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INTRODUCTION

4_-,314:‘"'-?

Activated complex theory as developed by Eyring et alpl and later extended

i—_f: e

73{by others 2,3 has been applied extensively to unimolecular and bimolecular
3

"E:freactionS- In recent years Eyring 8 theory hss been used by Penner~ to predict

Lit'rates of melting and evaporation, by Wyllieh to explain the evaporation coef- _Tﬂ‘h -

. ‘3ficient'of water, and by Bradl_ey5 to interpret the condensation coefficient of -

5tfsulfur. Schultz and Dekker6 showed that the experimental‘snhlimation rates of

?:iwirhombic sulfur and benzene agreed with those predicted by absolute reacticn 5
| Lrate theory.

- B The successful application of activated complex theory to evaporation sug~ B
‘??f?;tgests its use in predicting the rates of thermal decomposition of solids. R
IgAfrPossibly the least complicated of such reactions are those of the type: |

N\ A(solid) = B(solid) + C(gas).
: A survey of'eXisting'rate data for such reactions reveals rate constants of the.';;
Cfﬁsame order of magnitude among the hydrates and among those compounds in: which
{1iCO is given off. An analysis of these constants by activated complex theory

2

}iallows & possible interpretation of the mechanism of the reactions and prediction» a

h“of the experimental rate constants ‘of similar reactions. The decompositions
'if’involving MgCO; & and CaCO3 are most suitable for detailed analysis on the basis AR

’,'ff:of the availability of dependable rate data and infrared crystal spectra._
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THERMAL DECCME’OSITIONS

Thermal decompositiOns are generally characterized by three stages of

i:reaction.T The first 1s an induetion period in which nuclel form. The.second tl?iﬁ‘
k stage’ is an acceleratory period in which the nuclei commence to grow. The

ii'final stage is a deceleratory period in which it is possible for the nuclei to
\fofgrOW'together to form'an interface which advances-linearly with time. However,

vf'because the effective area over which the reaction occurs decreases, the apparent

“1ﬂ;rate of reaction as determined through weight loss or pressure change decreases.t’

RN fﬂThis interface reaction i1s of greatest lnterest because of the relatively simple o
‘”ej*geometry involved.
One can arrive at the following qualitative picture of the Interface reac-.

‘e

"“E[ition. After nucleation 1s completed and only growth of nuclel is occurring,

-

::the_reaction takes place at the reactant-product interface. The atoms or mole-'i
”"] icules at the surface of the reactant have vibrational andapossihly torsional
l:"h-f.or rotational degrees.of freedom.with an assumed Boltzmann distrihution of enere;
- gies. The moleculeevwhich:have already eecaped will have'gained translational -
'mlland rotational degrees of freedom and to arrive at the air-product interface
5'.;hmnst have diffused through the reacted layer. One assumes that this layer does
:f;not exert any noticeable impedance or that the impedance may be‘corrected for.

-One‘of the earliest attempts'to treat quantitatively the rate of surface

’;'l:reactions, e.g., evaporation and'decomposition} was made by Polanyi and Wigner.
' ffg;To a first approxination they assumed that molecules which attained a critical

'ienergy; E, would be-able to-escape from the reactant surface. . Then the'rate oft

e

escape ‘would -be proportional to an atomic freqnency of vibration and. an expo- Lil"
B inential factor involving the activation energy, E. This resulted in th@ often o

l'l,:used Polanyi Wigner eqnation, in which the critical degree of freedom was that

: f;fﬁ”of translation perpendicular to the surface
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e3e

kr = V e@ (‘. i-tf)l ““

e s k.r = first order rate constant

v ,atomiC'frequenCy'of vibration -

A

activation energy for the process~7‘

E

H

. .As a corollary they further assumed “that this critical energy could ‘be attained
*fifthrough three degrees of vibrational freedom and introduced & correction factor,
=¢E 2E/RT, by which the rate would be increased. In Table I, thirty-one reactions?vi

hd;lﬂ:'are evaluated using the corrected form of the Polanyi-Wigner equation |

ATRUBUIE g o | | o
I X, =.B-exp (- ) =z v exp (- -—0. v - (2)

:ifComparison of the frequency factor determined experimentally and calculated

fivaccording to equation (2) shows that only a third of these decompositions Pro=- o

ﬁf vide order of magnitude agreement, This ralses some doubt as to the validity;

V-‘of the PQWZexpression. On the other hand, 1t may be used to correctly derive N

?7.the familiar Knudsen equation for the rate of evaporation of solids;8.giving at- -

'l{uf:least ‘some basis for 1ts use in certain cases. However, the weakness of the

flit considers other than vibrational degrees of freedom. "

APPLICATION aF ACTIVATED CQMPEEX'THEORY

the atoms taking. part in the reaction and results in a multidimensional space

‘f'il}the reactants to go to products via the path of minimum energy. If this path isf'

:'i‘followed in cross section, the configurational energy of the system usually goes__V

. UCRL-10791 .

':»dexpression appears to be that it does not take into account rotational and other _3 )

1vibrational degrees of freedom. Activated complex theory has the advantage that"“"

"In its simplest form, activated complex theory considers a potential energy<1='

“\51t surface in which potential energy is plotted vs.a set ‘of normal.coordinates for L

*}}that is difficult to picture in all ‘but the most elementary ‘cases. _One imagines-*”
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”tbover a maximnm as shown in Fig. 1. The configuration of the atoms at point B
:fis known as the activated complex, while the energy at this point is the acti--

.};'vation energy for the process. Then; if the reaction aepends on only one normel'
- 4

‘ﬂffamiliar equation of absolute reaction rate’ theory may be derived'l

¢ vhere: L
Lo "first order rate constant

; II :

‘_ 2

II N

for the reaction coordinate

c0mplete partition function for the. reactant

td
il

' activation energy for the process

wi.v
it

frequency factor
etiBy knowing the pertition function of the reactants and the activated complex

;iﬁfand the activation energy for the proceSS,‘it 1s theoretically PéBSible to'preé “
ﬁk dict the experimental reaction rate.. Thus, the problem becomes one of formu-

ion of the partition functions for the reactant atoms and’ the activated com-

fkfplex. In the case, of thermal decompositions, two types “i*l'be considered: "
'fr}?(i) the reaction proceeds via loss of the-gaseous.product directlv_frcm the suré'?
‘~{qf-face of the solid and (2) the reaction proceeds via the formation of a mobile =
"”};ulayer followed by desorption. : | |

TYPE 1

In general it is difficult to find thermal decomposition studies for which -
’f?_fvf;':wone has sufficient crystal spectra data and accurate measurements of rate con=
“’vv'stants for the reaction.« However, the decomposition of calcite has been fre-

,.Jﬂﬂquently studied both with powders and single crystals and reliable data exist for:'
9, 10

‘-the decomposition in vacuum ~~Thereforezfthis meaction was chosen to best }v .

"":coordinate and 1if a Boltzmann distribution of energles is assumed to exist, the S
(-_.v ’

et

' complete partition function for the activated complex excluding thatj"._:
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S .demonstrate the possibility of using activated complex theory to predict the
?*,frequency factor, B and conseqnently the rate of reaction. Calcite ‘has a

‘rhombohedral structure in which the cos groups exist as planar units surrounded

s 35
-Sfuby'three catt ions (see Fig. 2). Although the atoms do not exist in. the solid
5ﬂfas molecules, CaCO3 will be considered here as a unit with the appropriate degrees-{;
1~¢fof freedom. ‘The fundamental degrees of freedom of atoms and molecules in the-*~*v‘

l'fcrystal can be listed for CaCO, as:

3 B . _ -

‘dg:(l)' Lattice vibrations--low freqnency vibrations in which the cationic
‘7rvgroups move against-the anionic groups, i.e,, catt ve 003 These vif:: L
' ".'fbrations are the analog of the translational degrees of freedom in

"the vapor and are called external vibrations.

.CiL{(éa)' Low frequency torsional oscillations of complex units such as 003

: FE*These are the analog of rotation in the gaseous state.
stf(éb)s.Free rotation of the carbonate ion.

ii(3):léimple vibrations of atomic units within larger’units,‘i.e., the

l:'ljbending and stretchingvmodes of;the CO§ ion. These are called internal

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

function as the other three degrees of freedam.:f

By taking into consideration these degrees of freedom for reactant molecules;;t]

and the activated complex, it becomes possible to formulate the respective par- ’_i

..

“tition functions. il-‘,‘jf' . Ty o cErE o
‘w Reactants »

In the decomposition of a carbonate, the partition function can be evaluated‘

Von the basis that ‘the cation undergoes only minor changes in position ‘and no .
v~?f’“{ti‘”,changes in energy and that the only atoms actively involved in the reaction are R

E those in the carbonate ion. One can distinguish three different cases~‘ o

(l) No torsional oscillations of the carbonate ion.va
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(2) Tarsional motion of the planar carbonate group about 1ts three E

principal axes.

""" (3) Free rotation about the three principal axes.

by Landerll in his study of phase transitions in the carbonates.' Calcium car-f'
bonate, strontium carbonate, and barium carbonate were found to undergo succef-c
'”fi;ivsive transformations at high temperatures to structures of higher symmetry. The -

increased symetry of these phases and an lncreased coefficient of expansion in a 5:

% direCtiOH Perpendicular to the plane of the carbonate ion and an analogy witht
é _-alkali nitrates led Lander to postulate the onset of torsional oscillation of the"f'

-7j carbonate ion. Assuming such torsional activity at the’ temperatures of the
transitions, it is not unreasonable to hypothesize complete rotation of the car—

’ bonate ions at decomposition temperatures.

y._iipff-f;{f?l Disregarding the first case on the basis of Lander's work the probable

partition functions for one 003 unit in calcite are:‘,ﬁ'?f

_ 3 3.6 -
g, Q=1 &N T .
! AN R e
& . were:r o 2rmkT %
S - (R
S [SneIkT]%: - . o
N DT COON & :
, et el e eX.P_( B
| f M,Afea partition functionvfor‘aﬁlatticepvibratiOnt‘“
F T T U P LD T L
E . RN }1f=ihpartition functionvfor'a”torsional'oscillation~~ L
e SR T e T : -
o 3% ’3e“jtranslational Partition function for a mobile atom at ft'”
E ey 8 surface’ T S Sl )
t
1 N i

"Evidence for the existence of torsional modes7in calcite has been postulated}if-f



Products

Vl After reaction,CaO exists as & solid, CO2 a8 a gas. vihué;‘the_éartiti°ﬁ-f*““"

.Vhfunction for the products of ‘the 003 ion are written-'"uh.iﬂ BRI
L oh 3 PR

Qco tr frot fviv

33 2 P
Qprod T T ff'ot ‘fvib

_~;Although QP od ‘does not appear in the rate expression, 1t provides a limiting

’»f;f'value for the partition function of the activated complex. ‘

Activated Complex

:vﬁ;i . lt 15 evident that the value of the.partition function for the activated

! eomplex must‘lie somewhere between that of the reactants and the products. The

'idsi}assumption will be made that Q* is more similar to Qﬁ in exothermic reactions-‘

r:fiand to Urod in endothermic reactions, i.e., that Q* 1s more 1ike Qp od in thermal p

‘;ilidecompositions.e- Therefore, one Plctures roughly the activatedvcomplex as shovn ?”“
. inFg. 3. | o | | ‘

| ‘Onefpictures'the CO Imolecule immediately before its'escape as: - (1) havinépvﬁ t

f;;ithree lattice vibrational modes--the one perpendicular to the solid surface .

?irepresenting the_Oﬁfbo- CO, bond; (2) rotating freely about an axis perpendic-'

f ulartto:the‘6=cﬁ0.aXIs, ~.and; (3) having 1ts normal internal vibrational modes.

‘igThe second degree of rotational freedom possessed by the gaseous COé is replaced »F

”:by & torSional mode.v The complete partition function for the activated complex ?,, B

48 thus givenbyr . P
el BT R b.q =-Qonc0'

L@ =T T Ty fl Trot fvib'
‘ ﬁ  = 3 .2 PR
) Q* =1, 1, f\ frot fvib
. The reaction coordinate is assumed to be the component of the mode of vi- fjt -

bration perpendicular to the surface6 and represents a bond which exists hetween r”‘

' B [
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.

;”3'the atam in the 80144 and the 002 molecule just before it is broken. The .

5fpartition function of tbe activated complex does not include the partition fil?f””

'function corresponding to this degree of freedom,nif-“i

L . - - . - E kr . . - _‘ :
k. ?i Aexp ( EE) =% o exp ( w | ‘ (4)'
o wmerer a= & .

‘bxﬁiflIt'is,éoW possible4to compareieiéérimental values of the frequency. factor ori=ﬁ‘
1'31irm with the‘theoretical'values“nerely by'determining the partition fanctionsQ
In TablevII thevvibrational'frequencies and partition'functions for reactant’e
:'>”and‘actiVated cqmpler:are listed for CaC0y and MgCO3.:"The values of o have beenkﬁ
';if:calculated for both ‘cases of torsional oscillation and free rotation of the |

”:ffl;carbonatefion. Latticevvibrational frequencies were obtained from Infrared

It is convenient to divide the experimental freqnency factor) B, into two,fif]'V'*"

’*ireflection and transmission spectra determined by Schaefer,lg while the internal::3ff_

K3

Lo Vibration frequencies were taken from Herzberg.13 Torsional.frequencies‘Were

2

.,taken from spectra determined by Dowsl)+ of thick films of solideO deposited on""f

"liwAgCl plates. Calculations were made assuming for the torsional frequency~ l’

" (a) a lower limit of 60 cm l, and (b) an upper limit of 80 em 1. The vibra-

: tional freqnencies of the Ca---O and Mg---O bonds and the lattice vibrational g

ffrequencies of MgCO3 were estimated. usingz

e

© ¥ wheres .

lattice vibrational freqnency of CaCO3

lattice vibration frequency of CaO or MgO

<
Il

E
ll

>1 appropriate reduced mass.




see o vt

"f'”;;The’ralﬁes of o calculated for CaCO3 are.

3 37 (torsional os01llaxion of 003)
( ) 58 X lO (free rotatlon of 003) R PP

T g (Ref. 9) ,.6 x 107 2 : (Ret. 10) =1 4 x 10
L Texp , : :MexP_ ' e

-

]

1 '@l@{; @l@

2

W

"- Slmilar calculatzons for MgCO3 glve~f¥ ,

d,l__= 2 90
'“l'ag

(a),vl.l_xilo—3
(b) 0.85 x 1073

e (3ef. 9) ='1{8'x 1072

Agreemeﬁp-petween'fheiexperimental values ahd those‘ealculated according;
l“fi.to the theory is sufflclently good to suggest the poss1billty of a Type I de-
A comp051tlon involv1ng free rotatlon of the carbonate ion at the onset of the -

i; reactlon., |
Ef53T¥TYPE 2 -~

The second type of reactlon 1nvolves the formatlon ‘of an activated complex .

' *icontalnlng greater degrees of freedom, i. e.; those correspondlng to (a) exci- - 8

“:Npl_tatlon of rotation in the actlvated complex, : or (b) the translatlons of a’

iffthe gaseous phase 1n degrees of freedom. The partltlon functlon for the actl-ij .

ffﬂvatedvcomplexlls now glvep’by: :

@) @rmgyed g el

'(frée rotatioh of acﬁivated complex);;r*':"' '

rot " vib

:‘moblle adsorbed layer. Thus, the actlvated complex w1ll more closely resemble- o



'SPZ; Q¢ =_fi.. ftr_frot SO e R

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

. 8 ,
._ tl" = l-l- 2)4- x 310 tr .

1ﬂz°letting Xy, Z 100 A at T = 300°K

e 18k 101L

"“f3't = 87 where ABC = 5.77 X 10720 gmeem® o e 00

'-The approximate value of a is:

100 -
: (a) “"l'ss = l",,
o 10° . 104

10° . 5

,|2

= 5 x 10

RO

'if7f'_providing\ordervoffmagnitudelconfirmation of the ekperimental‘reaction ratesgi;“fﬂ;
DISCUSSION

In Table I the frequency factors for most of the ‘thermal decompositions

L whose. rate constants ‘have been measured are listed according to whether the

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

llifdifficult to. generalize in cases where such a lerge variety of experimental
.;gmethods hes been used., However, certain consistencies are suggested- (l) Most -
:;of the reactions involving the loss of COé have low frequency factors, i. e.;

';,“ <1, and (2) the majority of the reactions involving the loss of water and
1tijithose of - the decomposition of liquids have freqnency factors where a > lOO.»uAf.zi.

“ﬂ7'Reference to eqnation h shows that one might interpret this 1n terms ‘of the

“Ef?degrees of freedom possessed by the activated complex and the reactant It has

1 }~?jfg"already been shown that the low values of o measured for calcite and magnesite ST
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. might be understood by postulating rotation of the carbonate ion in the reactan+

boillstate. Similarly; one easily perceives that a high activity of the escaping

)

,,,,;butlit appears_that an analysis;of thermal decompositions similar to these

' described may prove of value. The chief 1imitations totthe,method seem to be

'7ﬂi(l) lack.of the.complete'infrared'spectrum for thevsolid reactant, and (2) re- fﬂ

“,»lliable rate data taken from reaction of single crystals in which the geometry

t:‘lS well known.

o molecule, either rotation at the reactant surface or a mobile surface leyer, can »7f’_‘:
].result in values of a large enough to- explain experimental results.: It is per~:::.f}t;'

“f;haps not possible to specify the mechanism further than this general description,»; v

Case l involves fewer uncertainties in calculation, theSe being simply the-_"‘

.J‘:fifgfactors in the partition function involving frequencies attributed to the acti- -
liefvated complex.v-However, even if the Vibrational and torsional frequencies of |
‘.',iadsorbed 002 molecules were known, the difficulty would still exist as to how !
.'_.close to ‘an adsorbed molecule one wishes to approximate the activated complex.l_;-ﬁ

PR o CONCLUSIONS |

T_l;.:The rates of many thermal decompositions are not satisfactorilj ;'.J'
“:ﬂipexplained by the Polanyi-Wigner equations. |

“¢;12;:fUSing &CuiV&ted complex theory and assuming a mechanism involving =
5a7;rotation of the carbonate ion in the solid good agreement between ;l:f

'fihfexperimental and theoretical rate constants was obtained for thef‘:

‘”uthermal decamposition of calCium and magnesium carbonates.

e N ji[fBQQgHypothesis of the formation of a mobile surface layer of molecules p'f.sf-,_

E prOVides an explanation of the abnormally high rate constants

found for the decomposition of hydrates and liquids. SR
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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

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
Commission" 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.



- « B o “ a -
; N " . -~
-4 oo ¥ E . . < v + - .
vl
G .
- J - . - -
»
- - - - s " - .
¥
- . - e - - -
a
- ¥ - PN - *
-
. “ -
- —~ ¢ -
» 4




