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The Variable Encounter Method is applied to the study of the transient
region in vibrational accommodation of cyclobutane at high temperature surfaces.
Collision efficiency declines with rise of temperature. Surface collisions
are more efficient than binary gas phase encounters but the wall collisions
are less efficient for cyclobutane than for cyclopropane . An exponential model
of transition probabilities satisfies the data ,
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Irit t’~~diic f lon

A new technique the Va r i ab l e  Inc OUT t or Met hod) has been described

recent 1 [1] for the st ud\ o t the r e l a x a t i o n  of v i b r a t i o n a l  energy of qa ‘~eou ’ .

molecu les on co l l i s i o n  w i t h  a hot su r f a c e .  V IM has pro~ lo us ly  been appl it’ ~t f

th e s t uth of cv c lop ro pa ne i s o ! - e , i : a t i o u l  [1]. N’ t h is method . molecul es art co i l

‘~uona 11 ‘~ t ’qu i i i  bra t ed w i t h  a ( O l d  surf a c t ’ of ’ known tompe ra t uro and then ra,ido:’’ 1’.

ente’ a hot roac tor ~he, e t hi’ 5 exper io nc  e a ser ies  of co l 11 s ions w i t h  a

face ar en ~ oun eu . Mo lec u 1 e~ leave  the react or at randor’ t lines • us 14 .1

w i t~’’~ t rea5 t i . and art” then r e — e q u i l i b r a t e d  w i t h  the cold sur fa ce bet o ’ t

- ,“t -
~~ i t ‘ e reac ci’ . T h0 ~~‘, t ’ r u o~’ nu ”he of col ii 5 1  oIls a mCi ecu i t ’

ex ;‘er 1 e’~~ Os  w i t ’  ‘~e sun f .i 0 ci i the hot u-ea to r on each  encoun tei’ can Pt ’ r
‘,au ’ 1 e.i h~ i ir ~ i n 5 :  t H’ ~ i ‘ en- on’ , c’ the  ~~~~~ ~ ~‘r~ Tht f~- 5u’  ~ I ~in of u’ t ’ a _  t i on

that has a c urred a f t e r  a know ~ nu”~t’ t ’r o encoun t e rs ca n he detep~u I nod .  Th I

ca r- be (45 t ’d to fedu~ e in o r”’a ion on t hi’ rates of popu la t i on  of v i b ra t iona l

sta tes at o ~ e t he t h ros h~ 1 ci ener~i ~ t or u -eu c t ‘n • 1 . I . e - • in the  t rans ient

re:  1 Ofl -

in t h i - , pa~’er we describ e the a p p l i c a t i o n  of V IM to the stud y of the

vibrat ional enero’, rela x ati on in cyciohutane. This molecule decomposes to

ethylene and the rea ct ion has been well stud ied as a honioqeneous therma l

process [ 2 - 7 ] .  The Ar rheniu s parameters are very sim ilar to those for cyclo-

propane so that an interest I nq compari SOn with the earl icr cyclopropane resul ts

is afforded . 

——-‘ — .-._.-_ -.-- .— ~~~ ‘ 
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Exper imental

The reaction vessel consisted of a 2 fused quartz flask to which tub ul ar ’

reactor’ fingers of the dimensions indicated in Fiq. 1 were attached . The entr an ir 
S

area of each tubular reactor was ~ 1~ of the total area of the reaction vessel.

Molecules randomly enter a reactor’ from the main flask. Stochasti

calculations , described in ref. 1 , were used to estimate the mean number cit

collisions , in • a mo lecule would suffer with the wail of a par ticular’ tubular’

reactor hefo r’e it re-emerged into the flask. The values of m were 27.2 for

reac tor (1), 8.47 for reactor’ (ii ) and 2.6 for reactor’ (iii) (Fiq .1). In the

case of reac tor (‘i), molecules that collided with the walls of the antechamber

(A) but did not then enter the main part of the reactor (B) may be assumed not

to contribute to reaction. Molecules that left (B), collided with (A) and then

re-entered (B) were included in the calculation with the assumption that the t:
temperatures of the walls of (A) and (6) were the same .

The tubular reactors were enclosed in stainless steel furnace blocks , which

were heated by clam-shell kanthal -wound heaters. The internal diameter of the

s ta in less steel b lock was 2-3 n~n grea ter than the outer diameter of the tubula r

reac tors . Reduced temperature gradients were obtained by filling the gap between

the reactor and stainless steel block with fine (
~ 

100 mesh) silica sand.

The top 1 cm of reactors (I) and (ii) were heated with auxiliary heater’s

made from 16 gauge kanthal wire set in alundum cement. Additional heat to the

top of the stainless steel block for reactor (iii) was supplied via 16-gauge

coi’ s of kanthal wire set in cement in a recess in the top of the block. Maxi-

mum temperature gradients for reactors (I) and (ii) were less than • 25”C, with

75’
~ 
of the area of the reactors within • lO~C or less . Temperature grad i ents

for reactor (ii i) were less than ± 1O~C. Temperatures were measured using

chromel /alume l and platinum /p1atinum -lO ’~- rhodium thermocouples cemented to the

~~~I.IlI _h1III,, ~_.i_ , , ,  - ~. ~~~~~~ —--—-- -~.i.-— ---.----- - ‘ 
—-~~~~—~~~~~ -~~~~~~—- --- —~--‘
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exterior surface of the reactors. Temperatures were controlled to

The reaction vessel was evacuated using a conventional glass diffusion

pump to ‘~~ jiijii Hg, as measur ed by a cold cathode discharge gauge. Cyclo-

butane, whose major impuri t~ was 0.2 total of propene and butene- l , was thor-

ough1~ degassed before use. Pr’Ior to kinetic runs the reactors were aqed” by

pyr olysis of cvclohutane at a pressure between 3x10 4 and 3xl0 3 torr for

prolonged periods , at a temperature equal to the highest temperature used for

that reactor. No difficulty was experienced with aginq reactors (‘I ) and (ii) .

Reproducible rate constants for’ the formation of ethene , with only trace quan-

tities of propene and l-hutene being observed , r e su l t e d fro m a gi n g for’ 48 hours.

Aging of reactor (iii) was more difficult and required several days before repro-

ducible rates were obtained. Propene and 1-butene formation appears to be a

concurren t parallel surface-catalysed reaction , in agreement with a previous 1’

study [5J. Reactor (ii i )~when fully aged , gave yields of propene and 1 -butene

separately that amount to ~ 5~ of ethene yields . 
- ‘

The reaction was studied by adding a ’l iquots of reactant to the reaction

vessel from a gas burette , pyrolysing the reactant for measured times and then

rapidly freezing the reaction mixture into a trap containing a small amount of

60-80 mesh Porapak Q cooled to -l96~C. Ethene product was trapped quantitativel y .

The relaxat ion time for pressure decrease during freeze down was “- 10 s . A pump-

down time correction was added to the pyrolysis time used to calculate rate

constants.

Analys is of the reaction products was carried out by gas chroma tography

us ing a 6 ft .-l /8’ i.d. column of 28’~ squalane on 60-80 mesh firebrick with k

f. i .d . detect i on .

- V.. - ‘~~~~ _ _  ,, ~ ~~~~~~~ — V.V’_ 
~~~

__V._ V — 5 • ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~,_ ,,. ~~~_ “V.
~~~ ’ V . V  ~~~~~~~~~ -~~~~ —~~~
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Results and Calculation - -

The rate of decomp osition of cyclohutar ie to ethene was invest iqated ‘vr ’

a temperatu,’e range of 74~ K t o  11 :~~~~. at an m i  ti a l pre ss u r e  of “ 1 .6xl0 4 
t o ’

cyc lobutane. At each temperature plots of lou ( f r a c t i o n  of cv il obutan e u’ rea~~t i ’  ~

vs time , whi c h we n t acc ur a t e l  l inea r and went th u’ouo h the or iq in , wer e u- s ’ ~~

determine appa rent f i rs t order rate c o n s t a n t s  f~~ r de co mpos i t ion . Norma l I • t

extent ~f reaction at fu’on 6-S different react ion times was determined . A t s ; 1 —

cal first order plot is shown in Fi q. 2. The standard deviation of the exper i-

mental slopes of the first order plots was less than 2’ - A mass balance of better

than 95’ was obtained.

A series of runs were ca r r i e d  out at 1033K in reactor (i), over the ranoe

between Qx10~~ tori’ and 5~l0~~ torr in i tial cyciohutane. No change in the

measured first order reaction rate constant was observed. Runs in reactor - (i)

i n  whi ch cyciobutane and  cyciopropane , at partial pressure of ‘ 2~ l0~~ torr ,

were co-pyr ’olysed similarly showed no change. These mixed pyrolyses provided a

very useful comparison with previous work on cyclopropane [1] and gave comparable

results [8].

From a knowle dge of the d i mens i ons of the entrance or ifi ce to each reactor ,

the value of m , the molecular weight of cyclobutane , and the mean temperature

of the main reactor vessel , the apparent first-order rate constants were converted

into mean probabiliti es for reaction per collision with the reactor wall ,

Values  of P
~
(rn) are given in Table I and values of log 

~c
(fh ) vs temperature are

plotted in Fig . 3.

In order to deduce information on energy transfer between cyclobutane

molecules and the hot surface from the experimental data , severa l models for

the energy transfer probability distribu tion function were explored. A corn-

puter simulation of the collisiona l processes was carried out and comparison s

made between calculation and experiment.

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



The computer modelling procedure has been described in detail in ref. 1.

Two different (“flat’ ) models for the probabili ty of a given down transition ,

were used: Model A (exponential); P~1 
= A exp (-~E/<L~E>) for 0 ~ LI ~ 9000

cm~~, ~~E 
= 0 for LI > 9000 cm’~~; Model B (Gaussian); 

~LE 
A ’ exp {-(~E- 

~
Emp )

2/2C2
~

for 0 ~ LI ~ 9000 cm~~, ~LE 
0 for LI > 9000 cm~~. Here , A and A ’ are normali-

sation constants; <LI> , 
~
Emp (mp signifies most probable) and a are parameters

of the model ; LI , LEmp were constant (“flat”) models , and a was set equal to

0.7 L
~
Emp • The truncation ~E < 9000 cm~ is a practical computational feature to

limit the trans ition probability matrix to tractable dimensions. Detailed balance

and completeness were mainta i ned. It should be noted that because of truncation ,

the effective average down transition size , called <~E > , is not equal to

exceot when the latter quantity is small; <SE ’> may be sign ificantly

different from <t~E> and ~~~~

The microsco pic rate constants , k~ 1 for decomposition of cyclobutane mole- P
cules with a specific energy content , wh ich are required in the computer simulation ,

are calculate d from RRKM theory . The reaction coordinate was assumed to be a

C-C stretch of the cyclobutane molecule and the frequencies used for the transition

state (App. A) were chosen to give agreement with the high pressure rate constant

at 772K as calculated from the Arrhenius equation [3), k~ = io15.6 exp

(-62500/1.9871) sec~~.

The results of the computer simulation are included in Fig. 3 for both

models. In each case a value of <L4E ’> was found that produced a fit to the

experimental data for reactor (iii) (m = 2.6). The curves for reactors (i)

and (ii) were then calculate d using the same values for <~E’>. This approach

was adopted since the value of 
~~
(m) for the reactor with the smallest mean

collision number is the most sensitive to changes in <,~E> .

-‘ --V. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _
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Calcula tion s using “l inear ’ gauss i an an d ex ponen ti al models i n w hi c h

or ~ ,E ”- (and thus -- E ’ ’)were allowed to vary with ini tial energy according to

the relationship ~‘E- (or 
~
‘imp ) 

= 
~ 

+ SE , where ~ and S were adjustabl e parameters ,

were also car ried out. These calculations gave results in poorer agreement with

the experimental data for reactors (i) and (ii) , par ticularly at the highest

temperatures. The calc ul ated values of P
~

(m) for higher m are somewhat -
.

larger than those calculated for the flat models in which q~E’ > does not vary 
‘

with initial energy.

F

A “-~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 
_~~~~~.
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Conventional studies of the therma l decomposition of cyclobutane [2-7]

indicate that the reaction is a homogeneous , unimolecular reaction , althou qh

at the l owest temperatures investigated earlier , the reaction rate did not

dec li ne as rapidl~ as would have been expected for a uni nolecular reaction in

the fal l -off req ion [5 ,6]. This behavior was probably due to the incre asinQ

ir’~so r t a nce of surface ac t i va t ion  at low pressure . Indeed , surface activat i~ r.

has been shown to be important in the thermal decomposition of meth y l cyc l o-

b u t an e , b~ w i t h  no evidence for surface catalysis [9].

In the present study, we believe also that the only process of signifi cance

occurr i n :  at the wai l  is energy t ransfer.  This a l lows an e s t i r a t e  to be ‘ade r

of the amounts of energy transferred on average per co l l i s ion .

The flat exponential  model (model A) produces the best agreement with our

experimenta l data over the entire temperature range studied. This contrasts

with a previous conclusion [1] fu’cm VIM studies with cyclopropane that flat

g auss i an , or a linear exponential , gave the best fit; however , the change i n

model , if real , is in line with the somewhat decreased stepsize measured in the

present study (e.g., <~E ’~’ 2000 cm~ vs <L~E’ > 2990 cm~ for cyclopro pane . at

950K, bot h with a gaussian model). The uncertainties are such that it is prob-

abl y not possible to decide definitively what the exact form of the correct mode’ j
is.and at the l owest temperatures the distinction between the models is small.

Avera ge amounts of energy transferred per deactivating collision (.~ E’~ )

do not change dramatically between the two models as can be seen from Fi g. 3.

The actual values of <~E’~ are dependen t on the absolute values of 
~~
(m) and are

subject to some experimental uncertainty.

Plot ted i n Fig. 4,as a funct ion of energy , are the ratios of the transient

population numbers of molecules , N(E), in energy state E , to the numbers ,

— —V. ~~~~~~~~ ‘-V. — _______________________
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N(E)
eq , that would be present if the molecules were in therma l equi libri u~

with the reactor surface with no reaction occurring. The ratios are shown after

various numbers of collisions with the surface. It can be seen that at the l ow-

est temperature, progression to the steady state occurs much more rapidl y than

at the highest temperature. The marked deple tion of molecules at energies above

the critical energy for reaction is the consequence of the chemical reaction.

The curves in Fi g. 4 were calculated for the exponential model; however , the

qualitative picture is the same using the gauss ian model.

Incubation times , in units of nur her nf co l l i s i ons , are defined as the

di f ference , T i nc  = tfp 
- , between th€ ~ean first passage time and the steady

state mean first passage time~ Tinc is 9.4 and 7.4 at 748K, and 18.3 and 16.1

at 1123K , calculat ed on the exponential and gaussian models , respectively. For

cyclopropane [1], incubation times were found to be a lit tle smaller.

Plots of the probability of reaction after the n th wa l l  col l i s i on for models

A and B are shown in Fig. 5. At low values of n , the exponential model gives

higher reaction probabilities per collision than the gaussian model , but this is

reversed at higher values of n - Reactors with small values of in , of course ,

weight the small collision numbers more highly than large , and it can thus be

seen why the exponential model requires the smaller value of <Al ’> to fit the

data for in = 2.6; but this method of fit then produces a hi gher mean probability

of reaction per collision in reactors with m = 8.47 and 27.2, on the bas is of

the gaussian model , than is found for the exponential model .

There appears to have been no previous studies for which weak collider

calculat ion s have been made for cyclobutane . Values of <AE> have not been

reported. Estimated value s for the collisional efficiency B of various gases

for energy transfer for gas-gas collis ions relative to cyclobutane , have been

reported around 722K, as based on the shifts in k/k~ curves on addit ion of inert

gases [4). The values of 5 are approximately the same as those found for cyclo-

propane flo] usina the same procedure.

~ _ .~~~~!‘~~~~ 
. . ,.. .-~

‘r
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In thermal studies it is we ll established that comp1e~ (large ) bat~

mole cules and, of cou rse , the parent substr ate tend to behave as strong

co ll iders at low temperature [11]. Recent chemical act ivation work at 30O~ ,

wi th cyclobut ane as the bath gas , has tended to favor hi Qh values of < .E’

( r  10 kc al mo 1e ’~ )fo r the col lisional deact ivation of highl y vibrationa ll ,

exc ited r~et b y icyc lohu tane ~l2].

The i— p~ rta nt conclusion reached by th is , and by the previous study on

cyclopro pane [l . is that the surface behaves as ar increasing l y strong coll i-

der as the surface temper’ature is decreased. In general , at temperatures in

tne ~ic init ~ of those used in convent ional kinetic studies of collisiona l

efficiency , i.e., ~- SON.., wa l l  co l l i s i ons  are more effective for energy transfer

than are gas-gas collisions .

I—
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Table I. Probabilities of reaction of cyclobutan e per wall collision (P
~
(m)

in  reactors (I), (ii), and (iii)

Reactor (i) Temp(K) 1080 1034 960 890 843 790 749
(m = 27.2) P (rn~x l 0~c / 745 331 75.4 13.8 3.53 0.506 0.0783

Reactor (ii) Temp(K) 1075 1033 958 894 840 792
(in = 8.47) p (rn i x in

7
c ’ / 283 148 31.4 6.57 1.37 0.206

Reactor (iii) Temp (K) 1126 1072 994 907 823
(m = 2.6) P (in ) l O~ 19.2 9.54 2 .55 0.413 0J1514

-~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ~~~~~~~~~~~ ~~~~~ ~~~~~~
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Appendix: Parameters used in RRKM calculation for the decomposition of

cyclobutane to ethy lene.

Cyclo butane frequencies (cm~~) [13]: 2987, 2975 , 2952(2), 2895 , 2893 ,

2887(2), 1447(2), 1443(2), 1260, 1257(3), 1223(2), 1222, 12 19, 1001(2),

926, 898(2), 7492(2), 741 , 627 , 197.

Trans ition state frequencies (cm ~~):2980(8), 1447(2), 1443(2), 1260(2),

1250(2), 1100(2), 1000 , 898 , 850 , 740(2), 600(2), 380, 350(2), 150

Reac tion path degeneracy = 4.

I

—-‘-V.— - àV.V.V. ‘_V. V.V.V.~ V. - — —--‘-—V.—- ’- ~~~~~~~~~~~~~~~~~~~~~~ - V.. -
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Figure Captions

Fig. 1 Detail of tubular reactor fingers attached to 2 ~ fused quartz

flask. (all dimensions are in mm )

Fig. 2 Firs t order plot for the decomposition of cyclobutane to ethylene

at 994K for the in 2 .6  reactor.

F iq . 3 Plots of experimental values of log 10 P~
(m) vs temperature , and of

calculate d cu rves for models A and B for eac h reactor . Exp er iment a l

data (each point is the result of at least 6 separate runs):

= ~7.2; , in = 8.47. [] , in = 2.6. Solid curves are the

calcula ted curves usin g model A (exponential) and the dashed curves

are those for model B (qaussian). Values of ~.\E ’ - ’ used are indicated

at various temepratures. The parenthetic I and 6 desi gnate the expon-

entia l and qaus cian models , respec tivel y .

Fi~ . 4 Ratio of pop ulation of molecules relative to the equilibrium population

(at the temperature of the reactor wall) as a function of energy ,

usin g model A . The number of previous collisions experienced by the

molecules is shown alor ,js ide the curves ; (a) reactor wall = 748k,

P430 cm 1 ; (b ) reac tor wail = 1123K , <~E’~ = 1470 cm~~.

Fi g. S Histoqram of probabilities of reaction after colli sion n , and before

the next coll isi on , as a function of n for model A (solid) curve and

model B (dashed ) curve; (a) 748K; model A <Al ’’- 2430 cm~~; model P

2830 cm~ (b) 1123K. mode l A <AE ’ ’- 1470 cm’~ ,

model B ‘\[‘ ‘- - 1850 cm~
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