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TUE IMPORTANCE OF TRANSITION STATES

IN ADSORPT I ON/DESORPTION KINETICS

R. L. Palmer
IRT Corporation
P. 0. Box 80817

San Diego , California 92138

1. INTRODUCTION

The concept of a “transition state” in chemical reaction paths is common

to most theories of chemical rates. The concept permits the calculation of

absolute reaction rates, at least for relatively simple cases such as uni-

molecular decomposition . The importance of transition states for chemical

reactions on surfaces has also been frequently discussed. However, only

recently have kinetic measurements of surface reaction rates been sufficiently

refined to allow the transition state to be uniquely identified . The importance

of transition states in adsorption/desorption kinetics has been revealed direct-

ly by measu remen ts of pre—exponential factors for desorption and, indirec tly , by

measurements of sticking coefficients. Molecular beans have proven particularly

useful for probing these and other details of the adsorption/desorption process.

The utility of treating adsorption and desorption together as a single

micro scop ically revers ib le proc ess has been amply demon strated in molec u lar
beam studies of scattering from s ingl e cry stal surfaces . 1 ’2 By similar reason-

ing, Shannabarger,
3 King,

4 and Steinbruchel5 have each noted that when “precursor ”
states affect adsorption kinetics , they must also play a similar ro le in desorption

as well. More rece ntly , Gorte and Schmidt6 have developed several possible models
for the adsorption/desorption path which proceeds through precursor s tates and
have made comparisons with flash desorption data for systems where precursor

intermediates are thought to play a role. A common feature in their analysis

is a (1~ O)~~ pre-exponential factor in the desorption rate which is a necessary

consequence of the adsorption probability (sticking coefficient) being independe nt
of coverage. They obtain this result by applying detailed balancing which is the

consequence of microscopic reversibility for the special case of thermodynamic

equilibrium .

3

__________________________ — 

~~~~~ ~
— — 

~~~~~~~~~~~~~~~~~~~~~~~~ 

— — - — ‘-
~~~~~~~~~~~~~

—- —

Y . e d ~O~~ ?: ‘~,‘~~~~~~~~~~ .V~~~~~ .

-.-_ ,.,-.— -_. - ——-——-- - -—- —— - , .— - .— , — . . .  . —  — - I - -  .. .-. .4  .



In a cl osely rela ted paper , publ ished shor t ly af ter the work of Gor te and
Schn~ dt , Menzel et al. report very careful and thorough experimen tal data for

- . 7
the kinetics of CO desorption from Ru(OOl). Of particular interest is the

observed coverage dependence of the pre-exponential factor which shows a sharp

increase from ‘~ io 16 at low coverages to values approach ing 1020 near ü = 0.5,
14 15followed by an abrupt drop to values in the range 10 -10 for 0.5 < 0 < 1.

They explain this behavior in terms of a transition state in the desorption path

which has translational and rotational degrees of freedom whereas the chemisorbed

state is “immobile.” They get good quantitative agreement by assuming that the

immobile layer becomes filled at 0 = 0.5. Their expression for the partition

function of the immobile layer, taken from de Boer , al so contains a term analogous
to the (l_O)

_ l 
factor predicted by Gorte and Schmidt for desorption via a precursor

state, although their result is obtained from entirely different considerations.

The results discussed above further demostrated the utility of applying the

princ iple of microscopic reversibi l i ty to the adsorption/desorption process. Us ing

this reasoning, the divergence in the pre-exponential for the desorption of CO

fr om Ru (OO 1) could have been pred icted from measurements of the sticking coeff icient
versus coverage which we can conclude must be nearly constant up to 0 = 0.5. In

the context of a discussion of “non-equilibrium” states it seems important to

further develop this concept of microscopic reversibility, wh ich applies equally

to both equilibri um and non-equilibrium processes. The concept is particularly

useful when our understanding of a process in one direction (e.g., adsorption) is

more comp lete than our unders tand ing of the reverse proc ess (e .g . ,  desorption).
In particular , we wil l  show tha t resul ts such as tho se of Menz el , et al. which, at

first, appear quite surprising are, in fact, the inevitable consequence of rather

typical adsorption behavior which has been observed in molecular beam and other

adsorption experiments.

2. . MOLECULAR BEAM STUDIES OF ADSORPT I ON/ D E SORPT ION

The author’s understanding of gas-surface interface phenomena is based on a 
—

long involvement in molecular beam studies on surfaces . Perhaps one of the more

notable results of these beam experiments was the first observation of distinctly n o
non-cosine emission of hydrogen from smooth single crystal surfaces)~ These
resul ts were , at first, quite surprising since the prevailing viewpoint was that
the emission of fully accommodated species from surfaces should be random, i.e., .—
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co~~ne. However , th i s  viewpoint is not well-founded as has been subsequently

discussed in some detail .
8’9 Indeed. further beam experiments have revealed

that a number of gas-surface systems show non-random emission. Sharper-than-

cosine emission has now been observed for hydrogen from Pt(lll).1’1° N i ( l l l ) ,11

12 2
Cu(lll), CO2 from Pt(lll) and broader-than-cosine emission for CO and CO2
from carbon covered Pt(lll).1’

3 A model to explain these results was first pre-

sented by van W i l l igen .11 This model involves a simple one-dimensional activation

barrier in the adsorption path which predic ts both an angular f lux and energy
dependence of adsorbed and desorbed par tic les.  For the most par t, the mode l has
worked quite well in predicting the flux and energy dependences , both of which
have been measured in a number of experiments.~~~’

11’’2~ In particular, the

velocity distribution of CO2 desorbing from polycrystalline platinum was measured

and found to be equivalent to a temperature of 3500°K when the surface temperature

was at 880 °K. 14 This result had been previously predicted from measurements of

the angular distribution of CO 2 from P t (l l l) . 15’2 Whi le  further studies of

adsorption and desorption have raised questions regarding the role of surface

impurities and crystal structure , the more general implications of these results

rema in in tact .

One importan t departure of the data from the van Willi gen model has been the
- . . - . . 14dependence of velocity distribution on angle of emission . Whereas the barrier

model predic ts an increa se in average veloci ty away from the surface norma l , the

observed distributions (e.g., CO2 from Pt) have shown a decrease in veloci ties
toward glancing angles for those cases studied. This has been a cause for some

concern since no al terna tive expla nation has been advanced which accounts for
both the angular and energy behavior. To account for this seeming discrepancy

it is suggested that  the desorption in those cases that have been studied is
actually composed of two components. For example , CO2 desorption from P t ( l ll )

planes is accurately represented by cos6O whereas desorption from impurity

and/or defect sites may be cos o. 2 I f  10% of the experimental surface gives rise

to cos 0 desorption then desorption near the normal wi l l  he predominantly via

activated desorption whi le  desorption at angles greater than 45 0 wi l l  be dominated

by non-activated desorption . This explanation can be checked by care fu l measure-

ments of the angle distribution of the desorption f lux to determine if there is

indeed a smal l cosine component. This , i nc iden ta l l y ,  raises another import ant

point , and that  is the need to characterize surfaces by scattering data , e .g . ,

3
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hel’um scattering distribution , in order to evaluate the relative perfec tion of
nominal ly “single crystal” surfaces. Perfect single crystal planes are difficult

if not impossible to obtain and imperfe ctions of the order of 10% of the surface
are not readily apparent unless the scattering is carefully reported. For

example , if the perfec t planar surface is 20% reflective, a typical value , and

10% of a particular surface area contains defects which give rise to diffuse

scattering, then the total specular intensity is decreased by only 10% to a value

of 18%. The diffuse nature of the inelastic scattering also makes this component

difficult to recognize from the angular flux dependence. On the other hand, this

same 10% of the surface may dominate in other processes on the surface so one
should not g l ib ly  accept observations on even the most specular surfaces as

necessarily being representative of single crystal planes .

3. TRANSITION STATES IN AD SORP TION/ DE SORPT ION

While a comprehensive discussion of transition state theory is not appropriate

or necessary here , some of the guiding principles should , perhaps , be mentioned.

We w i l l  then attempt to develop a more physical interpre tation that may be more

palatable to those of us involved in studying the details of gas-surface interactions.

Transition state theory holds that , for a given chemical system, there exists
a surface in phase space that separates reactants and products. On the reactant

side of th is surf ace , all conf igurations are equally probable. In other words,

we assume quasi-equilibrium within reactant phase space. There is however, no
such constraint on the products. Finally, transition state theory assumes that

once the dividing surface has been crossed the products do not re-enter reactant

space. The set of states that comprise the dividing surface is known as the

“transition state.”

Having presented this very generalized concept now consider, from three
d i s t i n c t  viewpoints , the case of a molecule bound to a surface . Physically we

p icture the molec u le as v ibr ating in some mode dictated by the potential well and

energy of the system . At temperatures well above the Debye temperature, the

probabili ty of such a molecule having an energy greater than the bond strength Q

is usua l ly  expressed e R . Note the e is the fraction of particles with

energy greater than Q in the exponential tai l of the Boltzmann distribution . It

is tempting to simply multiply this fraction by an appropriate “attempt frequency ,”

4
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say a vibrational frequency of 10h1 _ l014 sec~~’ , to obtain the expected frequency
of bond breaking as a function of temperature. However , it is well known that

this reasoning is incomplete and that the apparent rate of bond breaking can be

orders of magnitude more rapid when there are additional degrees of freedom or

states available at higher energ ies as is often the case. The Boltzmann distri-
Q

bution which the e 1~T term is derived , is based on the principle that all points

in phase space are equally probable and that the densi ty of states is uni formly
distributed. This is the case for an ideal gas but does not hold for most real

systems. The consequence of the non-uniform distribution of states of real

sys tems is that the energy distr ibution no longe r has a si mple exponential tail
but is modified by the density of states distribution . In princip le , this

distribution can be obtained experimentally by measurements of heat capacity

versus temperature but in many cases this is impractical . The problem is usually

handled by adding a pre-exponential weighting factor to the e RT term to account

for the added area under the distribution which works approximately over a relative-

ly narrow range of temperatures. To appreciate the magnitude of this pre-exponential

factor it can be shown that, for the case of a typ ical adsorba te on a surface ,

this weighting factor can easily be as high as 108.

The above problem can also be considered in terms of transition state theory

as was done by Menzel et al. for the case of CO desorption from Ru(00l). At

equilibrium , the relative popu lations in the tightly bound immobile layer and
transition state is weighted by their respective degrees of freedom or entropy.

The parti t ion function used by Menzel et a l . ,  taken from de Boer varies as

(N -N~~~ where N is the number of available surface sites and N is the number

of filled sites . This is, of course, equivalent to the (1-0) dependence pre-

dicted by Gorte and Schmidt for desorption via a precursor state which they

obtained by detailing balancing. At least in this case we can equate the physical

precursor state with the conceptual transition state.

To give an ideal of the actual relative populations of the precursor and

boun d states one can use typ ical val ues for the par tition func tion

f /  
~b 

e 
RT of 10~ for 

~~‘~b 
and 40 kJ/mole for L~H wh ich gives about equal

populations for the precursor and bound states at 450°K. More correctly,

this is the limit at low coverages ~sin ce the (l~ 0)~~ term causes the

5
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fraction to increase without limit near 0 = 1. It is, of course , the increased
po~ulation of the transition or precursor state which accounts for the larger pre-

exponential observed in flash desorption and other rates involving a change of

phase.

More physical insigh t into the desorp tion process can be had if one cons iders
the time reversed process of adsorption. From this viewpoint we readily picture

the incoming CO molecules spending very little time in the precursor state at low

surf ace coverages wher e the l ikel ihood of str ik ing an unoccup ied site is hi gh, but
as the coverage increases, they spend more and more time diffusing across the

surface look ing for a “home.” What holds them onto the surface is just a very

shallow potential well and a large dose of entropic “glue .” The fact of the

adsorbing molecules spending more and more time in the precursor state is, as

has been alr eady po inted out, equivalent to a divergence in the pre-exponential
for desorption .6

A question may arise as to the population of the precursor or transition state

during a non-equilibrium process like flash desorption . This can be answered by

menta l ly  constructing the missing equilibrium adsorption flux. Since each flux

contributes one-half the population of the precursor state, then in the absence
of adsorption we have “ 1/2 the population in the precursor (transition) state

that would exist at equilibrium . This result is not readily apparent when con-

sidered from the viewpoint of a “rate-limiting-step .” If transitions to the

precursor state are rate limiting then the population there is essentially zero,

whe re, if transition s from the precursor to the gas phase are rate limiting ,

then the population of the precursor is near equilibrium but there is a

small activation energy for desorption. This is but one example of the kind of

bind that results from using the rate-limiting-step concept.

One final comment regarding transition state theory is in regard to its

relationship to the “compensation effect” which is a ubiquitous phenomenon in
activated processes. Compensation behavior is the tendency of the pre-exponential

and activation energy of a process to vary together in a compensatory way, usually

so that the overall rate remains relatively unchanged. The data of Menzel et al.

for CO desorption versus coverage shows distinct compensation behavior and other

examples of this effect in chemical kinetics and other areas abound. Possible
reasons for a relationship between the pre-exponential factor and the activation

6
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ene ..gy have been offered , and allusions to a more fundamental relationship have
even been advanced.

17 
Al though these discussions generally involve rather arcane

reasoning based in th i rd  and higher laws of thermodynamics , the regularity wi th
which compensa tion behavior is seen does sugges t that it is more than simply an
empir ical correla tion . Interes tingly in this regard , when calc ulations of
reac tion rates are made us ing transi tion state theory , compensa tion type behav ior
is the inevitable result of varying the arbitrarily chosen dividing surface between

reactant and product.
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