic element.

It ﬁ111 be interesting to see if composition changes have similar effects
on sublimation rates when cbher types of vapor species are formed.

One factor that must influence the vaporization kinetics when the
condensed"ﬁhase compositidn is altefed is the ra£e of diffusion‘df the com- -
ponenf tﬁat is present in excess of its comp0sition.for congruent vaporiza-
tian If“a.;omponent that is present in excess can diffuse rapidly in the

condensédﬂphase, and 1f there isvno~particu1af barrier to its vaporization,

‘that component should diffuse to the surface and evapoféte preferentially

(57). Vaporization would then be characterized by a translent

vpefiod during which the composition of the condensed phase and vaporization

flux béth vary continuously toward characteristic steady state_vélues;
The se stegdy state valués would be the same fof a particular phase regard— ::'
less of the iﬁitial.composition chosgen, (unless as may occasionally happen,
there is mcma_than one,composition of congruent‘evaporation)._ But if‘_ ”
diffusion of the componeﬁt in eﬁcess ig slow relative to the rate of
vaporization, the rate of vaporization may have a different sbeady state
valué characteristic of each-particular composition. Such behévibf:might
be expected for mdme éolidlphéses,.Sincéidiffﬁsicn~rates in soiidg.are ;"“
“'glower than those in liquids. |

Knudsen_showed that the fateIOf evapgration'of liquid mercury is
reduced by several orders of hagﬁitude if the surféce_is dirty(48). Non-
vélatile impurities 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 expecﬁed to pfogressiVely lowér the sublimation
‘rate.

Most studies of sublimation kinetics have ignored the possibly 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
@heir system at pressﬁres comparable to the pressures calculated from
their Hértz—Langmuir dafé for magnésium nitride, the evaporation flux
significantly decreased and its temperature dependence changed.(k49).

~Somorjai and Lyon have shown that small concentrations of copper
will siightly reduce the rate of cadmium sulfide sublimation (5,50). But
the data indicate that the copper cén diffuse in cadmium sulfide at a
rate'fhat is high relative‘to the ;ate of sublimgtion, and the copper
appérently doesmot concentrate preferentially at the sublimation surface,
Copper appears to diffuse away from the gﬁrface'during sublimation to main-
tain a relatively un;form concentration fhioughoﬁtvthe solid.

Mar (13) hasiCalcﬁiated thaf in a system which hes & residual pres-
sure of 10—6 torr the zinc oxide formed on a éinc"metal surface by reaCﬁion
with the residual oxygen should produce serious impedence to‘zinc sﬁbli-
mtion if ﬁhe{oxiaeAformgd as & ptotective co&ﬁing. He observed, however,
that the oxidé appéaied'ﬁo_collect in fluffy and.loosély bound pgttiéles. |
wﬁich impeded sublimationlbnl& in very locai areas..

Properl& chosen reagenté mey catalyze rather than impedévsublimationi
“reactions. Brewer and Kane (21,28) showed that the rate’of'sublimationu:

_Hof red phosphdrous or of arseﬁic was increaséd two to three ordefs of magni-
tude in the presence of 1iquid:ﬁﬁéilium.A Schoonmaker, Buhl, éﬂd Temley
(5,1) have showh that ﬁhe rate of dissociative sublimation of gallipm

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 determining reaétion step. A catalyzed

| reaction will usually have a lower activation enthalpy than an uncatalyzed

ieactibn. As a consequehée the effectiveﬁess of catalysis usuailyAwillf
decresse with increasing temperature. -

Since the evidence_is strong that for certain vaporization reaétions
the rate‘at which bonds can be broken or the rate at which electrong can
be transferred is rate determining,-it is not surprising that the activation
energy for»sublimation of the élaudetite;nodification of arsehous'oxide .

can be reduced more than 20% by neutron irradistion (52). Presumably the

‘reduction reflects assigtance provided by the radiation in the bond rup-

turing step necessary to sublimation of.claudetite.

Photons: .of energy high enough to excite electroﬁs acrossg the band gap
iﬁ cadmium_sulfide increases the rate of sublimafion for'thaﬁ material atf
certain composition but deprésses the rate 6f sublimation of cadmiﬁm dpped_
cadmium sulfide (55,54); Somorjai explains.that for the cadmium-dopéd.
solid, the effect of light in reducing the raﬁe‘of out-diffusion of the‘
excess cadmium is appafently more important than its effect in incieésing'
the already high free carrier concentration., It is interesting that fhe
composition for steady state sublimatién in 1ight is slightly differént
from the composition in the dark. e

In concluding this brief discussion of the effects of Othefvvﬁfiébleé'
on the evaporation coefficient, the effect of sﬁrface roughness or.porosity:
should be mentiﬁned.  Roughening‘th§ surface will not, of course, affect
the true evaporatibn COefficieﬁt except  insofar as the evaporation co-
efficients fOf differént cfystaluplanes may differ from each other, and

‘differeﬂces in a; for different planes of a given crystal are probably

usually small unless the crystals are highly anisotropic. Rideal and
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Wiggins reportlslightly.different evaporétion coefficients for four -differ-
ent - crystal_faces of rhombic sulphur (55).

Héwever, surface roughness and, espécially, sample poﬁbsity can -

. greatly lncrease the flu% of vapor that escapes from a sample, if the
material has a low evapdration.cogfficient. In the limit of a very low -
evaporation coefficient, almést 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 section; samples with low evaporation coefficients
will usually alsolhave.low coﬁdénsation coefficients, so that molecules
which evaporate Wilhih.a pore can strike the pore wallé many times without .
-recondensiﬁg. Once evaporated, fhéiefore, there is a relatively highiprob—.
ability fﬁat molecules from substances with low-evaporation coefficients
will escape from the mouth of a pore rather thaﬁ recondense.on the pore

“wall.

For = substance;that‘has a unit evdpbfation coefficient, on the othér
hand,the flux leaving a lody of a pérticular.geometric shapelwill not be
increased by the intréduction of pores into the sample. The pressure"
inside.the pores cannot exceed the equilibrium vapor pressure, 80 thét ﬁﬁe
flﬁxvémitted from the mouth of any pore is‘identical with that from a

' sample surface. A number of authors have contfibuted to our understéndh

ing of how the evaporatioﬁ coefficiént (7,56-59) and its temperamuré,(BQ).;.

.dependencevare related to rates of vapor effusion from a Knudsén cell Qr'.

from a porous. solid.

Generalizations About Evaporation Coefficients for Various Classes of Solids

We have seen that rates of sublimation vary widely from material to

material and are influenced'by the same kinds of variables that influence
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v .
other surface reactions: the activities of the reactants, the surface

structure and area, adsorbed catelysts or poisons, 1ight; and nuclear radia-
tion. Because systematic studies of the‘effects.of these variables have
‘been made for only a few_materials, generalizations about rates of subli-
mat ion cén only be tentative. But it may be helpful to summarize the
- generalization that éan be made about sﬁblimatioh behavior<§f various classes
of inorganic solids as a result of the experimental data and the analysis
of this chapter. Prgdictions are guided by the observation 'that, in the
.'absence of protective coatings, many classes Qf substances evaporate at
rates'ciosevto those ﬁredicted from equilibrium data by means of the un-
cqrrecfed Hertz-Langmuir eqﬁation..'Furtﬁermore, various broad classes of‘
reactiqps ﬁend_to show:similar»aeviations from the predictions of the
,HertéfLangmuir equatiqn.

For steady state sublimation“of pure metals and molecular‘cyrstals
into vaéuunb O% is unity for‘the-metal atoms and the moleculer units of thg
'crystgl.; For other‘equilibrium species, suplyas}87-from rhoﬁbic'sulfur for
example (4&),9% may be oiders of magnitude less #han uni#y.' How far below
unity the evaporation épefficient Will be depends on the compléxity pf the
rearrangément reaction‘heéeséary.ahd the strength of.the bonds that.must
be broken to effect the rearrangement. | ‘

Fof vaporization of_elemental'solidsvsuch as sulphur, carbon, or
‘white phosphorous that yield polyatomic vaporvspecies, the smallér the_.“
‘the value of av for a given species ﬁhe‘more rapidly a% fpr that-species
- can be expected to incréase with,temperature. This.conclusion follows
because for these reactionsva_hiéh erthalpy barrier usually governs the
. value_of av and the higher thé barrie?_is, the.greater is 1its temperatuie: B

dependence,
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For condensed phases made up of dipolar molecular units, evaporation
coefficients have been found to range from Q.Ol to 0.5. The hypothesis that
these values reflect the differenée_in rotat ional partition functions bé-r
tween liquid and condensed phases (h;#E,hB) has not been adequately tested =~ 2
by measurément of the temperature dependence of a&. If the hypothgs;s is
correct (42,43) values of d% for polar molecules should be independent of
temperature. ‘

For ﬁwq‘rare earthitriflﬁoriaes-andvone alkaline earth diflﬁoride 5f‘.
unknown dislocation densities, the evaporation coefficients have been
shown to be unity to within a small estimétedle;periment@l error ovef a
range of.temperatures. 'Fof'the monomer, dimer and trimer of LiF the mea -
sured evéporation coefficiEnts have been shown to lie in’the?range'betweén”‘{
.5 “and " 1 (60). TFor sodium chloride an increase in the dislocation

7

_dénsity from abOufle-e per cm? to about 10~ .per cm2 raised the value of
a; from .5 to 1“(25)} Tﬁe evaporation coefficient'farvaporizaﬁion
Fe2C16(g) from'solid FgClB,fhowever'appears:tovEe“léSS than‘io-g_(L7).7-It;'
would be of value to'inﬁestigate whether or not the low value reflects
.‘poisoning of the surface by some impurity.
Evaporation coefficients for solids that sublime.by-dissociative:

sublimatioﬁ reactions tend to be smaller than evaparatibn coefficients-
for similar solids that sublime to vapor species of>the Bame simﬁlest'
formulas as the sélid phase. Ferric chloride which evaporates by both
kinds of reactiég i1lustrates ﬁ;is point (17). For 2Fer13(s) = (Féc%)jg_
(g), @ is 7 X 10'? _’;nrhilve for Fed]j(s) = FeClg(g) + l/ZQlé(g), C is gbogt 1056. .

' Sublimation kinétic data areavailable for several solid oxides in
addition to those listed in'Table‘EfWhich dissociate totwo;or more*gas‘

species on sublimation Stannic oxide (62) and gallium sesquioxide (63) have

nearly temperature independeht evaporatiofi’ coefficients of 10-1 and 0.3
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respectively below their melting points. For solid aluminum oxide and
golid indium oxide the vaporation coefficients of the principal evapora-
tion reactions increasé With temperatufe. The values at the melting points

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

cients for most dissociating solid oxides will lie in the range 1077 to 0.5.

For cadmium sulphide and selenide the sublimation reaction products .
are metal atoms and. S { or Se , '« Both have evaporati clents
i E(g) " S5 (4) have evaporation coeffic1ents of

about 1077 (5). Blank (61) finds a, =0.3 for ZnS and O = 0.9

for ACETe. Values of the order of 0.0l to 1 can be expected for most

sulphides, selenides, and tellurides. Metal nitrides which yield the metal-
atoms and Nébmolecules as gaseous products have evaporation coefficients
lying in the range from 1072 to 1of6.

No clear fegularities ih the tempefgture dependence of the evapora-
tion coéfficients of the oxides, sulfides, and nitrides is appafent. Somé

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

éffected,the reported values of o e An effect of atmosphere has been demon-

strated for magnesium nitride diSsociation sublimation (49). The evapora~-

tion coefficients of aluminum oxide and gallium oxide increase discon~

tinuously apparently’to unity, when the solids melt.(65>, Tt is probéble':
that mbst)relatively'ionic salts have unit or near dnit evaporation co- |
efficienté-fof congruent ?apdrizafion above the melting points even when
vaporizaﬁion is by dissociéti&évreactioﬁs. |

The Relationship of Condensation Coefficients to Evaporatioh Coefficients

The principle of mieroscopic feversibility 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
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reactants and products of & given reaction be. identica.l in the two directions.
The arguments of this chapter demonstraté that the saddle point free energies
for reactions with ay = 1, remain ﬁnalteréd when the flux of vapor that
impinges on a condensed phase‘surface is reduced from the equilibrium
flux to zero. It seems most prébable that the saddle point free energy
wiil.alsb not be altered when'the flux of vapor is increased above.the
equilibrium flux so—fhat éondenéatién predéminates over evaporagtion. Sub-
stances that have unit evaporation goefficients, therefore, can be expected
to have unit condensation coefficients, st least at felatively modest
superséfuratiOnsez

-In the more general cage of evaporatign'coefficients less than unity,
if a éingle reaction step is predominaniiy résponsible for limiting ihe
eﬁaporation rate, Eq. (10) reduces to the ratio of kv exp (-AG*/RT) for

that step to expﬁ(-AG:r/RT)/(QTr‘MRT)l/z

. At equilibrium, the flux of mole-
cules_that condense must equai the flux of evaporating ﬁolecﬁles 80 that.
this same ratio must also give thervalue of the condensation coefficient .
d%’ | | : ,
When the flux Of_vapor mbleéulesvthat strike thevcondensed phésé_

surface. is increaged abové the_equilibfium value, the normal assumption‘
of reaction kinetics can bevapplied, i;e‘, that the free energy barfier‘
height is not changed by the change in flﬁx; The expectation_is then,

at least for-modesf supersa#uration, a, Wiil ?emain equal to @ and have
the same temperature dependence. iIf Kh of equation 4 is small compared to
ke the adsorption_steﬁ woﬁldvbe rate determining. But at high supersatuia—
tion, the flux of molecules that adsorb can become large campared to the

flux for the Yn(a) = nY(b) step under equilibrium conditions and transfer

of matter from the adsorptiénvsites to bulk lattice sites could then be
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rate determini'ng. As a result Ozc would become smaller than predicted from
evaporation data. Alte:i'na'tely at high supersaturations the vapor may con-
t‘inue to condense at about the predicted rate but produce a non-equilibrium :
condenged phase material. |

The exfcent to which the evaporation and comdensation coefficients
can be expected to dii‘fe‘r"Ahas gomet imes 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 understanding of the
- distinction between evaporation a,nd,_lbshblimat ion coéfficients: "One can
show that ;at _equiiibri__wr; the vaporization céefficient must equal the con-
densation coeffic'ient.r ;The‘;z;efore (o__ne' might argue) s if the vaporization
cvoei“ficiént decreasés mon‘atonical'_lty with dééi'easing tempgrature [the con-
densation coefficient must a.ls'o decrease, .andv'], the subs’c'anc'e» cahﬁét bei
~condensed. by decre.asihg the -températ-ﬁre. Or, ‘vif the vaporization coe‘i‘_ficient
increasges monatbriical]y with decreasing temperé:bure; - it must approach
ity at low ten.lperatm'esv:and.zero at higl.q.temperatures. Then & (high)
témperaturg Will be ‘.a"bt.ain.ed at which ﬁraporization ée.ase»se"*

Ackermann, et ‘al. consider tha’b the resolﬁt;o:ns of thesge _pa.radoxeg L
blie in the fact that for the rion—'equilibrium cdndit ions undez_',vwhich
: evapofa,tion and condensa’é ic;n coeffic_ients_arevsrt-udied, Cév geed hot ,équé.l
a,. Since Ackermann, et al. do not identify and discuss the kind of
'non;_equal, values of qv and ozc which would resolve the paradoxes, it is
difficult to assess the results o'f their é.ppro_a,eh, buﬁ”a.ny appeal to_non— .
equal values of ozv aﬁd Oéc is unnec.es.sdry. |

The paradoxes are ea..s_-il& resoived when a, and o, ai'e identified as :
ﬁmctioﬁs of the excess free é'n,ergy ba.rrie_r to the 'condensation :3.nc1v~ sub-

‘limation processes. A substance for which 'Otv decreases with temperature

¥
Parenthesés were in orlginal, the bracketed phrage was added for clarity.
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will be found to have, as the liqﬁid-vapor critical point is approached,

a temperature dependence of the form exp [-(Aﬂi - AH;)/RT] vhere AH$ < AH;,
But AH$ will always be greéter thah zero, and even‘though av decreases
with temperature, the rate of evaporation nonetheless increases exponentially | .
with temperature according to the expréssion K Vv, eXP (AS$/R) exp (—AH$/RT).

The value of av at the criti;al point may be small, but can never be zero

as concluded in the statement of the paradox.

Since at the critical point the properties of liquid and vapor become
idenﬁlcal,-the values .of GQ and OE, even if different under other'conditioné,
’_Hmust approach the critical point values. A low evaporationygoefficienf
"at the critical point Would reflect a finite free energy.barrier to trans-

fer of a ﬁolecule or atom from one clusferlof fluid particles to aﬁother.

* Above the critiéal point, a and a have no physléal significance except
that the rate of transfer of particles . between . 'clﬁsters.in the fluid
above ‘the crltleal p01nt mlght “be predlctable from measurements of
a or a ‘near the crltlcal ‘point.
| The-paradox concerning the‘predictidn of nbn-condenéation-agilow
temperétureé withfgases for.which aé decreasesrwith decregsing tempefaturer

- has a Simple,.but more dramaticlresolution.. The wvapor will in fact not

éondense'at low temperatures to the equilibrium solid. It Will; howéver,:~
condense. The product will be a metastable condensed phase whiéh'can be
produced froam the vapor without.passage over & high free.enéigy bérrief.
The predicted behavior has been oBServed. For examplé; a bécomes

very small at low temperatures for condensation of Bh( ) molecules to red‘ .~ ~
phosphorous becauqe there is a hlgh enthalpy barrier to breaklngrbonds

of the Ph moleculés in order tQ free atoms for formation of the three
‘dimensional_bonding.netWOfk of red phosphorus. White phosphorus, which is

thermodynamiCally unstable-iélativélto red phosphorous, is the product
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obtained when Pu vapar'is.condehsed at low temperstures. Bécause white phos—
phorous is avalecular 1attice'formeduof P), units there is a négligible‘free'
energy barrier to its formation»from Pu vapor.
As this example illustrates, if conditions sre shifted far enough
from equilibriﬁm, the assuiption thaﬁ.condensatiqn dccurs by simply the
reverse.of_the path for véporization canplétely bresks down. But even so,
the analysis of ﬁinetics of the efaporation:reaction in terms of transition
state ﬁheory was helpful in uhdersténding;the kinetics of the-condenéationv
reaction. Tﬁéssame.hiéhfenthalpy barrier that reduces the rate of’the red
phosphérgs sublimat ion reaction iS'responsible.for fhe failure of Ph vapor -
to condenég‘to red phosphorus when Ph is condensed at low temperaturé.
Furfhermore, it is highly probable that at moderate supersaturatidns:i%
and relafively high temperatures Ph vapor could be recondensed to red phos%f
- phorus at a rate predlcted from the assumptlon that a = a or the ‘equi~
valent assumption, that J = P exp [- (AG* 26° )/RT]/(QﬂMRT)l/ where J
is the flux of molegules from the vapor that condense to the_equlllbr;um
reactioﬁ product and P 1s the pressure maintained for the vapor reactantf.
The net rate of condensatlon is predicted to be the difference between
this expre551on and the rate of evaporation J_ = exp (-AG*/RT)/(EﬂMRT)l/2
‘For any kind of a reaction the rate determining steps may be differ-:;
"ent for the forward and reverseAdirections when the reaction is_nof at  .
equilibriﬁm. But they aléo may be the same, and the regctioh steps.tracedii
by the reverse reaction usually;will be the same as the steps tracéd.by k
the forward reaction. in studyiég the rates of condenSatioﬂ and evaporaf”'
tion reactions, the working hypothesis should be that the reaction paths
and rate détermining' s’;ep- 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

Coefficients Are Unity

Reaction

Remarks Evaporation References
' Coefficient
Ag(s) = Ag(g) single crystal, high 20
: _ : dislecation density v '
Zn(s) = Zn(g) (0001) face, low dis- 1.1, % 0.1 13
: ' o location density,
. v (0010) face
Pu(s) = Pﬁ(g) polycrystalline ~1 21
As,0,.(s)="As,0.(g) - polycrystalline
4 6. 476 arsinblith : ”1‘ _ 22
BeF, (%) = BeF,(g) (111) face 0.9 *:0,1 23
IaFB(s) = LaFB(g) (0001) face 0.95 * 0.1 2k
rrFB(s) = Prf,(g) - (0001) face 0.9 % 0.1 16
NaC1l(s) = NaCl(g) (100) face, high 1 25
_ ' disloeation density '
oNaCl(s) = Na.Cl.(g) - (100) face, high
2 2 : e . 1
.dislocation

density .




. TARIE 2

"Activation Enthalpies For Réactions With Low Evaporation Coefficients

e T T e e ion  Moeeietare Foference
| (Keal/mole)  (eu) _ (Kcal/mole) . Activation Coefficient (Deg. K)

25 05(s) = A8 04(s) 2b2 50 5.5 L 10 s 21

kp(s) =P, (g) I R 52 | a0 600 - 21,28
bas(E) = As) (g) 35,1 38,0 - 4.8 37.6 5,107 550 " 29
sb(s) = sby(e) WA 357 Sk 35 2a0T 650 29
27Zn0(s) = 22n(g)+02(g) 222 96 | 264 . 90 107 | 1400 - 30

'1.20d3e(s) = 20d(g)+$eé(g) 15,6 92,8 | 167.7 _ ~9L ~107t ' 1000 ¢ - 3L

| BeBNE(é) = jBe(g)+Né(g) 361  C1eh 408 ~60 ~107° 1800 32 ‘
26eN(s) = 2ca(g)y(g) = (173) (1o1) 219 . ™o <1007 1300 33 s
Type2 T | - - |

ocas(¥) = 2calg)s,(e) 1504 ”§6;é‘ 15049 " s R 000 . 31

Type 3 . N , | | | _ .-}

wE(s) - (@) %6 (63) ek 2l 3005 60 3
‘mCi(s) = NE(g)HHCA(e)  39.5 6L - 270 gt 3107 600 34,35,36
NH, Br(s) = NH5(g)+HBr(g) 3.3 61 300 8 3,107 600 3L
NHuI(S) = NHB(g)+HI(g) o | (62) - _  - 33.2 ' 1k } 3;10'? 600 ‘j - 3k

* Single Crystal




A

Fig. 2
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' FIGURE CAPTIONS

Kossel-Stranski mode]‘_‘.of a close-packed surface. A is an

atom in the surfacej B is an atom in a ledge; C is at'kink;
‘Q is at a ledge; E is an adsorbed atom;-g.is.in the vapbr.'

- Three observed types of temperature dependence for rates

of evaporation.
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