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INTRODUCTION 

Activated complex ;heory as developed by Eyring et alp
1 

and later extende~ . 
( .. ' 

. · by others213 has been applied extensively to unimolecular and bimolecular •. , lli 

· · . reactions. In recent years Eyring's theory has been used by Penner3 to predict} · . 
. 4 . ·;_·. ·_.·. 

. . .. ra~es of melting and evaporation, by ·Wyllie to explain the evaporation coef-

.. : . -ficient of water, and by Bradle? to interpret the condensation coefficient of · 

. sulfur. Schultz and Dekker
6 

showed that the experimental sublima~_ion rates of 

, rhombic s~ and benzene agreed with those predicted by ·absolute reaction 
. --..::...· 

· rate theory. 

The successfUl application of activated complex theory to evaporation sug-

· gests its use in p~edicting the rates of thermal decomposition of solids • 

Possibly the least complicated of such reactions are those of the type: 

A( solid) = B(solid) + C(gas). 

A survey of existing rate data for such reactions reveals rate constants of the 

same order of magnitude among the hydrates and among those compounds in which 

. 
An analysis of these const~ts by activated complex theory 

'::,·_allows a possible interpretation of the mechanism of the. reactions and prediction 

·or the experimental rate constants ·of similar reactions. The decompositions 

involving Mgco
3 

and Caco
3 

a:re m.ost suitable for detailed analysis on the basis 

of the availabill ty of dependable rate data. and infrared· crya tal spectra • 

. . ,·- ·, .-·- . ;- '~- . 
·-'; 

. '· 

-·-<. • r ; ,· .;~' •. :' . . , 
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THERMAL DECa.rPOSITIONS 

Thermal decompositions are generally ch~acterized by three stages of 

reaction. 7 The first is an induction :perio~ in which nuclei form. The second 

', 

.. , '. 

'\;, . 

'.;~·: stage is an acceleratory period in which the nuclei commence to grow. The 

final stage i~ a deceleratory period in which it is possible for the nuclei to 

· .. ; •• · · · grow together to form' ~ interface which advances ·linearly with time. However,· 

·~,. :· 

· because the effective area over which the reaction occurs decreases 1 the appa.re~t 

... ·. 

!t! 

·· ... rate of reaction as detei-mined through weight loss or pressure change decreases~ 
. t 

r 

·This interface reaction is of greatest interest because of the relatively simple 

geometry involved. 

One can arrive at the following qualitative pictUre of the interface reac-

tion. After nucleation is completed ~d only growth of nuclei is occurring, 

the reaction takes place at the reactant-product interface. The atoms or mole-· 

cules at the surface of the reactant have Vibrational and possibly torsional 

or rotational degrees of freedom With an assumed Boltzmann distribution of ener­

gies. The molecules which have already escaped Will have gained translational -

··and rotational degrees of freedom and to arrive at the air-product interface 

~ ··,, 

. must have diffused 'through the reacted layer. One assumes that this layer does 

not exert any noticeable impedance or that the impedance may be corrected for.· 

One of the earliest ~ttempts to treat quantitatively the rate of surface 

' \ . . 8 
·reactions, e.g., evaporation and decomposition~ was made by Pola.nyi and Wigner. 

To a fi~st approximation they assumed that molecules which attained· a critical 

· ~~ . energy, E1 would be able to escape from the reactant surface •. Then the rate of , 
. :··. ·;'. 

escape would be proportional to an atomic frequency of vibration and an expo­

·.·. nential factor involving tJ:?.e activation energy, E. This resulted in th~ often 

used Polanyi-Wigner equation,. in which the critical degree of freedom was· that 
~ - . '·'' .. 

' . 

/ . of translation perpendicular to ;the surface:~; .. ' 
.. . 

·, 
~- ... 



.... ' ~ 

.. \' 

. -- ' .. 

,:~ . ' 

·,. l .. ·-

..... 
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··-·' 

··.·,;· 

.·:,. 

·, 

... -~ 

·.where: 
k = first order rate constant 

r 

v = atomic frequency of vi~ration 

·, 
' .. ~' ·: .. . 

- ._ . .;~-'; 
,.:.·.' 

E = activation energy for the process··· 

·.· .'; 

(l) 

As a corollary they further assumed that this critical energy could be attained ' 

I 
through three degree~ of vibrational freedo~ and introduced a correction factor,. 

2E/RT, by which the rate would be increasedo In Table I, thirty-one reactions· 
& 

are evaluated uaing the corrected form of the Po~-Wigner equation . l 

( E ) 2E . ( E ) k = B•exp - -- = -- v exp - -- • r RT RT · RT 
(2) 

Comparison of the frequency factor determined experimentally and calculated 

according to equation (2) shows that only a third of these decompositions pro-

vide order of ma.gni tude agreement o This raises some doubt as to the validity . 

,. of the P-W expression. 0n the other hand, it may be used to correctly derive 

.;., 

.~ . 

'. 8 
the :familiar Knudsen equation :for the rate of evaporation of solids, . giving at· 

' least some basis for its use in certain cases~ However, ·the weakness o:f' the 
\ 
expression appear~ to be that it does not take into ~ccount rotational and other 

vibrational degrees of freedom. Activated complex theory has the advantage that 

.. ·.· : :_ i.t considers other than vibrational degrees of freedom...· 
. ~-

.. -"-

··, 

APPLICATION OF ACTIVATED COMPLEX THEORY 
.···., 

.~: ; 

In its simplest form, activated complex theory considers a po~ential energy· 

surface in which potential energy is plotted vs•a set o:f' normal.coordinates for 

the atoms taking part in the reaction and results in a multidimensional spac~ 

· ·'i. ,·.that is di:f'ficult to picture in all but the most elementary 'cases. One imagines 

the reactants to go to prod_ucts via. the. ~th· o:f'. minimum energy. I:f' this path is 

. . ·. .. ' - .'. . .. 

followed in cross. section, ~he con:f'igurational energy of the system usually goes 
I;\' 

.· ,, 

·., 

,. _,. 

'' ., 

,;_ '. 
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over a maximum as shown in Fig. 1. The configuration of the atoms at point B 

is known as the activated complex, while the energy a~ this point is the acti-

.· vation energy for the process.. 1'hen1 if' the reaction de~nds on only one no~l 
' .· ·.· ·.. . . . . . . . . .. \ . 

.. · .. ·.,. ·:· :· ·coordinate and i:f' a :Boltzmann distribution. o:f' energies is assumed to exist, thE{. · 
:.·.. . f 

;.• . . ' l (• 
., .· · familiar equation of absolute reaction rate theory may be derived: .. 

..•. >. 

)<-·-· 

. ' ' . . 
•, ' .. , 

. ·.·': 

. ,· 

. '· ;.• .· 

.··_,, 

. ,· 

._·_·., 

~ 

.. 

; .. _ 

' ..... 

- ,• ~-

. .. 
; 

.. 

where: 

., 

kT QIC-
k ( .. ·. = h 

exp 
r Q .. 

k =first order rate constant 
r 

!..) !..) 
·----~~---

::B•7xp ( .. (3) = kT kT 

·'. - ,.-. . ·-

Q* complete partition function for the activated complex excluding that 

f'or the reaction coordinate 

Q =·complete partition function f'or the reactant 

E = activation energy for the process 

B = frequency factQr 

By knowing the partition function of' the reactants and the activated complex 

and the activation energy f'or the process,· it is theoretically possible to pre..; 

diet the experimental reacti.on rate •. · Thus 1 the problem becomes one of' f'ormu-

. lation of' the partition functions .f'or the reactant atoms and the activated com-

plex. In the case. of' thermal decompositions, two types will be considered: 

• (1) the reaction proceeds via loss o:f' the gaseous product directl;- from. the sur-

····face of' the solidJ and (2) the reaction proceeds via the :formation of' a mobile 
·.-...:.. .. 

layer followed py desorption •.•.. 
.. 
: 

· TYPE 1 

In general~ it is difficult to :f'ind thermal decomposition studies for which 

one has sufficient crystal spectra data and accurate measurements of, rate con~ 

· stants for the. reactiono However, the decomposition of calcite has been fre:. 

quently :studied both with.powders and single-crystals and reliable data exist f'or 

·. 9 10 
the decomposition in vacuum. 1 

. ·Therefore1.-.this .:reaction was chosen to best 



.. , 
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. ..,. .. - .• ~-- .,1 ': . • 

. ' 

··, .. demonstrate the possibility of using activated complex theory to predict tpe 

. i'. •• . I 

frequency factor, B
1 

and consequently the rate .of' reaction. Calcite has a 

·., :·' 

.... ,. 

( .. · 
. ''- .... 

t'•• 

• ·>. • . . •• ~-. 

,, . 

·._,_.:· . _.,.,; 

: -.. ~ . .. 

rhombohedral structure in which the co3 grpups. exist as planar units ·surroundea: 

by three Ca +1- .ions (see Fig. 2). Although the atoms do not exist in tl1e solid 

~ 

as molecules, caco
3 
wi~l be considered here as a unit with the appropriate dem:-ees 

of' freedam. The fundamental degrees of freedom ~f atoms and molecules in the 
·• 

crystal can be listed for caeo3 as: 

•· 

. (1) Lattice vibrations--low frequency vibrations in which the cationic 

. . (2a) 

++ = groups move against the anionic groups, i.e., Ca vs co
3 
•. These vi-

. ~rations are the analog of' the translational degrees of' freedom in · 

· .. the vapor and are called external vibrations • 

Low frequency to~sional oscillations of' complex units such as co3 • 

· .. These are the analog of rotation in the gaseous state. 

(2b) Free rotation of the carbonate ion. 

· (3) ·Simple vibrations of' atomic units within larger units, i.e., the 

bending and stretching mode.s of'.the co; ion. These are called internal 

· vibrations and do not contribute as large a factor to the partition 

' 
f'uncti on as the other three degrees of :freedom. .· 

By taking into consideration these degrees of :freedo~ far reactant molecules,.· 

. , 

. . and the activated complex, it becomes possible to far.mula~e the respective par-
·,_: :···, 

tition functions • 

. Reactants 

,·_, 
In the decomposition of.a carbonate, the partition f'unction·can be evaluated 

'. :, ' _~.,.: 

on the basis that the cation undergoes only minor changes in position and no 

• · · ·· .. changes in energy and. that the only atoms actively involved in the reaction are 
. . 

those. in the carbonate ion• ·· One can distinguish tbr~e different ca.Ses: · 

. / .. 

' .... (1) 

... 

No torsional oscillations of' the~ ~;arbonate .ion. : 
. .:.· ~....;...'-~ 

.. ,., 

;. 

.. 
•, .. 
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(2) Torsional motion o:f the-planar carbonate group about its -three 

principal axes • 
. ,: ,·'·: '. 

. ,. 

(3) Free rotation about t:Pe three :Principal axes,. 

' .. 
Evidence :for the existence o:f torsional modes in calc1te has.been postulated. 

. . ll . . . 
by Lander in his study of phase transitions.in the carbonates.· Calcium car-

bonate, strontium carbonate, and barium carbonate were found to undergo succer­

sive transformations at high temperatures to structures of higher symmetry. ~e 
ii 

• M 

increased synanetry of these phases and an increased coefficient of expansion ,in a 
., 

direct.ion perpendicular to the p4ne of the carbonate ion and an analogy with~', 
' ' :! 

, .alkali nitrates led Lander to postUlate the onset of torsional oscillation o:fi' the 

· carbonate ion. Assuming such torsional activity at the temperatures of the 
r 

transitions, it is. not unreasonable to hypothesize co:mple~ rotation of the car-

bonate ions at decomposition temperatures. 

Disregarding the first.case on the basis of Lander's·work., the probable 

partition :functions for one co; unit in calcite are: ' 
'··'' 

3 3 . 6 
~ = :fL f). fvib 

o_ = :f3 . f3 fv16 b 
"2 .. · L rot 

-~. 

. __ .... · .. 

where: 

' ·, -~ 

. ~ -~. ~ . . . ' . •, 

·., 
':; 
\ ... 

". : ~. ' 

·. :.;. 

•' .. , 
\ 

.. 
i 

· [ evn (-~)]-l fvib = fL = f). = 1 - .... .1:' AJ. 

f' 
L 

partition :function for a lattice vibration 

- partition :function for a torsional oscillation · 

· = . translational partitfon :function for a mobile atom. a,t 

.•.. :·· ~ .""' . '! .. '.· 

:·· ...... ·.)• 

-~ ... , .. •, · . 

. : .'' ~ .. 

.. ~-
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I ' . • /• ', .. . Products 
I ·, .• 

' \ . 
... ·· ',,_ .. _ .... ,· Afte~ reaction, CaO exists as a solid1 co

2 
as a gas. __ Thus, the partition . 

:t'unction' for the :Products of the co; ion :a.re written:. 
> ... : 

f'··.\ , ... · 

3 Q_ .p3 ..,.2 . ..,.4 : . i:··. ,,.. ' 
; 

i -
i . ' . 

~-' 

I. 

' 

.:''• 

. ; . . 

':·,: ... · 

Qo = fL --co
2 

= · .~.tr· .~.rot ... vib · 

~rod. = f~ f~r :r;ot · i"~b 
... 

_ Although ~rod ·does not appear in the rate expression, it provides a limiting 

value for the partition :function of the activated complex. 

Activated Complex 

It is evident that the value of the partition fUnction for the activated 

complex must lie somewhere between that of the reactants and th~ products~ The 

assU:mption will be made that Q* is more similar to Q · t in exothermic reactions 
· ~eac · 

and to ~rod in endothermic reactions, i.e • ., that Q* is more like ~rod in thermal 

' 2 
d~compositions. Therefore., one pictures roughly the activated complex as shown 

·---- _ in Fig. 3. 

.'. •. 

One .pictures the C0
2 

molecule immediately before its escape as: (l) having 

three lattice vibrational modes--the one perpendicular to the.solid surface 

-.;-,·"representing the 0·--:'..· co
2 

'bond; (2) rotating n:eely about an axis perpendic­

ular to the O=C=o axis; '.and.(3) having its normalinternal vibrational modes. ... '._,. ·' .. 

•), 

Q* " 
= Qo x %o2 

.. ·-

·-
._.;..·. Qf -. 3 2 

-= :t'L fL fV i"A. :rrot 
4 

:rvib-

Q* 
3 2 -

:rrot 
4 

= :t'L fL :t'A. fvib .---' .. ·=,. 

The reaction coordinate is assumed to be the component of the mode of vi-

-- brationperpendicular tothe ~urface 6 
and retpr~sents_a-:bond which exists between 



; "j 

. :.~.: 'j' ' 
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the atom in the solid and the co
2 

molecule just before it is broken. The 

·partition f\.Ulction of the activated complex does not include the :partition 

. ~:function corresponding to this degree ot freedom~ · 
',\· . . . 

. ' .·- . . 

It is convenient to divide the e~rimental :freqUency factor, B1 into two 

•· -·:parts: 
k = B,• ex:p (- !..) kl' 

ex:p ( - ~T) 
·. "":· 

· ... ··. 

: '-~ 

. -.. 

~: I 

·-

.. • 

r ' kl' 
=- •a,• 

h . 
(4) 

. . .·· Q* . 
. where : . ex. = Q · 

. .. ; 

It is . now possible to compare· experimental values of the frequency. factor or 

ex. with the theoretical values merely by determining the partition fUnctions. 

In Table !I the vibrational frequencieS and :partition functions for reactant 

and activated- complex are listed for Caco
3 

and Mgco
3

• ·The values of ex. have been. 

calculated for both cases of torsional oscillation and free rotationof the 
' 

,carponate ion. Lattice vibrational frequencies were obtained from infrared 

. . . . 12 
·· reflection and transmission spectra determined by Schaefer, while the internal 

. ., . 1 . . . 
vibration frequencies were taken from Herzberg. 3 Torsional frequencies were 

.. ·. taken from spectra determined by Dows
14 

of thick films of solid co
2 

depos1 ted on 

· AgCl plates. Calculat~ons were made assuming for the torsional frequency: 

' 
.(a) a lower limit 6f 60 em-\ and (b) an upper limit of 80 cm-

1
• The vibra-

tional frequencies of the Ca•••O and Mg•••O bonds ~d the -~ttice vibrational 

., • I"-: · ... -,•-
-~. ... ; :/~~- . ,. - . 

-·;· 

1. '· •. 

.. ~ :. 
Vl. 

.. - = [~2]2 
v2 ;o_l . · . ' - . . 

.:•, 

where:- .· 
. ··.,._ '·; ... :,~ .. · 

··:..,.· v
1 

= lattice vibrational frequency of Caco
3 

-·. ·. 
: ;:".; 

_v2 = 

'_' r !~ 

·:·-_.-. 

. lattice vibration frequency of dao or MgO . · ·-
'• .. . . . . . . . -.. 

f.L 
·-.·.,:·. 

appr~priate reduced mass.· · . ... _ .· ~ ... ' 

.. --.. . ~ . 
-.... ·· .. ~- ·-·.··. 

:' .... 
·. -~:.<; :- ;- . ....... 

.. 
/ .. ' ::.·. 

·,; ::·- ,·,_ 

'· .,_-: . \ ~ .: 



/. 
' ~·. 
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• • : \ < : 

Thevalues·of a. calculated for Caco
3 

are: 
-' ~· . ."•,. 

a,i = Q* = 3-37. (torsional .osci~tion of co3=) 
. . Q . 

.. 
'. 

. ..... •.'· 

a2 = :- = (a) •75 X 10·: ·.· 
(b)· .58 x 10- · . ~free .rotation of co

3
). 

.. . 
.·.I 

. ~ .. ~- .· 
.. ·..-

. .... 

·~ .. ~- ......... . a. .. (Ref~ 9) ~· .6 x.lo-2 .· a. .. (Ret.'·lO)·=· i.4 x 10.:..2 . 

.. ·' 

·.·.'· 

. - / 

exp exp .·.· ... ·~. · .... · .. · ... 
Similar calculations for Mgco

3 
give:· 

' . 

d.l .,; 2.90 

a.
2 

= (a) l.l x l0-3 

(b) 0.85 X 10-J 

a. (Ref • 9) = 1.8 X 10-2 ' 
exp 

... ·.: . 
>•· ... •;. 

... ' ;· .. -.,. . .·. '. ~' : ... ~: -. 

·· .. \ 

'. 

Agreement between the experimental values and those calculated according 

to the theory is sUfficiently good to silggest the possibility of a Type I de-: 

composition involving free rotation. of the carbonate ion at the onset of the 

reaction. 

TYPE 2 

The second type of reaction involves the formation.of an activated complex 

containing greater degrees of freedom, i.e., those corresponding to (a) exci­

tation·of rotation in the activated complex, or (b) the translations of a 

mobile adsorbed layer. Thus, the activated complex will more closely resemble 

· the gaseou.S phase in degrees of freedom. : iJ;'he pa.rti tion function for the acti­

. va.ted complex is now given by: 

': ·.' 
(free rotation of activated complex). · ... 

. ,,... 

·,.:, ... 

-: '' . ·''·. 
·.(,_ ~- :. : .. 

·.,.·, 

. . 

; .· 



,_ 

' 

. -.... 

· ... : ';.' ... 

........ .,:-· 

.· ... · .. ·/ 

'. ·~ .. ·, 

': .... ·.; 

. . . . . . 
·,,·· .. 

- .... 

.:.::: 

., ., . ! ' . 

•'.· .... 

•1? f 3 ·f3 : 
tr rot -Vib 

. , C fr~ot · 
. ,.., tr 

a, = -3:o:--. """3:---
, f>.. • fvib 

-10- UCRL-10791 · .. _ 

(free rotation.and 2D translational 
. freedom of activated complex) 

· .... ·· ·'. •. 

,. ~ ' ~. ' ·'· 
·""·,. 

. One 'then evaluates the partition functions .for a mobile adsorbed water molecu.Jje·: • · 
--.. - • . - 'i. 

·,._. 4 4 8 ·-· ; 
__ .-_. ftr = .2 x ;10 • xtr : ·:; _ _ ·_,· · · : 

... ' . J, 

·letting xt - -~ 100 A at T = 300°K · 
. r 

. . ·. ' ·} ~ . 

. · 

:. 

. ·':: 

' ' 2 . . . . 4 
. ftr = l8x 10 _ _ __ , ... · .. 

'; 3 . . -120' .· 2 . 
f = 87 where ABC :::z 5.77 X 10 ·. . gm-cm . -
rot 

f . = 5 
L 

f - 5 ).. - . 
·. ·' 

The approxilna.te_value of a. is: 

(a) 

(b) 

. . . ., ~ 

(-. 

providing order of magnitude confirmation of the experimental. reaction rates.-·-_· 

DISCUSSION 

• In Table I tpe frequency factors for most of t~e thermal decompositions 

whose .rate ·cor..sta.."lts have been measured are listed according to whether the 

value of a.· is less than, approximately equal to, or more than one. It is 

diff1cult to generalize in cases where such a. large variety of eXperimental 

.methodS has been used. However,· certain cons'istencies are suggested: (1) Most-

. ' . ~- .... 

, . of the reactions_ involving the loss of co
2 

have l~w frequency factors, i.e., 

a.< i, and (2) the majority of the reactions involving the loss' of water and 

. :· .. 
those·_ of the. decomposition of liquids have :f':requency factors where a. > 100. ·,· .. · 

' ' 

Reference to equation 4 shows that one might interpret this in. terms_ of the 

degrees ·of freedom possessed by- the- activated complex and. the· reactant. It has 
. . . . =~~ 

ali-e~ay_:been show thS.t:,the ·iow .values of a.)neasured for calcite .and ma.gnf!site. 

·',' 
.··. :·· .. 
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.·. , ... 

-11- ucru:.~10791 

might be understqod by postulating rotation ot the carbonate ion in the reactant 

.state. Similarly, one easilY perceives that a high activity of the escaping 
. ' . 

molecule) either rotation at the reactant .surface or a mobile surface layer, can 

result in values of' ex. large enough to explain experimental results. It is :per-. 
• ';: .1 

· · ·· .. · ha:ps not :possible to specifY the mechanism. further than this general descri:ptionJ . ·. 

:. ' 

·.b. ut it a:ppea.rs that an analysis of thermal decom:positions similar to these 
- . . . ' 

' •.' described may :prove of' value. The chief' limitations to the method seem to be 

• < ~ . 

. ~-

(l) lack of the com:plete infrared s:pectrum for the solid reactant) and.(2) re-

liable rate data taken from reaction of single crystals in which the geometry 

is well knoWn.. 

Case l involves fewer uncertainties in calculation, these being sim.J?lY the 
. ' . ' 

factors in the partition :fUnction involving frequencies.attributed to the acti-

· vated complex. However 1 even if the vibrational and torsional frequencies of· 

' . 

· adsorbed co
2 

molecules were known, the difficulty would still exist as to how 

close. to an adsorbed molecule one .wishes to a:p:proximate the activated cam:plex. 

· .. •' 

. " ~- . 

CONCLUSIONS .i 

l. The rates\of' many thermal decompositions are not satisfactorily 

explained by the Polanyi-Wigner equations • 

. 2. Using activated com:plex ·theory and assuming a mechanism involving .·· 

; ... -· · :'rotation of the carbonate ion in the solidi good agreement between 

.eA~erimental and theoret~cal rate conStants was obtained for the 

·thermal decomposition of' calcium and magnesium carbonates. 

3 ~ · Hy:pothesis of the formation of a mobile surface layer of molec\.lles 

:provides an explanation of the abnormally high rate constants 

found for the decom:position.of hydrates and liquids •. . '. .·. 
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Figure Captions 

Figure·. 1 - Energy vs. distance along the reaction coordinate •. 

Figure 2.· Structure. of calcite. The triangles represent carbonate ions 

a.nd are situated at the midpoints ?f the edges. The spheres 

represent' calcium ions a.nd are at the corners and the centers 

of _the faces. 

, Figure 3 - Activated complex as it may occur in the decomj;>osition of a 
. . . . . . "' . ' ' 
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This report was prepared as an account of Government 

sponsored work. Neither the United States, nor the Com· 

mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 

implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 

report, or that the use of any information, appa­

ratus, method, or process disclosed in this report 

may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 

or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 

this report. 

As used in the above, "person acting on behalf of the 

Commisslon" includes any employee or contractor of the Com­

mission, or employee of such contractor, to the extent that 

such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 

to, any information pursuant to his employment or contract 

with the Commission, or his employment with such contractor. 
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